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Abstract

Body-centric wireless communication systems (BWCSs) whimitmect electronic de-
vices placed at various parts of the human body are key coempeiof future wireless
systems. Recently a lot of research has been focused on theSBkviie scope of a
wireless personal area network (WPAN) and a wireless bodyragtwork (WBAN).

Comprehensive channel knowledge and accurate channelsrarddhe basis of an
optimized system design. The human body influences to tlemaas and propagation
channels have been deeply investigated in mobile commiionsssince the start of the
1990's. However the body effects in the BWCS is different imesal aspects. Firstly,
the frequency band of the mobile communication systemsigdenl and2 GHz while
the BWCS may operate on higher frequencies alio@Hz and on an ultra-wideband
(UWB) frequency band betweehl and10.6 GHz. Secondly, the radio links in the
mobile communication are mainly outdoor-outdoor and imématdoor channels. On
the other hand most BWCSs target on indoor short rargé0im in WPAN, < 2m in
WBAN) radio communications. Furthermore, the devices inBNM¢CS can be much
smaller than a handset and placed on a variety of body posititherefore, the BWCS
channel requires further investigations.

This thesis focuses on the characterization and modelibgtbf\WWPAN and WBAN
radio channels.

Body shadowing plays a key role in short range body-to-bagraunications since
received signal is attenuated significantly due to bodyKkage. A correlation based
stochastic model with correlated shadowing (CBSM-CS) fodybto-body multiple-
input multiple-output (MIMO) radio channels is proposedéd on channel character-
izations derived from a series of channel experiments. Thdemintroduces a shad-
owing matrix to represent unbalanced and correlated bodgishing effects. To the
authors’ knowledge, this is one of the first MIMO channel msdecluding the body
shadowing effects in open literature. It is disclosed thatd®wing standard deviation
is dominant to the ergodic capacity while shadowing coti@ta between the antennas
significantly affect the outage capacity.

The UWB is a promising technology for the on-body BWCS. The UWBbody



channel is characterized and modeled in indoor radio emriemts based on experi-
ments performed with walking users ahg different device on-body positions. The
channel wideband power varied by up2@dB and the channel mean rms delay spread
ranged from5 to 20 ns at the various device positions. To separate the prapagat
around the human body from the propagation in the surrogneiivironment, the first
cluster of the measured channel impulse response waselbteeparated from remain-
ing clusters and characterized. A UWB channel model for thbaay BWCS working

in indoor environments is proposed. The model uses a jointogeh to generate and
combine the propagation around the human body and in thewsuding environment in
the delay domain. The proposed model is one of a few existtBWWBAN channel
models taking the environment propagation into consid@ratSince the model uses
available UWB indoor channel models to generate multipaths fenvironments, it
can be adapted to specific environments by applying differeailable models.

The spatial correlation properties of indoor WPAN UWB-MIMGarimels are also
presented and analyzed. The investigation was based onahaeasurements of ra-
dio links between an access point like device and a walkieg with a hand-held or a
belt-mounted device. It was found that the channel showsadarrelated wideband
power, and spatial uncorrelated complex channel coeftiiarboth the time-frequency
and time-delay domain. While the ergodic capacity was clogkd independent iden-
tical distributed (1ID) Rayleigh channel capacity, th& outage capacity dropped ap-
proximately25% due to the signal shadowing introduced by the user bodissgtjests
that body shadowing plays an important role in the WPAN UWB-NMlMhannels.

The channel characteristics and modeling parameters gedgo this work are spe-
cific to our measurement campaigns. However, the methoyalag easily be repro-
duced and the models can be extended to different conditidresefore, more channel
experiments in different environments, with differenteama types and in different end-
user scenarios are highly encouraged and recommendedécagjea the contributions
of this thesis.
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Introduction

1 Background: body-centric wireless communication sys-
tems

Convergence and personalization are two essential canoéfiture wireless commu-
nications. Emerging body-centric wireless communicasgstems (BWCS) are key
components to make them happen [1].

A wireless personal area network (WPAN) and a wireless boely metwork (WBAN)
are often used to refer to the BWCS. The concept of the BWCS isrsiFigure 1.
Three BWCS application scenarios, health monitoring [2w8arable computers [5]
and motion detection [6, 7], are illustrated. For all thelaggions a common scenario
is that a number of sensors, e.g. health monitors, compotaponents and motion
detectors, are distributed to a variety of on-body pos#j@nd connects with a central
device such as a personal digital assistant (PDA) for fupthecessing and communica-
tions with other systems. When the central device is placai®same person wearing
the sensors they form a WBAN. The central device connectsdthanperson or other
fixed devices with which a WPAN is established. In some casesdhsors may connect
to the other person or the fixed devices directly, e.g. wheyna igstructor monitors
physical condition information sent by the body sensorsmiedion an exerciser.

According to the locations of the devices, the BWCS can besiflad into three
categories: off-body, on-body and in-body communicatigstems [8]. This thesis
focuses on the channel characterization and modeling afftHeody and on-body sys-
tems. The scopes and interconnection of the WPAN/WBAN andmffi body BWCS
are summarized in Fig. 2.
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Figure 1: lllustrations of WPAN/WBAN applications (ECG: Electrocandram, IBG-Meter: Intelligent
Blood Glucose Meter)
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communications between ott-body devices

Figure 2: The scopes and interconnection of the WPAN/WBAN and off/obtidy BWCS
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2 Objective

The development and optimization of any wireless systerairesi comprehensive ra-
dio channel knowledge and accurate channel models. Alththeyhuman body influ-
ence to the antennas and propagation channels has beey itweptigated in mobile
communications, the BWCS is different from the mobile comioation systems in op-
erating frequency bands, communication ranges and emagots and device size and
on-body positions. All these differences may change thermblacharacteristics and
require new investigations of the BWCS channel.
In this thesis we contribute to the following issues:

0 How to characterize and model body-to-body radio chanmethe presence of
body shadowing

0 What is the potential gain of implementing multiple anteninate body-to-body
communication

0O How to model ultra-wideband (UWB) WBAN channels in indoor eoviments

0 How much UWB WPAN systems can benefit from multiple-input andtiple-
output (MIMO) transmission systems



3 Outline

Section 4 to Section 6 in Part | are summaries and discusiassd on a number
of reported/submitted papers. In each section, the problefmition, motivation and
obtained results are related to one or two papers listedrinPa

Section 4 reviews the characterization and modeling of tlily4io-body radio chan-
nel. The body shadowing is identified as a key phenomenoreioffidbody communi-
cation. The potential gain of using multiple antennas tagate the body shadowing is
analyzed. One of the first MIMO channel models including tbhdybshadowing effects
is proposed. Detailed results of the body-to-body chantoeliss were reported in the
following two papers

[Paper A ]1Y.Wang, B. B. Ivan, J. @. Nielsen, I. Z. Kovacs and G. F. Pedear “Char-
acterization of the Indoor Multi-Antenna Body-to-Body RadChannel”,IEEE
Transactions on Antennas and Propagation Special Issueooly-Bentric Wire-
less Communicationgsubmitted, Jan 2008)

[Paper B ]Y. Wang, J. &. Nielsen, |. Z. Kovacs and G. F. Pedersen, “MIdiannel
Modeling for Body-to-Body CommunicationsIEEE Transactions on Wireless
Communications(to be submitted, Aug 2008)

Section 5 focuses on the investigation of the UWB WBAN chaniak effects of
body proximity on antennas and propagation channels arenswized in this section.
Based on the state of the art a summary of the current UWB WBANra#anvestiga-
tion results is provided. The methodology and advantagesoofeling the propagation
around the human body and the propagation in the surrourgiivigpnment separately
are presented. Details of the proposed UWB WBAN channel madebe found in the
paper

[Paper C ]Y. Wang, I. Z. Kovacs and G. F. Pedersen, “Characterizagioth Model-
ing of UWB WBAN Channel in Indoor EnvironmentsfEEE Transactions on
Antennas and Propagatioifto be submitted, Aug 2008)

Section 6 is devoted to the channel investigation of UWB-MIg@tems which
have obtained increasing research interests recentlyiviioins and potential gains
of combining the UWB and MIMO for WPAN applications are presehtCurrent re-
search results on spatial correlation and channel capa@tgummarized. This section
is related to the paper

[Paper D ]Y.Wang, I. Z. Kovacs, G. F. Pedersen, and K. Olesen, “Sph@&ovarelation
of PAN UWB-MIMO Channel Including User Dynamicsh EURO-COST 2100
Duisburg, Sep 2007
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Section 7 is for conclusions. Major results and findings efttiesis are summarized
in this part. Some discussions and directions for futurekveoe also introduced.



