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Abstract
Body-coupled communications (BCC), which uses the human body as transmission medium
for electrical data signals, is considered as a key enablingtechnology for wireless body-area
networks (WBANs). To successfully deploy these BCC-based WBANs in a wide range of con-
sumer lifestyle and healthcare applications, it is crucialto have a good understanding of the
rarely studied body channel behavior. Moreover, such a BCC solution should be based on a
physical layer design, which is well suited for this channel.

To this end, this thesis first investigates the characteristics and fundamental properties of
the capacitive-coupled on-body channel experienced in BCCoperation. The study is based on
experimental results obtained with a specifically designedmeasurement system. Results from
extensive measurements reveal the influence of coupler design, coupler position and body move-
ment on the signal propagation loss. Also, these provide insight into the experienced interference
from other radio frequency (RF) systems and electrical equipment.

The results of the experimental study showed that by increasing the distance between the
couplers on the body, the propagation loss increases. It wasalso shown that the maximum
propagation loss for the entire body channel is below 80 dB and that the channel exhibits a
high-pass frequency response. Moreover, the frequency dispersion of the BCC channel was
shown to be much smaller than for RF-based WBANs. Regarding the node factor form, the
results showed that increasing the coupler size reduced thepropagation loss. Therefore, there
is a tradeoff between the coupler size and the propagation loss. Additionally, the experimental
results showed that the propagation loss variation due to the body movement is very limited
and the maximum obtained standard deviation was less than 3 dB. It was also concluded from
the results that BCC can be susceptible to interference fromother electronic equipment, the
characteristics of which largely depend on the location of the BCC.

Moreover, the experimental results are used to develop models for the BCC channel. These
models improve our understanding of the on-body channel behavior. Also, they can be used for
system simulation to analyze the performance of the BCC system. The first model describes the
mean propagation loss as a function of frequency, the parameters of which depend on the node
size and node position. The other model describes the propagation loss variation due to body
movement which is shown to be well modeled by a log-normal distribution.

Finally, based on the observed BCC channel behavior, a novelBCC physical layer design
is proposed. We name it adaptive code-spreading and it is based on varying the spreading code
after sensing the channel and interference. The performance of this design is evaluated using
Monte Carlo simulations. Walsh-Hadamard sequences are proposed to be used as spreading
code. The influence of different spreading code spectral shapes and lengths was investigated.
The numerical results showed that selecting the suitable codeword improves the performance
of the system significantly. It was also shown that considering different code length, a longer
code yields a better performance but at a cost of a lower data-rate. The simulations verify
that employing this solution results in a performance gain when the communication system
experiences non-white noise and interference.1

1Part of this work has been previously published in [1].
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Chapter 1

Introduction

1.1 Background

Portable electronic consumer devices like MP3 players, mobile phones, watches, PDAs and
headsets have received an increased interest over the last years. These devices more and more
need to interact with each other or with other devices like e.g. desktop computers. To avoid a
clutter of wires, it will be required to set up a wireless radio frequency (RF) communication link
between two or more devices, for instance using Bluetooth, ZigBee or WiFi. This typically can
be a very lengthy and inconvenient procedure, as it often requires manual user invention.

Consequently, there is an increasing need to efficiently connect the electronic equipments
surrounding a person’s body into what we refer as a wireless body-area network (WBAN) and,
subsequently, avoid the troublesome handling of individual output devices for each system. A
possible application of these BANs in this area is that a headset can be wirelessly connected to
both a media player and a mobile phone. Protection of the personal devices is another reason to
form a WBAN. The fact that people wear more expensive mobile electronic devices increases
the need for a BAN, where portable devices check the presenceof each other in order to instan-
taneously detect the theft of one of them.

Next to these consumer lifestyle applications, WBANs are also a key enabling technology for
medical patient monitoring. In the healthcare industry, medical monitoring and electronic med-
ical records provide clinicians with advanced access to relevant patient information. Sensors on
the human body measure the vital signs, e.g. the electrocardiogram (ECG), electroencephalog-
raphy (EEG), body temperature, blood temperature or blood oxygen saturation and send this
information to the medical monitors. So far, most of these sensors are connected by wires to
the medical monitor(s) as illustrated in Fig. 1.1. To reducethe complexity of this system and to
fulfill the demand for more convenient patient monitoring, there is a need to replace the data ca-
bles between the sensors and the monitor by wireless links. Such wireless medical body sensors
also provide clinicians the opportunity to obtain information for more monitoring applications,
e.g. during surgery, during patient’s movement and home monitoring of chronically ill patients.
The wireless body-worn medical sensors of each patient together with monitor basically form a
WBAN [2].

In both application areas, i.e. healthcare and consumer lifestyle, the different nodes placed
on and near the human body need to communicate with each other. Key design requirements for
such WBANs are:

• Suitable signal transmission for the human body, e.g. not tohave any negative health
effects for the user;

1



Fig. 1.1: Illustration of today’s medical monitoring.

• Reliability: Reliable wireless communication between portable devices in close proximity
to the human body. To this end, the influence of the body on the propagation of the
communication signal should be taken into account;

• Power efficiency: Every device should be able to function fora long period with a small
battery;

• Security: As every person carries his own body network, interference between BANs and
security become a critical issue;

• Data rate: A rate of 1 to 10 Mbps is desired. However, choosinga suitable physical layer
approach might yield a higher data rate.

Standard RF based technologies can be used as basis for WBANs. However, these solutions
are only partially suited for WBANs. Table 1.1 compares the relevant parameters of Bluetooth
v2.0, Zig-Bee, radio frequency identification (RFID) ultrahigh frequency (UHF) and near field
communication (NFC).

Bluetooth is a high data rate solution, whereas ZigBee features low transmission power. Al-
though one of the application areas of these solutions is wireless personal networks, the main
challenge of employing them is the overlapping coverage areas between different BANs, see
e.g. [3], [4]. Therefore, this reduces the security and throughput of these solutions for BANs es-
pecially when the devices off, but near the body, are communicating with each other or interfere
with each other. Moreover, Bluetooth modules also consume relatively high power and ZigBee

Table 1.1: Comparison of the key characteristics of different RF technologies.
Bluetooth v2.0 Zigbee RFID UHF NFC

Frequency 2.4 GHz 2.4 GHz 860-960 MHz 13.56 MHz
Range 100 m 20 m 5 m 0.1 m
Max. data rate 3 Mbps 250 kbps 160 kbps 424 kbps
Transmission power 10 mW 1 mW <1 mW <1 mW
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offers insufficient data rate, which are in contrast to the BANs requirements listed above. An-
other drawback of these RF-based WBANs is their limited bodycoverage due to body shadow-
ing, as e.g. reported in [5], [6]. RFID and NFC are low power, short range wireless connectivity
technologies. However, they offer data rates which are not desirable for the WBANs. Also, they
do not allow for networking.

Therefore, due to the sketched problems of the RF-based technologies, a novel transmission
technique has been proposed in the 90s, which seems a promising approach for WBAN [7], [8].
In this solution, which we will refer to as body-coupled communications (BCC), the human
body is used as the propagation medium for the data signals. As illustrated in Fig. 1.2, in this
approach the devices can be placed on, or very close to, the human body and communicate with
each other via the body.

1.2 Body-Coupled Communications Technology

In the BCC technology, the human body serves as a communication channel. The basic principle
of BCC is that a small electric field is induced onto the human body in order to propagate a
signal between devices that are in the proximity of, or in direct contact with, the human body.
Two conceptually different approaches to induce the electric signal onto the body have been
previously proposed: capacitive coupling and galvanic coupling. These two coupling approaches
are explained further in Sections 1.2.1 and 1.2.2, respectively.

For both approaches, the BCC transceiver nodes consist of a transmitter (TX) and a receiver
(RX), together connected to a coupler. Each coupler is composed of two electrodes. For gal-
vanic coupling, these electrodes need to be placed on the skin directly. For capacitive coupling,
there is no need for a direct human skin contact, however, close proximity of the coupler to the
body is required. These electrodes can be structured horizontally or vertically where the spacing
between them is filled by a dielectric material. These two types of electrodes structures are de-
picted in Fig. 1.3. The vertical structure is only used for the capacitive body coupling approach,

Fig. 1.2: Illustration of a body-coupled communications (BCC) network with 5 devices.
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(a) Horizontal structure.

Electrode Dielectric

(b) Vertical structure.

Fig. 1.3: Coupler structure for capacitive/galvanic body coupling.

while the horizontal structure can be applied for both approaches. It is noted that in the horizon-
tal structure, the electrodes can be oriented on the body in alongitudinal or transversal direction
as defined in Fig. 1.4.

1.2.1 Galvanic body coupling

Figure 1.5 illustrates the galvanic coupling approach. At the TX an electrical signal is applied
differentially between two electrodes that are directly attached to the human body. A current
results between these two electrodes. This induces a very small (secondary) electric current to
propagate into the conductive body tissues. At the RX there are also two electrodes attached to
the body. The induced current results in a differential signal between these two electrodes and
is detected by them. This approach makes use of the dielectric characteristics of human tissue,
therefore the flow of ions within the human body is the carrierof information. In this solution,
the human body acts as a special kind of transmission line.

1.2.2 Capacitive body coupling

In capacitive coupling, as it is illustrated in Fig. 1.6, a differential pair of electrodes is used both
for transmitting and receiving. At the TX side, a signal is applied between the electrodes and
since the electrodes have a different capacitive coupling to the body, an electric field is induced
to the human body and passes through the body. At the RX side, the two electrodes are at
different distances from the body, so it is possible to detect a differential signal between them as
a function of the varying electric potential of the person. In this approach, the human body acts
as a conductor that forms a bridge between the TX and RX that are capacitively coupled to it.
The environment is used as a reference to force or detect a variation of the electric potential of
the human body.

(a) Longitudinal orientation. (b) Transversal orientation.

Fig. 1.4: Different orientations of the horizontal couplerstructure.
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RX
TX

Fig. 1.5: Galvanic body coupling for data transmission between TX and RX.

1.2.3 Comparison of Coupling Approaches

Both approaches have their drawbacks and advantages from a technical and application point of
view. The important difference between the two solutions isthat the communication behavior
in the capacitive coupling approach is strongly influenced by the environment around the body,
while in the galvanic coupling approach it is more influencedby the body physical parameters.

From the application perspective, a significant differencebetween the two approaches is that
the capacitive approach does not require a direct contact between the coupler and the human
body, while for the galvanic coupling this is preferred, if not necessary. In other words, the
galvanic coupling requires the transceiver devices to be fixed to the person with the electrodes
in direct contact to the skin, while the capacitive devices can be just in its proximity and more
loosely coupled. For that reason we consider the capacitiveapproach to be the most relevant and
hence we focus here on this approach.

Fig. 1.6: Capacitive body coupling for data transmission between TX and RX.
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1.3 Motivation of Work

In BCC, the communication channel is different from traditionally studied RF-based communi-
cation channels. Therefore, to design a suitable connectivity solution based on capacitive BCC
a better understanding of the characteristics of the human body as a communication channel is
required.

So far, the theoretical investigation of the BCC channel provides limited understanding of
the on-body channel behavior. Moreover, as we will review inChapter 2, there are some experi-
mental studies on the human body channel characterization and modeling approaches presented
in previous literature. However, the results of these worksare limited to the "grounded case",
i.e. in their system set up the channel not only contains the body channel, but also the effect of
the standard measurement equipments which are strongly coupled to the earth ground.

Therefore, it is required to study the BCC channel to have a clear understanding of the on-
body channel behavior. This can be fulfilled by studying the mean and variation in attenuation
of a signal propagating through the body. These two parameters determine the required transmit
power and receiver sensitivity for the system design. It is,moreover, beneficial to understand
the variation in these parameters as function of frequency,to be able to determine the optimum
communication band and the available bandwidth. To this end, the BCC channel characterization
is experimentally investigated in this work.

Furthermore, to improve our understanding of the BCC channel, experimental results are
used to develop a model for the on-body channel behavior. This model, then, can be used for
system simulations in order to for example evaluate the multiple access scheme, physical layer
and protocol layers.

Finally, a physical layer needs to be designed for BCC to be matched to the characterization
of the body channel that we found by our experimental study.

1.4 Objectives

The aim of the project, the result of which are in this report,was to explore the human body as a
communication medium for data transmission. For this purpose, the objectives of this study are
to:

• characterize the capacitive BCC channel based on an experimental study;

• investigate the influence of the coupler design, coupler positions and body movement on
the propagation loss by employing a specifically designed measurement system;

• characterize the interference and to investigate its influence on BCC;

• develop a BCC channel model based on the experimental results to be used to analyze the
BCC system performance;

• design a physical layer suitable for BCC channel and to numerically evaluate the perfor-
mance of the system by using the developed interference and on-body channel models.

1.5 Outline

The outline of the rest of the report is as follows. In Chapter2, we will give an overview of pre-
vious work on BCC channel characterization and modeling by other research groups. Chapter

6



3 presents the measurement system, which has been designed for BCC channel characterization
and the measurement setups for our experimental study. The different structures and construc-
tions for the BCC node design are discussed. In Chapter 4, thetest scenarios for the experimental
study are explained. Moreover, it presents the obtained experimental results from our measure-
ments for relevant system parameters like signal attenuation, coupler design, coupler positions
on the body and interference. These are used to draw conclusions about the fundamental proper-
ties of BCC. Chapter 5 uses these experimental results to develop a model to describe the mean
propagation loss behavior. Additionally, a model is developed for the variation of the propa-
gation loss around the mean caused by body movement. Subsequently, Chapter 6 proposes a
physical layer design for BCC based on the characteristics derived in the foregoing chapters.
It is named adaptive code-spreading. Finally, conclusionsare drawn and recommendation for
further work are given in Chapter 7.
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Chapter 2

Literature Review

2.1 Introduction

Several studies have been previously performed to investigate sending and receiving data through
the human body using BCC. Some attempts also have been made tocharacterize BCC and to
model the human body communication channel. The main differences between these investi-
gations are due to different coupling schemes, signal strengths, frequency ranges, data rates,
transceiver coupler sizes and structures, body channel modeling approaches and signal modula-
tion methods. In the following, the most important studies reported in literature are introduced
and their results are reviewed.

2.2 Zimmerman, MIT, 1995

The first study with respect to BCC has been performed by Zimmerman in 1995 in [7] and [8].
In his work, however, BCC is referred to as intra-body communication (IBC). In his study, the
capacitive coupling approach is employed and the communication system consists of a TX and
RX which are battery powered devices. The TX and RX are also electrically isolated from each
other, so they do not share a common electrical ground. Both TX and RX are connected to a
pair of vertically structured electrodes. The electrode size is in the order of centimeters. Data
is transmitted by modulating electric fields and by capacitively coupling very small currents to
the body. The body conducts the tiny signal to the RX which demodulates the signal. The
environment provides the return path.

The author has developed an electrical model of the BCC system which includes the most
important electric field paths in the system. In this model, the body is modeled as a perfect con-
ductor and the electric coupling among the electrodes of thetransceiver, body and environment
is modeled as capacitors.

Several experiments and measurements have been performed by using different electrodes
with different sizes and different positions on the body. The sizes and positions have been
selected based on the possible applications grouped in commonly worn objects such as watch
face, credit card, shoe insert and belt and head mounted personal area network (PAN) devices
like headphones. The results show that placing a large area environment electrode close to the
physical ground maximizes the magnitude of the received signal, so feet are the best location
for PAN devices. Moreover, devices with larger electrode area and smaller intra-electrodes
capacitance improve the communication performance.

9



Having established physical constraints of the system, twocoding strategies and modula-
tions, on-off keying (OOK) and direct sequence spread spectrum (DSSS) have been examined.
The results showed that OOK modulation is only 60 percent as effective as spread spectrum.
However, OOK modulation has been chosen since it is much simpler in implementation. In this
study, a carrier frequency of 333 kHz and data rate of 2400 bpsare applied.

2.3 Partridge et al., University of Washington, 2001

The original design of [7] has been extended by the authors of[9] by adding filters and am-
plifiers. In this study, quantitative measurements have been performed to determine the system
performance under various circumstances. These includes variation in hand distances to the RX
electrode and electrode locations on different positions on the body as a belt, on the wrist and
in the shoes. Touch electrode sizes and shapes with different conductive materials and different
subjects are also examined.

The results show that the electrode sizes and shapes have minor effects, but that the distance
to the electrode and the location of the electrode significantly effect signal strength. The shoe
performs better than the belt and wrist, because of its natural earth ground coupling. A larger
ground electrode size results in an increased received signal strength. Similar results are obtained
for experiments with different subjects. The developed prototype could achieve a data rate of
38.4 kbps and frequency shift keying (FSK) is applied to modulate the digital signal.

2.4 Fuji et al., Chiba University, Japan, 2003-2006

In the study by the authors of [10–13], the focus is on higher carrier frequencies, viz. from 10
MHz to 100 MHz. They claim that the body channel acts as waveguide for these frequencies.
Capacitive coupling is used to send and receive electrical signals over the human body.

In this work, the authors have proposed calculation models of the TX and RX attached to
the arm using finite-difference time-domain (FDTD). Next, they have compared the calculated
received signal to the measured ones employing a tissue-equivalent phantom. In their measure-
ment system, the signal is generated by a battery-powered TXand sent to the human body by
two horizontally placed electrodes. The signal is receivedby two electrodes at RX side and
measured by a mobile receiver.

In their experiments, the difference in the received signallevel as a function of carrier fre-
quency is investigated for different TX and RX electrode structures. The electrodes with differ-
ent combination in size at the TX and RX side are also examined. Moreover, in order to find
the optimal electrode orientation for the horizontal structure, two orientations —transversal and
longitudinal— for TX electrodes have been investigated. Inall the experiments the distance
between the TX and RX is fixed.

The results show that there is a good agreement between the computed and measured signal
levels. The received signal level strongly depends on the size of the transmitter; if the size of the
TX is reduced by half, the signal strength is reduced by nearly fifty percent. The longitudinal
direction is more effective than the transversal direction. The use of a ground electrode at the
TX increases the received signal strength, hence it is advantageous to use it. The received signal
level slightly decreases for higher frequencies.
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2.5 Hachisuka et al., University of Tokyo, 2003-2005

In a study by the authors of [14] and [15], the characteristics of the BCC have been investi-
gated for high frequencies from 1 MHz to 10 GHz. They claim that the human body acts as a
waveguide for these frequencies.

In this work, two different electrode structures, the vertical and horizontal, have been intro-
duced as four-terminal circuit model and two-terminal circuit model, respectively, to investigate
the optimum electrode structure for BCC. Extensive measurements have been performed em-
ploying electrodes with different materials. Different body locations and different arm positions,
such as arm held up, arm held horizontally and arm held down, have also been examined.

