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Abstract

Body-coupled communications (BCC), which uses the humaty las transmission medium
for electrical data signals, is considered as a key enaliolgnology for wireless body-area
networks (WBANS). To successfully deploy these BCC-bas@&RWNs in a wide range of con-
sumer lifestyle and healthcare applications, it is crutdahave a good understanding of the
rarely studied body channel behavior. Moreover, such a B@aisn should be based on a
physical layer design, which is well suited for this channel

To this end, this thesis first investigates the charactesistnd fundamental properties of
the capacitive-coupled on-body channel experienced in B@&ation. The study is based on
experimental results obtained with a specifically desigmegsurement system. Results from
extensive measurements reveal the influence of couplegrdesiupler position and body move-
ment on the signal propagation loss. Also, these providghih@to the experienced interference
from other radio frequency (RF) systems and electricalmgent.

The results of the experimental study showed that by inorgabe distance between the
couplers on the body, the propagation loss increases. Italgasshown that the maximum
propagation loss for the entire body channel is below 80 d@ that the channel exhibits a
high-pass frequency response. Moreover, the frequenpewdi®mn of the BCC channel was
shown to be much smaller than for RF-based WBANs. Regardiaghbde factor form, the
results showed that increasing the coupler size reducedrtm@agation loss. Therefore, there
is a tradeoff between the coupler size and the propagatsm ladditionally, the experimental
results showed that the propagation loss variation dueddtdy movement is very limited
and the maximum obtained standard deviation was less th& B das also concluded from
the results that BCC can be susceptible to interference fithrar electronic equipment, the
characteristics of which largely depend on the locatiorhefBCC.

Moreover, the experimental results are used to develop méalethe BCC channel. These
models improve our understanding of the on-body channed\ieh Also, they can be used for
system simulation to analyze the performance of the BC@&BysT he first model describes the
mean propagation loss as a function of frequency, the pdeasnef which depend on the node
size and node position. The other model describes the patipagoss variation due to body
movement which is shown to be well modeled by a log-normatidigion.

Finally, based on the observed BCC channel behavior, a m8®€l physical layer design
is proposed. We name it adaptive code-spreading and it edbas varying the spreading code
after sensing the channel and interference. The perforenahthis design is evaluated using
Monte Carlo simulations. Walsh-Hadamard sequences apoged to be used as spreading
code. The influence of different spreading code spectrgleshand lengths was investigated.
The numerical results showed that selecting the suitaldeword improves the performance
of the system significantly. It was also shown that consiigdifferent code length, a longer
code yields a better performance but at a cost of a lower rdéta- The simulations verify
that employing this solution results in a performance gahemvthe communication system
experiences non-white noise and interferefice.

Part 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, ilmgihones, watches, PDAs and
headsets have received an increased interest over theelrst yThese devices more and more
need to interact with each other or with other devices likg desktop computers. To avoid a
clutter of wires, it will be required to set up a wireless mffequency (RF) communication link
between two or more devices, for instance using BluetoatfB&e or WiFi. This typically can
be a very lengthy and inconvenient procedure, as it oftenires)manual user invention.

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

Next to these consumer lifestyle applications, WBANS ase alkey enabling technology for
medical patient monitoring. In the healthcare industrydio& monitoring and electronic med-
ical records provide clinicians with advanced access ®veglt patient information. Sensors on
the human body measure the vital signs, e.g. the electiioggarn (ECG), electroencephalog-
raphy (EEG), body temperature, blood temperature or bloggjen saturation and send this
information to the medical monitors. So far, most of thesesees are connected by wires to
the medical monitor(s) as illustrated in Hig.J1.1. To redtimecomplexity of this system and to
fulfill the demand for more convenient patient monitoriritgre is a need to replace the data ca-
bles between the sensors and the monitor by wireless linksh ®ireless medical body sensors
also provide clinicians the opportunity to obtain inforioatfor more monitoring applications,
e.g. during surgery, during patient's movement and homeitarimg of chronically ill patients.
The wireless body-worn medical sensors of each patienttiegaith monitor basically form a
WBAN [2].

In both application areas, i.e. healthcare and consunestyie, the different nodes placed
on and near the human body need to communicate with each B#edesign requirements for
such WBANS are:

e Suitable signal transmission for the human body, e.g. ndtatee any negative health
effects for the user;



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

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

e Power efficiency: Every device should be able to functionafdong period with a small
battery;

e Security: As every person carries his own body networkyietence between BANs and
security become a critical issue;

e Datarate: A rate of 1 to 10 Mbps is desired. However, chooaimgitable physical layer
approach might yield a higher data rate.

Standard RF based technologies can be used as basis for WB#MWgver, these solutions
are only partially suited for WBANs. Tab[e_1.1 compares thlevant parameters of Bluetooth
v2.0, Zig-Bee, radio frequency identification (RFID) ultvggh frequency (UHF) and near field
communication (NFC).

Bluetooth is a high data rate solution, whereas ZigBee featiow transmission power. Al-
though one of the application areas of these solutions islegs personal networks, the main
challenge of employing them is the overlapping coveragasabetween different BANSs, see
e.g. [3], [4]. Therefore, this reduces the security andughmput of these solutions for BANs es-
pecially when the devices off, but near the body, are comaatimg with each other or interfere
with each other. Moreover, Bluetooth modules also conswatatively high power and ZigBee

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

Frequency 2.4 GHz 2.4 GHz 860-960 MHz  13.56 MHz
Range 100 m 20m 5m 0.1m

Max. data rate 3 Mbps 250 kbps 160 kbps 424 kbps
Transmission power 10 mW 1mw <1 mw <1 mw




offers insufficient data rate, which are in contrast to the\BAequirements listed above. An-
other drawback of these RF-based WBANS is their limited boolyerage due to body shadow-
ing, as e.g. reported in [5], [6]. RFID and NFC are low powagrs range wireless connectivity
technologies. However, they offer data rates which are esirable for the WBANSs. Also, they

do not allow for networking.

Therefore, due to the sketched problems of the RF-baseddkxgies, a novel transmission
technique has been proposed in the 90s, which seems a pngraggproach for WBAN [7], [8].
In this solution, which we will refer to as body-coupled conmitations (BCC), the human
body is used as the propagation medium for the data signasllustrated in Fig[_I12, in this
approach the devices can be placed on, or very close to, tharhbody and communicate with
each other via the body.

1.2 Body-Coupled Communications Technology

In the BCC technology, the human body serves as a commuoricettiannel. The basic principle
of BCC is that a small electric field is induced onto the humadybin order to propagate a
signal between devices that are in the proximity of, or iclircontact with, the human body.
Two conceptually different approaches to induce the atesignal onto the body have been
previously proposed: capacitive coupling and galvanigtiog. These two coupling approaches
are explained further in Sections112.1 &nd1.2.2, respdgti

For both approaches, the BCC transceiver nodes consistarfignitter (TX) and a receiver
(RX), together connected to a coupler. Each coupler is ceegof two electrodes. For gal-
vanic coupling, these electrodes need to be placed on thalskictly. For capacitive coupling,
there is no need for a direct human skin contact, howevesegooximity of the coupler to the
body is required. These electrodes can be structured mbaipor vertically where the spacing
between them is filled by a dielectric material. These twa$ypf electrodes structures are de-
picted in Fig[ZILB. The vertical structure is only used fa dapacitive body coupling approach,

Fig. 1.2: lllustration of a body-coupled communication<<@®) network with 5 devices.



= v

'] Electrode [ | Dielectric

| Electrode [ | Dielectric
(a) Horizontal structure. (b) Vertical structure.

Fig. 1.3: Coupler structure for capacitive/galvanic bodyming.

while the horizontal structure can be applied for both apphes. It is noted that in the horizon-
tal structure, the electrodes can be oriented on the bodioimggtudinal or transversal direction
as defined in Fid_Tl4.

1.2.1 Galvanic body coupling

Figure[L5 illustrates the galvanic coupling approach. &t TX an electrical signal is applied
differentially between two electrodes that are directiaeted to the human body. A current
results between these two electrodes. This induces a valy @acondary) electric current to
propagate into the conductive body tissues. At the RX theralso two electrodes attached to
the body. The induced current results in a differential aidretween these two electrodes and
is detected by them. This approach makes use of the dielettairacteristics of human tissue,
therefore the flow of ions within the human body is the carofeinformation. 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.11.6, &etiential pair of electrodes is used both
for transmitting and receiving. At the TX side, a signal iplkgd between the electrodes and
since the electrodes have a different capacitive couptirthe body, an electric field is induced
to the human body and passes through the body. At the RX didetwio electrodes are at
different distances from the body, so it is possible to dedatifferential signal between them as
a function of the varying electric potential of the persamtHis approach, the human body acts
as a conductor that forms a bridge between the TX and RX tleatapacitively coupled to it.
The environment is used as a reference to force or deteciaivarof the electric potential of
the human body.

om OO

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

Fig. 1.4: Different orientations of the horizontal coups#ucture.
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Fig. 1.5: Galvanic body coupling for data transmission ket TX and RX.

1.2.3 Comparison of Coupling Approaches

Both approaches have their drawbacks and advantages frech@dal and application point of
view. The important difference between the two solutionthé& the communication behavior
in the capacitive coupling approach is strongly influencedhe environment around the body,
while in the galvanic coupling approach it is more influenbgdhe body physical parameters.

From the application perspective, a significant differelne®veen the two approaches is that
the capacitive approach does not require a direct contdatele@ the coupler and the human
body, while for the galvanic coupling this is preferred, dtmecessary. In other words, the
galvanic coupling requires the transceiver devices to lelfte the person with the electrodes
in direct contact to the skin, while the capacitive devicas be just in its proximity and more
loosely coupled. For that reason we consider the capaeifipeoach to be the most relevant and
hence we focus here on this approach.

Fig. 1.6: Capacitive body coupling for data transmissiotwieen TX and RX.



1.3 Motivation of Work

In BCC, the communication channel is different from traafitlly studied RF-based communi-
cation channels. Therefore, to design a suitable conriigcsolution based on capacitive BCC
a better understanding of the characteristics of the hurodyg Bs a communication channel is
required.

So far, the theoretical investigation of the BCC channeliol@s limited understanding of
the on-body channel behavior. Moreover, as we will revie€aptefR, there are some experi-
mental studies on the human body channel characterizatidmadeling approaches presented
in previous literature. However, the results of these warleslimited to the "grounded case”,
i.e. in their system set up the channel not only contains tiiy lchannel, but also the effect of
the standard measurement equipments which are strongbjecbto the earth ground.

Therefore, it is required to study the BCC channel to havesarainderstanding of the on-
body channel behavior. This can be fulfilled by studying treamand variation in attenuation
of a signal propagating through the body. These two parasdetermine the required transmit
power and receiver sensitivity for the system design. Itrieyeover, beneficial to understand
the variation in these parameters as function of frequendye able to determine the optimum
communication band and the available bandwidth. To this#m®iBCC channel characterization
is experimentally investigated in this work.

Furthermore, to improve our understanding of the BCC chammx@erimental results are
used to develop a model for the on-body channel behaviors ffiadel, then, can be used for
system simulations in order to for example evaluate theipialaccess scheme, physical layer
and protocol layers.

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

1.4 Obijectives

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

e characterize the capacitive BCC channel based on an exgemhstudy;

e investigate the influence of the coupler design, coupleitipas and body movement on
the propagation loss by employing a specifically designedsmement system;

e characterize the interference and to investigate its inflaeon BCC;

e develop a BCC channel model based on the experimentalse¢suie used to analyze the
BCC system performance;

e design a physical layer suitable for BCC channel and to nigalgr evaluate the perfor-
mance of the system by using the developed interference rabhdady channel models.

1.5 Outline

The outline of the rest of the report is as follows. In Cha@tewre will give an overview of pre-
vious work on BCC channel characterization and modelingthgroresearch groups. Chapter



B presents the measurement system, which has been desigi@G channel characterization
and the measurement setups for our experimental study. iffaeedt structures and construc-
tions for the BCC node design are discussed. In Chipter #eshecenarios for the experimental
study are explained. Moreover, it presents the obtainedrergntal results from our measure-
ments for relevant system parameters like signal attematioupler design, coupler positions
on the body and interference. These are used to draw comatuabout the fundamental proper-
ties of BCC. Chaptdil5 uses these experimental results &lafea model to describe the mean
propagation loss behavior. Additionally, a model is depelb for the variation of the propa-

gation loss around the mean caused by body movement. SwrgbguChaptefl6 proposes a
physical layer design for BCC based on the characterisgcvet in the foregoing chapters.

It is named adaptive code-spreading. Finally, conclusemesdrawn and recommendation for
further work are given in ChaptEl 7.






Chapter 2

Literature Review

2.1 Introduction

Several studies have been previously performed to inastgending and receiving data through
the human body using BCC. Some attempts also have been matiarexterize BCC and to
model the human body communication channel. The main diffegs between these investi-
gations are due to different coupling schemes, signal gtinsn frequency ranges, data rates,
transceiver coupler sizes and structures, body channetlmgdapproaches and signal modula-
tion methods. In the following, the most important studiegarted 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 Zimmag in 1995 in [7] and [8].
In his work, however, BCC is referred to as intra-body comization (IBC). In his study, the
capacitive coupling approach is employed and the commtioicaystem consists of a TX and
RX which are battery powered devices. The TX and RX are alBsttrétally isolated from each
other, so they do not share a common electrical ground. B¥tlarid RX are connected to a
pair of vertically structured electrodes. The electrode $$ in the order of centimeters. Data
is transmitted by modulating electric fields and by capael§i coupling very small currents to
the body. The body conducts the tiny signal to the RX which adumates the signal. The
environment provides the return path.

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

Several experiments and measurements have been perfoymesing different electrodes
with different sizes and different positions on the body. edizes and positions have been
selected based on the possible applications grouped in ocafgrworn objects such as watch
face, credit card, shoe insert and belt and head mountedrnagrarea network (PAN) devices
like headphones. The results show that placing a large amgsement electrode close to the
physical ground maximizes the magnitude of the receivedasigo feet are the best location
for PAN devices. Moreover, devices with larger electrodeaaand smaller intra-electrodes
capacitance improve the communication performance.



Having established physical constraints of the system,deding strategies and modula-
tions, on-off keying (OOK) and direct sequence spread spec{DSSS) have been examined.
The results showed that OOK modulation is only 60 percentffasteve as spread spectrum.
However, OOK modulation has been chosen since it is muchlsiripimplementation. In this
study, a carrier frequency of 333 kHz and data rate of 240Gbpspplied.

2.3 Partridge et al., University of Washington, 2001

The original design of [7] has been extended by the authof9]dfy adding filters and am-
plifiers. In this study, quantitative measurements have Ipegformed to determine the system
performance under various circumstances. These includésien in hand distances to the RX
electrode and electrode locations on different positiaomshe body as a belt, on the wrist and
in the shoes. Touch electrode sizes and shapes with diffeoeuctive materials and different
subjects are also examined.

The results show that the electrode sizes and shapes haweefficts, but that the distance
to the electrode and the location of the electrode signifigaffect signal strength. The shoe
performs better than the belt and wrist, because of its akgarth ground coupling. A larger
ground electrode size results in an increased receivedlsigength. Similar results are obtained
for experiments with different subjects. The developedqgiype could achieve a data rate of
38.4 kbps and frequency shift keying (FSK) is applied to ntaduthe 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 higlagrier frequencies, viz. from 10
MHz to 100 MHz. They claim that the body channel acts as wadegior these frequencies.
Capacitive coupling is used to send and receive electrigabts over the human body.

In this work, the authors have proposed calculation modeteeoTX and RX attached to
the arm using finite-difference time-domain (FDTD). Nekigy have compared the calculated
received signal to the measured ones employing a tissueadent phantom. In their measure-
ment system, the signal is generated by a battery-poweredntiXsent to the human body by
two horizontally placed electrodes. The signal is receiigdwo electrodes at RX side and
measured by a mobile receiver.