4 Body-to-body WPAN channels

In the context of the WPAN the body-to-body communicationsidared in this study is

a short-range (¥0m) radio connection between small or medium size deviceswedworn
on different persons. It is a special form of the off-body BW@$plications of the
body-to-body radio communications can be found in Section 1

4.1 Body shadowing in the body-to-body channel

For the off-body radio communication working in the micrasdrequency band, it is
well known that the human body causes a deep null in the aatpatiern since the
electromagnetic wave at this frequency can not penetradbeigh the body. When the
dominant propagation path, e.g. line-of-sight (LOS), igraéd with the direction of the
null, the average received signal power will be significanéduced. This attenuation
is referred to as the body shadowing.

In the mobile communication the changes of the antennarpatiige to the body
proximity and body shadowing have been investigated forsyf-12]. In the BWCS
the body induced pattern variation was also measured imtgears ab.2 GHz [13]
and at a UWB frequency band [14]. The two systems are diffemetthé operating
frequency bands and the communication ranges. Also in the BINELOS often exists
which is not the case in the mobile communication. These rntakbody shadowing in
the BWCS requiring further investigations.

It should be noticed that in literature the term of the bodgdsiwing is also used
to represent the signal attenuation when a human body mote@ghie LOS of a com-
munication channel [15-17]. The difference between thegwenarios are illustrated
in Figure 3. To distinguish between the two scenarios, is shidy the signal blockage
due to the human body which moves into the LOS path betweemartiitter (Tx) and
a receiver (Rx) is called body obstruction, and the body siaty is dedicated to the
body blockage in the off-body communication in particular.

Compared with the body obstruction, the body shadowingrsoat inevitable in
the BWCS with moving users. Furthermore since the distantedss the antennas
and the bodies is much closer the body shadowing will blogkads in a region with a
wider angular spread. In addition the effects of the bodyrabton are only significant
when the body block the LOS path, while the body shadowing edsises considerable
signal variations in non-LOS (NLOS) channels as shown ipfP&] and [18].

Therefore the body shadowing is a key phenomenon in theaaffrbommunication.
It is even more critical for the body-to-body channel sinoe body shadowing of the
body-to-body channel can be much larger than the shadowitigeichannel between a
body and an access point (AP) [18, 19].
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® Body-Worn /
Belt-Mounted
Device

Access Point

Body Obstruction

Figure 3: An illustration of the difference between the body shad@axnd body obstruction

4.2 Joint modeling of the fading and body shadowing

Conventionally the shadowing is considered as a large= steannel phenomenon which
is constant in a local area, and usually modeled as a powigtiear around the local
mean of the channel gain. In this case the evaluations obbaskeand antenna systems
are based on small-scale fading characteristics, and #tosling is considered in link
budgets. The shadowed fading channel studies are onlyssydsr the systems with
stationary transmitters and receivers which do not expeéenore small-scale fading
states than the shadowing states [20] and for large scadstigations in cellular sys-
tems [21].

In the off-body, especially the body-to-body channel, tbeyoshadowing usually
changes during a fraction of a second or several seconds@b8kequently the changes
in channel power due to the body shadowing and small-scdledaare difficult to be
separated especially when people change their relatieatations frequently. There-
fore joint modeling of the shadowing and fading becomes &swty in the body-to-
body communications.

4.3 Body shadowing investigation approaches

As stated in the previous section, the body shadowing anshttadi-scale fading vary si-
multaneously in the body-to-body channel and it is diffitalseparate them. A number
of approaches for the body shadowing investigation are sanaed as follows,

e Antenna pattern based approaches

Since the body shadowing is induced by the variation of ardquatterns, the in-
vestigation of the antenna on-body radiation patterns isagghtforward method
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to study the body shadowing. The on-body patterns can beéneltdy simula-
tions [Paper A] [13] or measurements [12]. The advantagéisfapproach is
the accurate quantization of the body effects in all theatioes. However to
model the body shadowing in indoor environments the siredlair measured
patterns need to be combined with indoor channel models asichy tracing,
geometrically-based or parametric-based channel models.

e Channel measurements with separated fading and shadowing

Instead of investigating the variation of the antenna pastethe body shadowing
can be obtained by channel measurements in indoor envirtsmEne measure-
ments need to be carefully elaborated in order to sepamatading and the body
shadowing. Similar approaches were used in [Paper A] arid [1 &is two stud-
ies a number of channels were measured within a small arewitéimthe same
test person orientations. Several orientations were medsua the same manner
at each measurement location. For each orientation thd-sp@é fading was
removed from the measured channels by averaging in theabpaiti/or frequ-
ency domain. During this process the variation of the chegam among the
different orientations was preserved. Since it is the bdddswing that changes
the channel gain the statistics the body shadowing can leeddny analyzing
the channel gain variation.

e Channel measurements with joint fading and shadowing

The method presented above is able to separate the fadirntgebddy shadow-
ing during the channel measurements. However the testpeeisve to behave
in an artificial manner which is very different from real ligeenarios. Given
the assumption that the compound shadowed fading charltosv$oa predefined
statistics, it is possible to derive the body shadowingsites based on the mea-
sured shadowed fading channel by post processing. In tisheameasurements
can be performed in a more free manner. In [Paper B] the chameasured
with test persons changing their relative orientationgicoous was assumed to
be Rayleigh-Lognormal distributed according to the chanharacteristics pre-
sented in [Paper A]. And the body shadowing statistics waleutated based on
a series of relations between the statistics of a normakzgdeigh-Lognormal
random variable (RV) and a Lognormal RV.

4.4 Body-to-body channel with multiple antennas

Multiple antennas are widely used in wireless communicatio improve signal qual-
ity, enhance throughput and suppress interference by thefamtenna diversity, spatial
multiplexing and/or beamforming techniques. In the boaaddy communications, we
are interested in mitigating the body shadowing by usingipielantennas.
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The development of "smart clothes" [22] using E-textilesl arearable antennas
which can be easily embedded into clothes, e.g. [23, 24)igeoa unique opportu-
nity to mitigate the body shadowing by distributing antemt@various body positions.
Studies in [25-27] and [Paper A] have shown the distributedady antennas can
decrease the effects of the body shadowing effectively.

To investigate the performance of such multi-antenna systa MIMO channel
model which takes the body shadowing into consideratiordsired. In [Paper B] we
propose a novel correlation based stochastic model witleleted shadowing (CBSM-
CS). The proposed model can be used to simulate both thetbellyedy and body-to-
AP channels. To the authors’ knowledge, this is one of theMiMO channel models
including the body shadowing effects in open literature.
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5 On-body UWB WBAN channels

An on-body communication system connects various weardbtgronic devices, such
as body sensors, body monitors and motion detectors, ptatdte same body. Appli-
cations of the on-body BWCS can be found in Section 1.

5.1 UWB in WBAN

The UWB signals are defined as signals with either a largavelbandwidth & 20%),

or a large absolute bandwidtk (500 MHz). In 2002 Federal Communications Com-
mission (FCC) in US granted unlicenced frequency band bat®e and10.6 GHz for
indoor communications with a power mask4df3 dBm/MHz [28]. UWB spectral reg-
ulations have also been finalized in Europe by European delewinications Standards
Institute (ETSI) in 2007 and in Japan in 2006.

The UWB is a promising technology for short range radio comications. Most
possibly the transmission data rate will be less thafbps for the WBAN applications
between the on-body sensors and the central devices as #h®igm 1 [29]. The low
power consumption and low complexity of the low data rate YWB system make
it a competent candidate for the WBAN applications. |IEEE wmglkgroup802.15.4a
has presented a number of physical layer (PHY) specificeitiased on the UWB tech-
nology for the WPAN and WBAN applications [29]. The ZigBee, alnis widely used
in the WBAN, has adopted some of the proposed specificatiqrad]7

In an European project ‘My personal Adaptive Global NET’ (MNET) which
aims at developing solutions for the WPAN and WBAN applicagican alternative air
interface for the WBAN systems based on frequency moduldtidrB (FM-UWB) has
been developed, evaluated and implemented [31].