As measurement system, they developed a battery-powered TXand RX. The electrodes in
the TX and RX sides are structured horizontally. The output signal is measured by connecting
an oscilloscope to the RX side.

The results obtained from the measurements indicate that the vertical structure is superior
to the horizontal structure in the MHz frequency range. Considering various arm positions, the
arm held down had the lowest gain, which they claim to be a result of transmission direction
inversion at the shoulder and interference on the surface and inside the body. It is also shown
that the transmission characteristics are independent of the distance between the ground and
the body. The electrode impedance is largely independent ofthe electrode materials, so stable
communication can be achieved using different kinds of electrodes. The optimum frequency has
been found to be approximately 10 to 50 MHz, as signals are gradually attenuated for frequencies
above 100 MHz and exponentially above 1 GHz. Digital data transmission at 9600 bps using
FSK at a carrier frequency of 10.7 MHz was reported.

2.6 Shinagawa et al., NTT laboratories, 2003-2004

A near-field-sensing transceiver for BCC has been developedby the authors of [16] and [17]. In
their study, they used capacitive coupling for the data transmission.

An optical electric field sensor that exploits the electro-optic effect and laser light has been
used for the receiving part of this transceiver. Since the sensor can measure electric fields in-
dependent of ground contact and has an extremely high input impedance, it is able to detect
small unstable electric fields from the human body more accurately than the electrical sensors
employed in previous studies.

The experiments have been performed employing a phantom body model. In the experiments
the TX and RX electrodes are capacitively coupled to the phantom model. Their demonstration
shows that this set up can support TCP/IP (10BASE) half-duplex communication at 10 Mbps.

They also experimentally verified that the intra-body communication and inter-body com-
munication can be performed employing the designed transceiver. In the intra-body commu-
nication setup, the test person touches the electrodes of two transceivers by the right and left
hands to confirm that the two transceivers can communicate through the human body. In the
inter-body communication experiment setup, two test persons shake hands while each touches
the transceiver electrode with the free hand . The result confirms that the two transceivers com-
municate via the bodies of the test persons.
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2.7 Yanagida, Sony, 2006

A human body communication system with relatively high rateand low power consumption and
without interference sensitivity using capacitive BCC is claimed in [18].

Experimental measurements have been performed to select a suitable transmission band and
to obtain a proper configuration of the communication electrodes. Various electrode materials
and sizes and structures have been examined in their experiments.

The results of the transmission loss measurements show thatthe vertical structure yields
the lowest transmission loss. It is claimed that the electric capacity of capacitive coupling is
proportional to the area of the electrodes, so the transmission range is expected to be improved
by increasing the size of the electrodes specifically at the TX side. On the other hand, the electric
capacity is inversely proportional to the distance betweenthe electrodes. The measurement
results also show that since the total distortion is small for a frequency band from 500 kHz to 3
MHz, it is optimal to use this frequency band for a good quality communication. It is claimed
that this frequency band allows transmission at 48 kbps without any problem.

2.8 Hwang et al., ETRI, Korea, 2006

Signal transmission and inter-BCC network interference measurement results have been pre-
sented by the authors from Electronics and Telecommunications Research Institute (ETRI) in
[19] and [20].

In this study, the interference between BCC devices of two persons has been examined
experimentally. Two scenarios have been investigated; in the first, the TX and RX are on one
person’s body and in the second the TX is on one person’s body and RX on another person’s
body. In their set up, the TX is fixed on the fingertips and the RXis located on two different
positions on the body, 15 cm and 150 cm from the TX. Electrodesare structured horizontally
and a single electrode size is employed. The interference signal propagates from one body to
the other body in the second experiment.

In their measurement system, a battery-fed TX composed of a crystal oscillator is employed.
The received signal at the RX side is measured by a spectrum analyzer.

The results obtained from the two scenarios allow the conclusion that the power of the inter-
ference is larger for the transmission distance equal to 15 cm than for the transmission distance
equal to 150 cm in the second experiment and the signal interference increases as frequency
increases. It is also concluded that the frequency band needs to be below 5 MHz to prevent a too
high interference signal.

Moreover, the effect of ground electrodes on the transmission distance has been investigated.
The results show that in the case of large distance between the TX and RX, the RX signal level
increases when the ground electrode is attached to the body.

2.9 Wegmueller et al., ETH Zürich, 2005-2006

Galvanically coupling is presented as an approach for BCC bythe authors of [21–23]. They
have characterized the human body as a transmission medium for electrical current and modeled
it by a simplified circuit model. The model is a four terminal circuit model with 10 impedances
representing the coupling electrode impedances, the inputand output impedances, as well as the
longitudinal transmit impedance and a butterfly cross impedance.
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In this work, the experimental study has been conducted on 20subjects. The measurement
has been performed by positioning the electrodes on a large number of different positions on the
human body. These positions are classified into four groups:along the arm, on the thorax, along
the leg and on the entire body. The influence of different electrode types and various sizes of TX
and RX electrodes on signal attenuation have been investigated. Moreover, the level of signal
attenuation for subjects with different tissue propertiessuch as skin, fat, bone and muscles have
been assessed by finite element simulation.

It is concluded from these results that high variation of thetransmission attenuation at dif-
ferent location on the body occurs. The thorax showed excellent transmission characteristics,
while the extremities and joints resulted in additional attenuation. Consequently, transmission
over larger distance will result in lower RX signal levels. The size of the RX electrodes has a
neglectable impact, while the attenuation decreases with an increased size of the TX electrode.
Better coupling and more stability in the signal transmission were observed during body activity.

It is concluded from the tissue modeling and simulation thatwhen a current is applied to
the pair of TX electrodes, the largest voltage drop is present over the skin, compared to the
other tissues such as fat, bone and muscle. Therefore, the properties of the skin are crucial with
respect to the performance of the skin. Results from different skin models (wet, dry, wet and
dry) showed that the attenuation is the lowest for the combined (wet and dry) approach. The
reason is that because of a good contact between the electrodes and skin the current induces a
smaller voltage for the coupling into the arm.

The suitable frequency range has been identified from 1 kHz to10 MHz. Data transfers up
to 255 kbps were achieved with digital modulation types, OOK, FSK and BPSK.

2.10 Ruiz et al., Waseda University Japan, 2006-2007

The propagation characteristics of the human body for higher frequency signals up to 3 GHz
have been investigated in [24–27]. The variation of the BCC channel is statistically modeled in
terms of the best fitting distribution function. In these works, the human body is considered as a
waveguide with the RF signal propagating through the body.

Several investigations have been done considering different configurations for TX and RX. In
their measurement system, a 12 dBm TX signal is generated by asignal generator and transmit-
ted onto the body via a coupler. The power of the received signal at the RX side is measured by
a spectrum analyzer. Furthermore, the ground of both TX and RX is connected to the electrical
ground of the electrical devices that they are connected to.Experiments are performed exploit-
ing vertical electrodes in different sizes and locations onthe body. In these experiments, the
ground electrode area is much larger than the signal electrode area and the separation between
these two electrodes varies from 0.7 cm to 2.1 cm. The measurements have been performed for
different scenarios, where the subject was sitting, standing and walking.

From the experimental study it is concluded that the received signal power decreases when
the frequency increases. The power decreases more quickly for larger TX and RX distances. The
results for sitting and standing tests were equivalent. Moreover, it has been concluded that the
quality of the BCC link is higher when the test person is not moving. In their experimental study,
they have also compared the human body and air channel. The results show a lower propagation
loss for the intra-body channel than for the air channel. They claim that the suitable frequency
range for BCC is from 200 MHz to 600 MHz where the lowest path loss is achieved based on
their results.

Based on the experimental data, the normal distribution wasfound to be the best fit to model
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the received signal power statistically. The results showed that the mean becomes smaller as
the distance between the transceivers increases. Also, thestandard deviation is larger for the
walking test condition than for the statistic condition, asexpected.

In these works, several digital modulation schemes have been evaluated by analyzing the
constellation diagram, eye diagram and error vector magnitude (EVM), in order to determine
the most suitable one for BCC. In these experiments, the employed frequency carriers are 200
MHz and 600 MHz and symbol rate is from 100 ksps to 5 Msps in order to analyze the maximum
data rates achievable through each modulation scheme. The experimental results show that MSK
and BPSK are the most suitable modulation schemes for BCC, since they meet the posed EVM
requirements. However, an increase of symbol rate and distance between TX and RX yields a
very high level of distortion for all modulation schemes.

2.11 Choi et al., KAIST, 2006-2008

Different aspects of BCC were investigated by the authors of[28–35]. In these works, differ-
ent transceiver designs, a distributed RC-model of the human body and characterization of the
human body as a new communication method have been presented.

In these works, to achieve low power consumption and a high data rate, a wide band transceiver
with a direct-coupled interface (DCI) has been implementedfor BCC. In their measurement sys-
tem set up, a battery-fed crystal based TX is employed and only a single electrode is used to
transmit the data to the body. At the RX side, a single electrode is connected to a digital oscil-
loscope and its ground is floated to isolate it from the signalground of the TX. This transceiver
with a fixed data rate and without any modulation is not suitable for a shared body channel.
Hence, it has been modified to a scalable PHY transceiver.

The PHY transceiver adopts the DSSS for both fast code acquisition and narrow band inter-
ference rejection. On the other hand, the employed 1 bit ADC in this design cannot provide a
dynamic range to cancel various interferences that attack the wideband signal. Thus, in their next
study, the authors come up with a conclusion to divide the communication frequency band to 4
sub-bands and to utilize adaptive frequency hopping (AFH).Inside each sub-band, a 10 Mbps
FSK signal is applied. Their results show that the AFH can improve the signal to interference
ratio (SIR) performance of BCC by more than 10 dB.

Furthermore, an RC model of a T-shaped human subject has beendeveloped to characterize
the human body as a channel for BCC. This model consists of cascaded unit blocks with an
RC parallel network and shunt capacitors. For their study, the TX in their experimental mea-
surement system consists of a battery-powered signal generator with a programmable frequency
synthesizer and two vertically structured electrodes. TheRX consists of a single electrode in
the same shape and dimension of the TX signal electrode. The received signal is measured by
connecting a spectrum analyzer or a digital oscilloscope tothe electrode at the RX side. With
this setting the receiver shares its ground with the earth-grounded instruments which results in
an increment in the strength of the return path. However, they claim that the level of increment
is 6 dB and has been considered in their analysis.

Different sizes of the ground electrode at the TX side are used to investigate their effects on
the received signal level. Moreover, extensive measurements have been done on various subjects
with different height, different distances between TX and RX in sitting and standing situations.
For these measurements, TX output power is fixed to 3 dBm and the body channel is measured
up to 150 MHz.

Based on their results they claim that below 4 MHz the channelis deterministic and looks
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like a high-pass filter. However, beyond 10 MHz the power lossincreases when the distance
between TX and RX increases. The results also show that the ground electrode size has little
effect on the overall shape of the channel response. The material of the electrode has little effect
on the magnitude of the received power.

2.12 Conclusions and Discussion

All the reviewed studies in this chapter present the human body as a propagation medium and
propose different approaches to characterize BCC. Table 2.1 indicates the summary of these
works based on their focus on the communication system, channel measurement and modeling.

In early studies by the authors of [7], [8], [9], [10–13], [14], [15], [18], [19] and [20] there
was no investigation neither on the human body properties nor on the human body channel
modeling. In most of these works the main focus was on the BCC characterization by developing
a test module and they did not characterize the BCC channel.

In some studies, they worked on the influence of the coupler structure and size on the BCC
performance. The authors of [14], [15] and [18] showed that utilizing the vertical electrode
structure is superior to the horizontal structure. On the other hand, it was presented by the
authors of [10–13] that employing horizontal structure, longitudinal orientation will give better
results than the transversal orientation. In their work, the authors of [7], [8], [9], [10–13], [18],
had a common conclusion about the electrode size. Based on their results, they showed that using
an electrode with a larger area specifically at TX will resultin less propagation loss. However,
in the study by the authors of [9], it has been shown that the electrode size has minor effect
on the transmission performance. Most of these works investigated the influence of the ground
electrode. The works [7], [8], [9], [10–13], [19] and [20] reported that using a ground electrode
will improve the performance of BCC effectively.

The propagation loss behavior as a function of frequency wasonly presented in the studies
by the authors of [14], [15], [19], [20], [10–13], although the frequency band that they focused
on to investigate the BCC characteristics is not the same. The achieved results reported in
[14], [15], [19], [20] showed that propagation loss decreases as the frequency increases. In
contrast, it was reported by the authors of [10–13] that the propagation loss increases slightly in
higher frequencies. This might be because all of their experiments were performed employing a
phantom model that might not follow the behavior of the humanbody.

It is important to note that in the measurement presented by authors of [14], [15], [19], [20]
the RX is connected to the earth ground via a network analyzeror a digital oscilloscope which
significantly affects the results.

In recent studies, some contributions describe a characterization effort of the BCC channel
and the human body properties. Characterization of the galvanic-coupled on-body channel and
the human body properties have been presented in [21–23]. Since this solution requires direct
skin contact, we do not consider this approach.

The capacitive-coupled on-body channel has been characterized and modeled by the authors
of [28–35] and [24–27]. However, in these works at least one of the transceivers is connected
to the ground earth via a main connection making the characterized channel to be different from
the channel experienced during BAN operation.

Moreover, regarding to channel frequency behavior in the study in [24–27], it is shown
that the received signal power decreases as frequency increases. Since in these works the body
characteristic investigation is in the frequency band of 200 MHz to 600 MHz, the human body
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behaves electrically as an antenna and consequently radiates the signal into the space rather
than to the coupler. The BCC frequency behavior is also characterized in the study by authors
of [28–35]. In their work, it is explained that the human bodybehaves as a high pass filter
for frequencies below 4 MHz. However, in their measurement setup the received power was
measured by a digital oscilloscope, therefore, the digitaloscilloscope input impedance in com-
bination with the capacitive effect of the BCC device might provide a high pass filtering which
suppresses the received power in low frequencies.

It is concluded by reviewing these works that first regardingcoupler design, there is no
conclusive investigation on the electrode size and specifically the spacing between the electrode
pair. Second, there is no investigation for the body coverage area in capacitive coupling where
the coupler can be placed on/off the body. There is not a clearunderstanding of the on-body
communication channel behavior, since in most studies the presented channel behavior was
influenced by ground connection via measurement equipment.Finally, little is known about
interference behavior.

Hence, in this work, BCC characterization and on-body channel behavior will be investi-
gated comprehensively based on an experimental study of theBCC channel.

Table 2.1: Summary of the results of the most important studies on BCC.
Zimmerman Partridge Fuji Hachisuka Shinagawa

Model Electrical Not applied Not applied Not applied Not applied
Coupling Scheme Capacitive Capacitive Capacitive Capacitive Capacitive
Freq. Range 100 kHz - 500 kHz 140 kHz - 180 kHz 10 MHz - 100 MHz 10 kHz - 50 GHz Not reported
Modulation OOK FSK OOK FSK Not reported
Data Rate 2.4 (kbps) 38.4 (kbps) 9.6 (kbps) 9.6 (kbps) 10 (Mbps)
Location on Body arm, foot, waist, head waist, wrist, foot arm arm hand
Electrode Size 25×25mm2 15×15cm2 2×3 cm2 30×30mm2 Not reported

30×30mm2 30×14cm2 1×3 cm2 20×20mm2

70×20mm2 100×100cm2 0.5×3 cm2

80×80mm2 250×250cm2

130×40mm2

900×25mm2

Orientation Vertical Vertical Horizonal Horizonal Single electrode

Yanagida Hwang Wegmuller Ruiz Choi
Model Not applied Not applied Electrical Statistical Electrical
Coupling Scheme Capacitive Capacitive Galvanic Capacitive Capacitive
Freq. Range 500 kHz - 3 MHz 0 - 5 MHz 1 kHz - 10 MHz 200 MHz - 600 MHz 1 kHz - 100 MHz
Modulation Not reported Not reported FSK, BPSK BPSK,MSK FSK
Data Rate 48 (kbps) Not reported 128, 255 (kbps) 100-2500 (kbps) 10 Mbps
Location on Body waist, head arm, wrist arm, wrist, leg arm, waist, ear, foot wrist, chest, waist
Electrode Size 20×20mm2 2×2 cm2 880mm2 π/4 cm2 Not reported

40×40mm2 54cm2 π cm2

20×80mm2 560cm2 4π cm2

80×80mm2

Orientation Horizonal/vertical Horizontal Horizontal - -
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Chapter 3

Measurement System

3.1 Introduction

As we have discussed in Chapter 2, the phenomena studied to characterize BCC in the literature
are not comprehensive and they are not fully understood. Furthermore, the presented on-body
channel behavior and models get influenced by the used measurement systems which are hence
not applicable to our scenario. The goal of this study is to experimentally characterize BCC
and to achieve a clear understanding of capacitive on-body channel experienced in a body-area
networks (BANs) environment. Therefore, a measurement system needs to be implemented such
to satisfy the requirements of our scenario.

This measurement system should provide the actual situation of BANs. So, the standard
equipments as signal generator or data analyzer cannot be used here, since these earth-grounded
instruments have effect on the strength of the signal being send to the human body. Moreover,
the input impedance of the data analyzers such as oscilloscope or network analyzer is not high
enough and might have influence on the measured data and behavior of the channel. The size
of the measurement system should also be suitable for practical use. Finally, the measurement
system is required to be isolated from any other devices to clarify that the measured data is
not affected by any other sources. Based on our requirements, a measurement system has been
developed at Philips Research for our experimental study ofthe BCC channel properties.

This chapter presents the developed measurement system. InSection 3.2, the measurement
system architecture is introduced. In Section 3.3, the design of couplers used to transfer the
signal to/from the body is introduced. The measurement system set up is explained in Section
3.4. The calibration of the measurement system is discussedin Section 3.5. Finally, Section 3.6
presents the setup used for characterization of interference.

3.2 Measurement System Architecture

The developed measurement system, as depicted in Fig. 3.1, consists of a battery-fed TX and
RX pair connected by an optical cable. This cable is used to synchronize their functionality.
Two differential coupler pairs are capacitively coupled tothe body to transmit a signal over or
receive a signal from the human body. The whole system is galvanically isolated from the earth
ground. This was a key requirement of the system, as we wantedto characterize the channel
experienced when BCC would be used in a body-area network environment. Moreover, due to
the optical cable, the TX and RX are also galvanically isolated from each other, which assures
that the measured data is just related to the characteristics of the human body and is not affected
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Fig. 3.1: Measurement system overview: battery-powered TXand RX are connected to each
other by an optical cable.

by any other sources such as a cable or a shared earth ground.