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

The results show that there is a good agreement betweenriiguted and measured signal
levels. The received signal level strongly depends on ttedfithe transmitter; if the size of the
TX is reduced by half, the signal strength is reduced by gddty percent. The longitudinal
direction is more effective than the transversal directi@he use of a ground electrode at the
TX increases the received signal strength, hence it is dagaous to use it. The received signal
level slightly decreases for higher frequencies.

10



2.5 Hachisuka et al., University of Tokyo, 2003-2005

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

In this work, two different electrode structures, the \eatiand horizontal, have been intro-
duced as four-terminal circuit model and two-terminal gitenodel, respectively, to investigate
the optimum electrode structure for BCC. Extensive measeants have been performed em-
ploying electrodes with different materials. Differentdydocations and different arm positions,
such as arm held up, arm held horizontally and arm held doawe hlso been examined.

As measurement system, they developed a battery-poweregh@®RX. The electrodes in
the TX and RX sides are structured horizontally. The outpgriad is measured by connecting
an oscilloscope to the RX side.

The results obtained from the measurements indicate tkatdttical structure is superior
to the horizontal structure in the MHz frequency range. @srég various arm positions, the
arm held down had the lowest gain, which they claim to be altre$uransmission direction
inversion at the shoulder and interference on the surfaddreide the body. It is also shown
that the transmission characteristics are independertieotlistance between the ground and
the body. The electrode impedance is largely independetiteoélectrode materials, so stable
communication can be achieved using different kinds ofteddes. The optimum frequency has
been found to be approximately 10 to 50 MHz, as signals adugtly attenuated for frequencies
above 100 MHz and exponentially above 1 GHz. Digital datasimaission 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 develbpelde authors of [16] and [17]. In
their study, they used capacitive coupling for the datastmassion.

An optical electric field sensor that exploits the electptimeffect and laser light has been
used for the receiving part of this transceiver. Since thes@ecan measure electric fields in-
dependent of ground contact and has an extremely high ingogdance, it is able to detect
small unstable electric fields from the human body more atelyr than the electrical sensors
employed in previous studies.

The experiments have been performed employing a phantoynrbodel. In the experiments
the TX and RX electrodes are capacitively coupled to the fmmamodel. Their demonstration
shows that this set up can support TCP/IP (10BASE) halfedupbmmunication at 10 Mbps.

They also experimentally verified that the intra-body comination and inter-body com-
munication can be performed employing the designed traresceln the intra-body commu-
nication setup, the test person touches the electrodescoframsceivers by the right and left
hands to confirm that the two transceivers can communicateigh the human body. In the
inter-body communication experiment setup, two test pershake hands while each touches
the transceiver electrode with the free hand . The resulfircos that the two transceivers com-
municate via the bodies of the test persons.

11



2.7 Yanagida, Sony, 2006

A human body communication system with relatively high &atd low power consumption and
without interference sensitivity using capacitive BCClamed in [18].

Experimental measurements have been performed to selgithlle transmission band and
to obtain a proper configuration of the communication etetds. Various electrode materials
and sizes and structures have been examined in their exg@Em

The results of the transmission loss measurements shovihghatertical structure yields
the lowest transmission loss. It is claimed that the eleatapacity of capacitive coupling is
proportional to the area of the electrodes, so the trangmisange is expected to be improved
by increasing the size of the electrodes specifically at Ksidle. On the other hand, the electric
capacity is inversely proportional to the distance betwd®nelectrodes. The measurement
results also show that since the total distortion is smalafrequency band from 500 kHz to 3
MHZz, it is optimal to use this frequency band for a good gyaibmmunication. It is claimed
that this frequency band allows transmission at 48 kbpsawitany problem.

2.8 Hwang et al., ETRI, Korea, 2006

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

In this study, the interference between BCC devices of tweqes has been examined
experimentally. Two scenarios have been investigatedherfitst, the TX and RX are on one
person’s body and in the second the TX is on one person’s bodyRX on another person’s
body. In their set up, the TX is fixed on the fingertips and theiR¥cated on two different
positions on the body, 15 cm and 150 cm from the TX. Electradesstructured horizontally
and a single electrode size is employed. The interfererypekpropagates from one body to
the other body in the second experiment.

In their measurement system, a battery-fed TX composed y&stat oscillator is employed.
The received signal at the RX side is measured by a spectratyzan

The results obtained from the two scenarios allow the caimtuthat the power of the inter-
ference is larger for the transmission distance equal tari¥hen for the transmission distance
equal to 150 cm in the second experiment and the signal éntsr€e increases as frequency
increases. It is also concluded that the frequency bandsriedst below 5 MHz to prevent a too
high interference signal.

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

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

Galvanically coupling is presented as an approach for BC@hbyauthors of [21-23]. They
have characterized the human body as a transmission mediwetettrical current and modeled
it by a simplified circuit model. The model is a four terminakcait model with 10 impedances
representing the coupling electrode impedances, the amqlibutput impedances, as well as the
longitudinal transmit impedance and a butterfly cross iraped.
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In this work, the experimental study has been conducted wuBf@cts. The measurement
has been performed by positioning the electrodes on a langdar of different positions on the
human body. These positions are classified into four groalpsig the arm, on the thorax, along
the leg and on the entire body. The influence of differenttedele types and various sizes of TX
and RX electrodes on signal attenuation have been investigdMoreover, the level of signal
attenuation for subjects with different tissue propersiesh as skin, fat, bone and muscles have
been assessed by finite element simulation.

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

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

The suitable frequency range has been identified from 1 kHOtMHz. Data transfers up
to 255 kbps were achieved with digital modulation types, QB8K and BPSK.

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

The propagation characteristics of the human body for migleguency signals up to 3 GHz
have been investigated in [24—27]. The variation of the B@&naoel is statistically modeled in
terms of the best fitting distribution function. In these Wmrthe human body is considered as a
waveguide with the RF signal propagating through the body.

Several investigations have been done considering diffemnfigurations for TX and RX. In
their measurement system, a 12 dBm TX signal is generatedsigynal generator and transmit-
ted onto the body via a coupler. The power of the receivedasiginthe RX side is measured by
a spectrum analyzer. Furthermore, the ground of both TX aXxisRonnected to the electrical
ground of the electrical devices that they are connecte&xperiments are performed exploit-
ing vertical electrodes in different sizes and locationstfm body. In these experiments, the
ground electrode area is much larger than the signal etbxtacea and the separation between
these two electrodes varies from 0.7 cm to 2.1 cm. The measmts have been performed for
different scenarios, where the subject was sitting, standnd walking.

From the experimental study it is concluded that the recesignal power decreases when
the frequency increases. The power decreases more quicklérger TX and RX distances. The
results for sitting and standing tests were equivalent. ddeer, it has been concluded that the
quality of the BCC link is higher when the test person is novimg. In their experimental study,
they have also compared the human body and air channel. $hksrehow a lower propagation
loss for the intra-body channel than for the air channel.yTdlaim that the suitable frequency
range for BCC is from 200 MHz to 600 MHz where the lowest pa#sl® achieved based on
their results.

Based on the experimental data, the normal distributionfaasd to be the best fit to model
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the received signal power statistically. The results shibthat the mean becomes smaller as
the distance between the transceivers increases. Alsatdhdard deviation is larger for the
walking test condition than for the statistic condition eapected.

In these works, several digital modulation schemes hava beeluated by analyzing the
constellation diagram, eye diagram and error vector madei{fEVM), in order to determine
the most suitable one for BCC. In these experiments, the@mgdlfrequency carriers are 200
MHz and 600 MHz and symbol rate is from 100 ksps to 5 Msps inrdalanalyze the maximum
data rates achievable through each modulation scheme Xpeamental results show that MSK
and BPSK are the most suitable modulation schemes for B@Cg $hey meet the posed EVM
requirements. However, an increase of symbol rate andndistaetween TX and RX yields a
very high level of distortion for all modulation schemes.

2.11 Choietal., KAIST, 2006-2008

Different aspects of BCC were investigated by the author@®#35]. In these works, differ-
ent transceiver designs, a distributed RC-model of the nupealy and characterization of the
human body as a new communication method have been presented

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

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

Furthermore, an RC model of a T-shaped human subject haglegeloped to characterize
the human body as a channel for BCC. This model consists ahdad unit blocks with an
RC parallel network and shunt capacitors. For their stuay, X in their experimental mea-
surement system consists of a battery-powered signal @@navith a programmable frequency
synthesizer and two vertically structured electrodes. RMeconsists of a single electrode in
the same shape and dimension of the TX signal electrode. édegved signal is measured by
connecting a spectrum analyzer or a digital oscilloscopdecelectrode at the RX side. With
this setting the receiver shares its ground with the eardivgded instruments which results in
an increment in the strength of the return path. Howevey, tfem 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 trsénvestigate their effects on
the received signal level. Moreover, extensive measur&tave been done on various subjects
with different height, different distances between TX arXliR sitting and standing situations.
For these measurements, TX output power is fixed to 3 dBm antddtly channel is measured
up to 150 MHz.

Based on their results they claim that below 4 MHz the chaimééterministic and looks
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like a high-pass filter. However, beyond 10 MHz the power iosseases when the distance
between TX and RX increases. The results also show that thendrelectrode size has little
effect on the overall shape of the channel response. Theialaikthe 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 humaty las a propagation medium and
propose different approaches to characterize BCC. Tafllendicates the summary of these
works based on their focus on the communication system netameasurement and modeling.

In early studies by the authors of [7], [8], [9], [10-13], J1{L5], [18], [19] and [20] there
was no investigation neither on the human body propertigsoncthe human body channel
modeling. In most of these works the main focus was on the Bi@tacterization by developing
a test module and they did not characterize the BCC channel.

In some studies, they worked on the influence of the couplactsire and size on the BCC
performance. The authors of [14], [15] and [18] showed tHhdizing the vertical electrode
structure is superior to the horizontal structure. On theeohand, it was presented by the
authors of [10-13] that employing horizontal structureydibudinal orientation will give better
results than the transversal orientation. In their work,dhthors of [7], [8], [9], [10-13], [18],
had a common conclusion about the electrode size. Base&iondgbults, they showed that using
an electrode with a larger area specifically at TX will resultess propagation loss. However,
in the study by the authors of [9], it has been shown that teetelde size has minor effect
on the transmission performance. Most of these works iigagstd the influence of the ground
electrode. The works [7], [8], [9], [10-13], [19] and [20]pmrted that using a ground electrode
will improve the performance of BCC effectively.

The propagation loss behavior as a function of frequencyoméspresented in the studies
by the authors of [14], [15], [19], [20], [10-13], althoughet frequency band that they focused
on to investigate the BCC characteristics is not the samee ddhnieved results reported in
[14], [15], [19], [20] showed that propagation loss decesass the frequency increases. In
contrast, it was reported by the authors of [10-13] that topggation loss increases slightly in
higher frequencies. This might be because all of their ewpaTts were performed employing a
phantom model that might not follow the behavior of the hurbady.

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

In recent studies, some contributions describe a charzatien effort of the BCC channel
and the human body properties. Characterization of theagaixcoupled on-body channel and
the human body properties have been presented in [21-23¢e $is solution requires direct
skin contact, we do not consider this approach.

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

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

It is concluded by reviewing these works that first regardiogpler design, there is no
conclusive investigation on the electrode size and spadiifithe spacing between the electrode
pair. Second, there is no investigation for the body cowel@ga in capacitive coupling where
the coupler can be placed on/off the body. There is not a ciederstanding of the on-body
communication channel behavior, since in most studies theepted channel behavior was
influenced by ground connection via measurement equipmeimally, little is known about
interference behavior.

Hence, in this work, BCC characterization and on-body ckhbehavior will be investi-
gated comprehensively based on an experimental study &Glazchannel.

Table 2.1: Summary of the results of the most important ssidn BCC.

Zimmerman Partridge Fuiji 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 tIkeported
Modulation OO0K 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 25x 25 mm? 15x15cm? 2x3cm? 30x30mm? Not reported

30x30mm? 30x 14 cm? 1x3 cm? 20x20mm?

70%x 20 mm? 100x100cm? 0.5x3 cm?

80x 80 mm? 250% 250 cm?

130x40 mm?

900x 25 mm?
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 0-5MHz 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) 109vibp
Location on Body  waist, head arm, wrist arm, wrist, leg arm, waist, ear, foot ristychest, waist
Electrode Size 20x 20 mm? 2x2cm? 880mm? ml4 cm? Not reported

40x40 mm? 54 cm? m cm?

20x 80 mm? 560cm? 47 cm?

80x 80 mm?
Orientation Horizonal/vertical Horizontal Horizontal - -
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Chapter 3

Measurement System

3.1 Introduction

As we have discussed in Chagdiér 2, the phenomena studiedracterize BCC in the literature
are not comprehensive and they are not fully understoodth&umore, the presented on-body
channel behavior and models get influenced by the used nemasaot systems which are hence
not applicable to our scenario. The goal of this study is tpeexnentally characterize BCC
and to achieve a clear understanding of capacitive on-bbdwrtel experienced in a body-area
networks (BANs) environment. Therefore, a measurememg¢syseeds to be implemented such
to satisfy the requirements of our scenario.

This measurement system should provide the actual situafi®8ANs. So, the standard
equipments as signal generator or data analyzer cannoeldenase, since these earth-grounded
instruments have effect on the strength of the signal be#ng $o the human body. Moreover,
the input impedance of the data analyzers such as osciflesoonetwork analyzer is not high
enough and might have influence on the measured data andidrebfthe channel. The size
of the measurement system should also be suitable for gaacise. Finally, the measurement
system is required to be isolated from any other devicesaufglthat the measured data is
not affected by any other sources. Based on our requirementgasurement system has been
developed at Philips Research for our experimental studlyeoBCC channel properties.

This chapter presents the developed measurement systedectior 3.2, the measurement
system architecture is introduced. In Secfiod 3.3, thegdesf couplers used to transfer the
signal to/from the body is introduced. The measuremenesystet up is explained in Section
B4. The calibration of the measurement system is discussgectiol3.b. Finally, Sectidn3.6
presents the setup used for characterization of interferen

3.2 Measurement System Architecture

The developed measurement system, as depicted ifLElg.@h4ists of a battery-fed TX and
RX pair connected by an optical cable. This cable is used matspnize their functionality.
Two differential coupler pairs are capacitively coupledtie body to transmit a signal over or
receive a signal from the human body. The whole system isagaally isolated from the earth
ground. This was a key requirement of the system, as we wadateldaracterize the channel
experienced when BCC would be used in a body-area netwoikoenvent. Moreover, due to
the optical cable, the TX and RX are also galvanically isalarom each other, which assures
that the measured data is just related to the characterigtibe human body and is not affected
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Fig. 3.1: Measurement system overview: battery-poweredam® 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 charatiesi of the human body for
various frequencies to understand the frequency behaVBCE and to determine the optimum
frequency band for the BCC. Thus, in our measurement systéroonsists of a direct-digital
synthesizer (DDS) used as a tunable frequency source t@divedrequency band of interest,
i.e. 100 kHz to 60 MHz. Figue_3.2 depicts the functional kldiagram and implementation unit
of the TX. Control words received on an SPDIF-based (SonlBIDigital Interface Format)
optical link, used for the TX and RX synchronization, areipreted by the microprocessor and
are used to determine the corresponding setting for the DB& output of the DDS is filtered
and amplified before being transmitted through the bodyhéacoupler. The TX output power
is approximately 12 dBm, which is selected based on the Hiasiicfor the safety of the human
body.

The high input impedance RX basically consists of a poweealet to measure power at
different frequencies. In the measurement system, thigt imppedance of the RX has a strong
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interface

Electrodes
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driver ¥
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Atmel

(a) Block diagram. (b) Implementation.