To achieve the full potential advantages provided by the U\GBgrehensive chan-
nel knowledge is required.

5.2 Antennas in WBAN channels

There are additional requirements for the antennas usd®iBWCS compared with
the ones in other systems mainly due to two reasons: useingtgxand size limitation.
These two factors are more stringent to body-worn (BW) deviban hand-held (HH)
and belt-mounted (BM) devices due to their smaller physizad and shorter distance to
the body surface. The knowledge obtained from the invetstigsiof the body proximity
in mobile communications can be partly reused in the BWCS32435]. An overview
of antenna design challenges in the BWCS can be found in [36jost all the antenna
parameters need a second thought in the BWCS:

e Impedance matching
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The changes in impedance matching due to the body proximitpdth narrow-
band [9, 37-39] and UWB [23] antennas have been addressadritlire. It is
critical to limit the shift of resonant frequency for the maxband antennas and
the increase of return loss (S11) for the UWB antennas in agpaable range.

e Radiation efficiency

The radiation efficiency of the antennas working close tohthman body may
decrease significantly compared with the free-space effigisince part of radi-
ation energy is absorbed by the human body. Preliminanarebes of the body
proximity effects on the radiation efficiency were perforhier the mobile com-
munication since the last century [9, 40-43]. Since the arhofithe efficiency
loss depends on the distance between the antenna and thesindalye [Paper
A], the loss may be more severe in the BWCS than in the mobilenoamication

due to the smaller size and accordingly the shorter antenbady distance [44]
[Paper A].

The on-body radiation efficiency of three types of antennasevsimulated by
a frequency domain time difference (FDTD) method in [PapgrThe simula-

tions were performed with three antenna types, four deviekarly positions and
two antenna body distances. The larger efficiency loss \wétomni-directional
antenna and the smaller distance to the body is evident.

Besides the body proximity the size of the WBAN devices magdoantenna
designers to sacrifice some efficiency to realize electedigismall antennas [45].

e Radiation pattern
The influence of the BWCS to the antenna radiation patternasavd.

Firstly, most antennas have more directional far-fieldgvat when mounted on
the human body due to the absorption and reflection of theggmadiating into
the body as shown in [Paper A] and [13, 46—48]. This suggbstsusing direc-
tional antennas in the BWCS can increase antenna efficiency.

Secondly, experiments performed in anechoic chambersdiawen that for the
on-body BWCS the body diffraction is the primary propagatisechanism when
there is no LOS between the Tx and the Rx [48, 49]. In this dirdaligning the

maximum radiation intensity direction of the antenna wité tangent of the body
surface will enhance the diffraction component. As a consage it will increase
the channel gain and reduce the delay spread [50]. It shaaldadticed that
the conclusion above was drawn based on an assumption of ltipaitts from

environments. In the indoor environments with rich scatterthe conclusion
may be vulnerable. The UWB WBAN channels were in two indoor emrments

measured in [Paper C]. The power ratio between the bodyadtfsn and the
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multipaths from the environments is as low-a$0 dB when the Tx and Rx are
placed on the different sides of the human body. In other wondst channel
power is contributed by the reflections from the environmeenilthough this

result is specific to the antennas used in the measuremaalsagow power ratio
indicates that the channel gain may be increased by ragdiatire energy into the
environment. Therefore the operating environment neete twonsidered when
selecting the antenna radiation patterns for the UWB WBAN iappbns.

5.3 Propagation in WBAN channels

Compared with other radio channels the WBAN channel is fedtby the short range
direct link, body diffraction and body reflection. The peatibn through the body is
usually negligible in the microwave frequency band [48]eTérm of the "around body’
propagation is used in this study to represent the radiogmaion close to human
bodies. An extensive summary of narrowband on-body chagmoglagation was given
in [1].

5.4 A summary of UWB WBAN channel investigations

FDTD was usually used as a channel simulation method for iIMBWVBAN channel
investigations [48, 51, 52] [Paper A]. A simpler ray theomsbd approach also pro-
vided reliable solutions [51]. Most experimental inveatigns for the WBAN channel
were performed in anechoic chambers and focused on the chtmgty propagation.
Body diffraction was found as the dominant propagation rae@m between the ears
of the human head [48]. Path-loss models along torsos weneeddn [49, 53, 54].
Distance dependent exponential power decay with decagriabetweer2.7 and4.4
was reported. The distribution of the body diffraction caments was summarized
in [55, 56] and Lognormal was found as a good fit for the smedlles fading statis-
tics. Some WBAN channel parameters, e.g. delay spread, wevegsensitive to the
antenna positions, body gestures and antenna types [49].

When the on-body BWCS system works in indoor environments dffieation,
diffraction and scattering from the environments will alsoparts of the radio channel.
However few experimental studies have been conducted élJWWB WBAN chan-
nel in realistic end-user scenarios. The measurementsesukchannel path loss [57],
wideband power variation [46], path arrival times [58] arelay spread [46, 57] have
been presented. In reference [53] the body diffraction amtbanding environments
are modeled separately based on experiments with the @st@haced on the torso.

In [Paper C] we propose a UWB WBAN channel model which uses aggiproach
to take both the around body and the environment propagatiortonsideration.

It is well known that the indoor UWB channel usually consistsaonumber of
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Figure 4: Normalized measured channel power delay profiles (left: wgfit to right-waist, right: left-wrist
to right-waist)

clusters [53, 55, 59, 60]. Given sufficient distance betwienbody and scatterers
in the environments, the first cluster in the UWB WBAN channeinsy composed of
signals from the around body propagation. Due to the fineydekolution of the UWB
system, it is possible to separate the around body promegatid the environment
propagation in the delay domain. Figure 4 shows two exampli@seasured power
delay profiles (PDPs). The peak of the PDP is normalized to oFtee one to the
left is taken form the measurement between a Tx placed onighewrist and a Rx
mounted on the right-waist, and the right plot shows a PDR@thannel between the
left-wrist and the right-waist. As shown in the figure thegagation around the human
body and from the environment can be well separated. Iniaddihe around body
propagation is dominant compared with the environmentggafion in the right-wrist
to right-waist channel and the left-wrist to right-waistacimel shows the opposite. It
implies that different characterization and modeling pagters need to be proposed for
the channels with the different relative Tx-Rx positions.

The channel model proposed in [Paper C] reuses previousogekindoor UWB
channel models to generate multipaths from environmertani be adapted to specific
environments by applying different available models. $avpopular indoor UWB
channel models are listed as follows: an IEEE 802.15.3a M6dg an IEEE 802.15.4a
Model [62] and a Mobile-to-mobile model [63]. More indoor UWBannel models can
be found in [59].
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6 UWB-MIMO WPAN Channels

The UWB-MIMO systems have captured increasing researcheisitein recent years.
In this section the potential of the UWB-MIMO system in the WPANplications is
analyzed and summarized with emphasis on the channel ¢tbasécs.

6.1 UWB in WPAN

The UWB systems for the WPAN applications can be categorizedhigh data rate
(HDR) and low data rate (LDR) systems. The LDR UWB system hags lsemmarized
in Section 5.1. Since the UWB-MIMO system is most possiblyiglesd for the HDR
transmission, a summary of the HDR UWB system is given below.