In this study, we aim to examine the transmission characteristics of the human body for
various frequencies to understand the frequency behavior of BCC and to determine the optimum
frequency band for the BCC. Thus, in our measurement system TX consists of a direct-digital
synthesizer (DDS) used as a tunable frequency source to sweep the frequency band of interest,
i.e. 100 kHz to 60 MHz. Figure 3.2 depicts the functional block diagram and implementation unit
of the TX. Control words received on an SPDIF-based (Sony/Philips Digital Interface Format)
optical link, used for the TX and RX synchronization, are interpreted by the microprocessor and
are used to determine the corresponding setting for the DDS.The output of the DDS is filtered
and amplified before being transmitted through the body via the coupler. The TX output power
is approximately 12 dBm, which is selected based on the basiclimit for the safety of the human
body.

The high input impedance RX basically consists of a power detector to measure power at
different frequencies. In the measurement system, this input impedance of the RX has a strong

Direct digital
Differential driver

AtMel

AVR
Processor

SPDIF

interface optical link

Electrodes

LPF 65MHz
synthesizer

(a) Block diagram. (b) Implementation.

Fig. 3.2: Transmitter of the BCC channel characterization system.
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effect on the characterization of the BCC channel. BCC devices are AC coupled to the human
body. The related capacitive effect and the input impedanceof the RX are in series and they
might provide a high-pass filtering of the incoming signal. Therefore, the input impedance of
the measurement system is chosen high enough to stop this high-pass effect at reasonably low
frequency.

Figure 3.3 depicts the functional block diagram and implementation unit of the RX. The
signal received by the coupler is amplified using a low noise amplifier and filtered by a band-
pass filter. One of the three filters can be selected manually such to get tuned to the measurement
frequency range thereby limiting the interference and noise contributions. Next, the power of
the filtered signal is estimated by the power detector and then is sampled by a 12-bits analogue
to digital convertor (ADC). The power detector dynamic range is 95 dB. Using a microprocessor
after the convertor, the measurement results are stored in the processor’s memory. Subsequently,
the microprocessor requests the TX to transmit the signal with the next frequency. This process
is repeated until all measurements in a set are performed. The data stored in the microprocessor
memory can be written onto an SD-memory card to get analyzed off-line later or these can be
processed in real time via an opto-coupled RS232 interface which is connected directly to a PC.
When the first operation mode is used, the RS232 cable is not connected.

This RS232 interface is also used to configure the microprocessor at the beginning of each
measurement. Using the accompanying graphical user interface (GUI), the frequency range
of interest, the number of points in the frequency range and the number of measurements per
experiment can be set. Moreover, since a large battery pack and a large memory are applied,
long measurements (in order of hours) can be performed to acquire a large set of subsequent
data.

The size of the TX and RX circuit boards are7 × 9.5 cm2 and7.8 × 8 cm2, respectively.
These boards are placed in two separate plastic boxes to isolate them from influence of the
equipments and the body that they are placed on. However, themeasurement system with the
current design can be affected by interference as the power at each frequency is integrated at
the whole band of the selected filter. In our investigation inSection 3.6 and Section 4.3.7, it is
verified that this does not pose a problem.

It should be noted that, since in BCC the communication rangeshould be confined to the
vicinity of the human body, the frequency range of interest is limited, i.e. 100 kHz to 100 MHz.
Transmission at very high frequencies and very low frequencies is not considered. At frequen-
cies above 100 MHz, the wavelength is 3 m, which is in the same order of magnitude as the
length of a person. At such frequencies, the body behaves electrically as an antenna and radiates
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interface
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12 b A/D
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LPF 65MHz
Electrodes
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(a) Block diagram. (b) Implementation.

Fig. 3.3: Receiver of the BCC channel characterization system.
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signals into its environment. Moreover, even the electrodestarts acting as an antenna at higher
frequencies. To avoid these two effects and to limit the communication to on, or close to, the
body, the frequency range of interest is less than 100 MHz. Atvery low frequencies, commu-
nication might be influenced by electromagnetic interference, thus 100 kHz is selected as lower
frequency of the BCC band. Measurements are consequently performed from 100 kHz to 60
MHz in all the investigations in this study to be sure that thebody channel is not affected by
body radiating.

3.3 Coupler design

The couplers consist of flat electrode pairs made of copper. For the experiments they are placed
close to the human body to transmit signals generated by the TX over the human body and to
pick up the differential signal at the RX side. In order to avoid direct contact between metal of
the couplers and the human body, the metal surfaces are covered with isolation tape.

As explained earlier in Chapter 1, the couplers can be structured horizontally or vertically in
the capacitive coupling approach. In horizontal structure, two parallel electrodes are placed on
or close to the surface of the body where the space between them is filled with printed circuit
board (PCB) material. In vertical structure, one electrodeis positioned on or close to the surface
of the body while the other one is opposed to it. The volume between them is filled with PCB
material and/or polyvinyl chloride (PVC) foam (see Fig. 3.4(a)).

The measurement system is developed to investigate the transmission and coupling scheme
characteristics, so it is built such that different couplers can be attached easily to it. To study the
influence of the coupler design on the BCC channel behavior, different couplers are used that
vary in electrode dimension, space between the electrode pair and the structure of the electrode
pair. Figure 3.4 illustrates the different coupler configurations and electrode structures used in
this investigation.

The characteristics of the different couplers with different electrode dimension and spacing
between electrode pair are studied by performing measurements. The goal is to come up to the
optimal size based on these experimental results. It is alsoexamined what the best structure of
the electrodes is and whether it is more efficient to couple these to the human body horizontally
or vertically.

3.4 Measurement System Setup

Figure 3.5 depicts the schematic representation of a typical measurement system setup on the
human body. For the experiments, both the TX and RX of the system are placed on the body.
Couplers with different configurations and orientations are attached to them and capacitively
coupled to the human body. The couplers are taped loosely to the body so that they cannot move
while a measurement is being performed.

Most of the measurements have been performed in a conferenceroom in Hightech Campus
37, floor 5, room 5.021A. The room is2.70× 4.30 m2, has two glass walls and does not contain
electronic equipments. Most of the experiments are performed on the same subject, female,
height= 1.54 m.

The initial settings for each experiment are defined in the GUI. The frequency range is set to
100 kHz to 60 MHz. This frequency band is selected regarding to the BCC frequency band of
interest as discussed in Section 3.2. The number of samples in the equally spaced frequency band
is 255; the number of measured data per frequency sample is 255. The duration for the whole
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Fig. 3.4: Different coupler configurations and structures.

255 of the measurements is 2.5 minutes and consequently the duration of each measurement is
less than one second.

3.5 Measurement System Calibration

Since the end goal is to characterize the human body channel,the power measurement results
need to be translated into propagation loss results. To thisend, a back-to-back calibration is
required to measure the loss occurring due to the measurement system. Figure 3.6 depicts the
TX and RX back-to-back setup. To avoid the RX to saturate, theTX and RX are connected via
an attenuator, therefore, no couplers are applied. For thismeasurement, the attenuation between
the TX and RX is constant over the frequency band and equals to30 dB. The measured power
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Fig. 3.5: Schematic of a typical measurement setup.

can be expressed as a function of frequencyf as

PRXb2b
(f) = H(f)PTX(f)/Ab2b(f), (3.1)

whereH(f) denotes the transfer function of the system,PTX denotes the output power of the
TX andAb2b denotes the back-to-back attenuation. Therefore,

H(f)PTX(f) = PRXb2b
(f) · Ab2b(f). (3.2)

The propagation loss level of the channel for all the experiments is obtained by using the
achieved results of (3.2) and measuring the received power.Thus,

PRXMeas.
(f) = H(f)PTX(f)/A(f), (3.3)

Fig. 3.6: Back-to-back measurement setup.
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whereA(f) denotes propagation loss through the body. Using (3.3) and substituting the calibra-
tion result from (3.2), we can calculate the body attenuation, which is given by

A(f) = H(f)PTX(f)/PRXMeas.
(f). (3.4)

The calibration measurement results are depicted in Fig. 3.7. The characteristics of the TX
power were achieved by adding the 30 dB back-to-back attenuation to the received power. The
TX power is around 12 dBm.

3.6 Interference Measurement Setup

As explained in Section 3.2, in the designed measurement system the received power at each
frequency is integrated over the whole band of the selected filter. Therefore, our measurement
system is not sensitive enough to analyze signal interference characterization. Hence, the in-
terference characterization measurements are performed using a battery-fed portable spectrum
analyzer, [36], with a probe with an input impedance equal tothe one used for the measurement
system explained in Section 3.2. The spectrum analyzer is chosen to be portable and battery-
fed to characterize the experienced interference for the body channel in a BAN environment.
Moreover, since the input impedance of the spectrum is not high enough and also to be sure that
the measured data are comparable to the data measured by our designed measurement system a
circuit is specifically designed for the input impedance.

The measurement setup is illustrated in Fig. 3.8. All the experiments are performed employ-
ing a4 × 4 cm2 coupler with 1 cm electrodes spacing, located at the wrist ofthe test subject.
The spectrum analyzer measurement bandwidth is 30 kHz per measurement point. The number
of measurements per frequency point is 20 and the power is averaged over these points. The
number of measured points in the whole frequency band from 100 kHz to 60 MHz is 301, which
are equally spaced. It is noted that the low frequency behavior is mainly limited by the phase
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Fig. 3.8: Interference measurement setup.

noise behavior of the spectrum analyzer. Therefore, it is hard to draw conclusions about the
interference for these frequencies from these measurements. In a separate session, the frequency
band is set to 100 kHz to 2 MHz, with 301 equally spaced measurement points to examine the
interference behavior for the low frequencies. In this setting, the spectrum analyzer measure-
ment bandwidth is 3 kHz per measurement point. The number of measurements per frequency
point is 40.

To assure that the interference induced by our designed channel characterization system, e.g.
due to the 100 MHz microprocessor, does not have impact on ourmeasured data, the following
experiment has been carried out. In the measurement set up, the channel characterization system
and spectrum analyzer are both placed on a table and the interference power has been measured
by the spectrum analyzer. The results of this experiment have been compared to the lowest
possible level of the spectrum analyzer (determined with disconnected probe). Figure 3.9 shows
the achieved results. As it is depicted, the observed spectral characteristics in both situations are
similar. Thus, the interference due to the receiver is minimal and does not influence the results.
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Chapter 4

Experimental Results

4.1 Introduction

The BCC channel is different from that for the other RF solutions proposed to establish WBANs.
Consequently, it is necessary to have a good understanding of the BCC characteristics and the
on-body channel behavior in order to effectively exploit the human body as a communication
medium and in order to find their impact on design parameters.As described in Chapter 2, the
current experimental investigations on BCC are not exhaustive and in several cases their studies
are limited to the "grounded" scenario. Consequently, in this work we try to fully characterize the
capacitive BCC channel by an experimental study. From the results, conclusions for empirical
and statistical BCC channel modeling can be drawn.

The developed measurement system, described in Chapter 3, is used to perform extensive
experiments to reveal the influence of coupler size and structure on BCC. It is, moreover, used to
understand the signal transmission characteristics in static situations and due to body movement
for different node positions on the body. All of these experiments are performed focused on
propagation loss and its variation in the frequency band of 100 kHz to 60 MHz. Moreover, to
study the impact of interference on BCC and to characterize its properties, several measurements
are carried out employing the dedicated measurement setup explained in Chapter 3 based on the
portable spectrum analyzer.

The test scenarios, a dedicated test strategy and the measurement setup are discussed in
Section 4.2. The achieved experimental results are presented in Section 4.3. In Section 4.4, the
conclusions from the experimental results are summarized and discussed.

4.2 Test Scenarios

In this section, the tests methods used for our experimentalstudy are introduced. First, the test
parameters that play an important role to reveal the fundamental properties of BCC are presented
and the test scenario for each parameter is explained. Next,the test methods performed in this
thesis are presented.

4.2.1 Parameters to be investigated

Experiments are carried out to study the impact of (i) the coupling schemes (galvanic or ca-
pacitive coupling), (ii) the distance between the TX and RX and (iii) the configuration of the
coupler, such as the electrode structure, the electrode dimensions and the electrode pair spacing
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on BCC. Further experiments investigate (iv) the distance between the coupler and the human
body, (v) static or dynamic situation of the human body, (vi)properties of the human body struc-
tures (different test persons) and (vii) impact of various environments on BCC. In all of these
experiments, it is important to examine the frequency behavior of the propagation loss of the
BCC channel as a function of these parameters. Furthermore,some experiments are carried out
to investigate the interference characteristics.

Frequency behavior

In this study, we are interested in understanding the BCC channel frequency behavior. In RF-
based solutions, the channel generally shows severe frequency selectivity due to multipath fad-
ing, see e.g. [5]. The question is whether this also occurs for BCC. Therefore, the propagation
loss of the channel is studied over the frequency band of 100 kHz to 60 MHz.

Coupling schemes

As introduced in Chapter 1, the galvanic coupling and capacitive coupling are the two differ-
ent coupling schemes that can be used in BCC. The galvanic coupling only permits application
in which the nodes are directly coupled to the body. These aremainly in the field of medical
applications, but do not cover all wearable electronic devices. This thesis focusses on the capac-
itive coupling, which is not only applicable for the medicalapplication field, but is also of large
interest for consumer network solutions.

Distance between TX and RX

To assess the influence of the different distances between the TX and RX coupler, experimental
tests need to be performed by positioning the two couplers ondifferent parts of the body. The
locations of the coupler are selected based on the possible application of BCC systems, where
two devices interact with each other. Figure 4.1 depicts possible locations of the coupler on the
human body and Table A.1 indicates the possible combinations of TX and RX locations on the
body.

Electrode dimensions

The characteristics of couplers with different electrode dimensions and their influence on BCC
are examined. The dimensions of the electrodes vary from thesize of wearable devices to the
size of sensor nodes. They are also selected based on the geometry of the human body. In this
study, a TX and RX pair is considered to have the same dimensions in all the experiments. This
is motivated by the fact that in practical systems all nodes will be both TX and RX, therefore,
making different dimensions for TX and RX is not useful. The studied electrode dimensions are
3.5 × 5.5 cm2, 4 × 4 cm2, 3 × 3 cm2 and2 × 2 cm2.

Coupler structure

As introduced in Sections 1.2 and 3.3, coupler can have either a vertical or a horizontal structure.
Experimental measurements are carried out to find out the optimal structure of the electrodes
with respect to the electrode dimension and the spacing between the electrode pair. Moreover,
in the horizontal structure, the longitudinal and transversal electrodes orientation is examined
for different combinations at the TX and RX.
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Fig. 4.1: Coupler locations on the human body.

Electrode pair spacing

The Influence of the electrode pair spacing is investigated employing couplers with different
electrode pair separation. Based on the structure of the coupler, vertical or horizontal, the elec-
trode pair spacing is filled in using different dielectrics see Fig. 3.4. In the vertical structure, the
spacing between the electrode pair filled with PVC foam and/or PCB material is varied. The
investigated values of this space are 2 cm, 1 cm, 0.5 cm and 0.2cm. In the horizontal structure,
the distance between the two electrodes filled with PCB material is varied from 4 cm to 2 cm
and 1 cm.

Static and dynamic test conditions

Experimental tests need to be performed to examine the characteristics of BCC due to body
movement —including sitting on a chair, standing, walking and moving an arm— employing
couplers with various configurations and positioning them on different parts of the body. The
analysis of the experimental results should provide a good understanding of how to model the
variation in the BCC channel statistically.

Distance between the coupler and the human body

The BCC operation for the capacitively coupled on-body channel is based on near-field coupling.
Therefore, electrodes can be placed on or close to the human body. Influence of on and off the
body contact (clothes in between) of the TX and RX coupler is tested, since different applications
may require on-body or off the body contact. In the off the body scenario, we test how the
propagation loss varies as function of the distance of the couplers from the human body. This
will enable us to understand the coupling behavior and the interference and noise influences,
specifically for the application related to wearable electronic devices. Excluding this on, all
other experiments are performed with couplers on the human body.
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Different people with different body structure

In order to characterize the property of the body structure and to investigate its influence on
BCC, similar experiments are performed with different subjects. By comparing the results from
similar test scenarios with different test persons, the reproducibility of the measurements can be
assessed. In this work, experiments are presented for two subjects. One test person is a female,
height= 1.54 m and the other subject is a male, height= 1.97 m.

Different environments

Similar measurements are performed in various environments to examine the influence of exter-
nal RF sources and devices on the main signal. For this test a conference room equipped with
some chairs and a table and two glass walls, a lab room with lots of electronic equipments, a
shielded (EMC) room are chosen as locations.

Interference Characteristics

As explained in Chapter 3, the frequency band of interest forBCC is from 100 kHz to 60 MHz.
However, the considered frequency band is susceptible to all kinds of electromagnetic interfer-
ence, as these bands can be used by different wireless systems, including AM/FM radio, TV
broadcasting, amateur radio and different mobile applications, see [37]. Hence, it was consid-
ered important to obtain a better understanding of the influence of the interference, which might
affect the BCC performance. To this end, experiments are performed in different environments
and with different test subjects to study the influence of theinterference on BCC. A conference
room equipped with some chairs and a table and two glass walls, an office room equipped with
some chairs and desks and PCs, a lab room with lots of electronic equipments, corridors and a
pantry are the locations that have been selected to characterize the interference. In all of these
locations, four different situations —above a table, near aPC monitor, near other measurement
equipment and in the middle of the room— are compared to the situation where the probe is
disconnected, thereby showing the lowest possible level that can be measured by the setup.

4.2.2 Performed Measurements

The possible combinations of the test parameters of the above discussed experiments are indi-
cated in Table A.2. Only a subset of the presented measurement scenarios is studied in this work
due to the limited time which was available to study the test cases. The subset is selected such
that it allows conclusion about all of the parameters considered in Section 4.2.1.

To this end, the number of the coupler positions on the body islimited to seven, as shown in
Fig. 4.2. All the tests have been performed in a conference room in Hightech Campus building
37, floor 5, room 5.021A. The room is2.70× 4.30 m2, has two glass walls and does not contain
electronic equipments. Most of the experiments are performed on the same subject, female,
height= 1.54 m.

As explained before, in all the experiments the electrodes are on the body and are taped to
the body in order to limit the movement during the measurements and to enable reproducibility.
The influence of coupler separation from the body is tested inseparate measurements.