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

Figure[3:B depicts the functional block diagram and impletaigon unit of the RX. The
signal received by the coupler is amplified using a low nomsgldier and filtered by a band-
pass filter. One of the three filters can be selected manuadlyt® get tuned to the measurement
frequency range thereby limiting the interference andenc@ntributions. Next, the power of
the filtered signal is estimated by the power detector and itheampled by a 12-bits analogue
to digital convertor (ADC). The power detector dynamic raig95 dB. Using a microprocessor
after the convertor, the measurement results are storéé processor’'s memory. Subsequently,
the microprocessor requests the TX to transmit the sigrtal the next frequency. This process
is repeated until all measurements in a set are performesldata stored in the microprocessor
memory can be written onto an SD-memory card to get analy#dihe later or these can be
processed in real time via an opto-coupled RS232 interfdgehas connected directly to a PC.
When the first operation mode is used, the RS232 cable is noected.

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

The size of the TX and RX circuit boards afex 9.5 cm? and7.8 x 8 cm?, respectively.
These boards are placed in two separate plastic boxes tidsthlem from influence of the
equipments and the body that they are placed on. Howevemdasurement system with the
current design can be affected by interference as the paweach frequency is integrated at
the whole band of the selected filter. In our investigatioséttion 3.6 and Sectidn 4.B.7, it is
verified that this does not pose a problem.

It should be noted that, since in BCC the communication rasfgrild be confined to the
vicinity of the human body, the frequency range of intersdinited, i.e. 100 kHz to 100 MHz.
Transmission at very high frequencies and very low frequesnis not considered. At frequen-
cies above 100 MHz, the wavelength is 3 m, which is in the sarderaf magnitude as the
length of a person. At such frequencies, the body behavesieldly as an antenna and radiates
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signals into its environment. Moreover, even the electrsidets acting as an antenna at higher
frequencies. To avoid these two effects and to limit the camigation to on, or close to, the
body, the frequency range of interest is less than 100 MHzvefy low frequencies, commu-
nication might be influenced by electromagnetic interfeegrithus 100 kHz is selected as lower
frequency of the BCC band. Measurements are consequentlyrped from 100 kHz to 60
MHz in all the investigations in this study to be sure that lieely channel is not affected by
body radiating.

3.3 Coupler design

The couplers consist of flat electrode pairs made of coppmerthe experiments they are placed
close to the human body to transmit signals generated by Xhevér the human body and to
pick up the differential signal at the RX side. In order toidvdirect contact between metal of
the couplers and the human body, the metal surfaces areechwth isolation tape.

As explained earlier in Chaptel 1, the couplers can be stredthorizontally or vertically in
the capacitive coupling approach. In horizontal structtwe parallel electrodes are placed on
or close to the surface of the body where the space betweenithilled with printed circuit
board (PCB) material. In vertical structure, one electrisdesitioned on or close to the surface
of the body while the other one is opposed to it. The volum&eeh them is filled with PCB
material and/or polyvinyl chloride (PVC) foam (see Hig.(@p.

The measurement system is developed to investigate thentisgion and coupling scheme
characteristics, so it is built such that different couplean be attached easily to it. To study the
influence of the coupler design on the BCC channel behaviffierent couplers are used that
vary in electrode dimension, space between the electrademéthe structure of the electrode
pair. Figurd=3} illustrates the different coupler confafions and electrode structures used in
this investigation.

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

3.4 Measurement System Setup

Figure[3} depicts the schematic representation of a typieasurement system setup on the
human body. For the experiments, both the TX and RX of theegysire placed on the body.

Couplers with different configurations and orientations attached to them and capacitively
coupled to the human body. The couplers are taped looséhetioddy so that they cannot move
while a measurement is being performed.

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

The initial settings for each experiment are defined in the.Gble frequency range is set to
100 kHz to 60 MHz. This frequency band is selected regardinfpee BCC frequency band of
interest as discussed in Section 3.2. The number of sanmdles equally spaced frequency band
is 255; the number of measured data per frequency samplé&isTze duration for the whole
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(a) Layer structure in vertical coupler. (b) Variation in horizontal coupler separation.
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Fig. 3.4: Different coupler configurations and structures.

255 of the measurements is 2.5 minutes and consequentlyuth8ah of each measurement is
less than one second.

3.5 Measurement System Calibration

Since the end goal is to characterize the human body chaeehower measurement results
need to be translated into propagation loss results. Toethis a back-to-back calibration is
required to measure the loss occurring due to the measutesysiem. Figur&316 depicts the
TX and RX back-to-back setup. To avoid the RX to saturate;Tthend RX are connected via
an attenuator, therefore, no couplers are applied. Fonth@surement, the attenuation between
the TX and RX is constant over the frequency band and equ&® tB. The measured power
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Fig. 3.5: Schematic of a typical measurement setup.

can be expressed as a function of frequefi@s

Prxy, (f) = H(f)Prx(f)/Avan(f), (3.1)

where H( f) denotes the transfer function of the systdPax denotes the output power of the
TX and Ay,9;, denotes the back-to-back attenuation. Therefore,

H(f)PTX(f) = PRXbe(f) : Abe(f)' (32)

The propagation loss level of the channel for all the expenis is obtained by using the
achieved results of{3.2) and measuring the received pdhes,

PrXypes (f) = H(f) Prx(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. UdIng (3.3) alstituting the calibra-
tion result from[[3.R), we can calculate the body attenmatichich is given by

A(f) = H(f)Prx(f)/PRXytens. (f)- (3.4)

The calibration measurement results are depicted in[Efy. Ihe characteristics of the TX
power were achieved by adding the 30 dB back-to-back attemutn the received power. The
TX power is around 12 dBm.

3.6 Interference Measurement Setup

As explained in Sectioh—3.2, in the designed measuremergraythe received power at each
frequency is integrated over the whole band of the seleclied firherefore, our measurement
system is not sensitive enough to analyze signal interéereharacterization. Hence, the in-
terference characterization measurements are perforsieg a battery-fed portable spectrum
analyzer, [36], with a probe with an input impedance equé#héoone used for the measurement
system explained in Secti@n B.2. The spectrum analyzerdasechto be portable and battery-
fed to characterize the experienced interference for thly lsbannel in a BAN environment.
Moreover, since the input impedance of the spectrum is bt @hough and also to be sure that
the measured data are comparable to the data measured bgsigmeti measurement system a
circuit is specifically designed for the input impedance.

The measurement setup is illustrated in Eigl 3.8. All theeeixpents are performed employ-
ing a4 x 4 cm? coupler with 1 cm electrodes spacing, located at the wrisheftest subject.
The spectrum analyzer measurement bandwidth is 30 kHz pesurement point. The number
of measurements per frequency point is 20 and the power ragee over these points. The
number of measured points in the whole frequency band frdirkH to 60 MHz is 301, which
are equally spaced. It is noted that the low frequency behasimainly limited by the phase
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Fig. 3.7: Calibration results: measured received powercatwilated transmit power from back-
to-back setup.
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Fig. 3.8: Interference measurement setup.

noise behavior of the spectrum analyzer. Therefore, it sl @ draw conclusions about the
interference for these frequencies from these measurstrlerd separate session, the frequency
band is set to 100 kHz to 2 MHz, with 301 equally spaced measemé points to examine the
interference behavior for the low frequencies. In thisisgttthe spectrum analyzer measure-
ment bandwidth is 3 kHz per measurement point. The numbereasarements per frequency
point is 40.

To assure that the interference induced by our designedhehaharacterization system, e.g.
due to the 100 MHz microprocessor, does not have impact omeasured data, the following
experiment has been carried out. In the measurement séteughéannel characterization system
and spectrum analyzer are both placed on a table and théenetece power has been measured
by the spectrum analyzer. The results of this experimene leen compared to the lowest
possible level of the spectrum analyzer (determined wihatinected probe). Figure13.9 shows
the achieved results. As it is depicted, the observed spi@ttaracteristics in both situations are
similar. Thus, the interference due to the receiver is matiamd does not influence the results.
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Fig. 3.9: Measured interference power of the channel ckeniaation system together with the
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Chapter 4

Experimental Results

4.1 Introduction

The BCC channel is different from that for the other RF solusi proposed to establish WBANS.
Consequently, it is necessary to have a good understandlitig @CC characteristics and the
on-body channel behavior in order to effectively exploi thuman body as a communication
medium and in order to find their impact on design paramet&ssdescribed in Chaptét 2, the
current experimental investigations on BCC are not exhauand in several cases their studies
are limited to the "grounded" scenario. Consequently,ismlork we try to fully characterize the
capacitive BCC channel by an experimental study. From thelte conclusions for empirical
and statistical BCC channel modeling can be drawn.

The developed measurement system, described in CHap®u8ed to perform extensive
experiments to reveal the influence of coupler size andtsireion BCC. It is, moreover, used to
understand the signal transmission characteristics fit situations and due to body movement
for different node positions on the body. All of these expmnts are performed focused on
propagation loss and its variation in the frequency band0df kHz to 60 MHz. Moreover, to
study the impact of interference on BCC and to charactetsgaroperties, several measurements
are carried out employing the dedicated measurement sgplgireed in Chaptdr3 based on the
portable spectrum analyzer.

The test scenarios, a dedicated test strategy and the ragsmtr setup are discussed in
SectioZP. The achieved experimental results are pedémSectio 413. In Sectidn 4.4, the
conclusions from the experimental results are summarirddiscussed.

4.2 Test Scenarios

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

4.2.1 Parameters to be investigated

Experiments are carried out to study the impact of (i) thepting schemes (galvanic or ca-
pacitive coupling), (ii) the distance between the TX and R diii) the configuration of the
coupler, such as the electrode structure, the electroderdiions and the electrode pair spacing
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on BCC. Further experiments investigate (iv) the distaretsvben the coupler and the human
body, (v) static or dynamic situation of the human body, frjperties of the human body struc-
tures (different test persons) and (vii) impact of varionsi®nments on BCC. In all of these

experiments, it is important to examine the frequency bielhaf the propagation loss of the

BCC channel as a function of these parameters. Furthermonge experiments are carried out
to investigate the interference characteristics.

Frequency behavior

In this study, we are interested in understanding the BCQruélarequency behavior. In RF-
based solutions, the channel generally shows severe fregselectivity due to multipath fad-
ing, see e.g. [5]. The question is whether this also occurB&C. Therefore, the propagation
loss of the channel is studied over the frequency band of Hx0t& 60 MHz.

Coupling schemes

As introduced in Chaptdd 1, the galvanic coupling and capaccoupling are the two differ-
ent coupling schemes that can be used in BCC. The galvanmicgonly permits application

in which the nodes are directly coupled to the body. Thesaramialy in the field of medical
applications, but do not cover all wearable electronic cevi This thesis focusses on the capac-
itive coupling, which is not only applicable for the mediegiplication field, but is also of large
interest for consumer network solutions.

Distance between TX and RX

To assess the influence of the different distances betweehiXtand RX coupler, experimental
tests need to be performed by positioning the two couplemifterent parts of the body. The
locations of the coupler are selected based on the posgipleation of BCC systems, where
two devices interact with each other. Figlirdl 4.1 depictsipéslocations of the coupler on the
human body and Tab[e_A.1 indicates the possible combiratidX and RX locations on the
body.

Electrode dimensions

The characteristics of couplers with different electrodrahsions and their influence on BCC
are examined. The dimensions of the electrodes vary frorsiteeof wearable devices to the
size of sensor nodes. They are also selected based on thetgeofthe human body. In this
study, a TX and RX pair is considered to have the same dimesaicall the experiments. This
is motivated by the fact that in practical systems all nodésbe both TX and RX, therefore,
making different dimensions for TX and RX is not useful. Thedéed electrode dimensions are
3.5 x 5.5 cm?, 4 x 4 cm?, 3 x 3 em? and2 x 2 cm?.

Coupler structure

As introduced in Sectioris_1.2 ahdl13.3, coupler can havereithertical or a horizontal structure.
Experimental measurements are carried out to find out thenapstructure of the electrodes
with respect to the electrode dimension and the spacingdestwhe electrode pair. Moreover,
in the horizontal structure, the longitudinal and transakelectrodes 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 investigatagl@ying couplers with different
electrode pair separation. Based on the structure of thel@owertical or horizontal, the elec-
trode pair spacing is filled in using different dielectriee$=ig[(3.1. In the vertical structure, the
spacing between the electrode pair filled with PVC foam anBf©B material is varied. The
investigated values of this space are 2 cm, 1 cm, 0.5 cm anchf).2n the horizontal structure,
the distance between the two electrodes filled with PCB nadtisrvaried from 4 cm to 2 cm
and 1 cm.

Static and dynamic test conditions

Experimental tests need to be performed to examine the aastics of BCC due to body
movement —including sitting on a chair, standing, walkimgl anoving an arm— employing
couplers with various configurations and positioning thamddferent parts of the body. The
analysis of the experimental results should provide a gowterstanding 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 clehrs based on near-field coupling.
Therefore, electrodes can be placed on or close to the huothn nfluence of on and off the

body contact (clothes in between) of the TX and RX couplezssdd, since different applications
may require on-body or off the body contact. In the off the ybadenario, we test how the

propagation loss varies as function of the distance of thupleos from the human body. This
will enable us to understand the coupling behavior and ttexference and noise influences,
specifically for the application related to wearable elmutr devices. Excluding this on, all

other experiments are performed with couplers on the hurody. b
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Different people with different body structure

In order to characterize the property of the body structune t® investigate its influence on

BCC, similar experiments are performed with different sgh§. By comparing the results from

similar test scenarios with different test persons, theagycibility of the measurements can be
assessed. In this work, experiments are presented for tijects. One test person is a female,
height= 1.54 m and the other subject is a male, heighl.97 m.

Different environments

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

Interference Characteristics

As explained in Chaptél 3, the frequency band of interesBf0€ is from 100 kHz to 60 MHz.
However, the considered frequency band is susceptibld kinals of electromagnetic interfer-
ence, as these bands can be used by different wireless systertuding AM/FM radio, TV
broadcasting, amateur radio and different mobile apptinat see [37]. Hence, it was consid-
ered important to obtain a better understanding of the inflaef the interference, which might
affect the BCC performance. To this end, experiments aremmeed in different environments
and with different test subjects to study the influence ofitiberference on BCC. A conference
room equipped with some chairs and a table and two glass,wallsffice room equipped with
some chairs and desks and PCs, a lab room with lots of elécteguipments, corridors and a
pantry are the locations that have been selected to charactke interference. In all of these
locations, four different situations —above a table, neBCamonitor, near other measurement
equipment and in the middle of the room— are compared to theatgn where the probe is
disconnected, thereby showing the lowest possible leatldéin be measured by the setup.

4.2.2 Performed Measurements

The possible combinations of the test parameters of theeathseussed experiments are indi-
cated in Tabl&AI2. Only a subset of the presented measutest@marios is studied in this work
due to the limited time which was available to study the tases. The subset is selected such
that it allows conclusion about all of the parameters careid in Section 4.211.

To this end, the number of the coupler positions on the botigniged to seven, as shown in
Fig.[A2. All the tests have been performed in a conferenomria Hightech Campus building
37, floor 5, room 5.021A. The room %70 x 4.30 m?, has two glass walls and does not contain
electronic equipments. Most of the experiments are peddrion the same subject, female,
height= 1.54 m.

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

To test the measurement reproducibility, some experimarggepeated on different days
and also on another subject, male, height.97 m. In a separate session, some experiments are
performed in a shielded (EMC) room. The results obtainethftirese 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 bedygonsidered in the remainder of
this work.

Figure[43B depicts the measurement system connected teshperson for one of the test
cases. It should be noted that for all the experiments ttigprson is standing almost in the
middle of the conference room, far from all the chairs anddhbée. Vertical TX and RX couplers
are applied in the experiments unless otherwise mentigpecifecally.