The transmission rate of the HDR UWB system is usually highan100 Mbps.
IEEE 802.15.3a working group was established in 2002 forstaadardization of the
HDR UWB systems. System specifications including achievidgta rate of 10 Mbps
at al0 meter distance angB0 Mbps at4 meter distance have been presented. In 2006
the working group is divided into two parts: WiMedia Alliamand UWB Forum. They
use Orthogonal Frequency Division Multiplexing (OFDM) dbidect Sequence Spread
Spectrum (DSSS) as PHY layer solutions respectively. Uptoanumber of prototype
systems have been developed based on each of the two selution

6.2 Potential benefits of UWB-MIMO systems

The motivations of combining the UWB and MIMO techniques #stetl below:

e Higher data rate by spatial multiplexing

The linearly increasing of the UWB-MIMO channel ergodic caipawith the

minimum number of transmitter and receiver antennas unddsadbmi fading
channels has been shown in [64]. The UWB-MIMO system holdsattye band-
width and high spectral efficiency at the same time, and hauesanendous po-
tential in achieving very high data rate transmission. TheAWRpplications
which demand high data rate, e.g. video transmission and oas transfer,
may benefit from the high capacity of the UWB-MIMO system.

e Larger coverage by array gains

Due to the spectral masks regulated by FCC, ETSI and othafatémn bodies,

the coverage range of the UWB system is limited. Since meltipteive anten-
nas provide antenna array gain, they can be used to impreveotlerage of the
UWB systems [65]. It should be noticed that beamforming atdmaitters may

violate the effective isotropic radiated power (EIRP) riegiments defined by the
regulation bodies.
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e Reduced number of RAKE fingers by diversity gain

The UWB channel has already provided a sufficient frequenarsiity gain with
the large bandwidth. However a great number of RAKE fingerg bearequired
to achieve the diversity gain [59]. The spatial diversitgypded by the multiple
antennas can reduce the required number of fingers in the RA&&ver [65, 66].

An overview of recent research advances in the study of the UMWBO system
can be found in [67].

6.3 UWB-MIMO channels in WPAN

MIMO wireless systems, characterized by multiple antedements at both the trans-
mitter and receiver, have demonstrated the potential foeased capacity in rich mul-
tipath environments given low correlation between antdimha [68—71].

Handset MIMO systems have been investigated for years imtiigle communi-
cation systems. It has been proved that low antenna linleledion and high channel
capacity can be achieved with two to four antennas placech@ lfmndset [72-75].
For the off-body BWCS experimental works proved low corielabetween two dual-
polarized antenna elements placed in handset-like defocdsoth wideband [18, 76]
and UWB [Paper D] systems. For multi-antenna body-worn dsviow fading cor-
relation between antenna elements was reported in [77] Rapef A]. Therefore the
feasibility of implementing MIMO systems with typical WPANedices has bee proved.

The spatial correlation of the UWB-MIMO channel between twedi devices has
been characterized at different delays [66, 78], diffefemtjuency bins [78-81] and
for the whole frequency transfer functions [82]. Low coatedn coefficients € 0.5)
were disclosed in different environments and with difféerantenna arrays. One ex-
ception is in [66] the correlation of the first delay bin wag. A correlation-based
double-directional stochastic channel model for indoor UWBAO channels is pro-
posed in [83]. The model extends the IEEE 802.15.3a standati| to spatially cor-
related MIMO channels. A review of existing stochastic UWBMO channel model
is also given in [83]. A deterministic UWB-MIMO channel modslpresented in [84].

Few UWB-MIMO channel studies have been performed for thebotty BWCS.
In [77] short range {m) body-to-fixed device MIMO channels were measured in the
LOS condition in an empty room. High spatial correlation dagh MIMO capacity
were observed at the same time which was explained with therigal nature of the
wave front in the short distance range. In [Paper D] UWB-MIM@agnels in HH-to-
AP and BM-to-AP scenarios were investigated based on mesunts with walking
users in three typical indoor environments. Low spatiatedation in both the delay
and frequency domain was disclosed. The channel widebanmdrgs correlated since
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the antennas at both the AP and the user side are likely tarierpe similar body
shadowing.
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7 Conclusions

This thesis work focuses on the investigations of radio nehpropagation in body-
centric wireless communication systems (BWCSs). The enphass put on experi-
mental based characterization and modeling of both off¢laod on-body channels in
wireless personal area networks (WPANSs) and wireless basty raetworks (WBANS),
respectively. The thesis consists of three parts.

In the first part we characterized and modeled the indoor tiodyody radio chan-
nel with multiple antennas at both the transmit and recede is [Paper A] and [Paper
B]. The study was based on two sets of measurement campadosmped ab.5 GHz
frequency band. In the first campaign body shadowing andlsoale fading were de-
liberately separated in the measurements while in the skeaoa the test persons were
moving in a more random manner. Based on the first campaigpatfeloss exponent
was less thar2.0 and the standard deviation of the log-normal distributeztisiving
was4.8 dB. This indicates that the body shadowing plays a key roteénshort range
body-to-body communication. Due to the low shadowing datien between antennas
placed at different parts of the human body, a distributegrara selection diversity
scheme was presented to mitigate the body shadowing. The sedaction diversity
gain wasb dB when two antennas were mounted on each of the transmitemed/e
sides of the channel. A correlation based stochastic motlkelasrrelated shadowing
(CBSM-CS) for body-to-body multiple-input multiple-outp(MIMO) radio channels
was proposed based on the first measurement campaign. Thadimgodccuracy in
terms of channel capacity was verified by the second measmtezampaign. The rela-
tive model error is always less thafi for different MIMO configuraitons. The model
introduces a shadowing matrix to represent unbalanced@melated body shadowing
effects. A Rayleigh-Lognormal distributed CBSM-CS chdrmmedel was derived and
analyzed. To the authors’ knowledge, this is one of the firB¥i@ channel models
including the body shadowing effects in open literatureis Itlisclosed that shadow-
ing standard deviation is dominant to the ergodic capacityenshadowing correlation
between the antennas significantly affects the outage itgp&or larger size MIMO
arrays, keeping shadowing correlation low becomes mormnéasto avoid small ca-
pacity at the outage level.

The second part of the thesis focuses on the charactenzatid modeling of the
UWB WBAN channel in indoor environments in [Paper C]. The stuehs based on
experiments performed with realistic end-user scenati@sfeequency band between
3.5 and5.5 GHz. The receiver was placed on the right-waist and a totab afifferent
transmitter on-body positions were evaluated. The chanigdband power varied by
up to20 dB and the channel mean rms delay spread rangeditor20 ns at the various
device positions. To separate the propagation around timahdody from the propa-
gation in the surrounding environment, the first clustehefieasured channel impulse
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response was detected, separated from remaining clusttcharacterized. Power ra-
tio and arrival time interval between the first cluster anel ttmaining clusters were
investigated. The decay factor of the remaining clusterfaasd linearly dependent on
the power ratio in dB. Based on the channel knowledge abovaianel model for the

UWB WBAN system working in indoor environments was proposelle Thodel uses

a joint approach to generate and combine the propagatiamdrthe human body and
in the surrounding environment in the delay domain. A maudgfirocedure was pre-
sented in order to implement the channel for system evalusitiThe proposed model
is one of a few existing ones including the environment pgapian. Since the model

uses available UWB indoor channel models to generate mti8deom environments,

it can be adapted to specific environments by applying diffeavailable models.

In the third part of the thesis we presented an analysis oEpatial correlation
properties of indoor UWB-MIMO channels in the off-body BWCSffer D]. The in-
vestigation was based on channel measurements of rad®b&tkveen an access point
like device and a walking user with a hand-held or a belt-nedidevice. The measure-
ments were performed at a frequency band betvdeeand5.5 GHz. It was found that
the channel shows spatial correlated wideband power, atthspncorrelated complex
channel coefficients in both the time-frequency and timleyddomain. The channel
was found to be quasi spatially white since all link pairsvebd similar correlation
properties. The Kronecker model was proved unsuitableHes¢ WPAN scenarios
where the receiver and transmitter are located in the samséeclof main radio scatter-
ers. The ergodic anti4 outage wideband capacity of the measured2 channel were
determined to bé.4 bit/s/Hz and4 bit/s/Hz at10 dB SNR. While the ergodic capacity
was close to the independent identical distributed (IIDYIBigh channel capacity the
1% outage capacity dropped approximatély bit/s/Hz due to the signal shadowing
introduced by the user bodies during their movement. Addivig more antennas at
the receiver (access point) side increased the ergodicutad® capacity t6.1 and5.6
bit/s/Hz respectively.