To test the measurement reproducibility, some experimentsare repeated on different days
and also on another subject, male, height= 1.97 m. In a separate session, some experiments are
performed in a shielded (EMC) room. The results obtained form these measurements are used
to verify the measurement results in the conference room.
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Fig. 4.2: Limited set of coupler locations on the human body,as considered in the remainder of
this work.

Figure 4.3 depicts the measurement system connected to the test person for one of the test
cases. It should be noted that for all the experiments the test person is standing almost in the
middle of the conference room, far from all the chairs and thetable. Vertical TX and RX couplers
are applied in the experiments unless otherwise mentioned specifically.

To test the interference characteristics, the dedicated measurement setup explained in Section
3.6 and illustrated in Fig. 3.8 is used. All the measurementsare performed employing a4×4 cm2

coupler with 1 cm electrode spacing. Note that the interference experiment is not indicated in

Fig. 4.3: Channel measurement system attached to the arm of the test person while standing.
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table A.2. Four different test cases —above a table, near a PCmonitor, near other measurements
equipments and in the middle of the room— are compared to the lowest possible level that can
be measured by the measurement setup.

4.3 Measurement Results

In the following, the results obtained from the measurements are presented. As described in
Section 3.5, for the BCC channel characterization, the measured received power is translated
into propagation loss between the TX and RX couplers using the results from the back-to-back
calibration measurements. The behavior of the average signal attenuation for the frequency
range of 100 kHz to 60 MHz is assessed to characterize the BCC transmission.

4.3.1 Measurement reproducibility

Maximum measurable level of signal attenuation

If the transmitted signal falls below the noise level in the system, data can no longer be detected
at the RX. Therefore, it is required to measure the level of the noise in our measurement system.
As explained in Section 3.5, since the measured RX signal is translated into propagation loss, we
are interested in finding the maximum propagation loss that can occur. The maximum channel
attenuation that the measurement system can characterize is measured by placing the TX and
RX on the table in the conference room without attaching any coupler to them. So, the RX can
receive only noise. This setup is depicted in Fig. 4.4. From this experiment it follows that the
maximum level of propagation loss that can be measured by themeasurement system equals 80
dB.

Experiments on different days

Experiments to examine the reproducibility of the measureddata have been carried out by per-
forming the same experiments on different days. The resultsfor this test are depicted in Fig.
4.5 where both couplers are on the arm and a4 × 4 cm2 electrode size with 1 cm electrode
separation is applied. The results show a typical deviationof less than 5 dB in the propagation

Fig. 4.4: Setup to measure the maximum level of signal attenuation of the measurement system.
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Fig. 4.5: Propagation loss as function of frequency on different days, for4 × 4 cm2 electrodes
and 1 cm electrode spacing and the arm channel (A2A3).

loss, which verifies the reproducibility of the measurements. The results for other coupler sizes
and configurations were similar.

4.3.2 Influence of the TX and RX coupler locations

This subsection studies the results of the experiments thathave been performed to characterize
the influence of the transceiver locations. Figure 4.6(a) depicts the characteristics of the propa-
gation loss for combinations of different coupler locations on the body as illustrated in Fig. 4.2.
For these measurements,4 × 4 cm2 couplers are applied with a electrodes spacing of 1 cm. As
observed, for the couplers on the arm, the attenuation varies from 60 to 45 dB from lower to
higher frequencies. For couplers on leg-arm (L2A2) or chest-leg (C3L2) channels there is an
extra loss of 10 to 15 dB. However, the frequency behavior is similar.

It is concluded that the signal attenuation increases by increasing the distance between the
locations of the TX and RX couplers on the body. However, the maximum observed propagation
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loss level for almost all the coupler locations is less than 80 dB. This verifies that even for large
distances on the body a reasonable signal attenuation is achieved. Moreover, the results of
chest-leg and leg-arm channels show that the couplers in thefront and back of the body can
communicate with each other with a reasonable propagation loss. Thus, this shows that the full
body coverage is obtained in BCC.

The frequency behavior of the propagation loss can be explained as follows. The combina-
tion of the capacitors formed between the electrode pair andbetween the coupler and the human
body determine the frequency behavior of the propagation loss. The values of these capacitors
depend on the electrode dimensions, electrode pair spacingand the permittivity and conduc-
tivity of the dielectric materials between the electrode pair. They also highly depend on the
permittivity and conductivity of human body tissues.

The permittivity and conductivity of a dielectric can be frequency dependent. This also
applies to the human body tissues. The dielectric properties of various human tissues have been
studied by authors of [38] for the frequency band of 10 Hz to 20GHz. Their results show
that the permittivity of the human body tissues reduces by increasing the frequency. Moreover,
the conductivity of the human tissues increases by increasing the frequency. Consequently, the
values of the mentioned capacitors will change by increasing frequency and their combined
influence shows a high-pass like signal transfer for the whole body channel.

Similar results are obtained by applying the other couplerswith different structures. Figure
4.6(b) shows the results for the coupler of3.5 × 5.5 cm2 with 2 cm electrode spacing, which
verifies that the propagation loss increases by increasing the distance between the TX and RX
(see also Appendix B.1).

As it can be observed from the results there is a little variation in mean propagation loss over
frequency. Fig. 4.7 depicts the 255 measured data of the propagation loss and their mean for
4× 4 cm2 couplers with 1 cm electrode spacing and arm channel (A2A3).The results show that
none of the 255 realizations of the propagation loss revealsfrequency selectivity. Similar results
are obtained for other locations and using other couplers. Hence, it can be concluded from the
measured data that the BCC channel is essentially flat.

We observed that the frequency dispersion of the BCC channelis very limited. Hence, it
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Fig. 4.7: Propagation loss as function of frequency, for 255realizations together with their mean
for 4 × 4 cm2 electrodes and 1 cm electrode spacing and the arm channel (A2A3).
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is not very beneficial to apply multi-carrier techniques such as orthogonal frequency division
multiplexing (OFDM). Also the signal detection can be relatively simple, as the low frequency
dispersion will allow for a very simple equalizer, even for large signal bandwidth of several tens
of MHz. Consequently, BCC can result in a very simple communication solution and with a
low power consumption, due to the much lower carrier frequency, compared to those of wireless
(GHz) RF solutions.

As discussed in Chapter 2, similar results for the frequencybehavior of the BCC channel
have been reported in [14], [19], [20] and [35]. However, dueto their proposed measurement
systems, the channel behavior at low frequencies was influenced by the input impedance of the
measurement equipment. Consequently, their final results are different from these reported here.

4.3.3 Influence of coupler configuration

The node form factor is an important factor in BCC system design. The size of the coupler will
largely govern the size of the BCC node. This size is determined by the electrode dimensions
and the spacing between the electrode pair forming a coupler. Knowledge of the influence of the
coupler size on BCC gives information about the required transmit power and sensitivity of the
receiver.

The following results show the measured propagation loss for the arm channel for differ-
ent coupler configurations, including electrode dimension, electrode pair spacing and coupler
structure. Similar results are obtained for other coupler location pairs (see Appendix B.1).

Influence of the electrode dimension

In this subsection, couplers with different dimensions arecompared to find out how they affect
the BCC propagation loss. Figure 4.8 depicts the propagation loss results. For the coupler
of 3.5 × 5.5 cm2, the attenuation varies from 50 to 40 dB from lower to higher frequencies.
However, for the coupler of2 × 2 cm2, an extra loss of 10 dB is observed. We can conclude
that the larger the dimensions of the electrode is, the lowerthe signal attenuation is achieved. In
this test the experienced channel is the same for all the cases and the spacing of the electrode
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pair in each coupler equals 2 cm, consequently, the only factor that has an influence on the
propagation loss level is the electrode dimensions. The reduction in the propagation loss level
can be explained by the fact that the capacitive coupling between the coupler and body is larger
when the electrode dimensions are larger. Therefore, more electric field can be induced to the
body.

Although the3.5 × 5.5 cm2 electrodes show superior performance, the size might be pro-
hibitive for WBAN implementation. Thus, one needs to make a trade-off between the BCC
envisioned application and performance. In this study, the3× 3 cm2 electrode size forms a nice
compromise between size and the resulting propagation loss. As seen in Chapter 2, concern-
ing the influence of electrode size the same conclusions werereported in [7], [8], [10, 11], [18]
reached the same conclusions .

Influence of electrode pair spacing

The influence of the electrode pair spacing has been studied by performing experiments with
four different electrode pair spacings. Figure 4.9 depictsthe results for these four separations
applying4 × 4 cm2 electrodes. Overall, it is observed that a higher separation yields a lower
attenuation, however, not over the whole frequency range. In this test, the experienced channel
for all the cases is the arm channel and all the couplers have the same dimensions. Therefore,
the results can only be influenced by the electrode spacing.

By increasing the electrode spacing, the impedance of the capacitor between electrode pair
increases. Subsequently, it is expected that at TX a higher electric field is coupled to the body
and at the RX a larger differential signal can be detected. However, as observed, the propagation
loss at higher frequencies decreases more quickly for the 0.2 cm spacing than for the others.
The results might get influenced by the differences in couplers construction. For the 0.2 cm
separations only PCB material was present and for the other couplers the volume is filled in by
PVC foam and PCB material, as illustrated in Fig. 3.4. These materials have different conductiv-
ity and permittivity at different frequencies thus the frequency behavior of the different coupler
constructions is not the same.
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Overall, in this study, the 2 cm separation yields less propagation loss and the best per-
formance. Regarding the constraint in node size for WBAN applications, too high separation
between electrode pair is impractical to choose. Thus, a 1 cmelectrode separation is selected
which yields a suitable tradeoff between the achieved propagation loss and coupler size. It is
noted that in practical BCC nodes, the space between electrodes will be used to place the node
electronics and one of the electrode will serve as the PCB ground plane. Consequently, 1 cm
seems also reasonable in this view.

In a separate session, the spacing between the electrodes oftwo couplers of the same size is
filled with different combinations of materials to investigate their impact on the propagation loss.
For this test3×3 cm2 electrodes are selected. In one set, the space between the electrodes of both
TX and RX is fully filled with PCB material and PVC foam. In the other set, the space is not fully
filled: at two sides it is empty, so there is only air. These twoelectrode construction approaches
and achieved results are shown in Figs. 4.10(a) and 4.10(b),left and right, respectively. As was
expected, the average propagation loss for the fully filled case is 10 dB higher.

This can be explained as follows. Each coupler can be considered as three parallel capacitors,
C1, C2 andC3 as depicted in Fig. 4.11; in the fully filled case, these capacitors are equal (C1 =
C2 = C3). On the other hand, in the not fully filled case there are two equal capacitors with
the permittivity of air as dielectric (C1 = C3) and one capacitor (C2) with the PCB material
and PVC foam permittivity. Since the air permittivity is less than the permittivity of the other
materials, the equivalent capacitor between the electrodepair in the fully filled case is larger than
in the not fully filled case. This property results in smallerimpedance between electrode pair of
fully filled case and thus results in a higher propagation loss. Therefore, this can be considered
as an important factor in construction of couplers.

In all of the studies reported in this thesis, the electrode spacing for the vertical structure is
fully filled with PVC foam and/or PCB material. So, in practical cases, where the room between
the electrodes will be used to place the electronics and the rest is air, the level of propagation
loss will be even lower than what is reported in this work. Therefore, this will have impact on
the transmit power and the sensitivity of the receiver that the system designer should be aware
of. The considered scenario in this work can consequently bea worst case scenario.

3 cm

3 cm

d = 2 cmd = 2 cm

3 cm

3 cm

(a) Coupler constructions.
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Fig. 4.10: Influence of coupler construction on the propagation loss as function of frequency for
3 × 3 cm2 electrodes and 2 cm electrode spacing.
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C1 C2 C3

(a) Spacing between electrode pair is fully filled.

C1 C2 C3

(b) Spacing between electrode pair is not fully filled.

Fig. 4.11: Schematic of the capacitors formed between the electrode pair for the couplers with
two different constructions.

Comparison of combinations of couplers with different structures

In order to compare the performance of the vertical structure to that of the horizontal structure,
first the transversal and longitudinal orientation of the horizontal structure are examined. Then
the one with the best performance, i.e. the lowest propagation loss, is compared to the vertical
structure.

Figure 4.12 depicts the propagation loss results for different combinations of horizontal ori-
entations for the2 × 2 cm2 electrodes with 1 cm electrode separation. We recall that there are
two orientations, i.e. the longitudinal and the transversal introduced in Section 1.2. It can be
concluded that the lowest propagation loss is achieved by applying a longitudinal orientation for
both the TX and RX side. Moreover, the propagation loss is almost equal to the noise level of
the measurement system for this electrode dimension and separation when the RX has transver-
sal orientation. The reason is that for longitudinal orientation, the direction of the electric field
between the electrode pair is along the arm channel, which ismost effective for the transmission
from TX to RX. For the transversal orientation, the electricfield direction is formed on the upper
side of the arm and is not along the arm channel.

As we discussed in Chapter 2, this experiment was also carried out by the authors of [10,12].
They also reported that the longitudinal orientation givesa better results.

Exploiting the results obtained from the previous experiments, the performance of different
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Fig. 4.12: Influence of orientation of the horizontal coupler on propagation loss as function of
frequency for2 × 2 cm2 electrodes and 1 cm electrode pair on the arm channel (A2A3).
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combinations of TX and RX electrodes structures are compared. The comparison result is shown
in Fig. 4.13. For these measurements, the vertical coupler is4×4 cm2 with 1 cm electrode spac-
ing and the horizontal coupler is2× 2 cm2 electrode pair with 4 cm separation and longitudinal
orientation. Both TX and RX are positioned on the arm channel(A2A3). The lowest prop-
agation loss results are obtained when vertical coupler areused at the RX. The difference in
frequency behavior is due to the different dielectric materials used between the electrode pairs.
PCB material is used between the electrode pair in the horizontal structure, while the spacing
of the electrode pair in the vertical structure is filled witha combination of PCB material and
PVC foam, as explained in Section 3.3. The RX, which shows thelowest propagation loss for
a vertical coupler, plays an important role in signal reception. Since each node in BCC can act
as both TX and RX, it is reasonable to use the vertical coupleras the coupler structure for BCC
transceivers.

In the study by authors of [14], [15] and [18], discussed in Chapter 2, it was also shown that
the vertical electrode structure yields a superior performance compared to using the horizontal
structure.

4.3.4 Influence of body motion

Tests are performed to assess the influence of the orientation and movement of the human body
on the propagation loss. The body movement study, as shown inFig. 4.14, is limited to two
different movements: (i) walking in the room and (ii) standing in the middle of the room while
moving the arm. Figure 4.15 depicts the measurements results for the test cases when the test
person was sitting on a chair, standing, walking and moving the arm. The applied coupler size
was4 × 4 cm2 and the electrode separation was 1 cm. Overall, the average signal attenuation
in the dynamic scenarios is in the same level as static-standing scenarios. However, for the
sitting scenario, an extra 10-12 dB channel attenuation is observed compared to the standing
case. This is most likely due to coupling interaction with the chair. Other couplers with different
configuration yield similar results for the same location onthe body (see Appendix B.1).
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Fig. 4.13: Influence of coupler structure on propagation loss as function of frequency, for4 ×
4 cm2 with 1 cm electrode pair spacing and vertically structured and 2 × 2 cm2 electrode pair
with 4 cm separation horizontally structured and the arm channel (A2A3).
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(a) Walking (b) Moving arm

Fig. 4.14: Schematic illustration of the two studied body movement.

The deviation from the mean propagation loss, as depicted inFig. 4.16, is higher for a
moving arm and walking than for sitting on a chair and standing. This variation occurs due to
different coupling between the couplers and the body duringmovement. For instance, in the
moving arm scenario, first the couplers interact with each other via the arm and the side of the
body. By moving the arm, the coupling through the side of the body gets weaker, up to the
point that the couplers interact only via the arm. This results in a higher propagation loss. This
variation in coupling between coupler and different parts of the body occurs more frequently for
the walking scenario. Therefore, as observed, the standarddeviation of the walking scenario is 1
dB higher than for moving the arm. The achieved standard deviation for similar movement and
on other positions on the body is less than 3 dB (see Appendix B.1).

Thus, from the body movement results, it is concluded that the signal level variability due to
the body movement is very limited for BCC. Compared to similar studies for RF-based WBANs,
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Fig. 4.15: Influence of body movement on propagation loss as function of frequency: sitting on
a chair, standing, walking, moving arm for4 × 4 cm2 electrode dimension and 1 cm electrode
pair spacing and arm channel (A2A3).
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Fig. 4.16: Influence of body movement on the standard deviation of propagation loss as function
of frequency: sitting on a chair, standing, walking, movingarm for4 × 4 cm2 electrodes and 1
cm electrode spacing on the arm channel (A2A3).

see e.g. [5], the standard deviation obtained by BCC approach is relatively low. For the RF-based
WBANs systems, the body shadowing does create a large channel variability due to the body
movement, i.e. in the range of 30 to 40 dB. This poses a seriouschallenge for RF transceivers
design, but not for BCC receivers.

As reported by the authors of [24–27], in Chapter 2, the standard deviation of the signal is
higher due to the body movement. However, their results werelimited by the "ground scenario".

The distribution of the variation in propagation due to the body movement is studied further
in Section 5.3.

4.3.5 Influence of arm channel orientation and coupler placing

Some experiments have been performed to investigate the influence of body channel orientation
on the propagation loss. It is also investigated how the couplers interact with each other for
practical situations in which a person might touch the coupler. The results of these measurements
are presented in the following.

Arm orientation

The results depicted in Fig. 4.17 are for three different armorientations where the TX and RX
couplers are located on the subject’s arm, the electrode dimensions are4 × 4 cm2 and the elec-
trode separation is 1 cm. These three arm orientations —under arm pointing forward, arm ori-
ented towards the body and arm oriented away from the body— are shown in Fig. 4.18 and
named ArmOrn-I, ArmOrn-II and ArmOrn-III, respectively.

Overall, the average propagation loss is the lowest for the case that the arm is oriented
towards the body. This can be explained by the fact that increased coupling occurs both through
the arm and through the body. For the other two cases couplersmainly interact with each other
via the arm.
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Fig. 4.17: Influence of arm orientation on propagation loss as function of frequency for4×4 cm2

electrodes and 1 cm electrode spacing on the arm channel (A2A4).

Coupler placing

Three different placing for the TX and RX couplers are considered to assess the impact of the
couplers’ placing on the BCC transmission behavior. The main goal for this experiment is to
understand how propagation loss is affected by touching thecouplers in these three different
locations. The locations are depicted in Fig. 4.19, where inthe first case the couplers are on the
table and are touched by subject two hands, in the second casethe subject holds the couplers
above the table while standing near the table. In the third case, the subject is far from the table
while holding the couplers. These measurements are compared to the case where the TX and
RX are on the table without being touched.