To test the interference characteristics, the dedicatedurement setup explained in Section
B4 and illustrated in Fif._3.8 is used. All the measuremargperformed employing4x 4 cm?
coupler with 1 cm electrode spacing. Note that the intenfegeexperiment is not indicated in

Fig. 4.3: Channel measurement system attached to the ahm tégt person while standing.
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table[A2. Four different test cases —above a table, nearmdtor, near other measurements
equipments and in the middle of the room— are compared tootliedt possible level that can
be measured by the measurement setup.

4.3 Measurement Results

In the following, the results obtained from the measuresame presented. As described in
Section[3b, for the BCC channel characterization, the aredsreceived power is translated
into propagation loss between the TX and RX couplers usiagdhults from the back-to-back
calibration measurements. The behavior of the averagealsatenuation for the frequency
range of 100 kHz to 60 MHz is assessed to characterize the B®Enhission.

4.3.1 Measurement reproducibility
Maximum measurable level of signal attenuation

If the transmitted signal falls below the noise level in tstem, data can no longer be detected
at the RX. Therefore, it is required to measure the level @ithise in our measurement system.
As explained in Sectidn3.5, since the measured RX signansikated into propagation loss, we
are interested in finding the maximum propagation loss thatazcur. The maximum channel
attenuation that the measurement system can charactenmeasured by placing the TX and
RX on the table in the conference room without attaching aupter to them. So, the RX can
receive only noise. This setup is depicted in Eigl 4.4. Frbin éxperiment it follows that the
maximum level of propagation loss that can be measured byn#asurement system equals 80
dB.

Experiments on different days

Experiments to examine the reproducibility of the measul@d have been carried out by per-
forming the same experiments on different days. The re$oitthis test are depicted in Fig.

EE3 where both couplers are on the arm antla 4 cm? electrode size with 1 cm electrode
separation is applied. The results show a typical deviaifdass than 5 dB in the propagation

Fig. 4.4: Setup to measure the maximum level of signal attéow of the measurement system.
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Fig. 4.5: Propagation loss as function of frequency on wifie days, fort x 4 cm? electrodes
and 1 cm electrode spacing and the arm channel (A2A3).

loss, which verifies the reproducibility of the measureraeiithe 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 experimentshtnat been performed to characterize
the influence of the transceiver locations. Fidure 4}6(@)aie the characteristics of the propa-
gation loss for combinations of different coupler locatan the body as illustrated in Fig_}.2.
For these measurementisx 4 cm? couplers are applied with a electrodes spacing of 1 cm. As
observed, for the couplers on the arm, the attenuations/émeen 60 to 45 dB from lower to
higher frequencies. For couplers on leg-arm (L2A2) or clexst{C3L2) channels there is an
extra loss of 10 to 15 dB. However, the frequency behavioinidar.

It is concluded that the signal attenuation increases lyeasing the distance between the
locations of the TX and RX couplers on the body. However, thgimum observed propagation
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Fig. 4.6: Influence of transceiver locations on the progagdoss as function of frequency.
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loss level for almost all the coupler locations is less thamB. This verifies that even for large
distances on the body a reasonable signal attenuation isvadn Moreover, the results of
chest-leg and leg-arm channels show that the couplers ifrdhe and back of the body can
communicate with each other with a reasonable propagati&s IThus, this shows that the full
body coverage is obtained in BCC.

The frequency behavior of the propagation loss can be exqalaas follows. The combina-
tion of the capacitors formed between the electrode paibahadeen the coupler and the human
body determine the frequency behavior of the propagaties. |dhe values of these capacitors
depend on the electrode dimensions, electrode pair spacidghe permittivity and conduc-
tivity of the dielectric materials between the electrodé.pdhey also highly depend on the
permittivity and conductivity of human body tissues.

The permittivity and conductivity of a dielectric can beduency dependent. This also
applies to the human body tissues. The dielectric progedfi®arious human tissues have been
studied by authors of [38] for the frequency band of 10 Hz to&8z. Their results show
that the permittivity of the human body tissues reduces byeimsing the frequency. Moreover,
the conductivity of the human tissues increases by inangasie frequency. Consequently, the
values of the mentioned capacitors will change by increpfiaquency and their combined
influence shows a high-pass like signal transfer for the eboldy channel.

Similar results are obtained by applying the other couphetis different structures. Figure
E6(0] shows the results for the coupler3o x 5.5 cm? with 2 cm electrode spacing, which
verifies that the propagation loss increases by increakimglistance between the TX and RX
(see also AppendixBl.1).

As it can be observed from the results there is a little viariaih mean propagation loss over
frequency. Fig[4l7 depicts the 255 measured data of theagatipn loss and their mean for
4 x 4 cm? couplers with 1 cm electrode spacing and arm channel (A2A3.results show that
none of the 255 realizations of the propagation loss re¥eagsiency selectivity. Similar results
are obtained for other locations and using other coupleesicH, it can be concluded from the
measured data that the BCC channel is essentially flat.

We observed that the frequency dispersion of the BCC chaanary limited. Hence, it
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Fig. 4.7: Propagation loss as function of frequency, for &&Bizations together with their mean
for 4 x 4 cm? electrodes and 1 cm electrode spacing and the arm chann&BJA2
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is not very beneficial to apply multi-carrier techniquestsas orthogonal frequency division
multiplexing (OFDM). Also the signal detection can be riglelly simple, as the low frequency
dispersion will allow for a very simple equalizer, even farge signal bandwidth of several tens
of MHz. Consequently, BCC can result in a very simple comrmation solution and with a
low power consumption, due to the much lower carrier fregyecompared to those of wireless
(GHz) RF solutions.

As discussed in Chapt&l 2, similar results for the frequeradyavior of the BCC channel
have been reported in [14], [19], [20] and [35]. However, du¢heir proposed measurement
systems, the channel behavior at low frequencies was irdiaehy the input impedance of the
measurement equipment. Consequently, their final resdtdifierent from these reported here.

4.3.3 Influence of coupler configuration

The node form factor is an important factor in BCC systemgtesi he size of the coupler will
largely govern the size of the BCC node. This size is detegthiny the electrode dimensions
and the spacing between the electrode pair forming a coufhewledge of the influence of the
coupler size on BCC gives information about the requiredstngit power and sensitivity of the
receiver.

The following results show the measured propagation losshi® arm channel for differ-
ent coupler configurations, including electrode dimensglactrode pair spacing and coupler
structure. Similar results are obtained for other coupeation pairs (see AppendixXB.1).

Influence of the electrode dimension

In this subsection, couplers with different dimensionsamapared to find out how they affect
the BCC propagation loss. Figute14.8 depicts the propagdtiss results. For the coupler
of 3.5 x 5.5 cm?, the attenuation varies from 50 to 40 dB from lower to highegéiencies.
However, for the coupler o x 2 cm?, an extra loss of 10 dB is observed. We can conclude
that the larger the dimensions of the electrode is, the lolsignal attenuation is achieved. In
this test the experienced channel is the same for all thes Gass the spacing of the electrode
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Fig. 4.8: Influence of electrode dimensions on the propagatiss as function of frequency, for
2 cm electrode spacing and the arm channel (A2A3).
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pair in each coupler equals 2 cm, consequently, the onlpifabit has an influence on the
propagation loss level is the electrode dimensions. Thectaxh in the propagation loss level
can be explained by the fact that the capacitive coupling/éen the coupler and body is larger
when the electrode dimensions are larger. Therefore, mectrie field can be induced to the
body.

Although the3.5 x 5.5 cm? electrodes show superior performance, the size might be pro
hibitive for WBAN implementation. Thus, one needs to makeaale-off between the BCC
envisioned application and performance. In this study3the3 cm? electrode size forms a nice
compromise between size and the resulting propagation lsseen in Chaptdd 2, concern-
ing the influence of electrode size the same conclusions reeated in [7], [8], [10, 11], [18]
reached the same conclusions .

Influence of electrode pair spacing

The influence of the electrode pair spacing has been studigubiforming experiments with
four different electrode pair spacings. Figlirel 4.9 depietsresults for these four separations
applying4 x 4 cm? electrodes. Overall, it is observed that a higher separafields a lower
attenuation, however, not over the whole frequency rangé¢his test, the experienced channel
for all the cases is the arm channel and all the couplers eveame dimensions. Therefore,
the results can only be influenced by the electrode spacing.

By increasing the electrode spacing, the impedance of bhacttar between electrode pair
increases. Subsequently, it is expected that at TX a higbetrie field is coupled to the body
and at the RX a larger differential signal can be detectedvéver, as observed, the propagation
loss at higher frequencies decreases more quickly for them. spacing than for the others.
The results might get influenced by the differences in cagptenstruction. For the 0.2 cm
separations only PCB material was present and for the othgrlers the volume is filled in by
PVC foam and PCB material, as illustrated in i@l 3.4. Theatenals have different conductiv-
ity and permittivity at different frequencies thus the weqcy behavior of the different coupler
constructions is not the same.
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Overall, in this study, the 2 cm separation yields less pgapan loss and the best per-
formance. Regarding the constraint in node size for WBANIiegfions, too high separation
between electrode pair is impractical to choose. Thus, a &lenirode separation is selected
which yields a suitable tradeoff between the achieved ajyen loss and coupler size. It is
noted that in practical BCC nodes, the space between eliestioill be used to place the node
electronics and one of the electrode will serve as the PCBrgiplane. Consequently, 1 cm
seems also reasonable in this view.

In a separate session, the spacing between the electroties cbuplers of the same size is
filled with different combinations of materials to investtg their impact on the propagation loss.
For this tesB x 3 cm? electrodes are selected. In one set, the space betweerdireeés of both
TXand RX s fully filled with PCB material and PVC foam. In th#éher set, the space is not fully
filled: at two sides it is empty, so there is only air. These elexrtrode construction approaches
and achieved results are shown in F[gs. 4.10(a)fand 4]letband right, respectively. As was
expected, the average propagation loss for the fully fileeskds 10 dB higher.

This can be explained as follows. Each coupler can be camsides three parallel capacitors,
C4, Cy andCj5 as depicted in Fig—411; in the fully filled case, these capecare equal; =
Cy = (C3). On the other hand, in the not fully filled case there are teyoa¢ capacitors with
the permittivity of air as dielectric({; = C'3) and one capacitor(}y) with the PCB material
and PVC foam permittivity. Since the air permittivity is ¢ethan the permittivity of the other
materials, the equivalent capacitor between the elecppaten the fully filled case is larger than
in the not fully filled case. This property results in smallapedance between electrode pair of
fully filled case and thus results in a higher propagatios.ldherefore, this can be considered
as an important factor in construction of couplers.

In all of the studies reported in this thesis, the electrquecmg for the vertical structure is
fully filled with PVC foam and/or PCB material. So, in practicases, where the room between
the electrodes will be used to place the electronics andetsteis air, the level of propagation
loss will be even lower than what is reported in this work. fEfere, this will have impact on
the transmit power and the sensitivity of the receiver thatsystem designer should be aware
of. The considered scenario in this work can consequentlywerst case scenario.
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Fig. 4.10: Influence of coupler construction on the propagdbss as function of frequency for
3 x 3 cm? electrodes and 2 cm electrode spacing.
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C, C, C, C, C, o

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

Fig. 4.11: Schematic of the capacitors formed between terelde 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 strectarthat of the horizontal structure,
first the transversal and longitudinal orientation of theizumtal structure are examined. Then
the one with the best performance, i.e. the lowest propagdtiss, is compared to the vertical
structure.

Figure[ZIP depicts the propagation loss results for diffecombinations of horizontal ori-
entations for the x 2 cm? electrodes with 1 cm electrode separation. We recall tleaethre
two orientations, i.e. the longitudinal and the transveirsaoduced in SectiofiI12. It can be
concluded that the lowest propagation loss is achieved plyiag a longitudinal orientation for
both the TX and RX side. Moreover, the propagation loss ioatrequal to the noise level of
the measurement system for this electrode dimension arda&Em when the RX has transver-
sal orientation. The reason is that for longitudinal orioin, the direction of the electric field
between the electrode pair is along the arm channel, whitlos effective for the transmission
from TX to RX. For the transversal orientation, the electietd direction is formed on the upper
side of the arm and is not along the arm channel.

As we discussed in Chapf@r 2, this experiment was also dayueby the authors of [10,12].
They also reported that the longitudinal orientation giadmetter results.

Exploiting the results obtained from the previous expernitagthe performance of different
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Fig. 4.12: Influence of orientation of the horizontal couple propagation loss as function of
frequency for2 x 2 cm? electrodes and 1 cm electrode pair on the arm channel (A2A3).

38



combinations of TX and RX electrodes structures are congpdriee comparison result is shown
in Fig.ZT3. For these measurements, the vertical couplex it cm? with 1 cm electrode spac-
ing and the horizontal coupler 2x 2 cm? electrode pair with 4 cm separation and longitudinal
orientation. Both TX and RX are positioned on the arm chartA2A3). The lowest prop-
agation loss results are obtained when vertical coupleusee at the RX. The difference in
frequency behavior is due to the different dielectric materused between the electrode pairs.
PCB material is used between the electrode pair in the huakstructure, while the spacing
of the electrode pair in the vertical structure is filled watltombination of PCB material and
PVC foam, as explained in Sectibn13.3. The RX, which showddwest propagation loss for
a vertical coupler, plays an important role in signal reept Since each node in BCC can act
as both TX and RX, it is reasonable to use the vertical cowgdehe coupler structure for BCC
transceivers.

In the study by authors of [14], [15] and [18], discussed irmagtel2, it was also shown that
the vertical electrode structure yields a superior peréorce compared to using the horizontal
structure.

4.3.4 Influence of body motion

Tests are performed to assess the influence of the oriamtatid movement of the human body
on the propagation loss. The body movement study, as shoWwigifI3, is limited to two
different movements: (i) walking in the room and (ii) stamglin the middle of the room while
moving the arm. FigurEZ415 depicts the measurements sefsulthe test cases when the test
person was sitting on a chair, standing, walking and mouiegarm. The applied coupler size
was4 x 4 cm? and the electrode separation was 1 cm. Overall, the avergigal sittenuation

in the dynamic scenarios is in the same level as static-stgretenarios. However, for the
sitting scenario, an extra 10-12 dB channel attenuatiorbs&iwed compared to the standing
case. This is most likely due to coupling interaction witl tair. Other couplers with different
configuration yield similar results for the same locationtlo® body (see AppendixB.1).
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Fig. 4.13: Influence of coupler structure on propagatios s function of frequency, far x
4 cm? with 1 cm electrode pair spacing and vertically structurad 2x 2 cm? electrode pair
with 4 cm separation horizontally structured and the arrmonbh(A2A3).
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(a) Walking (b) Moving arm

Fig. 4.14: Schematic illustration of the two studied bodyveroent.

The deviation from the mean propagation loss, as depictdeignZI®, is higher for a
moving arm and walking than for sitting on a chair and stagdinhis variation occurs due to
different coupling between the couplers and the body dummyement. For instance, in the
moving arm scenario, first the couplers interact with eatlerovia the arm and the side of the
body. By moving the arm, the coupling through the side of thdybgets weaker, up to the
point that the couplers interact only via the arm. This ressnl a higher propagation loss. This
variation in coupling between coupler and different paftfie body occurs more frequently for
the walking scenario. Therefore, as observed, the stamtdsietion of the walking scenario is 1
dB higher than for moving the arm. The achieved standardatiewi for similar movement and
on other positions on the body is less than 3 dB (see Appéndlx B

Thus, from the body movement results, it is concluded theastgnal level variability due to
the body movement is very limited for BCC. Compared to sinstadies for RF-based WBANS,

Propagation Loss (dB)
B
o

O Moving arm
0O  Wwalking
10} : <) standing
A sitting

i i i i
0 10 20 30 40 50 60
Frequency (MHz)

Fig. 4.15: Influence of body movement on propagation lossiastion of frequency: sitting on
a chair, standing, walking, moving arm férx 4 cm? 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 dewiatf propagation loss as function
of frequency: sitting on a chair, standing, walking, movarg for4 x 4 cm? electrodes and 1
cm electrode spacing on the arm channel (A2A3).