The channel characteristics and modeling parameters gedpin this thesis are
specific to our measurement campaigns. However, the mdtigpdoan easily be re-
produced and the models can be extended to other condifitvesefore, more experi-
ments at other frequency bands, in different environmaenitk, different antennas and
in different user scenarios are highly encouraged and remnded to generalize the
contributions of this thesis. For the body-to-body chantie distribution of the body
shadowing depends on both the antenna on-body radiatiteripaind the surrounding
environment. Therefore the Lognormal distributed bodydskaang needs to be verified
in more environments and with more types of antennas. FAUW& WBAN channel
if the distance between the human body and scatterers ayeskert the propagation
around the human body and in the surrounding environmentbmaayerlapped in the
delay domain. In this condition the proposed model need®tadjusted and verified
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by simulations or measurements. In addition, the coridbietween the multiple an-
tennas at central devices is subject to further researdieitytvVB WBAN channel to
investigate the potential diversity gain of using the nplétiantennas. Concerning the
WPAN UWB-MIMO channel while low correlation has been discldsbe studies on
the distribution and variation of channel eigenmodes apoittant for practical system
design.
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1. INTRODUCTION A3

Abstract

In this paper, we investigate the wideband body-to-bodyoratiannel with multiple
antennas at both ends based on a time-domain radio chanreurement campaign.
Four single-element transmitters and 8 quad-element vecsiwere mounted on three
test persons. Both directional and omni-directional am&nhave been investigated. A
comparison between electromagnetic antenna simulatinddlee measurements shows
that the multipath environment reduces the body lossestigfiy. Channel character-
izations in terms of path-loss, body shadowing, small s&adiéng, and spatial cor-
relation have been derived. Small path-loss exponent2.0) are observed in the
investigated environments. Considerable power loss dumtly blockage makes the
body shadowing a prominent factor in the short range bodipady communications.
Distributed antenna selection diversity is presented tigaiie the body shadowing. A 5
dB diversity gain in the average received power at both themaad 10% outage levels
has been identified based on the measurements with twdodigtd antennas mounted
on both the transmitter and receiver person and without dehstate information feed-
back to the transmitter.

1 Introduction

Body-centric wireless communication systems (BWCSs) ayeckenponents of future
wireless communication systems, e.g. fourth generati@).(A BWCS connects var-
ious devices around human bodies, such as body sensorspmwdtors and wearable
electronic devices. With respect to communication rangeBWCS are categorized as
"off-body", e.g. links between a person and a local acces# |()AP) or between two
persons, and "on-body" systems, e.g. connections betwadoed mounted/worn on
the same person [1-4]. This paper deals with the off-bodiprelgannel between two
human bodies in particular.

In recent years off-body communications between wearahlieds or systems have
been investigated in the scope of wireless personal areariet (WPAN). Body-to-
body radio channels differ from the body-to-AP channelsnteana heights and types,
communication range, device types and the device on-bothtitms which are not
limited to belts or pockets. Knowledge on the body-to-baalyio channel is limited in
the open literature, e.g. [5—7]. User proximity induceddiveing has been identified as
a critical issue for this type of channels. The current pagpers a detailed insight into
how body shadowing changes when devices are located onetfiffparts of the human
bodies.

Among the applications, which involve body-to-body comreations, "smart clothes"
[8] using E-textiles have been used in emergency servicagdigfighters [9], medical
monitoring [10], militaries [11], sports as well as entartaent industries [12]. Recent
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advances in small and wearable antennas for body area hetBAN) make it possi-
ble to embed antennas easily into the smart clothes, e.g15l3 Therefore multiple
antennas may be distributed to various positions all ovebtidy. The BWCS can ben-
efit from the distributed antennas which can effectivelyigaite the body shadowing,
enhance coverage and increase capacity by multiple-aatechniques, e.g. antenna
diversity and multiple-input multiple-output (MIMO) tramission. In [16], a diversity
gain up to 9.6 dB with maximum ratio combining was reportedubing two antenna
elements on a smart jacket in a body-to-AP scenario at 868.MHiistributed body-
worn transceiver system with multiple electro-textileeamias were proposed in [15] to
achieve diversity gains when connecting with an AP. A veshwbdy-worn antennas
for military use is reported in [11] which equips a pair of ama arrays that surround
the body of the wearer in order to mitigate the effects of skhang. However to the
authors’ knowledge no comprehensive investigations haen ldone for the body-to-
body channels with distributed on-body antennas. In thgepave give a systematic
study of such channels based on empirical works.

The paper is organized as follows. Section Il gives a desonpf a body-to-body
channel measurement campaign. The electromagnetic siondaf the antennas used
in the experiments are presented in Section lll. In Sectircharacterizations of the
measured channels are summarized and comparisons betveesimulations and the
measurements are provided. Diversity studies of the niediptenna body-to-body
channel are given in Section V. Finally we conclude the pap&ection VI.

2 Measurement Campaign

The measurement campaign was performed in indoor envimotemveith a 5.5 GHz
carrier frequency and a3dB bandwidth of about 100 MHz. A time domain corre-
lation based MIMO channel sounder was used for the expetsndtour transmitters
(Tx) simultaneously sent a pseudo noise (PN) sequence ¥ifighesht delays to realize
temporal isolation of the transmit devices. On the receiiRx) side 8 channels were
measured in parallel. By using switches, the number of vecehannels was expanded
to 32. The full 4x 32 (Tx x Rx) MIMO channel sampling rate was 60 Hz, which
gives a maximum allowed relative speed between the Tx an&xhef 1.6 m/s at 5.5
GHz. The duration of each measurement was 10 seconds duinicy GO0 full MIMO
channel snapshots were measured. The length of each clicapuése response (CIR)
was 640 ns which is sufficient for the investigated indooriemments. Additional
information about the sounder is available in [17].

Three types of antennas were used as shown in Fig. 1, onesftnatfismitters (Tx)
and two for the receivers (Rx-A and Rx-B). Detailed desari are given in Section 3.

The Tx, Rx-A and Rx-B devices were placed on three test psrsespectively.
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Figure 1: From left to right, the directional stacked patch antenng,(the patch PIFA antenna (Rx-A) and
the monopole antenna (Rx-B)
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Figure 2: Device on-body positions and descriptions and an illuistnadf a test person standing in a 50
50 square area; the same setup was adopted for both the Tetesh@nd the two Rx test persons;
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Four identical devices of each type were used simultangalising the experiments.
We included a variety of heights and orientations for theicd® of device positions:
shoulder (sh), chest (ch), belt (bl) and ankle (an) as shaviig. 2.

The experiments were performed in two indoor environmeatkaboratory and a
corridor. The laboratory is a large room containing furrétand equipment. Sketches of
the environments are shown in Fig. 3. During the experimemtpeople were moving
in the area except the test persons.

Two scenarios called spot and route were defined for thesstigations. In the
spot scenario, the three test persons stood in three preddihx 50 cm square areas
respectively. They were moving randomly within the squavigls arms waving slightly
but not turning around. The size of the square ensures thenehatationarity of each
measurement. In each square, the Tx test person was alwegsedrto the north and
the Rx test persons had four orientations (north, easthsmd west) measured in order
to capture the body shadowing as depicted in Fig. 3.

The positions #1 to #7 (Fig. 3) were used to make in-line megsants. The Tx
was placed in position #1 and the Rx-A and Rx-B in positiongt2%. One extra mea-
surement with Tx and Rx in position #7 and #6 respectively dase to obtain a large
Tx-Rx separation (8 m). Similar in-line measurements wemrégomed in the corridor.
positions from #9 to #11 were arranged to be obstructed @iamvith a wooden shelf
and a metal shelf between the Tx and Rx-A/Rx-B in the laboyatbleasurements at
position #8 are not included in this study. Free space chHanvere also measured and
used as references during which the devices were arrangabially with 10 cm
separation and at 1 m height from the ground.

In the route scenario, the Tx test person and the Rx test pemsalked towards
each other along predefined routes with pedestrian spe&im(8). Two routes in the
laboratory and one in the corridor were measured.

3 Antenna Characterization

The Tx antennas are Directional Stacked Patch (DSP) argemimiah consist of a slot
in a ground plane fed by two symmetrical microstrip lines aneflecting element in
the bottom of the sandwich construction to ensure the dieat properties [13]. The
Rx-A antenna arrays consist of four Planar Inverted F-Amésn(PIFAs) which can
be located rather close to each other and provide a cert@mt-to-back ratio for the
hemisphere pointing away from the body. In the third antesetap, the Rx-B antenna
arrays are equipped with four monopole antennas which ayesiraple to integrate into
any textile or product requiring very thin geometry but a ttost of no front-to-back
ratio.