The results obtained from these experiments are shown in Fig. 4.20 for the3.5 × 5.5 cm2

electrodes, where the electrode pair separation equals 2 cmand the TX and RX are located on
A1 and A9 on the body, respectively. The propagation loss behavior in the case that the couplers
are on or above the table differs from the case that the couplers are on the body and far from

(a) Under arm sticking forward,
ArmOrn-I.

(b) Arm oriented towards the
body, ArmOrn-II.

(c) Arm oriented away from the
body, ArmOrn-III.

Fig. 4.18: Measurement setup to test the influence of arm orientation on the propagation loss.
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(a) Couplers are on the table and are touched by subject’s
two hands.

(b) Couplers are held above a table by subject.

(c) Couplers are held far from furniture by subject.

(d) Couplers are on a table without body contact.

Fig. 4.19: Measurement setup to test the influence of couplerplacing on propagation loss.
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Fig. 4.20: Influence of coupler placing on propagation loss as function of frequency, for3.5 ×
5.5 cm2 electrodes and 1 cm electrode spacing and the A1A9 channel.

the table. It is also observed that the level of attenuation is 10-20 dB less for frequencies below
35 MHz and up to 10 dB less for frequencies above 35 MHz. This can be explained by the fact
that the formed capacitor not only depends on the permittivity and conductivity of the human
body and the dielectric between electrode pair, but also gets influenced by the characteristics
of the table which is made of wood with metal base. Thus, different frequency behavior and
less propagation loss level are observed for cases near the table. For the case that there are only
couplers on the table, still the attenuation is much higher.This occurs because couplers directly
interact with each other due to their short distance.

As a conclusion, touching the couplers when they are not on the body results in different
channel behavior and different propagation loss. Therefore, this will have a serious impact on
the system performance and it should be considered as a key parameter in system design.

4.3.6 Influence of the couplers off the body and on the body

One of the key characteristics of using the human body as a transmission medium is that the
communication is limited to on, or to very close vicinity of,the human body. This characteristic
is very favorable compared to the RF-based WBANs solutions,since our BAN will experience
no interference from other BANs. The system set up in order tofind out the communication
range of BCC is shown in Fig. 4.21.

To examine the characteristics of body communication off the body, the arm of the subject
is placed at different distances from the couplers. Figure 4.22 illustrates propagation loss mea-
surement results for the4 × 4 cm2 electrodes with 1 cm separation, where the two couplers are
separated 11 cm from each other on a cardboard box. The bottomand top curves represent the
case of the arm touching both couplers and the case of no arm present, respectively. This results
in a 25 dB loss difference between the two cases. When the arm is placed 1 or 2 cm from the
electrodes, an increase of 7-14 and 14-22 dB, respectively,is observed compared to the touching
case. When the arm is 4 cm above the couplers, the attenuationis about equal to the case with-
out an arm touching the couplers. The remaining interactionfor these cases is probably mainly
due to direct coupling between the TX and RX couplers, causedby the relatively small distance
between them.
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Fig. 4.21: Top view of measurement setup to assess the influence of body separation on propa-
gation loss. The couplers are placed 11 cm apart and the distance of the arm to the couplers is
varied.

By comparing the results of on the body and off the body it is shown that by placing the
couplers on the body (the majority of) the transmitted signal travels through the body. Further-
more, it is concluded from these results that the propagation loss off the body is much higher
than that close to the body. Hence, the communication range is indeed limited to the vicinity of
the body. This is in contrast to results found for RF solutions where the communication range
is typically governed by free space separation. Consequently, the communication range of these
RF systems can be several meters from the body, which will likely result in interference between
different WBANs. This property results in a frequency reusefactor of close to 1 for BCC, i.e.
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Fig. 4.22: Influence of body-coupler separation on the propagation loss as function of frequency,
for 4 × 4 cm2 electrodes and 1 cm electrode spacing.
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every WBAN can use the same frequency band.

4.3.7 Verification

To verify the results achieved from the experiments, some measurements are repeated to test the
results on another subject body and in a shielded (EMC) room.

Different subjects

Figure 4.23 depicts the results performed on a different subject (male, height= 1.97 m) for the
leg-arm (L2A2) channel with4× 4 cm2 electrodes, where the electrode separation equals 1 cm.
The behavior of the propagation loss is similar to the results achieved for the other test person,
female, height 1.54 m. An additional 5 dB is likely due to the difference between the length of
the two subjects results in an increased distance between the TX and RX. As we observed in our
previous results, the larger the distance between TX and RX,the higher the signal attenuation.
Similar differences were observed for other measurements for these two subjects. It can be
concluded from this experiment that variation in propagation loss between different subjects
is limited. However, more experiments are required to be carried out on more subjects with
different body structures to draw firm conclusion here.

EMC room

Calibration and verification tests were performed in an EMC room. Figure 4.24 shows the
most important results. The result of the back-to-back calibration experiment, as depicted in
Fig. 4.24(a), verifies our result of characteristics of the TX output power. Moreover, as shown
in Figs. 4.24(b), 4.24(c) and 4.24(d), the BCC fundamental properties that we drew from the
measurements in the conference room are confirmed. However,the propagation loss values
achieved from the measurements in the EMC room are not equal to the results achieved in the
conference room. As discussed in Section 3.2, this likely isdue to our measurement system
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Fig. 4.23: Propagation loss as function of frequency for twodifferent subjects, for the4×4 cm2

electrodes and 1 cm electrode spacing on the leg-arm channel(L2A2).
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(a) Calibration results: measured received power and
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(b) Influence of transceiver locations on the propaga-
tion loss as function of frequency for4 × 4 cm

2 and
2 cm electrode pair spacing.
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(c) Influence of electrode dimension on the propaga-
tion loss as function of frequency, for 2 cm electrode
pair spacing and the arm channel (A2A3).
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Fig. 4.24: Verification results for the back-to-back calibration, TX and RX coupler locations,
electrode dimensions and electrode pair spacing in the EMC room.

architecture. Since at the RX the power at each frequency is integrated at the whole band of the
selected filter, it shows a lower propagation loss.

4.3.8 Interference measurement results

The interference from other RF sources and electronic equipments might affect the performance
of BCC systems. Therefore, experiments have been performedto characterize the interference
and examine its influence on BCC. Figure 4.25 shows the measurement results for four different
test cases, as discussed in Section 4.2, in the lab room, in Hightech Campus 37, floor 5, room
5.024.

The bottom curve depicts the result when the probe is not connected to the spectrum an-
alyzer, showing the lowest possible level that can be measured. It is observed that when the
subject is located in the middle of the room, the interference is almost equal to the baseline.
However, when the subject is near a monitor or other measurement equipment, or when the sub-
ject places the arm above a table with metal base, the interference severely increases. This can
be explained by coupling of these devices to the body and to the coupler and the low frequency
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Fig. 4.25: Measured interference power for different measurements locations in the lab room.

interference they induce. The table acts as "antenna" for sources of interference and in turn cou-
ples this to the electrode and body. This subsequently results in higher interference. It was found
in Section 4.3, however, that the desired signal also increases when the arm is placed above such
a table, making the final impact lower.

More measurements have been performed in some other locations. The interference char-
acterization is examined by carrying out test cases similarto the ones in the lab room. Figures
4.26(a) and 4.26(c) illustrate these results. As can be observed, the results are similar to the
results of the lab room, although in the case of the pantry more variation in spectral properties
of interference power is present. Based on these results andmeasurements results in other lo-
cations, such as the conference room and the corridor (see Appendix B.3), it is concluded that
BCC is susceptible to interference. The integrated power ofinterference is in the order of –
60 dBm, which is considerable. Moreover, the spectral characteristics of the interference signal
power are very location dependent and its spectral properties vary a lot within each case.

The interference measurements in Fig. 4.26(b) show the results in the office room, but on
another subject. From these results and some other experiments on other subjects (see Appendix
B.3), it is concluded that the measured interference experienced by different subjects is almost
similar.

As discussed in Section 3.6, the low frequency behavior of the measured interference is
mainly limited by the phase noise behavior of the spectrum analyzer. Therefore, to characterize
the interference in these frequencies, some other experiments have been performed. Figure
4.26(d) depicts the results performed in the lab room for frequencies below 2 MHz. As we can
observe, even for the case that the subject is standing in themiddle of the lab room, the level of
interference is much higher at low frequencies. It is concluded from these results that the BCC
channel is specially affected by interference at lower frequencies.

Due to the varying spectral properties of the interference,and since the characteristics of
the interference are location dependent, the BCC channel issusceptible to interference. There-
fore, the BCC system has to be designed in such a way that the experienced interference is
suppressed. Subsequently, it would be beneficial to apply some adaptivity in the BCC data
modulation scheme, specifically when a wideband system is applied. In that case, the system
can choose the transmission mode that is least impacted by the locally experienced interference.
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(a) In the office room.
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(b) In the office room another subject.
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(c) In the pantry.
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(d) In the lab room for frequencies below 2 MHz.

Fig. 4.26: Measured interference power for different measurements locations.

This is the subject of Chapter 6.

4.4 Summary and discussion

In this chapter, the propagation loss of capacitive BCC channel was investigated as function of
frequency, for the band from 100 kHz to 60 MHz. Extensive measurements have been performed
to examine the influence of the TX and RX coupler locations on the body, coupler size and
structure, body movement and interference on BCC propagation loss.

It was observed that the BCC channel has a high-pass frequency behavior. The frequency
dispersion of the channel is very limited compared to the RF-based WBANs. It was also ob-
served that by increasing the distance between the transceivers on the body, the propagation loss
increases. For almost all the node locations, however, the level of propagation loss is well below
80 dB.

From the study of the optimal structure and size of the coupler for BCC, it was concluded
that the vertical structure performs superior to the horizontal structure. Also, increasing the size
of the coupler, i.e. the electrode dimensions and the spacing of the electrode pair, decreases the
propagation loss. Moreover, it was concluded that3 × 3 cm2 electrodes with 1 cm spacing
achieve a nice tradeoff between propagation loss and the size of the coupler.

Body movement were shown to result in a very small variation in channel attenuation, i.e.
the maximum observed standard deviation was less than 3 dB. Consequently, because of the
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much lower frequency, the lower channel dispersion and the much lower fading due to the body
movement, BCC can result in a much simpler and more robust communication solution with a
lower power consumption than the traditional RF-based WBANs.

The BCC communication range was shown to be limited to the very close vicinity of the hu-
man body. This means that there is no co-channel interference between different BANs and this
allows the whole frequency band to be reused by each WBAN. However, interference measure-
ments showed that capacitive coupling is susceptible to interference from other RF and electronic
systems. It was observed that the spectral properties of theinterference vary and are time but
mostly location dependent. For different subjects standing at the same location, the measured
interference was very similar. Therefore, since the spectral properties of the interference is very
time and location dependent, it would be favorable to apply some adaptivity in the BCC system
design to minimize the influence of the interference, especially when a wideband system would
be applied. Most of the results were confirmed by verificationexperiments reasonably stroke
with earlier investigations.
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Chapter 5

Channel Modeling

5.1 Introduction

The experimental study of the propagation loss in Chapter 4 provided us with an understanding
of the behavior of the capacitive coupled on-body channel and its impact on the system design.
In order to improve our understanding of the BCC channel behavior and to better understand the
nature of motion-caused signal amplitude variation, it is required to model the on-body channel
behavior based on our experimental results. The developed models also allow us to simulate the
impact of the channel behavior on the BCC system performance.

In this chapter, experimental results are used to develop models to describe the average
propagation loss in static body situations and for the variation due to body movement. In Section
5.2, the model for propagation loss characteristics in static situations is introduced. Section 5.3
discusses how to model attenuation variation due to movement of the body. This chapter ends
with the summary and discussions of the results in Section 5.4.

5.2 Mean Propagation Loss Modeling

An empirical approach is used to model the measured attenuation based on the characteristics
introduced in Chapter 4. Based on our study, it is observed that the average propagation loss
decreases for higher frequencies and the attenuation is highly dependent on the coupler dimen-
sions and the spacing between the electrodes. Moreover, thepropagation loss increases as the
distance between the TX and RX increases.

Figure 5.1 depicts the mean propagation loss results for themeasurements with the coupler
of size4×4 cm2 and 1 cm electrodes separation for different locations on the body. By having a
closer look at the their frequency behavior, it is observed that a constant behavior and a linearly
decreasing behavior occur. The frequency at which the constant behavior changes is called
corner frequency,fc. Especially for larger distances (e.g. C3L2) the difference between these
two behaviors is apparent. Studying the other results with other couplers and with the other
configurations, as depicted in Fig. 5.2, similar frequency behavior for the propagation loss can
be observed. These investigations allow us to develop a general model for the mean propagation
loss in dB,Lp(f), having the form

Lp(f) =

{

A, f < fc

A + B(f − fc), f ≥ fc

(5.1)
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Fig. 5.1: Propagation loss as function of frequency and the empirical model for different loca-
tions on the body, for the4 × 4 cm2 electrodes dimension and 1 cm electrode pair spacing.

with f in MHz. The parameterA represents a fixed propagation loss and the parameterB shows
the slope of the linear equation.

The parametersA, B andfc are obtained as follows. First, parameterfc is extracted from
the graph by selecting the frequency at which the propagation loss frequency behavior changes.
Next, the measured data for the band offc to 60 MHz which shows a linear decreasing is
extracted. We use a polynomial interpolation approach to find a polynomial which fits to these
sets of data in a least squares sense. This gives us the parameter B. By substitutingfc in the
results of polynomial, the parameterA is calculated.

The empirical models for different locations on the body areillustrated in Fig. 5.1. Figures
5.2(a) and 5.2(b) depict the empirical models for the different electrode dimension and differ-
ent electrode pair spacing, respectively. Tables 5.1, 5.2 and 5.3 present the numerical values
achieved forfc, A andB for all the results depicted in Figs. 5.1, 5.2(a) and 5.2(b),respectively.
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Table 5.1: Best fitfc, A andB for different location on the body, for4 × 4 cm2 electrodes and
1 cm electrode spacing.

fc A B

A2A3 7 MHz 55.5719 –0.23458
A2A4 22 MHz 60.0317 –0.21818
L2A2 25 MHz 62.8565 –0.20606
C3L2 25 MHz 68.1285 –0.21408

Table 5.2: Best fitfc, A andB for different electrodes dimensions, for 2 cm electrode spacing
and the arm channel (A2A3).

fc A B

3.5× 5.5 cm
2 18 MHz 49.3206 –0.1924

4× 4 cm
2 25 MHz 50.8002 –0.1965

3× 3 cm
2 10 MHz 53.28 –0.1565

2× 2 cm
2 10 MHz 60.1825 –0.17634

Table 5.3: Best fitfc, A andB for different electrodes spacings, for4 × 4 cm2 electrodes and
the arm channel (A2A3).

fc A B

2 cm 7 MHz 55.9427 –0.1993
1 cm 7 MHz 55.7419 –0.2346

0.5 cm 10 MHz 59.8279 –0.2599
0.2 cm 20 MHz 63.0598 –0.5135

As shown in the table, the parameterA is between 50 to 70 dB and its value mainly deter-
mined by the location of the transceivers on the body, the electrode dimension and the electrode
pair spacing. The parameterB has almost the same value, i.e. around –0.2 for all the devel-
oped models other than the case of 0.2 cm electrode pair spacing, for whichB equals –0.5. As
discussed in Section 4.3.3, the construction of this coupler is different from the other couplers
since the electrode pair spacing is filled only with PCB material. PCB material has different
permittivity and conductivity properties and shows different frequency behavior. The similar
value of the parameterB for the other cases can likely be explained by the fact that the dielectric
used between the coupler has the same material and all the test cases have been carried out on
the same subject. The parameterfc changes between 7 to 25 MHz and its value depends on the
coupler size and its location on the human body. It is also determined by properties of the human
tissue and coupler dielectric.

More propagation studies need to be carried out to find the influence of environments and
subjects with different body structures on the propagationloss. In addition, the effect of body
locations and coupler positions needs to be investigated more, so that the model can be extended
to include these variables as well.

5.3 Body Motion Fading Modeling

In this section, the influence of body movement is studied to understand the variation in signal
attenuation when a person moves. The propagation loss fluctuations around the median due to
the body motion (walking through the room and standing whilemoving the right hand up and
down, as depicted in Fig. 4.14) are compared with the propagation loss fluctuation around the
median for a static body (sitting on a chair and standing).
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Figure 5.3 depicts the empirical cumulative distribution function (ECDF) of the propagation
loss deviation (in dB) from the median per frequency, aggregated over the whole frequency range
from 100 kHz to 60 MHz for the measured data shown in Fig. 4.15.For sitting and standing the
standard deviation is very small, i.e. below 0.2 dB. For the moving arm and standing scenario,
the standard deviations are equal to 0.6 dB and 1.14 dB, respectively.

For the other configurations similar results have been obtained. It can be concluded that the
standard deviation of the propagation loss for the static scenarios is much smaller than for the
dynamic scenarios. The maximum observed standard deviation was less than 3 dB and occurred
for the two following cases.

For the walking scenario for the coupler size3.5×5.5 cm2 with 2 cm separation, where both
couplers have been placed on the arm, the standard deviationwas around 2 dB. This is because
during the walking the arm of the test person naturally movesforward and backward, so the
couplers experience varying coupling. Moreover, the dimension of the electrodes is larger than
the other couplers. Consequently, the coupler experienceslarger variations.

It is also observed that the standard deviation is around 2.5dB for the test scenario in which
the TX and RX are moving relatively to each other. In this testcase, the subject is holding the
couplers such that the TX and RX are on A1 and A9 position, respectively, see Fig. 4.2. In the
previous case, the locations of the TX and RX were constant relative to each other. However, in
this case, not only the couplers experience different coupling, but also the received signal varies
due to the variation in the distance between the TX and RX. Consequently, this results in larger
standard deviation for this case study. Still, even for thiscase the variation is quite limited.