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

As reported by the authors of [24-27], in Chaiier 2, the stehdeviation of the signal is
higher due to the body movement. However, their results Vimited by the "ground scenario”.

The distribution of the variation in propagation due to tleeljpmovement is studied further
in Sectiof&.B.

4.3.5 Influence of arm channel orientation and coupler placig

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

Arm orientation

The results depicted in Fig—4117 are for three different ariantations where the TX and RX
couplers are located on the subject’s arm, the electrodergiions ard x 4 cm? and the elec-
trode separation is 1 cm. These three arm orientations —@ardepointing forward, arm ori-
ented towards the body and arm oriented away from the bodye-staown in FigC48 and
named ArmOrn-I, ArmOrn-ll and ArmOrn-Ill, respectively.

Overall, the average propagation loss is the lowest for #we ¢hat the arm is oriented
towards the body. This can be explained by the fact that @ase@ coupling occurs both through

the arm and through the body. For the other two cases couplairdy interact with each other
via the arm.
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Fig. 4.17: Influence of arm orientation on propagation Iesiiaction of frequency fot x 4 cm?
electrodes and 1 cm electrode spacing on the arm channel4)A2A

Coupler placing

Three different placing for the TX and RX couplers are coesd to assess the impact of the
couplers’ placing on the BCC transmission behavior. Thenngaial for this experiment is to
understand how propagation loss is affected by touchingtluplers in these three different
locations. The locations are depicted in FIg.#.19, whetbeérfirst case the couplers are on the
table and are touched by subject two hands, in the secondloaselbject holds the couplers
above the table while standing near the table. In the thise,cne subject is far from the table
while holding the couplers. These measurements are cothpatbe case where the TX and
RX are on the table without being touched.

The results obtained from these experiments are shown ifgEIg for the3.5 x 5.5 cm?
electrodes, where the electrode pair separation equalséhdrthe TX and RX are located on
Al and A9 on the body, respectively. The propagation lossehin the case that the couplers
are on or above the table differs from the case that the cauple on the body and far from

(&) Under arm sticking forward, (b) Arm oriented towards the (c) Arm oriented away from the
ArmOrn-I. body, ArmOrn-Il. body, ArmOrn-IIl.

Fig. 4.18: Measurement setup to test the influence of armntatien 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 coptdeing on propagation loss.
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Fig. 4.20: Influence of coupler placing on propagation lasfuaction of frequency, fo8.5 x
5.5 cm? electrodes and 1 cm electrode spacing and the A1A9 channel.

the table. It is also observed that the level of attenuatdtDi20 dB less for frequencies below
35 MHz and up to 10 dB less for frequencies above 35 MHz. Thisbeaexplained by the fact
that the formed capacitor not only depends on the perntittesnd conductivity of the human
body and the dielectric between electrode pair, but alss ig#iuenced by the characteristics
of the table which is made of wood with metal base. Thus, wifie frequency behavior and
less propagation loss level are observed for cases nealilee For the case that there are only
couplers on the table, still the attenuation is much highkrs occurs because couplers directly
interact with each other due to their short distance.

As a conclusion, touching the couplers when they are not erbtdy results in different
channel behavior and different propagation loss. Theeefihis will have a serious impact on
the system performance and it should be considered as a kaygier 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 asnartriasion medium is that the
communication is limited to on, or to very close vicinity tfie human body. This characteristic
is very favorable compared to the RF-based WBANS solutisimge our BAN will experience
no interference from other BANs. The system set up in orddimgb out the communication
range of BCC is shown in Fig_4.P1.

To examine the characteristics of body communication aflibdy, the arm of the subject
is placed at different distances from the couplers. FigLZd #lustrates propagation loss mea-
surement results for thex 4 cm? electrodes with 1 cm separation, where the two couplers are
separated 11 cm from each other on a cardboard box. The battdrtop curves represent the
case of the arm touching both couplers and the case of no asenqtr respectively. This results
in a 25 dB loss difference between the two cases. When thesaptaced 1 or 2 cm from the
electrodes, an increase of 7-14 and 14-22 dB, respectigaipserved compared to the touching
case. When the arm is 4 cm above the couplers, the attenusitidnout equal to the case with-
out an arm touching the couplers. The remaining interadbotthese cases is probably mainly
due to direct coupling between the TX and RX couplers, cabgdte relatively small distance
between them.
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Fig. 4.21: Top view of measurement setup to assess the icBuginbody separation on propa-
gation loss. The couplers are placed 11 cm apart and thendest the arm to the couplers is
varied.

By comparing the results of on the body and off the body it isvgh that by placing the
couplers on the body (the majority of) the transmitted digraels through the body. Further-
more, it is concluded from these results that the propagadtiss off the body is much higher
than that close to the body. Hence, the communication rageléeed limited to the vicinity of
the body. This is in contrast to results found for RF solwiarhere the communication range
is typically governed by free space separation. Consetyéim communication range of these
RF systems can be several meters from the body, which wélMikesult in interference between
different WBANS. This property results in a frequency retesgtor of close to 1 for BCC, i.e.
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Fig. 4.22: Influence of body-coupler separation on the pyapan loss as function of frequency,
for 4 x 4 cm? 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, somasm@ments are repeated to test the
results on another subject body and in a shielded (EMC) room.

Different subjects

Figure[4.2ZB depicts the results performed on a differenjestifmale, height= 1.97 m) for the
leg-arm (L2A2) channel with x 4 cm? electrodes, where the electrode separation equals 1 cm.
The behavior of the propagation loss is similar to the resathieved for the other test person,
female, height 1.54 m. An additional 5 dB is likely due to tlitetlence between the length of
the two subjects results in an increased distance betweeiXdfand RX. As we observed in our
previous results, the larger the distance between TX andtfiehigher the signal attenuation.
Similar differences were observed for other measuremenmtshese two subjects. It can be
concluded from this experiment that variation in propagatioss between different subjects

is limited. However, more experiments are required to b&erhrout on more subjects with
different body structures to draw firm conclusion here.

EMC room

Calibration and verification tests were performed in an ENGm. FigureLZ24 shows the
most important results. The result of the back-to-backbcation experiment, as depicted in
Fig.[4:24(@), verifies our result of characteristics of thédutput power. Moreover, as shown
in Figs.[4:24(08)[ 4.24() ar{d 4.24]d), the BCC fundamentaperties that we drew from the
measurements in the conference room are confirmed. Howdnepropagation loss values
achieved from the measurements in the EMC room are not egulétresults achieved in the
conference room. As discussed in Secfiod 3.2, this likelguis to our measurement system
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Fig. 4.23: Propagation loss as function of frequency for diff@rent subjects, for thé x 4 cm?
electrodes and 1 cm electrode spacing on the leg-arm chérzisd).
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(c) Influence of electrode dimension on the propaga- (d) Influence of electrode size on the propagation loss
tion loss as function of frequency, for 2 cm electrode as function of frequency, fot x 4 cm? electrode di-
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Fig. 4.24: Verification results for the back-to-back caitfoon, TX and RX coupler locations,
electrode dimensions and electrode pair spacing in the Ed@\r

architecture. Since at the RX the power at each frequencyegrated 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 eqgrigis might affect the performance
of BCC systems. Therefore, experiments have been perfotmeldaracterize the interference
and examine its influence on BCC. Figlire3.25 shows the measunt results for four different
test cases, as discussed in Sedfioh 4.2, in the lab room gimeth Campus 37, floor 5, room
5.024.

The bottom curve depicts the result when the probe is notexed to the spectrum an-
alyzer, showing the lowest possible level that can be medsult is observed that when the
subject is located in the middle of the room, the interfeeeiscalmost equal to the baseline.
However, when the subject is near a monitor or other measmeeguipment, or when the sub-
ject places the arm above a table with metal base, the inteide severely increases. This can
be explained by coupling of these devices to the body andetadhipler and the low frequency
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Fig. 4.25: Measured interference power for different measents locations in the lab room.

interference they induce. The table acts as "antenna" foces of interference and in turn cou-
ples this to the electrode and body. This subsequentlytsasutigher interference. It was found
in Sectior 4B, however, that the desired signal also ise®ahen the arm is placed above such
a table, making the final impact lower.

More measurements have been performed in some other logatiche interference char-
acterization is examined by carrying out test cases sirtoléine ones in the lab room. Figures
B-26(a) and 4.26(k) illustrate these results. As can berebdethe results are similar to the
results of the lab room, although in the case of the pantryemariation in spectral properties
of interference power is present. Based on these resultsn@agurements results in other lo-
cations, such as the conference room and the corridor (spendix[B.3), it is concluded that
BCC is susceptible to interference. The integrated powentefference is in the order of —
60 dBm, which is considerable. Moreover, the spectral atarstics of the interference signal
power are very location dependent and its spectral pregsevary a lot within each case.

The interference measurements in [fig. 4.36(b) show thdtsesuthe office room, but on
another subject. From these results and some other expdsime other subjects (see Appendix
B3), it is concluded that the measured interference egpeed by different subjects is almost
similar.

As discussed in Sectidn_B.6, the low frequency behavior efrtieasured interference is
mainly limited by the phase noise behavior of the spectruatyaer. Therefore, to characterize
the interference in these frequencies, some other expetsni@ve been performed. Figure
B26(d) depicts the results performed in the lab room fayfemcies below 2 MHz. As we can
observe, even for the case that the subject is standing mithdéle of the lab room, the level of
interference is much higher at low frequencies. It is cotketlfrom these results that the BCC
channel is specially affected by interference at lowerdesgies.

Due to the varying spectral properties of the interfererme® since the characteristics of
the interference are location dependent, the BCC chansekizeptible to interference. There-
fore, the BCC system has to be designed in such a way that fhexierced interference is
suppressed. Subsequently, it would be beneficial to apptyesadaptivity in the BCC data
modulation scheme, specifically when a wideband systemgbea In that case, the system
can choose the transmission mode that is least impactedbbgdhlly experienced interference.

48



near PC monitor near PC monitor

o o
O middle of room 60 O middle of room |
-7 : : above table H above table
| A no coupler conn. 65 A no coupler conn. | |
= -75 =
g g |
2 _goH g -
H g
8 8 |
§ 851 5 ~fon ]
g 3 Wi
] T -85 “V& ﬂ \ﬁ 4
£ 90 E A MM\/ Wvﬂ/x A A Iy
-90 AL | H‘V /@/ W) Nif \@/
il R
% —95 R A Y
~100 i i i i i ~100 i i i i i
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Frequency (MHz) Frequency (MHz)
(a) In the office room. (b) In the office room another subject.
-65 -45

near meas. equip.
near PC monitor |4

O near coffee machine
O  middle of pantry =50
~704 : . above table il
no coupler conn. -55 |-

—75) W\W
W

middle of room
above table
no coupler conn.

Interference power (dBm)
Interference power (dBm)
4
3

-100 i i i i i —95
0 10 20 30 40 50 60 0

. 1
Frequency (MHz) Frequency (MHz)

(c) In the pantry. (d) In the lab room for frequencies below 2 MHz.

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

This is the subject of ChaptEl 6.

4.4 Summary and discussion

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

It was observed that the BCC channel has a high-pass fregummavior. The frequency
dispersion of the channel is very limited compared to theb@fed WBANS. It was also ob-
served that by increasing the distance between the tramsseain the body, the propagation loss
increases. For almost all the node locations, howevergetret bf propagation loss is well below
80 dB.

From the study of the optimal structure and size of the caupleBCC, it was concluded
that the vertical structure performs superior to the hariabstructure. Also, increasing the size
of the coupler, i.e. the electrode dimensions and the spafithe electrode pair, decreases the
propagation loss. Moreover, it was concluded that 3 cm? electrodes with 1 cm spacing
achieve a nice tradeoff between propagation loss and teeosihe coupler.

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

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

Channel Modeling

5.1 Introduction

The experimental study of the propagation loss in Chdpteodiged us with an understanding
of the behavior of the capacitive coupled on-body channélitsimpact on the system design.
In order to improve our understanding of the BCC channelwehand to better understand the
nature of motion-caused signal amplitude variation, ieguired to model the on-body channel
behavior based on our experimental results. The developektismalso allow us to simulate the
impact of the channel behavior on the BCC system performance

In this chapter, experimental results are used to develogelado describe the average
propagation loss in static body situations and for the tianadue to body movement. In Section
B3, the model for propagation loss characteristics incssdiiations is introduced. Sectibnb.3
discusses how to model attenuation variation due to moveoiehe body. This chapter ends
with the summary and discussions of the results in SeEfdin 5.

5.2 Mean Propagation Loss Modeling

An empirical approach is used to model the measured attenuiaased on the characteristics
introduced in Chaptdil4. Based on our study, it is observatlttie average propagation loss
decreases for higher frequencies and the attenuationh$/ldgpendent on the coupler dimen-
sions and the spacing between the electrodes. Moreoveprdpagation loss increases as the
distance between the TX and RX increases.

Figure[5.1 depicts the mean propagation loss results famtsesurements with the coupler
of size4 x 4 cm? and 1 cm electrodes separation for different locations ertuy. By having a
closer look at the their frequency behavior, it is observed & constant behavior and a linearly
decreasing behavior occur. The frequency at which the anh&tehavior changes is called
corner frequencyf.. Especially for larger distances (e.g. C3L2) the diffeeebetween these
two behaviors is apparent. Studying the other results witlerocouplers and with the other
configurations, as depicted in FI[g. .2, similar frequenelidvior for the propagation loss can
be observed. These investigations allow us to develop agemedel for the mean propagation
loss in dB,L,(f), having the form

A, f<lre
L = 51
oI {A+B(f—fc), f=f &4
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Fig. 5.1: Propagation loss as function of frequency and thpical model for different loca-
tions on the body, for thé x 4 cm? electrodes dimension and 1 cm electrode pair spacing.

with f in MHz. The parameteA represents a fixed propagation loss and the paranBesbows
the slope of the linear equation.

The parametersl, B and f. are obtained as follows. First, paramefgris extracted from
the graph by selecting the frequency at which the propag#bss frequency behavior changes.
Next, the measured data for the bandfpfto 60 MHz which shows a linear decreasing is
extracted. We use a polynomial interpolation approach thdipolynomial which fits to these
sets of data in a least squares sense. This gives us the paraineBy substitutingf. in the
results of polynomial, the parametéris calculated.

The empirical models for different locations on the body ilostrated in Fig[&lL. Figures
B.2(a) and 5.2(b) depict the empirical models for the differelectrode dimension and differ-
ent electrode pair spacing, respectively. Tables 5.1, B3 present the numerical values
achieved forf., A and B for all the results depicted in Figs_b[T, 5.2(a) &nd 5]2¢@gpectively.
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Table 5.1: Best fitf., A and B for different location on the body, fof x 4 cm? electrodes and
1 cm electrode spacing.

fe A B
A2A3 7MHz 555719 -0.23458
A2A4 22 MHz 60.0317 -0.21818
L2A2 25MHz 62.8565 —0.20606
C3L2 25MHz 68.1285 —0.21408

Table 5.2: Best fitf., A and B for different electrodes dimensions, for 2 cm electrodecsa
and the arm channel (A2A3).

fe A B
3.5x5.5cm? 18MHz 49.3206 -0.1924
4 x 4 cm? 25MHz 50.8002 —0.1965
3 x 3cm? 10 MHz  53.28 —-0.1565
2 x 2 cm? 10 MHz 60.1825 -0.17634

Table 5.3: Best fitf., A and B for different electrodes spacings, forx 4 cm? electrodes and
the arm channel (A2A3).