The antenna characteristics with user proximity were etelliby simulations. The
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Figure 3: The layout of laboratory and corridor environments with measient positions #1 to #11 marked
with squares and route 1 and 2 marked with thick gray linedeaight, an illustration of relative orientations
of the three test persons
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Radiation pattern in YZ plane

Radiation pattern in XZ plane

Rx-A ©

5

270 RX_B

N
‘
.
)

— — —— on the chest with cable
on the chest without cable
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Figure 4: Simulated radiation patterns of the antennas in free spagd®mrhe chest (left) the XZ plane,
(right) the YZ plane; top: Tx DSP antenna, middle: Rx-A PIFAeama, bottom: Rx-B monopole antenna
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numerical human body model developed in the Visible Humaijeet [18] is used with
only muscle tissue (homogeneous version). The numerigasiigation is based on the
Finite Difference Time Domain (FDTD) method where all théeanmas are modeled and
simulated in the cases with and without the conductive cabtefor all the measured
positions on the body. The FDTD simulations are using unifoubic grid of 1.5mm
and for the termination of the simulation space the Perfeatchied Layer absorbing
boundaries are used [19].

For all three types of the used antennas, the return loswéyalless than 1 dB and
the mutual coupling is less than -20 dB over the measurediémcy band.

When the antennas are mounted on the body some of the powsbiball, strongly
dependent on the antenna type (directive or omni-direatjcend the distance to the
body. Table 1 summarizes the simulation results of the aatefficiency. The advan-
tage of using the directional antenna is evident.

The effective radiation patterns, which are defined as tdatian pattern of the
antennas mounted on the human body, are simulated for ad tiipes of antennas and
four on-body positions. The results on the chest togethtr thie free space patterns
are shown in Fig. 4. The device is always oriented in the XYplwith the negative Z
direction towards the body as shown in Fig. 1. Itis clear fieign 4 and Table 1 that
the body both absorbs and reflects some of the radiated pewseiting in a directive
radiation away from the body [3]. Compared to free space ffeetése radiation de-
pends to a minor degree on where the device is located. Whesntkana radiation
patterns of the chest position are compared with the otleatians, the maximum root
mean square (RMS) difference is 4.7 dB with the shouldertiposdue to reflections
from the head. In the other cases, the RMS difference isthess3 dB.

Previous studies showed that the cable influence may be éeprdbr radio mea-
surements with electrically small antennas [20]. At 5.5 (bizthe test devices as
shown in Fig. 1 the cables may not have a significant influefites is confirmed by
comparing the simulated impedance reflection and the radigattern in case of no
cable and with a cable of 400 mm long. The difference in impedas less than 0.1 dB
for all cases across the measured frequency band. Thetl®NES difference in radi-
ation patterns is approximately 2 dB. It happens to the Rxafer@na and is shown in
Fig. 4.

4 Channel Characterization

4.1 Channel representation and normalization

The analysis in this section is based on the spot measureniehéas been shown in the
Section 3 that the Rx-A and Rx-B have similar on-body radmaatterns but differ-
ent on-body radiation efficiency (See Table 1). In order tmbime the measurements
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Table 1: Antenna efficiency inl B due to power loss by absorption in the body. Distance to tloy B3 mm
except for the last column (10 mm)

Position | Tx Rx-A  Rx-B Rx-B (10 mm)

Shoulder| -3.8 -2.0 -5.7 -2.3
Chest | -1.3 -2.0 -3.7 -1.7
Belt 29 21 -4.3 -2.0
Ankle | -1.5 -2.0 -2.7 -1.3

from two types of the receivers the change in the receivecepalue to the efficiency
difference has been compensated in the post-processing.

The measured MIMO channel is expressed as<@>44 matrix H(m, n), whose
elementss; ; (m,n) are complex channel coefficients betweenthie Tx device and
the k-th Rx antenna of thg-th Rx device at timen - At and delayn - AT where
At = 16.7 ms is the channel sampling interval ad- = 2.5 ns is the length of the
delay bin. A diagram of the measured channel is shown in Figvéhich 7, J and K
are the total number of the Tx devices, Rx devices and antele@maents on each Rx
device respectively. In the rest of the paper we refer theraras at the same Rx device
as 'co-located antennas’, and as 'distributed antennasrafse.

The measured channel coefficients include path-loss, shiagdfading and antenna
gains. They are normalized by the corresponding measurkukiiree space received
power at the same Tx-Rx separation with the Tx antennasipgitd the Rx antennas.
By doing so the normalized channel power will reflect the btmbs compared to the
free space channel power, and all the power variation duedy bhadowing has been
preserved.

The average wideband received power in each spot measuremecalculated as

N—-1M-1

Pk = Z Z |hi g (m,m)|? 1)

n=0 m=0

whereM andN are the total number of delay bins and time samples of eackurea
ment, respectively.

An alternative representation of the measured MIMO char@édl, n), in the frequ-
ency domain is obtained by applying the discrete Fouriersficem (DFT) in the delay
domain toH (m, n). Totally 64 subbands with 1.56 MHz bandwidth are locatedhinit
the measured frequency band and used in the analysis.

4.2 Losses in received power due to body blockage

The simulated on-body antenna radiation patterns are osglatain the body blockage
loss when only one direct ray exists. By comparing the resuilth the measurement in
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Figure 5: Diagram of the measured MIMO channel with= 4 Tx devices each with single antenna elements
andJ = 4 Rx devices each witli{' = 4 antenna elements

the multipath environments, we can get an insight into howraf the received signal
is coming from reflections, scattering and diffractions.

Simulated antenna gains in different scenarios are olttaineording to the corre-
sponding simulated 3-D patterns, locations of the anteandsorientations of the test
persons. The simulated and measured received power ldss ofieést-to-chest channel
at 1 m distance due to body lockage is presented in Fig. 6. Téed®B columns repre-
sent the Rx-A and Rx-B respectively, and the number indictite relative orientations
of the Rx and Tx as shown in Fig. 3. For each scenario the atientA-180 which has
no body shadowing is used as a reference.

The maximum power losses with the direct link only and in thdtipath environ-
ments are 44 dB and 20 dB respectively. Both are much higtzer tile previously
reported results in the body-to-AP scenarios [21, 22]. Teiw result suggests more
severe body blockage loss which is highly environment dégenin the body-to-body
channel since both communication ends are subject to the dfmtiowing. It has been
found that the degree of power loss usually depends on size@mess of the scatter-
ing environments. For the measured channels the powemldiss laboratory is slightly
(up to 3 dB) higher than in the corridor. This result is cotesis with [21], but in [21]
the difference between the environments is as high as 10 dB.

4.3 Path-loss

The path-loss is analyzed in this section based on the éndhmannel measurements
(positions #1 to # 7 in Fig. 3). Fig. 7 shows a scatter plot efrilative received power
as a function of distance for the in-line scenario in the tabmry. The average received
power at each Tx-Rx distance is marked out in the figure tagetlith free space re-
ceived power as a reference. Since the antenna radiatitermbecome more direc-
tional when they are mounted on-body as shown in SectionBe sif-body channels
have higher power than the free space channels.
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Figure 6: Power loss of the simulated channels with direct path onlythadneasured channels due to body
blockage for the chest-to-chest link. For each scenariotieatation A-180 which has no body shadowing
is used as a reference (for the orientations, see Fig. 3)

With the assumption of the classical model, the path-loB$ &t a distancel [m] is
expressed as

PL(d) = PL(dp) + 10nlogy, (jo) +X 2

where PL(d0) is the path-loss in dB al0 = 1 m, n is the path-loss exponent and
X is a random variable representing shadowing. Linear fith withimum squared
error for both the free space and on-body measurements ilaloeatory are shown
in Fig. 7. For both of the environments, the free space antamy channel path-loss
exponent: is 1.1. For different combinations of the Tx/Rx device ordppositions the
n is in the range of 1 to 2.3. In the literature an indoor shangehandset to handset
channel measurement showed an exponent well below 1 [7]it avas addressed that
the body shadowing makes the exponent sensitive to theficient sample size. For
our study the small exponent measured in the laboratory lemdr¢e space condition
can not be explained by either the insufficient samples omgbiéknown waveguide
effects. Therefore an independent power measurement hgtlsame antenna set-up
and radio environments was performed, and similar weak pdiggance dependence is
observed. When antennas with higher gain are used insteggioter drops faster with
the distance. Therefore the small path-loss exponent ecaded with the scattering
environments and subject to further investigations.
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Figure 7: Scatter plot and fitted path-loss curve of the received peersus distance for the in-line scenario
in the laboratory. Dark squares: average received poweadt distance; dark rounds: average received
power in the free space condition

4.4 Body shadowing statistics

The distribution of the body shadowing in (2) is analyzed by the Kolmogorov-
Smirnov (K-S) test. The Log-normal distribution with a zerean and a standard
deviation ¢ x) of 4.8 dB is proven to be the best fit compared with Weibullp&xen-
tial, Laplace, Normal and Rayleigh distributions. Therefan (2) theX is modeled as
a log-normal distributed random variable.