To better understand the nature of the motion fading and to beable to simulate its impact
on the system performance, the probability distribution ofthe amplitude of the propagation loss
relative to the median is investigated. To this end, a numberof distributions, i.e. the normal,
Rayleigh, Rice, Nakagami and log-normal, are considered. These distributions are commonly
applied to model fading in RF wireless channels. Note that the Rayleigh distribution is a special
case of the Rice (withν = 0) and Nakagami distributions (withm = 1). For the modeling,
the data are first split into sets covering 5 MHz of bandwidth,since for larger bandwidths no
coherence was observed. Then the least square fits of the different distributions are derived to

−6 −4 −2 0 2 4 6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Deviation in propagation loss (dB)

E
m

pi
ric

al
 C

D
F

 

 

moving arm
walking
standing
sitting

Fig. 5.3: ECDF of the deviation in propagation loss (in dB) due to body movement, for4×4 cm2

electrodes and a 1 cm electrode spacing on the arm channel (A2A3).
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find the best fit parameters to the experimental data. The Probability-probability (P-P) plots are
used to allow for visual inspection of the goodness of the fit distributions.

In the following, first the weighted least squares method is explained. Next, the P-P plot that
is used to visualize the fitting results is introduced. Finally, the results obtained by applying this
approach are discussed.

Weighted least squares

The weighted least square (WLS) method is applied to estimate the best fit parameters of a given
distribution to the experimental data. This approach attempts to find the parameter(s) of a given
distribution such that it minimizesδ, i.e. the weighted sum of the squared difference between
the empirical CDF and theoretical CDF. The empirical and theoretical CDF are denoted byf(x)
andg(x, α), respectively.α denotes the best fit approximated parameter(s),w andx denote the
weights and the experimental data, respectively.

w =
1

√

f(x)(1 − f(x))
, (5.2)

δ =
∑

x

(

w (g (x, α) − f (x))2
)

(5.3)

The weights are defined in terms of empirical probabilities,and are lowest in the center of
the plot and highest at the extremes. These weights compensate for the variance of the fitted
probabilities, which is highest near the median and lowest in the tails [39]. This approach is
often superior to maximum likelihood in some distributionslike log-normal and Rayleigh where
it sometimes necessary to estimate a threshold parameter. The likelihood for these models is
unbounded and so maximum likelihood does not work [40].

In Figs. 5.4 and 5.5, the empirical CDF of the deviation in amplitude about the median (in
dB) is compared to the results for the theoretical CDFs for the walking and moving arm scenario,
respectively. The coupler size is4 × 4 cm2 with 1 cm electrode separation and the depicted
results are for the arm channel when the TX and RX are located at A2 and A3, respectively. The
considered frequency band is 40-45 MHz.

It is concluded that the log-normal, Nakagami and Rice distributions give a better fit than
the normal and Rayleigh distributions, based on the resultsof all the sub-bands. This is also
observed from Figs. 5.4 and 5.5.
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Fig. 5.5: ECDF of the deviation in amplitude (in dB) due to body movement together with the
CDFs of the best fit theoretical distributions, for the frequency band of 40-45 MHz and the
moving arm scenario.

In order to visually inspect which distribution yields the best fit, it is useful to test whether
the measured data deviates from a straight line. This can be done using P-P plot.

Probability-Probability (P-P) plot

In a P-P plot, the empirical CDF is plotted against the theoretical CDF. A tight scatter along
a 1:1 line from zero to one indicates that the theoretical CDFapproximates the experimental
CDF very well. Thus, the estimated parameters and the considered distribution can be used to
explain the resulting data. This approach is used in this work to examine the goodness of fit for
different distributions that were obtained by the WLS algorithm. Figures 5.6 and 5.7 illustrate
the fit distributions for the walking and moving arm scenarios, respectively. The depicted results
are for the measured data corresponding to Fig. 4.15 and the sub band 40-45 MHz.

As shown in these figures and based on the other results from the other frequency bands,
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Fig. 5.6: P-P plot:ECDF of the deviation in amplitude (in dB)due to body movement vs. the
CDFs of the best fit theoretical distributions, for the frequency band of 40-45 MHz and the
walking scenario.
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Fig. 5.7: P-P plot: ECDF of the deviation in amplitude (in dB)due to body movement vs. the
CDFs of the best fit theoretical distributions, for the frequency band of 40-45 MHz and the
moving arm scenario.

the log-normal distribution shows a good fit for most of the sub-bands, but the Nakagami and
Rice distributions give a good fit for only some of the sub-bands. Tables 5.4 and 5.5 indicate
the best fit parameters that were obtained for walking and moving arm, respectively for different
positions on the body. The disadvantage of this method is that it does not show the behavior in
the tail clearly. Overall, for most coupler configurations and positions on the body, the center of
the distribution, from 0.1 to 0.9, is well modeled by all three distributions. The tails, however,
are also of importance, since they often determine the errorrate of the system.

To find the best tail-fit distribution, the fitness of the log-normal, Nakagami and Rice distri-
butions has been examined on a logarithmic scale. These results are depicted in Figs. 5.8 and
5.9 for the walking and moving arm scenarios, respectively.

We can observe that the log-normal distribution has the besttail-fit for the moving arm
scenario, while for the walking case the Rice distribution seems to achieve a slightly better fit.
Therefore, focusing on the tail fit, from these results and results of other coupler locations (see
Appendix C) it is found that the log-normal distribution shows the best overall performance.
Moreover, it is concluded that high fades do not occur. Consequently, no wide variation in
received signal strength due to body motion can be expected.

The log-normal parameter for the results illustrated in Figs. 5.9 and 5.8 areµ = 0.94 and
σ = 0.06 for walking andµ = −0.56 andσ = 0.11 for the moving arm scenario. For the
averaged overall 5 MHz sub-bands, the parameters for the walking and moving arm scenarios
and for different coupler positions are indicated in Table 5.6 and 5.7.

These developed models are used in system simulations to analyze the performance of the

Table 5.4: Best fit parameters, walking, 40-45 MHz.
m-Nakagami ω-Nakagami ν-Rice σ-Rice µ-Log normal σ-Log normal

A2A3 12.92895211 1.013955246 0.985431139 0.140320009 0.942479118 0.054602767
A2A4 11.7647931 1.030163779 0.991118338 0.148230394 0.599979886 0.08081267
L2A2 89.75160186 1.004772249 0.999317939 0.052960909 –0.135270745 0.060175001
C3L2 63.42396655 1.010515103 1.000862191 0.062941308 –1.5255128 0.296532197
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Table 5.5: Best fit parameters, moving arm, 40-45 MHz.
m-Nakagami ω-Nakagami ν-Rice σ-Rice µ-Log normal σ-Log normal

A2A3 59.60878241 1.004942801 0.997861022 0.064828862 –0.558821427 0.113943442
A2A4 35.47860057 1.005685118 0.995095421 0.084174439 0.285371453 0.063136608
L2A2 42.74647799 1.013925411 1.000429681 0.076870866 –0.589795238 0.139419831
A1A9 102.1241171 1.002146539 0.998373071 0.049652378 –0.023943223 0.050535347

BCC system. The mean propagation loss model is simulated by an attenuator and a high-pass
filter. The filter and the attenuator parameters can be set to simulate different models of coupler
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Fig. 5.8: ECDF (logarithmic scale) of the deviation in amplitude (in dB) due to body movement
together with the CDFs of the best fit theoretical distributions, for the frequency band of 40-45
MHz and the walking scenario.
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Fig. 5.9: ECDF (logarithmic scale) of the deviation in amplitude (in dB) due to body movement
together with the CDFs of the best fit theoretical distributions, for the frequency band of 40-45
MHz and the moving arm scenario.
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Table 5.6: Average parameter for the log-normal distribution, walking.
µ σ

A2A3 0.671841632 0.086280789
A2A4 0.785766098 0.067375971
L2A2 –0.148502542 0.053398933
C3L2 –1.762826688 0.344682641

Table 5.7: Average parameter for the log-normal distribution, moving arm.
µ σ

A2A3 –1.10706847 0.244301609
A2A4 –0.045311394 0.11453039
L2A2 –0.526608952 0.12481045
A1A9 0.174128407 0.037477556

designs and coupler locations. Also, the channel behavior due to the body movement is sim-
ulated by a log-normal fading generator, the parameters of which can be set for different test
scenarios.

5.4 Summary and Discussion

In this section, models were presented for the propagation loss in static situation and its vari-
ation due to the body movement. To model the mean propagationloss, we defined the corner
frequencyfc. The model of mean propagation loss has a different behaviorbelow and above
fc. The level of attenuation is constant for frequencies belowfc and it is linearly decreasing for
frequencies abovefc. It is shown that the parameters of the model depends on the locations of
the transceivers on the body, the size of the couplers and their construction.

A statistical model was introduced for the propagation lossvariation about median due to the
body movement. It was shown that this fading is best modeled with a log-normal distribution.
The results also showed that the fading due to the body movement is relatively small compared
to RF body communication.

As seen in in Chapter 2, BCC was only statistically modeled bythe authors of [24–27]. In
their study, they statistically modeled the propagation loss in static situation and due to walking.
In their results they showed that their data is best modeled by a normal distribution. However,
their results are limited due to the "grounded scenario". Moreover, it is not clear how they
extracted their data to come to such a model.

It is noted that this study is not exhaustive, since a statically relevant population is not
achieved. Therefore, to come up with a quantitative conclusion on body channel modeling,
more experiments with different subjects, in different environments and with couplers with dif-
ferent construction have to be carried out. This will allow to refine the understanding of on-body
channel and come to an reliable BCC system design.
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Chapter 6

Physical Layer Design

6.1 Introduction

Our study in the previous chapters provided us with insight about the on-body channel and its
basic properties. This now allows us to design a physical layer, which is specifically suited
for this channel. Although the channel characteristics also impact the design of the other open
systems interconnection (OSI) layers of the BCC solution, these are outside the scope of this
report.

It was found in the channel characterization work that the frequency dispersion of the on-
body channel is very limited, consequently, it is not beneficial to apply multi-carrier techniques
such as orthogonal frequency-division multiplexing (OFDM). Also, the low channel dispersion
and fading due to the movement will allow for a very simple equalizer, the receiver signal pro-
cessing can thus be relatively simple.

Our study also indicated that in BCC the communication rangeis limited to the close vicinity
of the human body. This means there is no significant co-channel interference between BANs.
Consequently, the whole frequency band of approximately 60MHz can be reused by each BAN.
This allows one to use wideband baseband modulation techniques over the whole bandwidth
of 60 MHz. However, from the experimental results it is also observed that the interference of
other RF and electronic systems using the band of 100 kHz to 60MHz makes BCC susceptible
to interference. The spectral properties of the interference vary and are location dependent.
If not taken care of in the physical layer design, it will limit BCC system performance. The
understanding of all of these aspects leads us to come to a suitable physical layer design for
BCC, with high reliability and robustness against interference.

The outline of this chapter is as follows. In Section 6.2, therequirements for designing a
suitable physical layer for BCC are detailed. The adaptive code-spreading scheme, the basis
of our proposed physical layer design, is presented in Section 6.3. The numerical performance
results for the proposed scheme are presented in Section 6.4. Finally, Section 6.5 presents the
conclusions and discussion.

6.2 Requirements and System Design

It is very important that the BCC physical layer is power efficient, provides sufficient data-rate,
is reliable and able to suppress the influence of interference as much as possible.

To illustrate the influence of interference, consider Fig. 4.25 which shows the characteriza-
tion of the experienced interference in the lab room. For thecase that the subject was standing
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near the PC monitor, the integrated interference power for the whole frequency band of 60 MHz
is -56 dBm. In order for the basic BPSK modulation to achieve abit error rate (BER) of10−4,
with a propagation loss of 80 dB via the human body, a 32 dBm transmit power is required.
Since this level of power is higher than the standard value that can be applied to the human
body and since it would make the solution very power inefficient, this modulation scheme is not
suitable for BCC. Although this is a very simple calculation, it provides us with basic insight on
how carefully the physical layer design of BCC has to be selected.

One of the key requirements for the physical layer design of BCC is power efficiency, be-
cause the BCC solution needs to be battery fed. Consequently, both TX and RX needs to be
power efficient. To this end, a binary modulation is considered since it allows for simple TX and
RX implementation. Note that with binary modulation we can still provide a configurable data-
rate due to the large bandwidth. Also, no power consuming high frequency front-end is required
due to relatively low frequencies used for communications,i.e. < 100 MHz. The solution we
propose is therefore based on baseband modulation.

As mentioned above, the frequency band of 100 kHz to 60 MHz is available for every BAN.
This allows to choose one of the wideband modulation techniques for the physical design of BCC
over the whole frequency band of 60 MHz. In this work, we studythe use of direct sequence
spread spectrum (DS-SS) to increase the resistance of communication against interference. This
is due to the fact that the despreading circuit in the receiver acts as a spreading circuit for any
signal to which it is not matched. So, if the received signal includes an interference signal,
then the despreading circuit in the receiver spreads this interference over the whole band and
the subsequent integrator rejects all but a narrow portion of the interference. This increased
interference tolerance is an important motivation for using DS-SS in our physical layer design
[41].

In this approach, there is a trade-off between interferencerobustness of the system and
achieved data rate. The length and spectral shape of the codehave a strong effect on the per-
formance of the system. It should be noted that this technique is only used for its interference
suppression properties not for multiple access (MA). In ourforeseen system, MA is taken care
of by the medium access controller by e.g. using carrier sense multiple access with collision
avoidance (CSMA-CA).

It is important to mention that, the experienced interference will vary since the occupation
of frequency bands by wireless systems is location and time dependent. The same holds for
EM interference by electrical equipment. Consequently, itis not very beneficial to characterize
the interference on average and design countermeasures based on this average, e.g. to choose a
specific spreading code and apply it to the system to suppressthe interference. Thus, a solution is
required which can deal with the locally experienced interference, in order to reduce its impact.

In this study, we propose an approach that allows the BCC system to effectively operate
in different interference environments. The proposed approach is based on a cognitive solu-
tion, where the RX of BCC is used to sense the medium when the channel is not used for data
transmission. Based on the resulting observations about the interference properties, the system
decides on the suitable spreading code. This spreading codeis, subsequently, applied for trans-
mitting and receiving data. Since in this proposed approachthe spreading code is chosen adap-
tively to minimize the experienced interference, it will referred to asadaptive code-spreading.
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6.3 Adaptive Code-spreading

Figure 6.1 shows the block diagram of the BCC physical layer design, which applies the adaptive
code-spreading technique. At the TX, to transmit the data, every information bitb[k] ∈ {±1} is
repeatedM times, wherek denotes the information bit index andM is known as the spreading
factor. Then to randomize the repeated information bits, they are multiplied by spreading code
(chips),c[m] ∈ {±1} of lengthM which results ind[m] in the block diagram, where

d[m] = b[⌊m/M⌋]c[m], (6.1)

and where the operator⌊·⌋ denotes the floor function which rounds down to the closest integer.
Finally, the spreaded data are modulated and sent to the human body with the coupler capaci-
tively coupled to the body and with the return path through the air and environment, as explained
in Section 1.2.2. The transmitted data,s(t), with BPSK modulation is

s(t) =

∞
∑

m=−∞

d [m] p(t − mTc), (6.2)

where1/Tc is the chip rate andp(t) is the chip pulse shape, which is assumed to have unit
energy.

At the RX, the received signalr(t) is given by

r(t) = s1(t) + n(t) + i(t), (6.3)

wheres1(t) denotes the transmitted signal after propagation through the body,n(t) represents
the contributed white noise andi(t) denotes the experienced interference. First the received
signal is fed into the BPSK demodulator, which consists of a matched filter (MF) that is matched
to thep(t) chip pulse shape (chip-matched filter) assuming perfect chip synchronization. The
matched filter output samplesy[m] are given by

y[m] = sMF[m] + n[m] + i[m]
= A c[m]b[⌊m/M⌋] + n[m] + i[m],

(6.4)

where we for simplicity assumed that the channel is linear with gainA. Subsequently, the sam-
pled output of the matched filter is despreaded by the spreading code by a so-called despreading
operation, yielding:

yd[m] = y[m]c[m]
= b[⌊m/M⌋]c2[m] + n[m]c[m] + i[m]c[m]
= b[⌊m/M⌋] + n′[m] + i[m]c[m],

(6.5)

Fig. 6.1: Block diagram of the physical layer communicationconcepts.
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where we used thatc2[m] = 1 and due to the properties of the spreading coden′[m] is a noise
term statistically equivalent ton[m]. After despreading, for bit information detection, the data
is integrated over one symbol period, which yields the following output:

z[k] = (1/M)

kM+M−1
∑

m=kM

yd[m] = (1/M)

kM+M−1
∑

m=kM

y[m]c[m mod M ]. (6.6)

When we call (6.4) and (6.5), we obtain

z[k] = (1/M)

kM+M−1
∑

m=kM

A b[⌊m/M⌋]+(1/M)

kM+M−1
∑

m=kM

n′[m]+(1/M)

kM+M−1
∑

m=kM

i[m]c[m mod M ],

(6.7)
and therefore

z[k] = A b[k] + v[k] + w[k], (6.8)

where thev[k] andw[k] are the noise and interference terms, respectively. Finally, the informa-
tion bit decisions,z[k], are fed into the detector to find the transmitted information bits.

As we can see from (6.6), the despreading accumulation is equivalent to the operation of
cross-correlation between the received signaly[m] and the spreading codec[m] computed on
thekth symbol period. By choosing a spreading code that is not correlated to the interference
i[m], the power of the interference termw[k] in (6.8) can be minimized. Thus, the performance
of the system can be optimized.

The best code selector depicted in Fig. 6.1 uses this property at the RX in order to select the
best code to suppress the interference influence. Therefore, when there is no data transmission
occurring, first the experienced interference is studied atRX side. During this time, different
spreading codes from a codebook are correlated with the interference signal in order to find the
code that minimizes the influence of the interference. This code can be considered to be most
"orthogonal" to the interference. The way that we measure this orthogonality is by computing:

PI,j =

∣

∣

∣

∣

∣

1

M

M
∑

m=1

i[m]cj [m mod M ]

∣

∣

∣

∣

∣

2

, (6.9)

wherej refers tojth code. After applying all the codes out of the codebook, the one yielding
the smallestPI is chosen. It is noted that in this algorithm we assume two waycommunications.
Therefore, after RX does the sensing and finds the proper code, it reports to the TX which code
is chosen. Basically, the sensing of the medium can be on the regular basis. Since humans are
generally quite stationary, the frequency of this sensing needs not to be too high. So, regular code
updates in the order of 10s of seconds (or even minutes) is enough. This, however, would require
a relatively long considerable sensing time and draw lots ofpower. Hence, another approach is
to only do the sensing and adaptation when the system performance is degraded, e.g. when bit
or packet errors occur. In this way, the sensing time would bemuch shorter, which considerably
saves power.