Je A B
2 cm 7MHz  55.9427 -0.1993
lcm 7MHz 55.7419 -0.2346
0.5cm 10MHz 59.8279 -0.2599
0.2cm 20MHz 63.0598 -0.5135

As shown in the table, the parametéris between 50 to 70 dB and its value mainly deter-
mined by the location of the transceivers on the body, thetrelde dimension and the electrode
pair spacing. The paramet@ 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 paimgpdor which B equals —0.5. As
discussed in Sectidn 4.8.3, the construction of this catipldifferent from the other couplers
since the electrode pair spacing is filled only with PCB materPCB material has different
permittivity and conductivity properties and shows diffier frequency behavior. The similar
value of the parametées for the other cases can likely be explained by the fact treatliibdlectric
used between the coupler has the same material and all theates have been carried out on
the same subject. The paramefgichanges between 7 to 25 MHz and its value depends on the
coupler size and its location on the human body. It is alserd@hed by properties of the human
tissue and coupler dielectric.

More propagation studies need to be carried out to find theenéle of environments and
subjects with different body structures on the propagaliies. In addition, the effect of body
locations and coupler positions needs to be investigatee,mo 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 studiednidenstand the variation in signal
attenuation when a person moves. The propagation lossdhienis around the median due to
the body motion (walking through the room and standing whiteving the right hand up and

down, as depicted in Fi§_Z114) are compared with the pramagéoss fluctuation around the

median for a static body (sitting on a chair and standing).
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Figure[5.B depicts the empirical cumulative distributiondtion (ECDF) of the propagation
loss deviation (in dB) from the median per frequency, agatiedjover the whole frequency range
from 100 kHz to 60 MHz for the measured data shown in [Ei1g.J4F sitting and standing the
standard deviation is very small, i.e. below 0.2 dB. For tlevimg arm and standing scenario,
the standard deviations are equal to 0.6 dB and 1.14 dB,ctagy.

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

For the walking scenario for the coupler si& x 5.5 cm? with 2 cm separation, where both
couplers have been placed on the arm, the standard dewedi®around 2 dB. This is because
during the walking the arm of the test person naturally mdeesard and backward, so the
couplers experience varying coupling. Moreover, the disitmmof the electrodes is larger than
the other couplers. Consequently, the coupler experidacgsr variations.

It is also observed that the standard deviation is aroundR fr the test scenario in which
the TX and RX are moving relatively to each other. In this tese, the subject is holding the
couplers such that the TX and RX are on Al and A9 position,aesely, see Fid—412. In the
previous case, the locations of the TX and RX were constéative to each other. However, in
this case, not only the couplers experience different ¢gogpbut also the received signal varies
due to the variation in the distance between the TX and RXs€guently, this results in larger
standard deviation for this case study. Still, even for tlaise the variation is quite limited.

To better understand the nature of the motion fading and tabbe to simulate its impact
on the system performance, the probability distributiothefamplitude of the propagation loss
relative to the median is investigated. To this end, a nunobelistributions, i.e. the normal,
Rayleigh, Rice, Nakagami and log-normal, are considerduksé& distributions are commonly
applied to model fading in RF wireless channels. Note thaRhyleigh distribution is a special
case of the Rice (withv = 0) and Nakagami distributions (witmw = 1). For the modeling,
the data are first split into sets covering 5 MHz of bandwidgihce for larger bandwidths no
coherence was observed. Then the least square fits of tleeediffdistributions are derived to
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electrodes and a 1 cm electrode spacing on the arm channaBjA2
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find the best fit parameters to the experimental data. TheaBilitl-probability (P-P) plots are
used to allow for visual inspection of the goodness of theistrithutions.

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

Weighted least squares

The weighted least square (WLS) method is applied to estithatbest fit parameters of a given
distribution to the experimental data. This approach gitsrto find the parameter(s) of a given
distribution such that it minimize§, i.e. the weighted sum of the squared difference between
the empirical CDF and theoretical CDF. The empirical andtégcal CDF are denoted ()
andg(z, «), respectively.a denotes the best fit approximated parameter{gndx denote the
weights and the experimental data, respectively.

1
w = , 5.2
(ONEI0) 62
6 = > (wlg@a) - f@)) (5.3)

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

In Figs.[5.4 and[&l5, the empirical CDF of the deviation in hmge about the median (in
dB) is compared to the results for the theoretical CDFs femthalking and moving arm scenario,
respectively. The coupler sizedsx 4 cm? with 1 cm electrode separation and the depicted
results are for the arm channel when the TX and RX are locatdd and A3, respectively. The
considered frequency band is 40-45 MHz.

It is concluded that the log-normal, Nakagami and Rice ithistions give a better fit than
the normal and Rayleigh distributions, based on the resiiltdl the sub-bands. This is also
observed from Figg. 3.4 ahdb.5.
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In order to visually inspect which distribution yields thedb fit, it is useful to test whether
the measured data deviates from a straight line. This cawie asing P-P plot.

Probability-Probability (P-P) plot

In a P-P plot, the empirical CDF is plotted against the thiwak CDF. A tight scatter along
a 1:1 line from zero to one indicates that the theoretical Gpproximates the experimental
CDF very well. Thus, the estimated parameters and the ceresiddistribution can be used to
explain the resulting data. This approach is used in thikwmexamine the goodness of fit for
different distributions that were obtained by the WLS aitjon. Figured 56 and 3.7 illustrate
the fit distributions for the walking and moving arm scengri@spectively. The depicted results
are for the measured data corresponding to[Eig] 4.15 anditheasd 40-45 MHz.

As shown in these figures and based on the other results frerothier frequency bands,
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Fig. 5.6: P-P plot:ECDF of the deviation in amplitude (in di8)e to body movement vs. the
CDFs of the best fit theoretical distributions, for the freqoy 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 di®)e to body movement vs. the
CDFs of the best fit theoretical distributions, for the freqay band of 40-45 MHz and the
moving arm scenario.

the log-normal distribution shows a good fit for most of thé-kands, but the Nakagami and
Rice distributions give a good fit for only some of the subdmnTable§5]4 and 3.5 indicate
the best fit parameters that were obtained for walking andmgarm, respectively for different
positions on the body. The disadvantage of this method tsttdaes not show the behavior in
the tail clearly. Overall, for most coupler configuratiomslgositions on the body, the center of
the distribution, from 0.1 to 0.9, is well modeled by all tardistributions. The tails, however,
are also of importance, since they often determine the eaterof the system.

To find the best tail-fit distribution, the fithess of the logamal, Nakagami and Rice distri-
butions has been examined on a logarithmic scale. Thesksrese depicted in Fig§._3.8 and
for the walking and moving arm scenarios, respectively.

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

The log-normal parameter for the results illustrated insH® and’518 arg = 0.94 and
o = 0.06 for walking andy = —0.56 ando = 0.11 for the moving arm scenario. For the
averaged overall 5 MHz sub-bands, the parameters for thidngahnd moving arm scenarios
and for different coupler positions are indicated in TAbE:&nd 5.V .

These developed models are used in system simulations lgzarthe performance of the

Table 5.4: Best fit parameters, walking, 40-45 MHz.
m-Nakagami w-Nakagami v-Rice o-Rice p-Log normal  o-Log normal
A2A3 12.92895211  1.013955246  0.985431139 0.140320009 0.94287  0.054602767
A2A4  11.7647931 1.030163779  0.991118338 0.148230394 0.588879 0.08081267
L2A2 89.75160186  1.004772249  0.999317939 0.052960909 -(070383 0.060175001
C3L2 63.42396655 1.010515103 1.000862191 0.062941308 -1183855 0.296532197
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Table 5.5: Best fit parameters, moving arm, 40-45 MHz.
m-Nakagami w-Nakagami v-Rice o-Rice p-Log normal  o-Log normal
A2A3 59.60878241 1.004942801  0.997861022 0.064828862 —(2%823 0.113943442
A2A4  35.47860057  1.005685118  0.995095421 0.084174439 0.28537 0.063136608
L2A2  42.74647799  1.013925411 1.000429681 0.076870866 —(058%8  0.139419831
A1A9 102.1241171 1.002146539  0.998373071 0.049652378 —(1G6229 0.050535347

BCC system. The mean propagation loss model is simulatech ltanuator and a high-pass
filter. The filter and the attenuator parameters can be sé@nidate different models of coupler
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Fig. 5.8: ECDF (logarithmic scale) of the deviation in arydie (in dB) due to body movement
together with the CDFs of the best fit theoretical distribng, for the frequency band of 40-45
MHz and the walking scenario.
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Table 5.6: Average parameter for the log-normal distridnutiwalking.
I T
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 distrdoytimoving arm.
I T
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 behaviertd the body movement is sim-
ulated by a log-normal fading generator, the parametershi¢hwcan be set for different test
scenarios.

5.4 Summary and Discussion

In this section, models were presented for the propagaties ih static situation and its vari-
ation due to the body movement. To model the mean propagktssn we defined the corner
frequencyf.. The model of mean propagation loss has a different beh&é@mw and above
fe. The level of attenuation is constant for frequencies befpand it is linearly decreasing for
frequencies abové.. It is shown that the parameters of the model depends on ta¢idas of
the transceivers on the body, the size of the couplers amdcthestruction.

A statistical model was introduced for the propagation i@sation about median due to the
body movement. It was shown that this fading is best modeligu aviog-normal distribution.
The results also showed that the fading due to the body mavesmeelatively small compared
to RF body communication.

As seen in in Chaptdll 2, BCC was only statistically modeledheyauthors of [24-27]. In
their study, they statistically modeled the propagatia@s lim static situation and due to walking.
In their results they showed that their data is best modeyea formal distribution. However,
their results are limited due to the "grounded scenario”. rédwer, 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 stifiticalevant population is not
achieved. Therefore, to come up with a quantitative commtusn body channel modeling,
more experiments with different subjects, in differentiemvments and with couplers with dif-
ferent construction have to be carried out. This will allowéfine 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 insidiaua the on-body channel and its
basic properties. This now allows us to design a physicarjayhich is specifically suited
for this channel. Although the channel characteristice aigpact the design of the other open
systems interconnection (OSI) layers of the BCC solutibesé are outside the scope of this
report.

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

Our study also indicated that in BCC the communication rasgimited to the close vicinity
of the human body. This means there is no significant co-alanterference between BANSs.
Consequently, the whole frequency band of approximatelylBia can be reused by each BAN.
This allows one to use wideband baseband modulation teebsiqver the whole bandwidth
of 60 MHz. However, from the experimental results it is aléserved that the interference of
other RF and electronic systems using the band of 100 kHz dH89 makes BCC susceptible
to interference. The spectral properties of the interfegevary and are location dependent.
If not taken care of in the physical layer design, it will linBCC system performance. The
understanding of all of these aspects leads us to come tdableuphysical layer design for
BCC, with high reliability and robustness against intezfare.

The outline of this chapter is as follows. In Sectlon] 6.2, tbguirements for designing a
suitable physical layer for BCC are detailed. The adaptdeespreading scheme, the basis
of our proposed physical layer design, is presented in @€&3. The numerical performance
results for the proposed scheme are presented in Séciiorridlly, Sectiof &5 presents the
conclusions and discussion.

6.2 Requirements and System Design

It is very important that the BCC physical layer is power édfint, provides sufficient data-rate,
is reliable and able to suppress the influence of interfere@isomuch as possible.

To illustrate the influence of interference, consider Eig34which shows the characteriza-
tion of the experienced interference in the lab room. Forctme that the subject was standing
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near the PC monitor, the integrated interference powehimnthole frequency band of 60 MHz
is -56 dBm. In order for the basic BPSK modulation to achiewit arror rate (BER) ofl0~4,
with a propagation loss of 80 dB via the human body, a 32 dBmstrat power is required.
Since this level of power is higher than the standard vala¢ ¢an be applied to the human
body and since it would make the solution very power ineffigiéhis modulation scheme is not
suitable for BCC. Although this is a very simple calculatigrprovides us with basic insight on
how carefully the physical layer design of BCC has to be setec

One of the key requirements for the physical layer design@E€Bs power efficiency, be-
cause the BCC solution needs to be battery fed. Consequéntly TX and RX needs to be
power efficient. To this end, a binary modulation is congdesince it allows for simple TX and
RX implementation. Note that with binary modulation we cél grovide a configurable data-
rate due to the large bandwidth. Also, no power consuminlg figguency front-end is required
due to relatively low frequencies used for communicatiores,< 100 MHz. The solution we
propose is therefore based on baseband modulation.

As mentioned above, the frequency band of 100 kHz to 60 MHxagable for every BAN.
This allows to choose one of the wideband modulation teatasdor the physical design of BCC
over the whole frequency band of 60 MHz. In this work, we sttity use of direct sequence
spread spectrum (DS-SS) to increase the resistance of coizetion against interference. This
is due to the fact that the despreading circuit in the receieés as a spreading circuit for any
signal to which it is not matched. So, if the received sigmallides an interference signal,
then the despreading circuit in the receiver spreads thesference over the whole band and
the subsequent integrator rejects all but a narrow portiothe interference. This increased
interference tolerance is an important motivation for gdir5-SS in our physical layer design
[41].

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

It is important to mention that, the experienced interfeeewill vary since the occupation
of frequency bands by wireless systems is location and tiepernident. The same holds for
EM interference by electrical equipment. Consequentlig litot very beneficial to characterize
the interference on average and design countermeasures tashis average, e.g. to choose a
specific spreading code and apply it to the system to suppitessterference. Thus, a solution is
required which can deal with the locally experienced imteice, in order to reduce its impact.

In this study, we propose an approach that allows the BC@&sysb effectively operate
in different interference environments. The proposed @gghn is based on a cognitive solu-
tion, where the RX of BCC is used to sense the medium when theneh is not used for data
transmission. Based on the resulting observations abeuntarference properties, the system
decides on the suitable spreading code. This spreadingisosigbsequently, applied for trans-
mitting and receiving data. Since in this proposed approlelspreading code is chosen adap-
tively to minimize the experienced interference, it willegred to asadaptive code-spreading.
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6.3 Adaptive Code-spreading

Figurel&.1 shows the block diagram of the BCC physical lagsigh, which applies the adaptive
code-spreading technique. At the TX, to transmit the datryeinformation bith[k] € {£1} is
repeatedV/ times, where: denotes the information bit index aidd is known as the spreading
factor. Then to randomize the repeated information bitsy tire multiplied by spreading code
(chips),c[m] € {£1} of length M/ which results ini[m] in the block diagram, where

dfm] = b[[m /M |]c[ml], (6.1)

and where the operator| denotes the floor function which rounds down to the closeegar.
Finally, the spreaded data are modulated and sent to therhbody with the coupler capaci-
tively coupled to the body and with the return path throughain and environment, as explained
in Sectio . I.ZPR. The transmitted dat&t), with BPSK modulation is

s(t) = Z d[m]p(t — mT), (6.2)
where 1/T, is the chip rate ang(¢) is the chip pulse shape, which is assumed to have unit
energy.