Fig. 8 gives the average relative received power @rdin dB in the different in-
vestigated scenarios. When the Tx and Rx are located at thes Isgight on the bodies,
the received power for the belt-belt scenario is 3-4 dB lothan the other scenarios
partly due to the arm blockage. The channel with relativédyhér average gain usually
fluctuates more. In the obstructed condition, at least 10 xtBagpower loss is ob-
served. And the shoulder-to-shoulder channel has at ledBttigher received power
than the others. One possible reason is that the antennaggaipwards collect more
energy from multipaths. For the ankle-shoulder channehtsights of the Tx and Rx
are considerably different, and 3 to 7 dB lower received pasvebserved in the in-line
measurements.

The difference in the average received power among the magenresults in branch
power imbalance (BPI). The maximum BPI is usually less thaB5for the in-line
scenario and less than 10 dB for the obstructed scenaricassh Fig. 8. In practice
the on-body positions with low average received power neéetavoided as suggested
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Figure 8: Average received power in different scenarits; x from the average received power is indicated
by dark thin bars

earlier in this section.

The correlation coefficients of the shadowip@®i1 j1 k1, Pi2,j2,x2) at the Rx side
between the antennas are calculated. Selected resultiscava 81 Fig. 9 where the Rx
correlation respect to the Tx shoulder and Tx chest positi®plotted in the upper-right
and lower-left part of the figure, respectively. The x andisaepresent the Rx antenna
on-body positions with the numbers in the brackets reptéggithe k-th Rx antenna
element as shown in Fig. 5. The value of correlation is alwaigher than 0.6 for
the co-located antennas. For the distributed antennash#fuo®wing correlation ranges
from 0.1 to 0.9 for the antennas allocated on the same sidedfdady and-0.7 to 0.4
for the antennas on different sides of the body. The depemdehthe Rx shadowing
correlation on the Tx on-body positions is evident with lowalues respect to the Tx
shoulder position.

4.5 Coherence bandwidth

The definition of the coherence bandwidth is based on the correlation coefficients
(pa1) between two subbands separateddlysubbands (1.56 MHz) in the frequency
domain. The channel is assumed to be frequency domain witke stationary (WSS).
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Figure 9: Rx shadowing correlation coefficients with respect to thesfigulder (upper-right part) and chest
(lower-left part) positions; the x and y-axis representfxeantenna on-body positions with the numbers in
the brackets representing theh antenna element at the Rx devices as shown in Fig. 5

The coherence bandwidth is
By = arg(par =Y) (3
Al

The average. 9 andB, 5 are 6.6 MHz and 28.2 MHz in the laboratory and 7.4 MHz
and 30.0 MHz in the corridor respectively. The standard ateais of theB.y. o and
B.y.5 are less than 3 MHz. Various antenna combinations showaimgkults. The
bandwidth for each subband (1.56 MHz) is well below the cehee bandwidth and
therefore treated as a flat fading channel.

4.6 Fading statistics

The fading statistics and correlation were analyzed usimdgpand channels i (1, n)
based on the spot measurements. According to the K-S teshehsured data matches
best to Rayleigh or Rician distribution. The K-factor of tRecian distribution is es-
timated by the moment method proposed in [23]. Generallyréiselts show small
K-factors in most cases. Higher K-factors can only be olestwhen the Tx and Rx
are directly pointing to each other without any blockagg, the chest to chest channel,
and 99% of measured channels have the K-factor less than BaiB, the high possi-
bility of body blockage and the rich radio scattering in ti@isonments, contribute to
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this result. In addition the effectively directional ratie patterns caused by the body
rarely point to each other directly and therefore the refl@gtaths are relatively strong
compared with the direct path.

When two devices have direct link between each other, thedaclrrelation be-
tween the co-located antennas is in a range of [0.3 0.7].| thelother conditions and
for all the other link pairs, the fading correlation is usyélelow 0.2.

5 Distributed Antenna Diversity for the body-to-body
communication

In the previous section, we have shown considerable bodyostiag (o x=4.8 dB) in
the body-to-body channel. Since the duration of deep shiadois usually in the or-
der of seconds or even longer, time and frequency domaimiggeds such as channel
coding and time or frequency diversity can not work for natign of the body shad-
owing. Distributed antenna diversity, which employs distted antennas on different
on-body positions, on the other hand, is promising to corttimshadowing due to the
low shadowing correlation between the distributed anteifsee Fig. 9).

Furthermore, both forward link and backward link channelgally experience the
same shadowing no matter they are separated in the freqdencgin or the time do-
main. This property provides a unique opportunity of impéerting Tx diversity requir-
ing no channel state information feedback since the shadpimformation estimated
from the backward link can be used in the forward link dingctl

5.1 Distributed antenna selection diversity of the spot mesurements

Different from the traditional antenna diversity mainlyedso mitigate small scale fad-
ing, we define a distributed antenna selection diversitygiging-term average received
power for the selection. The distributed antenna pair setewithin a duratior?” is

N'—1M-1
[i', 7| N+ = argmax (Z Z |hi,j(m,n)2) 4)

[4,] n=0 m=0

whereN’ is the number of channel samples within the durafigi’ = N’xAt) In other
words, the selected channel has the largest average régawer within7 seconds.
From Fig. 8 we can conclude that if we use only one antennarémsimission
the shoulder-to-shoulder channel has the highest outagerpmomong the investigated
channels. Therefore the shoulder-to-shoulder channskg as a reference to calculate
the gain of the selection diversity. A mean diversity gajp,{.,) and a 10% outage
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Table 2: A summary of the 4-branch Rx/Tx selection diversity gairli for the spot measurements in the
laboratory and corridor environments

Position Pmean Tmean Poutage Y10%
Lab Cor| Lab Cor| Lab Cor| Lab Cor
ashl 1 g 7 - . |.as as| - -
reference)
[sh, ch] 5 -4 4 3 |-10 -10| 5 3
[sh, be] -8 -5 1 2 | -13 -11| 2 2
[sh, an] -7 -5 2 2 |-11 -10| 4 3
[ch, be] -4 -2 5 5 | -10 -8 5 5
[ch, an] -6 -5 3 2 |13 -12| 2 1
[be, an] -7 -6 2 1|-12 -11| 3 2

diversity gain ¢%) are defined as the increase of the average received powee in t
corresponding level.

T is set as the whole measurement time of 10 seconds. Tabler2aiires the re-
sults of 4-branch Tx/Rx combined selection diversity irfetint scenarios. The Rx/Tx
position column shows where the antennas were placed ort®®Rx and the Tx test
persons, and the first antenna at each Rx deviceki-e.1, is always used. The mean
and 10% outage of the averaged received poRgr.,, andPoumge, are also shown in
the table.

The diversity gain depends on the antenna on-body positismbighlighted in the
table the chest and belt positions obtained the highestwghich is 5 dB in both the
Ymean @Ndy199, @and in both the laboratory and corridor environments.

5.2 Distributed antenna selection diversity of the route masure-
ments

With the route measurements the proposed selection divésstvaluated in dynamic
scenarios. From the findings above the optimal positiongHer4-branch Tx/Rx di-
versity are the chest and belt (see Table 2 row 5). Thereferéoaus on these two
positions in this section.

First the channel is normalized to remove the distance dbperpath-loss. The
normalization is done by time intervals. The duration offeaegment is set as 0.5
second corresponding f§ = 30 channel samples. With the walking speed of approxi-
mately 0.8 m/s, the distance of each segment is about 40 cthindiach segment the
measured channel is normalized as

21

—1M-1
| H(m,n) |3=1-J-K (5)
0 m=0

2 =

n
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Figure 10: Mean and 10% outage distributed antenna diversity gaimsileaéd based on the route measure-
ments in both the laboratory and corridor. The diversity gaishown with respect to the averaging interval
T

where|| o || ¢ is the Frobenius norm.