In this work, Walsh-Hadamard (WH) sequences are considered. The motivation for using
the Walsh-Hadamard is that the sequences in the Walsh-Hadamard codebook have sufficiently
different non-white spectra. So, these codes can be appliedto the interferences with different
spectral properties to evaluate the performance of employing the adaptive code-spreading, which
is the goal of this study. Also, all but one of the Walsh-Hadamard sequences are DC free,
hence the signals are shaped such to keep them away from the frequencies below 100 kHz. A
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Walsh-Hadamard matrix of orderN is defined as anN × N matrix H, with the property that
HHT = NI, where I is theN × N identity matrix. Hadamard matrices whose dimensions are
a power of two can be constructed in the following manner:

H2N =

[

HN HN

HN −HN

]

, (6.10)

with H1 = [1]. The spreading code is selected as a row of this matrix. Figure 6.2 illustrates the
power spectrum of the two Walsh-Hadamard codes for length 32and 128. We can observe from
Figs. 6.2(a)– 6.2(d) that different codes with the same codelength have different spectral shapes.
By utilizing the code selection algorithm the code, which ismost "orthogonal" to the locally
experienced interference is selected. Also, by comparing the different graphs in Fig. 6.2, it can
be observed that by increasing the code length the spectral density of the codes gets sharper.
Consequently, longer codes can potentially minimize the interference more effectively. After
the best code is selected, this code is used for spreading of the data at the TX and despreading
the received signals at the RX.

It is noted that the data rate is scaled using codes with different spreading code lengths, i.e.
when the level of interference is low, a short code is used andwhen it is high, a larger code
length is used. The advantage of longer codes is that they achieve better spectral shaping and
thus yield a better interference suppression at the receiver, however, at the cost of sending more
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(a) PSD of the code 2 of the Walsh-Hadamard code-
book of length of 32.
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(b) PSD of the code 4 of the Walsh-Hadamard code-
book of length of 32.
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(c) PSD of the code 2 of the Walsh-Hadamard code-
book of length of 128.
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(d) PSD of the code 4 of the Walsh-Hadamard code-
book of length of 128.

Fig. 6.2: Power spectral density of two of the Walsh-Hadamard sequences for codelengths of 32
and 128.
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energy per information bit and a reduced data rate. The same is true for the time spend in the
cognition part. The longer the cognition period, the betterthe optimal code can be selected, but
it also reduces the time that can be spend on data transmission and consequently reduces the data
rate.

In some schemes it might be beneficial to select the optimal code at the TX side. Again the
power of the correlation of the code with the the interference is measured. This is iterated for
the whole codebook until the optimal code is found, which minimizes the absolute value of this
correlation output. The disadvantage of the solution is that the TX and RX might not experience
the same interference, therefore the suppression of the interference at the RX might be lower.

6.4 Numerical Results

In order to understand and assess the performance of the proposed physical layer for the BCC
channel, Monte Carlo simulations were performed. To this end, the human body channel be-
havior is simulated. Also, the influence of the spreading code spectral shape and length are
investigated. Moreover, the performance of the code selection algorithm is studied. Finally, the
performance of the whole system is studied under white noiseand colored interference.

It is noted that in all our assessments the energy per chipEc is considered in SIR and SNIR,
so not the energy per information bitEb. This is due to the fact that we want the final system to
adaptively change spreading code to achieve better performance. In order to see this reflected in
our system simulation resultsSIR = Ec

I0
andSNIR = Ec

N0+I0
are calculated, whereN0 andI0

denote noise and interference power spectral density, respectively.

6.4.1 BCC physical layer simulation

Figure 6.3 depicts the block diagram of the considered BCC physical layer simulator. In this
simulator, the attenuator simulates the impact of the levelof the propagation loss ("path loss")
through the body. In this simulation the path loss was set to 55 dB. The frequency behavior
of the BCC is simulated by a high-pass filter with a corner frequency of 25 MHz. The motion
fading due to the body movement is simulated by a lognormal fading generator. The mean and
standard deviation of the log-normal distribution were setto 0.67 and 0.1, respectively. The
values for the simulation of the body channel are selected based on the values of the models in
Section 5.3.

The block diagram to simulate the behavior of the interference is shown in Fig. 6.4 By

Fig. 6.3: Block diagram of BCC physical layer simulator.
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Fig. 6.4: Block diagram for the interference simulator.

changing the filter parameters different spectral profiles can be generated. This simulates the
spectral properties of the interference and the time and location dependence of the interference.
Figure 6.5 depicts five different profiles that have been usedfor the simulation of interference in
this study.

0 10 20 30 40 50 60
−100

−90

−80

−70

−60

−50

−40

Frequency (MHz)

P
ow

er
/fr

eq
ue

nc
y 

(d
B

/H
z)

 

 
Interference Model I
Interference Model II
Interference Model III
Interference Model IV
Interference Model V

Fig. 6.5: Power spectral density of the different interference profiles used to simulate interfer-
ence.
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6.4.2 Influence of different spreading-codes

To assess the influence of the different codes, all the Walsh-Hadamard sequences of code length
32 are applied at the TX for spreading and at the RX for despreading of the data. In this case,
no feedback from the experienced interference is considered and it was assumed that there was
no white noise in the system. Consequently, the transmitteddata is only affected by the on-body
channel and the interference.

Figure 6.6(a) illustrate the BER performance for all the spreading codes of the codebook.
The signal to interference ratio (SIR) is defined as the average received modulated signal power
to the average received interference power,

SIR(dB) = 10 log10

σ2
s1

σ2
i

, (6.11)

whereσ2
s1 denotes the average received modulated signal power andσ2

i denote the average
received interference power. It is noted that the power spectral density (PSD) of the simulated
interference is the same as that of interference model I in Fig. 6.5. Figure 6.6(a) shows that there
is a remarkable difference in performance of the system for the different codes. A 24 dB SIR
improvement in the system can be achieved by choosing between the worst and best code for
interference with this spectral property. This shows that spreading code3 is most orthogonal to
the interference, therefore the interference at the receiver is best suppressed with this code.

For the other interference models with different spectral properties, similar results were
achieved. The codes achieving the best and worst results aredifferent for the different inter-
ference profiles and the gain between best and worst code varies from 8 dB to 24 dB for the
considered interference models (see Appendix D). Less gainis achieved for more flat spectral
interference profiles. Figure 6.6(b) shows the results for interference model V that was shown in
Fig. 6.5. For a BER of10−4, 8 dB SIR gain is achieved between choosing the worst code or the
best code for this case. This result verifies that for the interference with the spectral properties
close to that of white noise, the performance of this method is lower.

It is also interesting to compare the performance of the system for these specific codes with
the average performance for the case of applying a random spreading code. Figure 6.7 shows
that for interference model I the random code is better than the worst case. However, still 21 dB
gain is achieved by applying the optimal code to the system for a BER of10−4, compared to
applying a random code.

6.4.3 Spreading-code length

In order to examine the influence of the code length on the system performance, two different
cases are compared. In both cases, only interference is effecting the received signal and no
feedback for sensing the medium is considered. In the first case study, the performance of the
system applying random code spreading with code lengths of 16, 32, 64 and 128 and interference
model I is examined. The results in Fig. 6.8 show 6 dB SIR improvement for a BER of10−4

by increasing the code length from 16 to 128. Therefore, using a longer code while applying a
random code will improve the performance of the system.

In the other case study, two specific code numbers are selected from the Walsh-Hadamard
codebook and the selected codes with different code length of 16, 32, 64 and 128 are applied in
the system. The selected codes are the codes which gave the worst and the best performance for
code length of 32 and using the interference model I, as shownin Fig. 6.6(a). The worst and best
codes are code1 and code3, respectively. Figure 6.9 depictsthe results for these two codes. It can
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−40 −35 −30 −25 −20 −15 −10 −5 0
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

SIR (dB)

B
E

R

 

 

code14

code7

(b) Results for interference model V.

Fig. 6.6: BER performance for code spreading for all codes inthe WH codebook of length 32.

be concluded from these graphs that using a longer code yields more performance improvement
for the code which is more orthogonal to the interference signal. In this case study, for a BER of
10−4, 4 dB SIR performance improvement is achieved for code1 going form codelength 16 to
128. In contrast, applying the code3 yields 12 dB SIR improvement. These results are lower and
higher than the result of the average code, respectively. Similar results for the other interference
models are obtained. This verifies that due to the sharper spectral properties of the longer code,
the performance of the system can be more improved. This is, however, at the cost of sending
more energy per information bit and a lower data rate.

It is also interesting to examine the performance of the system by applying the whole code-
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Fig. 6.7: BER performance for code spreading for all codes inthe WH codebook of length 32
and a random spreading code, for interference model I.

book of 128 code length. Figure 6.10 shows that there is a 28 dBSIR difference between the
worst code shape and the best code shape for a BER of10−4 and interference model I, compared
to 24 dB SIR of codelength 32. This shows that due to the betterspectral shaping for the longer
code, better performance is achieved. Consequently, the longer code with the best code shape
should be selected to minimize the influence of high interference.
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Fig. 6.8: BER performance for code spreading, random code oflength 16, 32, 64 and 128 in the
WH and for interference model I.
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(a) Code 1 of the Walsh-Hadamard codebook.
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(b) Code 3 of the Walsh-Hadamard codebook.

Fig. 6.9: BER performance for code spreading for code 1 and 3 code of length 16, 32, 64 and
128 in the WH and for interference model I.

6.4.4 Best code selection algorithm

By studying the numerical results on different code shapes and lengths, it is observed that there
can be a remarkable improvement in system performance when the best code is selected, com-
pared to a random code. In this subsection, the performance results for the proposed best code
selection algorithm are presented.

In this algorithm, first the interference in the medium is sensed at the RX when there is
no data transmission. Then the spreading code that is least affected by interference is selected,
by finding the code with the minimal correlation with the interference. This spreading code is
applied to the system. Figure 6.11 illustrates the performance of the system for different code
selection times, where the interference is simulated by interference model I. In this figure, the
selection time, which is the observation time used to estimate the optimal code, is normalized
by the length of the spreading code. As can be observed, the selection is improved by increasing
interference sensing time and an improved performance is achieved. It also can be observed that
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Fig. 6.10: BER performance for code spreading for all codes in the WH codebook of length 128
and for interference model I.
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Fig. 6.11: BER performance in code selection algorithm for different code selection times to-
gether with BER performance of code spreading for the randomcode, for interference model
I.

there is 12 dB SIR improvement from code selection time 1 to code selection time 5. However,
by increasing the time selection to 10, it yields 3 dB SIR moreimprovement. After 20 code
selection time the optimal code is already selected. This isalso illustrated by Fig. 6.12, which
shows the histograms of the selected best code for differentperiods of interference study. As
we can observe, the number of times that code3 is selected as the optimal code increases by
increasing the period of the sensing time. However, even forthe code selection time 5, which is
not a long period, code3 is selected more often as the optimalcode. From these results, it can be
concluded that the sensing period in order to find the optimalcode is limited and even in a very
short period of time this solution yields a good performanceimprovement (see also Appendix
D).

In Fig. 6.11, the performance of the system is also compared to that of a system applying a
random code. The results shows that even for the very short selection time (equal to the code-
length), 3 dB gain is achieved at a BER of10−4. Similar results are observed for interference
profiles with different spectral properties. These resultsshow the effectiveness of applying this
algorithm to minimize the impact of the locally experiencedinterference.

6.4.5 Noise and interference

In this section, in order to have a complete system simulation, white noise is also added to the
received signal. Its level is made proportional to the experienced interference. The motivation
for this investigation is to examine the performance of the proposed physical layer system when
the received signal is affected by different levels of noiseand interference. The signal to noise
and interference ratio (SNIR) is defined by

SNIR(dB) = 10 log10

σ2
s1

σ2
i + σ2

n

, (6.12)

whereσ2
s1 denotes the average received modulated signal power andσ2

n andσ2
i denote the aver-

age received noise power and the average received interference power, respectively. The gain at
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(a) Histogram of the best code of 1 selection time.
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(b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time.
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(d) Histogram of the best code of 100 selection time.

Fig. 6.12: Histograms of the selected best code for different period of interference study, for
interference model I.

the code spreading and selection is defined as follow:

Gain(α) = SNIRRand.code(α) − SNIRCode est.(α), (6.13)

whereα denotes the power level of interference to noise in the system, which is between zero
and one. Whenα equals zero, the received signal is only affected by the white noise and whenα
equals 1 only interference affects the received signal.SNIRRand.code andSNIRCode est. denote
the signal to noise and interference ratio (SNIR) for applying a random code and the code se-
lection algorithm, respectively. They are calculated for aspecific BER value as a function ofα.
The power spectral density of the noise and interference forα = 0.1 andα = 0.9 is illustrated
in Fig. 6.13. As we can observe by comparing the two figures, whenα = 0.1 the power spectral
density more resembles the white noise, whereas forα = 0.9 it is more like interference model
I profile. Figure 6.14 depicts the gain of (6.13) versusα for a BER of10−4 and codelength 32
and for three different time selections (10,20,100) of the code selection algorithm. When the
system is experiencing only white noise, i.e.α = 0, no gain is achieved. However, when the
noise plus interference signal is non-white, up to 20 dB gainis achieved by selecting the opti-
mal codes. The conclusion to be drawn from this figure is that when the system is experiencing
white noise there is no gain, but neither loss in employing the proposed adaptive code-spreading
scheme. However, there is a remarkable gain utilizing this approach when there is variation in
the spectral properties of the interference. Similar results are achieved for the other interference
models. Less improvement was achieved for the interferencemodel V, as was expected, since
its spectral properties are close to white.
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(a) Power spectral density of white noise and inter-
ference model I.
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Fig. 6.13: Experimental power spectral density of white noise and interference signals.

6.5 Conclusion and Discussion

This chapter reviewed the requirements for designing a suitable physical layer for BCC using
the BCC channel characterization and on-body channel model. Based on these requirements,
adaptive code-spreading was proposed as basis for the BCC physical layer design. This is an
adaptive solution which minimizes the influence of the locally experienced interference, which
might effect the BCC system performance. In this solution, the medium is sensed at the RX or
TX and a spreading code is chosen and applied on the TX and RX for spreading and despreading
of the data, respectively. The selected spreading code has minimal correlation with the experi-
enced interference. It was proposed to use the Walsh-Hadamard sequences as the spreading
codes. The best code from the whole codebook was selected by the proposed code selection
algorithm, to reduce the impact of the interference.

The performance of the proposed solution has been assessed using Monte Carlo simula-
tions. It was concluded from the results that choosing a codewith a minimal correlation with
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Fig. 6.14: Performance gain of code selection algorithm versus ratio between noise and interfer-
ence for different time sensing periods where the system is sensing noise+ interference, for a
BER of10−4 and codelength of 32.
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interference yields a remarkable performance improvementin the communication system. Also,
increasing codelength could improve the performance of thesystem. However, there is a clear
trade-off between the performance and the data-rate of the system when considering different
code lengths. Moreover, by increasing a longer code more energy per information bit is sent
which consumes more power. The results also showed that the sensing time in order to find the
optimal code is relatively short. It was concluded from the numerical results that this solution
will provide a performance gain when the communication system only experiences non-white
noise and interference.

In this study, to evaluate the performance of the algorithm,only 5 different profiles were
developed to model interference and for the spreading code only the Walsh-hadamard sequences
were examined. It should be remarked that more works needs tobe done on the proposed
approach, both regarding evaluation and code-spreading scheme. For the evaluation, measured
interference signal could be used to test the performance ofthe code selection algorithm. For the
code-spreading scheme, codes other than Walsh-Hadamard codes and other selection algorithms
need to be studied.

Other methods to create different transmission modes applicable in this context can be in-
vestigated. One of the possible solutions is frequency hopping, where the hopping sequence
is adjusted based on the experienced interference. Frequencies with considerable interference
could for instance be used less often in the sequence or omitted from the hopping sequence. This
solution, in some sense, is similar to the proposed scheme. For some low data rate application,
however, it might be beneficial to design a narrow band solution, e.g. based on frequency shift
keying (FSK). This enables the use of narrow band electronics and can potentially reduce the
power consumption and the interference susceptibility.

In Chapter 2, different modulation schemes for BCC developed by other groups were pre-
sented. In most of these works, narrow band modulation was proposed for the BCC modulation
scheme. However, none of these investigations other than the ones by authors of [28–35] con-
sidered the influence of the interference on the BCC channel and in their system design. The
authors of [34] proposed adaptive frequency hopping (AFH) as a solution in order to combat
interference. In their solution they claimed that AFH can improve the signal to interference ratio
(SIR) performance of BCC by more than 10 dB.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

Capacitive body-coupled communications (BCC) is a new approach for WBANs to intercon-
nect the devices which are on, or in the close vicinity of, thehuman body. The applications
considered are in the domains of consumer lifestyle and healthcare. In order to obtain a better
understanding of the basic principles and properties of BCC, the characteristics of the on-body
channel communication have been experimentally investigated in this work. For this purpose,
a dedicated measurement system has been developed which is isolated from the earth ground.
This way, it is ensured that the studied channel is only the body channel as experienced in actual
WBANs.

In the first part of this work, measurement results are presented that characterize the influence
of coupler design, coupler position and body movement on thesignal propagation loss for the
frequency band of 100 kHz to 60 MHz. Furthermore, various experimental results are presented
that to some extent characterize the influence of interference.

The results show that the on-body channel signal transfer follows a high-pass like behavior,
which depends on the dielectric properties of the human tissue, dielectric properties of the mate-
rial between the electrode pair, the coupler size and the distance between TX and RX. Moreover,
it was found that the channel dispersion is very low comparedto the results of wireless RF so-
lutions. Measurements have also shown that the propagationloss increases by increasing the
distance between the couplers interacting with each other,although for almost all node loca-
tions, the propagation loss is well below 80 dB. The communication range of BCC has been
shown to be limited to the close proximity of the human body. Therefore, there is no signifi-
cant interference between different WBANs and the whole frequency band can be reused by all
WBANs.

From the study on the coupler form factor, it is concluded that increasing the size of the
coupler, i.e. electrode dimensions and electrode spacing,reduces the propagation loss. This
can likely be explained by the fact that by increasing the dimensions, the formed capacitor
between the body and the electrode gets larger and thus induces more electric field to the body.
Additionally, by increasing the electrode spacing the formed capacitor between two electrodes
gets smaller, which results in lower impedance between them. Consequently, more electric field
can be induced to the body. Therefore, regarding the couplerform factor, there is a tradeoff
between the receiver sensitivity and the node size. In this study, it has been concluded that the
coupler of3 × 3 cm2 and 1 cm spacing achieves a nice tradeoff between propagation loss and
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size of the BCC node.