At the RX, the received signalt) is given by

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

wheres; (t) denotes the transmitted signal after propagation throhgtbbdy,n(t) represents

the contributed white noise andt) denotes the experienced interference. First the received
signal is fed into the BPSK demodulator, which consists ob#omed filter (MF) that is matched

to thep(t) chip pulse shape (chip-matched filter) assuming perfeqt symchronization. The
matched filter output sampleém] are given by

ylm| = smr[m]| + n[m] + i[m]
= Ac[m]b[|m/M|] + n[m] + i[m],
where we for simplicity assumed that the channel is linedn gain A. Subsequently, the sam-

pled output of the matched filter is despreaded by the sprgamtide by a so-called despreading
operation, yielding:

(6.4)

ya[m| = y[mlc[m]
= Z%m/MJ]cZ [m] 4+ n[mlc[m] + i[m]c[m] (6.5)

[
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Fig. 6.1: Block diagram of the physical layer communicatimmcepts.
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where we used thaf[m] = 1 and due to the properties of the spreading cafde:] is a noise
term statistically equivalent ta[m]. After despreading, for bit information detection, theadat
is integrated over one symbol period, which yields the feita output:

kM+M—1 kM~+M-—1
Ak = (/M) Y yalm]=(1/M) Y ylm]e[m mod M]. (6.6)
m=kM m=kM

When we call[[&}4) and{8.5), we obtain

kM+M-—1 kM~+M-—1 kM~+M-—1
2k = (/M) > Ab[m/M|+(1/M) > nml+(1/M) > ilm]efmmod M],
m=kM m=kM m=kM
(6.7)
and therefore
z[k] = A blk] + v[k] + w[k], (6.8)

where thev[k] andw[k] are the noise and interference terms, respectively. kyjrth# informa-
tion bit decisionsz[k], are fed into the detector to find the transmitted infornrabds.

As we can see fron{8.6), the despreading accumulation isaqot to the operation of
cross-correlation between the received sigyjat] and the spreading codém| computed on
the k" symbol period. By choosing a spreading code that is not lezte to the interference
i[m], the power of the interference termik] in &8) can be minimized. Thus, the performance
of the system can be optimized.

The best code selector depicted in Fig] 6.1 uses this psopetie RX in order to select the
best code to suppress the interference influence. Thereftien there is no data transmission
occurring, first the experienced interference is studieR)atside. During this time, different
spreading codes from a codebook are correlated with thdeénéace signal in order to find the
code that minimizes the influence of the interference. Thieccan be considered to be most
"orthogonal" to the interference. The way that we measusedttthogonality is by computing:

2

% Z i[m]cj[m mod M]| , (6.9)
m=1

Prj=
wherej refers toj*" code. After applying all the codes out of the codebook, the yialding
the smallesi; is chosen. It is noted that in this algorithm we assume two eggiymunications.
Therefore, after RX does the sensing and finds the proper, &adgorts to the TX which code
is chosen. Basically, the sensing of the medium can be orethdar basis. Since humans are
generally quite stationary, the frequency of this sensi®gs not to be too high. So, regular code
updates in the order of 10s of seconds (or even minutes) iénd his, however, would require
a relatively long considerable sensing time and draw lojzogfer. Hence, another approach is
to only do the sensing and adaptation when the system peafarenis degraded, e.g. when bit
or packet errors occur. In this way, the sensing time woulchbeh shorter, which considerably
saves power.

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

Hoy = { gﬁi _fgv ] , (6.10)
with H; = [1]. The spreading code is selected as a row of this matrix. €[Gik illustrates the
power spectrum of the two Walsh-Hadamard codes for lengdm82128. We can observe from
Figs [6.2(d)£6.2(§) that different codes with the same tenigth have different spectral shapes.
By utilizing the code selection algorithm the code, whichriest "orthogonal” to the locally
experienced interference is selected. Also, by compahadlifferent graphs in Fi§. 8.2, it can
be observed that by increasing the code length the spe@raity of the codes gets sharper.
Consequently, longer codes can potentially minimize therierence more effectively. After
the best code is selected, this code is used for spreadirg afdta at the TX and despreading
the received signals at the RX.

It is noted that the data rate is scaled using codes withrdiifespreading code lengths, i.e.
when the level of interference is low, a short code is usedvameh it is high, a larger code
length is used. The advantage of longer codes is that thagwachetter spectral shaping and
thus yield a better interference suppression at the regéioe/ever, at the cost of sending more
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energy per information bit and a reduced data rate. The ssutned for the time spend in the
cognition part. The longer the cognition period, the betteroptimal code can be selected, but
it also reduces the time that can be spend on data transmasibconsequently reduces the data
rate.

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

6.4 Numerical Results

In order to understand and assess the performance of thesa@physical layer for the BCC
channel, Monte Carlo simulations were performed. To thid, ¢éimle human body channel be-
havior is simulated. Also, the influence of the spreadingecsplectral shape and length are
investigated. Moreover, the performance of the code seteatgorithm is studied. Finally, the
performance of the whole system is studied under white ravisecolored interference.

It is noted that in all our assessments the energy perkhip considered in SIR and SNIR,
so not the energy per information #,. This is due to the fact that we want the final system to
adaptively change spreading code to achieve better peafuren In order to see this reflected in
our system simulation resuliR = % andSNIR = —£<— are calculated, wherd, and I

No+1Ip
denote noise and interference power spectral densityecasgely.

6.4.1 BCC physical layer simulation

Figure[G.B depicts the block diagram of the considered BCgiphl layer simulator. In this
simulator, the attenuator simulates the impact of the lef/¢he propagation loss ("path loss")
through the body. In this simulation the path loss was settalB. The frequency behavior
of the BCC is simulated by a high-pass filter with a corner tieztpy of 25 MHz. The motion
fading due to the body movement is simulated by a lognorntahfpgenerator. The mean and
standard deviation of the log-normal distribution weretee®.67 and 0.1, respectively. The
values for the simulation of the body channel are selectsddan the values of the models in
SectiorL.B.

The block diagram to simulate the behavior of the interfeeeis shown in Fig[C&l4 By
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Fig. 6.3: Block diagram of BCC physical layer simulator.
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Noise LP filter
Noise BP filter
Noise BP filter
Noise BP filter
Noise HP filter

Fig. 6.4: Block diagram for the interference simulator.

changing the filter parameters different spectral profils loe generated. This simulates the
spectral properties of the interference and the time aratitut dependence of the interference.
Figurel&.b depicts five different profiles that have been tisethe simulation of interference in
this study.

-40 T T

—— |nterference Model |

= = = Interference Model Il

““““ Interference Model IlI

‘‘‘‘‘ Interference Model IV
Interference Model V

Power/frequency (dB/Hz)

~100 i i i i i

Frequency (MHz)

Fig. 6.5: Power spectral density of the different intenfee 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 Waidamard sequences of code length
32 are applied at the TX for spreading and at the RX for desjimgeof the data. In this case,
no feedback from the experienced interference is congidend it was assumed that there was
no white noise in the system. Consequently, the transniéais only affected by the on-body
channel and the interference.

Figure[6.6(3) illustrate the BER performance for all theegging codes of the codebook.
The signal to interference ratio (SIR) is defined as the @eeraceived modulated signal power
to the average received interference power,

2
STR(dB) = 10log,y L, (6.11)
O

)

where 02, denotes the average received modulated signal powewAnténote the average

received interference power. It is noted that the powertspledensity (PSD) of the simulated

interference is the same as that of interference model IgritEB. Figur¢ 6.6(&) shows that there
is a remarkable difference in performance of the systemhierdifferent codes. A 24 dB SIR

improvement in the system can be achieved by choosing battheeworst and best code for
interference with this spectral property. This shows tipaéading code3 is most orthogonal to
the interference, therefore the interference at the recé&vbest suppressed with this code.

For the other interference models with different spectralpprties, similar results were
achieved. The codes achieving the best and worst resultdiffgeent for the different inter-
ference profiles and the gain between best and worst codesviadm 8 dB to 24 dB for the
considered interference models (see Appehdix D). Lessigainhieved for more flat spectral
interference profiles. Figufe©.6[b) shows the resultsrtarference model V that was shown in
Fig.[58. For a BER 010~*, 8 dB SIR gain is achieved between choosing the worst codeeor t
best code for this case. This result verifies that for thef@tence with the spectral properties
close to that of white noise, the performance of this metkdadwer.

It is also interesting to compare the performance of theesysor these specific codes with
the average performance for the case of applying a randoeadimg code. Figude8.7 shows
that for interference model | the random code is better thamiorst case. However, still 21 dB
gain is achieved by applying the optimal code to the systemaER of 104, compared to
applying a random code.

6.4.3 Spreading-code length

In order to examine the influence of the code length on theesygterformance, two different

cases are compared. In both cases, only interference ieffehe received signal and no
feedback for sensing the medium is considered. In the fisst study, the performance of the
system applying random code spreading with code length8,&2, 64 and 128 and interference
model | is examined. The results in FIgJ6.8 show 6 dB SIR imenment for a BER ofil0—*

by increasing the code length from 16 to 128. Therefore,gugitonger code while applying a

random code will improve the performance of the system.

In the other case study, two specific code numbers are sgl&ota the Walsh-Hadamard
codebook and the selected codes with different code lerigth,82, 64 and 128 are applied in
the system. The selected codes are the codes which gave tsteanvd the best performance for
code length of 32 and using the interference model |, as shoWwiy.[6.6(a). The worst and best
codes are codel and code3, respectively. Figule 6.9 dépéctssults for these two codes. It can
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(a) Results for interference model I.
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(b) Results for interference model V.

Fig. 6.6: BER performance for code spreading for all codekerWH codebook of length 32.

be concluded from these graphs that using a longer codesyietde performance improvement
for the code which is more orthogonal to the interferencaalign this case study, for a BER of
10~4, 4 dB SIR performance improvement is achieved for codelgyfirm codelength 16 to
128. In contrast, applying the code3 yields 12 dB SIR impnoset. These results are lower and
higher than the result of the average code, respectivatyil&iresults for the other interference
models are obtained. This verifies that due to the sharpetraperoperties of the longer code,
the performance of the system can be more improved. Thiigever, at the cost of sending
more energy per information bit and a lower data rate.

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

book of 128 code length. FiguEe6l10 shows that there is a 28I&Bdifference between the
worst code shape and the best code shape for a BER 6fand interference model |, compared
to 24 dB SIR of codelength 32. This shows that due to the bgfttectral shaping for the longer
code, better performance is achieved. Consequently, tigefacode with the best code shape
should be selected to minimize the influence of high interiee.

—&— Code length 16
= ® = Code length 32
+'@"+ Code length 64 ||
 =+=" Code length 128

_. ‘N, ’ .,
107k H ~;

107E

-40 -30 -20 -10 0 10
SIR (dB)

Fig. 6.8: BER performance for code spreading, random cotkngth 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. (b) Code 3 of the Walsh-Hadamard codebook.

-40 -30 -20

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

6.4.4 Best code selection algorithm

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

In this algorithm, first the interference in the medium issahat the RX when there is
no data transmission. Then the spreading code that is [Hesteal by interference is selected,
by finding the code with the minimal correlation with the riggence. This spreading code is
applied to the system. Figufe6l11 illustrates the perfoaaof the system for different code
selection times, where the interference is simulated riietence model I. In this figure, the
selection time, which is the observation time used to esérttae optimal code, is normalized
by the length of the spreading code. As can be observed, litise is improved by increasing
interference sensing time and an improved performancehis\ad. It also can be observed that

SIR (dB)

Fig. 6.10: BER performance for code spreading for all code¢keé WH codebook of length 128
and for interference model |.
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Fig. 6.11: BER performance in code selection algorithm fffecent code selection times to-
gether with BER performance of code spreading for the randode, for interference model
l.

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

In Fig.[6:11, the performance of the system is also compardait of a system applying a
random code. The results shows that even for the very shecdtss time (equal to the code-
length), 3 dB gain is achieved at a BERXf*. Similar results are observed for interference
profiles with different spectral properties. These resshisw the effectiveness of applying this
algorithm to minimize the impact of the locally experiengstirference.

6.4.5 Noise and interference

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

2
SNIR(dB) = 10log;, ;Tl (6.12)
o*

27
(2 On

whereo?, denotes the average received modulated signal poweraaddo? denote the aver-
age received noise power and the average received inteceower, respectively. The gain at
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Fig. 6.12: Histograms of the selected best code for diffepemiod of interference study, for
interference model I.

the code spreading and selection is defined as follow:
Gain(a) = SNIRRand.code (@) — SNIR code est. (@), (6.13)

wherea denotes the power level of interference to noise in the systghich is between zero
and one. Whem equals zero, the received signal is only affected by theentoise and whea
equals 1 only interference affects the received SighNILR R 1nd.code ANASNIR e ost. dENOLE
the signal to noise and interference ratio (SNIR) for appya random code and the code se-
lection algorithm, respectively. They are calculated fepacific BER value as a function of
The power spectral density of the noise and interferencexfer(0.1 anda = 0.9 is illustrated

in Fig.[613. As we can observe by comparing the two figuregnah= 0.1 the power spectral
density more resembles the white noise, whereasa fer0.9 it is more like interference model

| profile. Figure[G.1¥ depicts the gain @f{6l13) versufor a BER of10~* and codelength 32
and for three different time selections (10,20,100) of thdecselection algorithm. When the
system is experiencing only white noise, ike= 0, no gain is achieved. However, when the
noise plus interference signal is non-white, up to 20 dB gmichieved by selecting the opti-
mal codes. The conclusion to be drawn from this figure is thHamthe system is experiencing
white noise there is no gain, but neither loss in employirmgttoposed adaptive code-spreading
scheme. However, there is a remarkable gain utilizing thig@ach when there is variation in
the spectral properties of the interference. Similar tesare achieved for the other interference
models. Less improvement was achieved for the interferemudel V, as was expected, since
its spectral properties are close to white.
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Fig. 6.13: Experimental power spectral density of whitesea@nd interference signals.

6.5 Conclusion and Discussion

This chapter reviewed the requirements for designing alskaitphysical layer for BCC using
the BCC channel characterization and on-body channel mdgketed on these requirements,
adaptive code-spreading was proposed as basis for the B@xahlayer design. This is an
adaptive solution which minimizes the influence of the lcakperienced interference, which
might effect the BCC system performance. In this solutibe, rnedium is sensed at the RX or
TX and a spreading code is chosen and applied on the TX and Rpfeading and despreading
of the data, respectively. The selected spreading code mmaah correlation with the experi-
enced interference. It was proposed to use the Walsh-Hadaseguences as the spreading
codes. The best code from the whole codebook was selectduelyyréposed code selection
algorithm, to reduce the impact of the interference.

The performance of the proposed solution has been assessgdMonte Carlo simula-
tions. It was concluded from the results that choosing a edtlea minimal correlation with

Gain (dB)

i i i i i i i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 6.14: Performance gain of code selection algorithnsw&ratio between noise and interfer-
ence for different time sensing periods where the systerarisisg noiset interference, for a
BER of 10~* and codelength of 32.
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interference yields a remarkable performance improvemmeghe communication system. Also,
increasing codelength could improve the performance obylséem. However, there is a clear
trade-off between the performance and the data-rate ofytera when considering different
code lengths. Moreover, by increasing a longer code moregygneer information bit is sent
which consumes more power. The results also showed thaeittseng time in order to find the
optimal code is relatively short. It was concluded from thenerical results that this solution
will provide a performance gain when the communicationeysbnly experiences non-white
noise and interference.

In this study, to evaluate the performance of the algoritoriy 5 different profiles were
developed to model interference and for the spreading colgdize Walsh-hadamard sequences
were examined. It should be remarked that more works neetie one on the proposed
approach, both regarding evaluation and code-spreadhese For the evaluation, measured
interference signal could be used to test the performantteeafode selection algorithm. For the
code-spreading scheme, codes other than Walsh-Hadandesd aod other selection algorithms
need to be studied.

Other methods to create different transmission modescgié in this context can be in-
vestigated. One of the possible solutions is frequency ingppvhere the hopping sequence
is adjusted based on the experienced interference. Freigsenith considerable interference
could for instance be used less often in the sequence orahfiiim the hopping sequence. This
solution, in some sense, is similar to the proposed schewresdme low data rate application,
however, it might be beneficial to design a narrow band swiyte.g. based on frequency shift
keying (FSK). This enables the use of narrow band electsoait can potentially reduce the
power consumption and the interference susceptibility.

In Chaptel R, different modulation schemes for BCC develdpe other groups were pre-
sented. In most of these works, narrow band modulation wgsoged for the BCC modulation
scheme. However, none of these investigations other theanrtes by authors of [28-35] con-
sidered the influence of the interference on the BCC chammelratheir system design. The
authors of [34] proposed adaptive frequency hopping (AFHa a&olution in order to combat
interference. In their solution they claimed that AFH capiove 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 @gogr for WBANS to intercon-
nect the devices which are on, or in the close vicinity of, laenan body. The applications
considered are in the domains of consumer lifestyle andhezak. In order to obtain a better
understanding of the basic principles and properties of BB€ characteristics of the on-body
channel communication have been experimentally invesiigen this work. For this purpose,
a dedicated measurement system has been developed whidfaigd from the earth ground.
This way, it is ensured that the studied channel is only titylebhannel as experienced in actual
WBAN:S.

In the first part of this work, measurement results are ptesdhat characterize the influence
of coupler design, coupler position and body movement orsiipeal propagation loss for the
frequency band of 100 kHz to 60 MHz. Furthermore, variousexpental results are presented
that to some extent characterize the influence of interéeren

The results show that the on-body channel signal transfiemfe a high-pass like behavior,
which depends on the dielectric properties of the humandisdielectric properties of the mate-
rial between the electrode pair, the coupler size and thardie between TX and RX. Moreover,
it was found that the channel dispersion is very low compé#oetie results of wireless RF so-
lutions. Measurements have also shown that the propaglatésnincreases by increasing the
distance between the couplers interacting with each o#fgrpugh for almost all node loca-
tions, the propagation loss is well below 80 dB. The commatioo range of BCC has been
shown to be limited to the close proximity of the human bodhergfore, there is no signifi-
cant interference between different WBANs and the wholguescy band can be reused by all
WBANS.

From the study on the coupler form factor, it is concluded thereasing the size of the
coupler, i.e. electrode dimensions and electrode spacguyces the propagation loss. This
can likely be explained by the fact that by increasing theetigions, the formed capacitor
between the body and the electrode gets larger and thusasdnare electric field to the body.
Additionally, by increasing the electrode spacing the fedncapacitor between two electrodes
gets smaller, which results in lower impedance between ti@msequently, more electric field
can be induced to the body. Therefore, regarding the codiptar factor, there is a tradeoff
between the receiver sensitivity and the node size. In thdysit has been concluded that the
coupler of3 x 3 cm? and 1 cm spacing achieves a nice tradeoff between propadatie and

77



size of the BCC node.

Body movements result in a higher variation in attenuatiompgared to the static situation.
A possible explanation might be the capacitive couplinghef ¢lectrodes to the other parts of
the body while moving, resulting in decreased loss for aageperiod of time. However, from
the results of body movement, it has been concluded thatatiation in channel attenuation of
BCC is very small and the maximum observed standard dewigiless than 3 dB.

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

In the second step, models have been developed based orp#reental data to describe
the behavior of mean propagation loss for static body siinatand also to describe the propa-
gation loss variation due to the body movement. These mguelsde us with information for
the system design for reliable data transmission and receiehniques to compensate for these
impairments. The mean propagation loss for the static miogelbeen shown to have a linear
behavior with frequency. Moreover, it is shown that the alerattenuation reduces at higher
frequencies due to the dielectric properties of the hunssués and the materials between the
electrode pair. Regarding the body movement, log-normakagami and Rice distributions
gave a good fit to the propagation loss variation in the cesftdre distribution from 0.1 to 0.9.
But since the log-normal distribution showed the bestfiatb the measured data, the propaga-
tion loss fading due to the body motion was modeled by thenlmgral distribution.

Finally, based on the knowledge of the channel charadt=iand interference properties,
we developed a solution for an energy efficient physicalrayéhe proposed adaptive code-
spreading scheme allows to effectively reduce the impattteoéxperienced location dependent
interference. Itis based on varying the spreading code sdtesing the channel and interference.
A code which was less correlated with the interference wase as the spreading code. The
performance of this solution was assessed by Monte Carlolaiions. The Walsh-Hadamard
sequences were proposed as spreading codes. It is condlodedhe results that the code
which was selected by the code selection algorithm as thimaptode could improve the per-
formance of the system compared to applying a random codeeder, it was shown that the
sensing time of the channel in order to find the optimal codeery limited. The numerical
results also showed that applying a longer code yields amietierference suppression due to
its better spectral shape. However, this reduced the deakaally, it was concluded that the
adaptive code-spreading provides performance gain whesystem is experiencing non-white
noise and interference.

In this work, the propagation loss values are similar to¢hasserved for RF-based WBANs
in previous literature [6]. However, due to the much lowariea frequency, the lower channel
dispersion and the much lower fading due to body movemeng B&h result in a much simpler
and more robust communication solution with a low power aomgtion, compared to traditional
RF-based WBANSs. Hence, this leads us to the conclusion t&& B 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 én wrénhance the understanding of
the experimentally observed behavior of the on-body chanimethis section, some sugges-
tions are made for future experimental investigations taratierize the BCC channel. Also,
recommendation will be made about the future work on BCGesystand physical layer design.

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

In the current investigation, experiments have been peddrin a conference room and
EMC room. The influence of other environments like outdoarsB&€C needs to be investi-
gated. Moreover, in this study the locations of coupler ardtéd to seven locations. More
measurements on other locations of the body need to be dtueiethermore, only two types of
movement have been considered to understand the influetoelpfmotions on BCC. It would
be interesting to perform more experiments on the body mewnihe case could be investi-
gated in which not only the body, or one part of the body, is imgVut in which also the TX
and RX are moving relatively to each other.

For further experimental study, more measurements neelgs ttone on different subjects
with different body structure. Also, different dielectritaterials between the electrode pair need
to be examined. These investigations provide us with a mlear cnderstanding of the influ-
ence of permittivity and conductivity of the body and coupd@lectrics on the signal transfer
behavior.

Consequently, such further refined understanding wilhalbme to come to a more reliable
channel model, e.g. the introduced parameters in our pegposdel can be function of the
coupler size, the coupler locations, the environment anattire of the body. This also allows
for a more reliable physical layer design based on theseeptiep.

Moreover, it is expected that one of the applications of BC@ly be for two persons
exchanging data by touching. From the application pointi@ve.g. healthcare application, a
nurse can touch the patient and read all the vital signs or BEe@&surements, blood pressure
on a mobile device. Thus, further research is needed totige¢s the interaction between BCC
transceivers on two different bodies.

Regarding the physical layer design, more study needs tceldfermed on the proposed
adaptive code-spreading solution. Some other selectguoridims and codes other than Walsh-
Hadamard codes are to be investigated in order to improverthieosed scheme. Also, more
tests needs to be done to assess the scheme, e.g. measenfedeimte can be used for the sys-
tem performance evaluation. Moreover, alternative apgres for physical layer design are to
be studied. One of the applicable solutions for BCC is fragyédnopping, where the hopping se-
quence is adjusted based on the experienced interferdrisaldo beneficial to design a narrow
band solution, e.g. based on FSK, to reduce the interferemeeeptibility. Furthermore, an in-
vestigation needs to be performed to come to a low cost angdover solution implementation
for the proposed physical layer scheme.

In this work, we proposed a solution for the BCC physical fdy&sed on the BCC channel
characteristics. Also, studies need to be performed inrdaddesign the other layers such as
MAC layer or network layer with optimized solutions basedtba fundamental properties of
the BCC channel.
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Appendix A

Coupler Locations and Test Methods
Tables

As discussed in ChaptEl 4, different parameters need tauldesdtin order to characterize the
BCC channel experimentally. One of the parameter is thelist between the TX and RX
on the body considering different usage scenarios. To exarhie influence of the couplers
locations on the on-body channel behavior, different TX &Xllocation combinations have
been considered. TallleA.1 lists the possible combinatibtize TX and RX on the body. Table
A indicates the combination of the test parameters that haen applied in this work.

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

Al A2 A3 A4 A5 A6 ATABAO9HCLPLSW
A2 A3A4AS A6GA7TABAOHCLIPLSW
A3 A4 A5 A6A7TABAOHCLIPLSW
A4 A5 A6 ATABAOHC1PLSW

A5 A6 A7TABAOHCLPLSW

C1 HA1A2 A4

C2 ALA2A4C1L5PC3W

C3 HALA2A4Cl1L5PW

C4 A1LA2A4C1C3L5PW

w1 Al1A2A4C1C3L5PW

w2 ALA2A4C1C3L5PW

W3 Al1A2A4C1C3L5PW

w4 ALA2A4C1C3L5PW

L1 HL2L3L4L5A1 A2 A4

L2 HL3L4L5A1A2A4

L3 L4 L5 A1 A2 A4

L4 L5 A1 A2 A4

L5 HA1A2 A4
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Table A.2: Overview combinations of test parameters.

TX Location Al A2 A2 C3 L2
RX Location A9 A3 Ad L2 A2
TX:2x2cn? TX: 2x2cn? TX: 2x2cn? TX: 2x2cn?
RX: 2x2 cm? RX: 2x2 cm? RX: 2% 2 cm? RX: 2x 2 cn?
Sep.: 2cm Sep.:2cm Sep.:2cm Sep.: 2cm
TX:3x3cn TX:3x3cn? TX:3x3cn? TX:3x3cn?
TX: 2x2 cm? RX: 3x3 cm? RX: 3x3 cm? RX: 3x3 cm? RX: 3x 3 cn?
Coupler size RX: 2x 2 cn? Sep.: 2cm Sep.: 2cm Sep.:2¢cm Sep.: 2cm
Vertical Sep.: 2cm Sep.: 0.2cm Sep.: 0.2cm Sep.: 0.2cm Sep.: 0.2cm
Orientation TX:4x4cn? | Sep.:05cm| TX:4x4cm?® | Sep:05cm| TX:4x4cnm® | Sep.:05cm| TX:4x4cm® | Sep.0.5cm
RX: 4x 4 cn? Sep.: 1cm RX: 4x 4 cn? Sep.: 1cm RX: 4x 4 cn? Sep.: 1cm RX: 4x 4 cn? Sep.: 1cm
Sep.:2cm Sep.:2cm Sep.: 2cm Sep.: 2cm
TX: 3.5x5.5 cn? TX: 3.5x5.5 cn? TX:3.5x5.5cn? TX: 3.5x5.5 cn?
RX: 3.5x5.5 cn? RX: 3.5x 5.5 cn? RX: 3.5% 5.5 cn? RX: 3.5x5.5 cn?
Sep.: 2cm Sep.:2cm Sep.:2cm Sep.: 2cm
Sep.: 1cm Sep.: 1cm Sep.: 1cm Sep.: 1cm
Coupler Size TX: 2x2 cn? TX: 2x2 em? Sep.: 2cm TX: 2x2 em? Sep.: 2cm TX: 2x2 em? Sep.: 2cm TX: 22 ont Sep.: 2¢cm
Horizontal RX: 2x 2 cn? RX: 2x2 om? Sep.: 4 cm RX: 2x2 om? Sep.: 4 cm RX:2x2 em? Sep.: 4cm RX: 2x2 em? Sep.: 4cm
Orientation Sep.: 1cm TX: 3% 3 cn? Sep..1cm | TX:3x3cn? Sep..1cm | TX:3x3cn? Sep..lcm | TX:3x3cn? Sep.: 1cm
RX: 3x 3 cn? Sep.: 3cm RX: 3x 3 cn? Sep.: 3cm RX: 3x 3 cn? Sep.: 3cm RX: 3% 3 cn? 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

Skin Contact

Direct Contact

Direct Contact

Direct Contact

Direct 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




Appendix B

Measurement Results

This appendix reports additional results from the expenimlestudy of the BCC channel charac-
teristics. First the results of the measurement that haga performed in the conference room
are depicted. Next, the results for the EMC room are showmallyj the results of interference

experiments are depicted.

B.1 Conference room results

This section shows the results of the measured data for tleatit coupler locations, coupler
dimension, coupler spacing and body movements in the caméerroom. FigurdsB.1 abdB.2
show the coupler size influence on the propagation loss. r&BB show different coupler

locations results for four couplers sizes. Finally, FigliEe4 [B.® andB18 show the influence of
the body movements on propagation loss.
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Fig. B.1: Influence of electrode dimension on the propagdtss as function of frequency, for
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B.2 EMC room results

This section shows the results of the measured data for tfeeatit coupler locations, coupler
dimension, coupler spacing that have been carried out IEME room.
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Fig. B.10: Influence of transceiver locations on the profiagdoss as function of frequency.
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B.3 Interference results
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Fig. B.13: Measured interference power for different measients locations in the corridor.
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Fig. B.14: Measured interference power for different measients locations in the conference
room.
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Appendix C

Results of channel modeling

This section shows additional results of the modeling oBG& channel due to the body move-
ment, i.e walking and moving arm. In Chapfdr 5 the ECDF of thmlaude variation was
compared to the best fit theoretical distributions for 40Mt3z sub-band and the arm channel
(A2A3). Figured Tl an 3.2 depict the ECDF of the measuré¢a alad the best fit theoretical
distributions for the moving arm and walking, respectivdliiese results are for the subbands 5-
10 MHz and 35-40 MHz and for the arm channel (A2A3). Figlired &hd C. % show the ECDF
of the measured data and the best fit theoretical distribsitfor the arm channel and leg-arm
channel, respectively. These results are for the subbahds MHz.
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Fig. C.1: ECDF (logarithmic scale) of the deviation in aryadie of propagation loss (in dB) due
to body movement together with the CDFs of the best fit théaledistributions, for moving
arm scenario and arm channel (A2A3).
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Fig. C.4: ECDF (logarithmic scale) of the deviation in artyalie of propagation loss (in dB) due
to body movement together with the CDFs of the best fit th@aledlistributions, 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 agapbde spreading scheme. Figs.
0.7, [02 and DB depict the performance of the BCC system lfdha Walsh-Hadamard se-
guences and a random code for interference model Il, Il &hdekpectively. Figs[DI4, D15,
b9 andD¥ show the performance of the code selection dtgorfior different time sensing pe-
riod for interference model Il, Ill, IV and V, respectivellginally, the histograms of the selected
best code for different periods of interference study apevshfor interference model 11, 111, IV
and Vin Figs[DB[DMX, D10 afldD N1 , respectively.
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Fig. D.1. BER performance for code spreading for all codehénWH codebook of length 32
and a random spreading code, for interference model 1.

103



-40 -30 -20 -10 0 10
SIR (dB)

Fig. D.2: BER performance for code spreading for all codethénWH codebook of length 32
and a random spreading code, for interference model 111

codell
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Fig. D.3: BER performance for code spreading for all codethénWH 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 féfiedent code selection time together
with BER performance of code spreading for random code in YHnterference model Il.
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Fig. D.5: BER performance in code selection algorithm féfiedént code selection time together
with BER performance of code spreading for random code in YHnterference model lIl.
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Fig. D.6: BER performance in code selection algorithm féfiedent code selection time together
with BER performance of code spreading for random code in YoHnterference model IV.
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Fig. D.7: BER performance in code selection algorithm féfiedent code selection time together
with BER performance of code spreading for random code in WHnterference model V.
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(a) Histogram of the best code of 1 selection time.  (b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time. (d) Histogram of the best code of 100 selection time.

Fig. D.8: Histograms of the selected best code for diffepgariod of interference study, for
interference model II.
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(a) Histogram of the best code of 1 selection time.  (b) Histogram of the best code of 5 selection time.
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(c) Histogram of the best code of 10 selection time. (d) Histogram of the best code of 100 selection time.

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

Fig. D.10: Histograms of the selected best code for diffepaniod of interference study, for
interference model IV.
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(a) Histogram of the best code of 1 selection time.

(c) Histogram of the best code of 10 selection time.
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(b) Histogram of the best code of 5 selection time.
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Fig. D.11: Histograms of the selected best code for diffepamiod of interference study, for
interference model V.
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