Body movements result in a higher variation in attenuation compared to the static situation.
A possible explanation might be the capacitive coupling of the electrodes to the other parts of
the body while moving, resulting in decreased loss for a certain period of time. However, from
the results of body movement, it has been concluded that the variation in channel attenuation of
BCC is very small and the maximum observed standard deviation is less than 3 dB.

Finally, results from interference experiments showed that capacitive coupling is suscepti-
ble to interference from other electronic equipment. The characteristics of interference largely
depend on the location. However, similar results were obtained for the measured interference
performing the same experiment on different subjects. The results also showed that the spectral
properties of interference vary within each case.

In the second step, models have been developed based on the experimental data to describe
the behavior of mean propagation loss for static body situations and also to describe the propa-
gation loss variation due to the body movement. These modelsprovide us with information for
the system design for reliable data transmission and receiver techniques to compensate for these
impairments. The mean propagation loss for the static modelhas been shown to have a linear
behavior with frequency. Moreover, it is shown that the channel attenuation reduces at higher
frequencies due to the dielectric properties of the human tissues and the materials between the
electrode pair. Regarding the body movement, log-normal, Nakagami and Rice distributions
gave a good fit to the propagation loss variation in the centerof the distribution from 0.1 to 0.9.
But since the log-normal distribution showed the best tail-fit to the measured data, the propaga-
tion loss fading due to the body motion was modeled by the log-normal distribution.

Finally, based on the knowledge of the channel characteristics and interference properties,
we developed a solution for an energy efficient physical layer. The proposed adaptive code-
spreading scheme allows to effectively reduce the impact ofthe experienced location dependent
interference. It is based on varying the spreading code after sensing the channel and interference.
A code which was less correlated with the interference was chosen as the spreading code. The
performance of this solution was assessed by Monte Carlo simulations. The Walsh-Hadamard
sequences were proposed as spreading codes. It is concludedfrom the results that the code
which was selected by the code selection algorithm as the optimal code could improve the per-
formance of the system compared to applying a random code. Moreover, it was shown that the
sensing time of the channel in order to find the optimal code isvery limited. The numerical
results also showed that applying a longer code yields a better interference suppression due to
its better spectral shape. However, this reduced the data rate. Finally, it was concluded that the
adaptive code-spreading provides performance gain when the system is experiencing non-white
noise and interference.

In this work, the propagation loss values are similar to those observed for RF-based WBANs
in previous literature [6]. However, due to the much lower carrier frequency, the lower channel
dispersion and the much lower fading due to body movement, BCC can result in a much simpler
and more robust communication solution with a low power consumption, compared to traditional
RF-based WBANs. Hence, this leads us to the conclusion that BCC is a promising basis for
future WBANs.
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7.2 Recommendations for Future Research

There are several issues that still are to be addressed in order to enhance the understanding of
the experimentally observed behavior of the on-body channel. In this section, some sugges-
tions are made for future experimental investigations to characterize the BCC channel. Also,
recommendation will be made about the future work on BCC systems and physical layer design.

Although the presented results allow us to draw qualitativeconclusions about the capaci-
tive BCC channel, this work is not exhaustive, as a statistically relevant population is not yet
achieved. Therefore, more tests need to be performed to drawsolid quantitative conclusions.

In the current investigation, experiments have been performed in a conference room and
EMC room. The influence of other environments like outdoors on BCC needs to be investi-
gated. Moreover, in this study the locations of coupler are limited to seven locations. More
measurements on other locations of the body need to be studied. Furthermore, only two types of
movement have been considered to understand the influence ofbody motions on BCC. It would
be interesting to perform more experiments on the body movement. The case could be investi-
gated in which not only the body, or one part of the body, is moving but in which also the TX
and RX are moving relatively to each other.

For further experimental study, more measurements needs tobe done on different subjects
with different body structure. Also, different dielectricmaterials between the electrode pair need
to be examined. These investigations provide us with a more clear understanding of the influ-
ence of permittivity and conductivity of the body and coupler dielectrics on the signal transfer
behavior.

Consequently, such further refined understanding will allow one to come to a more reliable
channel model, e.g. the introduced parameters in our proposed model can be function of the
coupler size, the coupler locations, the environment and structure of the body. This also allows
for a more reliable physical layer design based on these properties.

Moreover, it is expected that one of the applications of BCC would be for two persons
exchanging data by touching. From the application point of view, e.g. healthcare application, a
nurse can touch the patient and read all the vital signs or ECGmeasurements, blood pressure
on a mobile device. Thus, further research is needed to investigate the interaction between BCC
transceivers on two different bodies.

Regarding the physical layer design, more study needs to be performed on the proposed
adaptive code-spreading solution. Some other selection algorithms and codes other than Walsh-
Hadamard codes are to be investigated in order to improve theproposed scheme. Also, more
tests needs to be done to assess the scheme, e.g. measured interference can be used for the sys-
tem performance evaluation. Moreover, alternative approaches for physical layer design are to
be studied. One of the applicable solutions for BCC is frequency hopping, where the hopping se-
quence is adjusted based on the experienced interference. It is also beneficial to design a narrow
band solution, e.g. based on FSK, to reduce the interferencesusceptibility. Furthermore, an in-
vestigation needs to be performed to come to a low cost and lowpower solution implementation
for the proposed physical layer scheme.

In this work, we proposed a solution for the BCC physical layer based on the BCC channel
characteristics. Also, studies need to be performed in order to design the other layers such as
MAC layer or network layer with optimized solutions based onthe fundamental properties of
the BCC channel.
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Appendix A

Coupler Locations and Test Methods
Tables

As discussed in Chapter 4, different parameters need to be studied in order to characterize the
BCC channel experimentally. One of the parameter is the distance between the TX and RX
on the body considering different usage scenarios. To examine the influence of the couplers
locations on the on-body channel behavior, different TX andRX location combinations have
been considered. Table A.1 lists the possible combinationsof the TX and RX on the body. Table
A.2 indicates the combination of the test parameters that have been applied in this work.

Table A.1: Combinations of the TX and RX coupler location on the body.
TX Coupler Locations RX Coupler Locations

A1 A2 A3 A4 A5 A6 A7 A8 A9 H C1 P L5 W
A2 A3 A4 A5 A6 A7 A8 A9 H C1 P L5 W
A3 A4 A5 A6 A7 A8 A9 H C1 P L5 W
A4 A5 A6 A7 A8 A9 H C1 P L5 W
A5 A6 A7 A8 A9 H C1 P L5 W
C1 H A1 A2 A4
C2 A1 A2 A4 C1 L5 P C3 W
C3 H A1 A2 A4 C1 L5 P W
C4 A1 A2 A4 C1 C3 L5 P W
W1 A1 A2 A4 C1 C3 L5 P W
W2 A1 A2 A4 C1 C3 L5 P W
W3 A1 A2 A4 C1 C3 L5 P W
W4 A1 A2 A4 C1 C3 L5 P W
L1 H L2 L3 L4 L5 A1 A2 A4
L2 H L3 L4 L5 A1 A2 A4
L3 L4 L5 A1 A2 A4
L4 L5 A1 A2 A4
L5 H A1 A2 A4
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Table A.2: Overview combinations of test parameters.

TX Location A1 A2 A2 C3 L2
RX Location A9 A3 A4 L2 A2

TX: 2×2 cm2 TX: 2×2 cm2 TX: 2×2 cm2 TX: 2×2 cm2

RX: 2×2 cm2 RX: 2×2 cm2 RX: 2×2 cm2 RX: 2×2 cm2

Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm
TX: 3×3 cm2 TX: 3×3 cm2 TX: 3×3 cm2 TX: 3×3 cm2

TX: 2×2 cm2 RX: 3×3 cm2 RX: 3×3 cm2 RX: 3×3 cm2 RX: 3×3 cm2

Coupler size RX: 2×2 cm2 Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm
Vertical Sep.: 2 cm Sep.: 0.2 cm Sep.: 0.2 cm Sep.: 0.2 cm Sep.: 0.2 cm

Orientation TX: 4×4 cm2 Sep.: 0.5 cm TX: 4×4 cm2 Sep.: 0.5 cm TX: 4×4 cm2 Sep.: 0.5 cm TX: 4×4 cm2 Sep.: 0.5 cm
RX: 4×4 cm2 Sep.: 1 cm RX: 4×4 cm2 Sep.: 1 cm RX: 4×4 cm2 Sep.: 1 cm RX: 4×4 cm2 Sep.: 1cm

Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm
TX: 3.5×5.5 cm2 TX: 3.5×5.5 cm2 TX: 3.5×5.5 cm2 TX: 3.5×5.5 cm2

RX: 3.5×5.5 cm2 RX: 3.5×5.5 cm2 RX: 3.5×5.5 cm2 RX: 3.5×5.5 cm2

Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm Sep.: 2 cm
Sep.: 1 cm Sep.: 1 cm Sep.: 1 cm Sep.: 1 cm

Coupler Size TX: 2×2 cm2 TX: 2×2 cm2

Sep.: 2 cm TX: 2×2 cm2

Sep.: 2 cm TX: 2×2 cm2

Sep.: 2 cm TX: 2×2 cm2

Sep.: 2 cm

Horizontal RX: 2×2 cm2 RX: 2×2 cm2

Sep.: 4 cm RX: 2×2 cm2

Sep.: 4 cm RX: 2×2 cm2

Sep.: 4 cm RX: 2×2 cm2

Sep.: 4 cm
Orientation Sep.: 1 cm TX: 3×3 cm2 Sep.: 1 cm TX: 3×3 cm2 Sep.: 1 cm TX: 3×3 cm2 Sep.: 1 cm TX: 3×3 cm2 Sep.: 1 cm

RX: 3×3 cm2 Sep.: 3 cm RX: 3×3 cm2 Sep.: 3 cm RX: 3×3 cm2 Sep.: 3 cm RX: 3×3 cm2 Sep.: 3cm
Moving arm Moving arm Moving arm Moving arm

Dynamic Moving arm
Walking Walking Walking Walking

Sitting Sitting Sitting Sitting Sitting
Static

Standing Standing Standing Standing Standing
Direct Contact Direct Contact Direct Contact Direct Contact

Skin Contact Direct Contact
Clothes in Between Clothes in Between Clothes in Between Clothes in Between

Lab Lab Lab Lab Lab

Environment Conference Room Conference Room Conference Room Conference Room Conference Room
EMC Room EMC Room EMC Room EMC Room EMC Room

Outdoor Outdoor Outdoor Outdoor Outdoor
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Appendix B

Measurement Results

This appendix reports additional results from the experimental study of the BCC channel charac-
teristics. First the results of the measurement that have been performed in the conference room
are depicted. Next, the results for the EMC room are shown. Finally, the results of interference
experiments are depicted.

B.1 Conference room results

This section shows the results of the measured data for the different coupler locations, coupler
dimension, coupler spacing and body movements in the conference room. Figures B.1 and B.2
show the coupler size influence on the propagation loss. Figure B.3 show different coupler
locations results for four couplers sizes. Finally, Figures B.4, B.6 and B.8 show the influence of
the body movements on propagation loss.
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Fig. B.1: Influence of electrode dimension on the propagation loss as function of frequency, for
2 cm electrode pair spacing.
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Fig. B.2: Influence of electrode pair spacing on the propagation loss as function of frequency,
for 4 × 4 cm2 electrode dimension.
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4 and 0.5 cm electrode pair spacing.

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

Frequency (MHZ)

P
ro

pa
ga

tio
n 

Lo
ss

 (
dB

)

 

 

TX:A2, RX:A3
TX:A2, RX:A4
TX:L2, RX:A2

(d) 4× 4 cm
2 and 0.2 cm electrode pair spacing.

Fig. B.3: Influence of transceiver locations on the propagation loss as function of frequency.
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Fig. B.4: Influence of body movements on the propagation lossas function of frequency, for
sitting on a chair, standing, walking, moving arm, for4 × 4 cm2 electrode dimension and 2 cm
electrode pair spacing.
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Fig. B.5: Influence of body movements on the standard deviation as function of frequency, for
sitting on a chair, standing, walking, moving arm, for4 × 4 cm2 electrode dimension and 2 cm
electrode pair spacing.
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Fig. B.6: Influence of body movements on the propagation lossas function of frequency, for
sitting on a chair, standing, walking, moving arm, for arm channel (A2A3) and4 × 4 cm2

electrode dimension.
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Fig. B.7: Influence of body movements on the standard deviation as function of frequency, for
sitting on a chair, standing, walking, moving arm, for arm channel (A2A3) and4 × 4 cm2

electrode dimension.
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Fig. B.8: Influence of body movements on the propagation lossas function of frequency, for
sitting on a chair, standing, walking, moving arm, for3 × 3 cm2 electrode dimension and 2 cm
electrode pair spacing.
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Fig. B.9: Influence of body movements on the standard deviation as function of frequency, for
sitting on a chair, standing, walking, moving arm, for3 × 3 cm2 electrode dimension and 2 cm
electrode pair spacing.
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B.2 EMC room results

This section shows the results of the measured data for the different coupler locations, coupler
dimension, coupler spacing that have been carried out in theEMC room.
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Fig. B.10: Influence of transceiver locations on the propagation loss as function of frequency.

94



0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

Frequency (MHZ)

P
ro

pa
ga

tio
n 

Lo
ss

 (
dB

)

 

 

3.5x5.5 cm2

4x4 cm2

3x3 cm2

2x2 cm2

(a) arm channel (A2A4) and 2 cm electrode pair spacing.
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(b) leg-arm channel (L2A2) and 2 cm electrode pair spac-
ing.

Fig. B.11: Influence of electrode dimension on the propagation loss as function of frequency.
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Fig. B.12: Influence of electrode pair spacing on the propagation loss as function of frequency.
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B.3 Interference results
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Fig. B.13: Measured interference power for different measurements locations in the corridor.
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Fig. B.14: Measured interference power for different measurements locations in the conference
room.
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Fig. B.15: Measured interference power for different measurements locations in the conference
room another subject.
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Appendix C

Results of channel modeling

This section shows additional results of the modeling of theBCC channel due to the body move-
ment, i.e walking and moving arm. In Chapter 5 the ECDF of the amplitude variation was
compared to the best fit theoretical distributions for 40-45MHz sub-band and the arm channel
(A2A3). Figures C.1 and C.2 depict the ECDF of the measured data and the best fit theoretical
distributions for the moving arm and walking, respectively. These results are for the subbands 5-
10 MHz and 35-40 MHz and for the arm channel (A2A3). Figures C.3 and C.4 show the ECDF
of the measured data and the best fit theoretical distributions for the arm channel and leg-arm
channel, respectively. These results are for the subbands 40-45 MHz.
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(a) for frequency band of 5-10 MHz.
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(b) for frequency band of 35-40 MHz.

Fig. C.1: ECDF (logarithmic scale) of the deviation in amplitude of propagation loss (in dB) due
to body movement together with the CDFs of the best fit theoretical distributions, for moving
arm scenario and arm channel (A2A3).
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(a) for frequency band of 5-10 MHz.

−6 −4 −2 0 2 4 6
10

−3

10
−2

10
−1

10
0

Amplitude (20log
10

(x/median))

C
um

ul
at

iv
e 

A
m

pl
itu

de
 P

ro
ba

bi
lit

y

 

 

ECDF
Nakagami
lognormal
Rician

(b) for frequency band of 35-40 MHz.

Fig. C.2: ECDF (logarithmic scale) of the deviation in amplitude of propagation loss (in dB) due
to body movement together with the CDFs of the best fit theoretical distributions, for walking
scenario and arm channel (A2A3).
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(a) for moving arm scenario.
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(b) for walking scenario.

Fig. C.3: ECDF (logarithmic scale) of the deviation in amplitude of propagation loss (in dB) due
to body movement together with the CDFs of the best fit theoretical distributions, for frequency
band of 40-45 MHz and arm channel (A2A4).
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(a) for moving arm scenario.
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(b) for walking scenario.

Fig. C.4: ECDF (logarithmic scale) of the deviation in amplitude of propagation loss (in dB) due
to body movement together with the CDFs of the best fit theoretical distributions, for frequency
band of 40-45 MHz and leg-arm channel (L2A2).
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Appendix D

Numerical results of physical layer

This appendix presents more numerical results for the adaptive-code spreading scheme. Figs.
D.1, D.2 and D.3 depict the performance of the BCC system for all the Walsh-Hadamard se-
quences and a random code for interference model II, III and IV, respectively. Figs. D.4, D.5,
D.6 and D.7 show the performance of the code selection algorithm for different time sensing pe-
riod for interference model II, III, IV and V, respectively.Finally, the histograms of the selected
best code for different periods of interference study are shown for interference model II, III, IV
and V in Figs. D.8, D.9, D.10 and D.11 , respectively.
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Fig. D.1: BER performance for code spreading for all codes inthe WH codebook of length 32
and a random spreading code, for interference model II.
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Fig. D.2: BER performance for code spreading for all codes inthe WH codebook of length 32
and a random spreading code, for interference model III.
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Fig. D.3: BER performance for code spreading for all codes inthe WH codebook of length 32
and a random spreading code, for interference model IV.
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Fig. D.4: BER performance in code selection algorithm for different code selection time together
with BER performance of code spreading for random code in WH,for interference model II.
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Fig. D.5: BER performance in code selection algorithm for different code selection time together
with BER performance of code spreading for random code in WH,for interference model III.
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Fig. D.6: BER performance in code selection algorithm for different code selection time together
with BER performance of code spreading for random code in WH,for interference model IV.
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Fig. D.7: BER performance in code selection algorithm for different code selection time together
with BER performance of code spreading for random code in WH,for interference model V.
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(a) Histogram of the best code of 1 selection time.
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(b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time.
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(d) Histogram of the best code of 100 selection time.

Fig. D.8: Histograms of the selected best code for differentperiod of interference study, for
interference model II.
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(a) Histogram of the best code of 1 selection time.

0 5 10 15 20 25 30 35
0

50

100

150

200

250

300

Code no.
N

o.
 o

f t
im

es
 s

el
ec

te
d

(b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time.
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(d) Histogram of the best code of 100 selection time.

Fig. D.9: Histograms of the selected best code for differentperiod of interference study, for
interference model III.
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(a) Histogram of the best code of 1 selection time.
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(b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time.
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(d) Histogram of the best code of 100 selection time.

Fig. D.10: Histograms of the selected best code for different period of interference study, for
interference model IV.
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(a) Histogram of the best code of 1 selection time.
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(b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time.
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(d) Histogram of the best code of 100 selection time.

Fig. D.11: Histograms of the selected best code for different period of interference study, for
interference model V.
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