Fig. 10 shows they,,c., and~y;gy with the differentT’. The shoulder-to-shoulder
channelis used as the reference when the diversity gaifcislated. In the investigated
scenario, they,,.., is almost flat forl” < 2 s, and they,q¢, increase about 2 dB when
theT" decreases to the channel sampling interval (16.7 ms) sante @f the small scale
fading effects are included when the average is only takendrdrequency domain. In
the corridor both they,,,c.,, and~;qe, are 3 dB higher than in the laboratory. As shown
in Fig. 3, parts of the route 1 in the laboratory are in the mlztéd condition where the
reference, shoulder-to-shoulder channel, has at least l#gt®r received power than
others as stated in Section 4.4. This explains the lowersliyegain in the laboratory
environment.

6 Conclusion

Based on wideband radio channel measurements with reatistiices and scenar-
ios, we have investigated several indoor body-to-bodyoratiiannels with multiple-
antennas at both the transmit and receive end. Our invéstiganclude three types
of antennas and two environments. All types of the antenhaw similar directional
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radiation patterns when put on human bodies according talatrans. And similar
channel characterizations are observe with the two difteeavironments. It implies
that the results in this paper may be extended to other aatiypes and similar radio
environments.

The comparison between the channels with direct path oniigimdd by antenna
simulations and the propagation measurements shows thanuaktipath environment
reduces the power loss due to the body shadowing effectividig maximum power
losses with the direct link only and in the multipath envirents are 44 dB and 20
dB respectively. The measured path-loss exponent is lass2l®, and the log-normal
distributed shadowing has a standard deviation of 4.8 dBakes the body shadowing
a prominent factor in short range body-to-body communiecesti

Due to the low shadowing correlation between the distrithargennas, a distributed
antenna selection diversity scheme is presented to natitj@ body shadowing. The
proposed scheme utilizes both the Rx and Tx diversity andodloequire channel state
information feedback. The shoulder-to-shoulder charmeisied as a reference when
the diversity gain is computed. When two distributed anterara employed on both
of the Tx and Rx side, the chest and belt positions obtainethighest gain. The mean
selection diversity gain is 5 dB for the in-line measurersgahd 3 dB and 5 dB for the
route measurements in the laboratory and corridor resgdgti
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1. INTRODUCTION B3

Abstract

In this paper, we propose a novel correlation based stoahasbdel with correlated
shadowing (CBSM-CS) for body-to-body multiple-input ipldtoutput (MIMO) radio
channels. The model introduces a shadowing matrix congistf correlated Lognor-
mal distributed entries to represent unbalanced and catesl body shadowing. A
Rayleigh-Lognormal (RLN) distributed CBSM-CS channel ehéxlderived based on
an indoor measurement campaign, and the modeling accuratrins of channel ca-
pacity is verified by a different set of experiments.

We analyze the influence of the modeling parameters, i.€lostiag standard devi-
ation, shadowing correlation and branch power imbalanc®IjBon the MIMO chan-
nel capacity by both numerical and experimental studiese 3iwadowing standard
deviation determines the distribution of the channel poinettB, and consequently it
is dominant to the channel capacity. Antenna diversity gé&m body shadowing mit-
igation can be achieved when the shadowing correlation éetwthe antennas is low.
Therefore the shadowing correlation affects the outageacty significantly. The re-
lationship between the RLN and Lognormal statistics isw@etiin order to extract the
modeling parameters from the measured shadowed fadingheffmrFinally a group of
modeling parameters is suggested based on the measuressatisr

1 Introduction

Body-centric wireless communication systems (BWCSs) ayeckenponents of future

wireless communication systems. A BWCS connects variougegaround human
bodies, such as body sensors, body monitors and wearalgieoeie devices. The

BWCS is categorized as "off-body" and "on-body" systems [Mje on-body BWCS

refers to connections between devices mounted/worn onatine person. This paper
deals with the off-body radio channel between two humandsoufi particular.

In recent years, off-body radio communications betweernra#a devices or sys-
tems have been investigated and user proximity inducedoshiag has been identified
as a critical issue for this type of channels, e.g. [2-4]. Bbdy shadowing usually
changes during a fraction of a second or several secondsegGoently the changes in
channel power due to the body shadowing and small-scaladaatie hard to be sep-
arated especially when people change their relative atiems frequently. Therefore
joint modeling of the shadowing and fading becomes a negeissthe body-to-body
communications.

Recent advances in "smart clothes" [5] and wearable angemhich can be easily
embedded into clothes, e.g. [6, 7], provide a unique oppdstto mitigate body shad-
owing by distributing antennas to various body positionse $mart clothes have found
their applications in emergency and rescue services, m@ledlionitoring, military ap-
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plications, sports as well as entertainment industriesT@jnvestigate the performance
of such multi-antenna systems a multiple-input multiplepait (MIMO) channel model
which takes the body shadowing into consideration is reguiir

Compound shadowed fading distributions have been stu8ieahid used in diver-
sity performance evaluations [9] and cellular system cageranalysis [10]. Effects of
environment shadowing on bit error rate [11] and outage @apfl?] of MIMO sys-
tems have been investigated for wireless personal arearieh(wWPANS) and cellular
systems, respectively. Studies of the MIMO channel in tlidofly BCWS have been
focused on fading correlation [13, 14], body shadowingistias [4] and capacity en-
hancements [15]. However to the authors’ knowledge no workke open literature
investigate and model the body-to-body MIMO channel witktributed on-body an-
tennas. In this paper we propose a correlation based stachazdel with correlated
shadowing (CBSM-CS) based on our previous work presentégl,imnalyze channel
capacity by numerical studies and verify the model with a neasurement campaign.

The paper is organized as follows. Section Il presents th8N-HES model. Nu-
merical analysis of modeling parameters is given in Sedtioisection IV provides a
description of a body-to-body channel measurement campaitpasured channel ca-
pacity is summarized and used to verify the proposed chanr&sdction V. Finally we
conclude the paper in Section VI.

2 Body-to-Body MIMO Channel Model

The body shadowing and small-scale fading in the body-tdylkedhannel need to be
modeled jointly since they often change simultaneouslye&é shadowed fading chan-
nel statistics have been proposed by compounding indepestladowing and fading
distributions, e.g. Rayleigh-Lognormal (RLN) [8] and Ngkani-m Lognormal [10].
Similar strategies can be extended to MIMO channels,

H=[X]"?.G 1)

whereG andX are theN, x Ny fading and power shadowing matrices respectively,
Nr and Ny are the number of transmitter (Tx) and receiver (Rx) antemespectively,
([#]™) denotes entry wise exponentiation with an expomesd(-) represents the entry
wise product.

According to our previous experiments based body-to-bd@ynoel study in [3],
entries ofG are identical independent distributed (iid) complex Garssandom vari-
ables (RVs) with zero means and unit variances. The bodyostiad was determined
as Lognormal distributed. Therefore (1) can be expressed as

H=10%=/2. G )
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Xgp in (2) is modeled as
XgB = Xx.aB - (R§<§BGX,dB) + Mx 4B (3

whereMx 45 andXx 4p are mean and standard deviation matrices of the body shad-
owing respectively(zx 4g contains standard normal distributed RWs¢ 45 is a shad-
owing correlation coefficient matrixe)'/? is defined such aR/2(R'/2)# = R and
(o)H stands for the complex conjugate transpose. Since thela@ueshadowing is
introduced in (2) and in principléx can be obtained from any available CBSM, the
proposed model is called CBSM with correlated shadowinggRBCS).

The relationship between th€ and X435 means and variances is derived based
on [16],

My = e()\MX,dB"F%[ZX,dB]Q) 4)

B = M- (Xl 1) ©

whereX = 1In 10/10.

2.1 Normalized CBSM-CS

Since the fading and shadowing are independent from eaeh, edrsimplify the analy-
sis the normalized RLN distributed channel is expressebteprioduct of a normalized
Rayleigh and a normalized Lognormal RV,

Frorm [KX . X]1/2 . KGG (6)
whereK¢ = 1/v/2 andKx = [Mx]™". For the normalized channel,
E [ B |2] = Np - Ng (7)

whereF [e] is the expectation taken over channel realizations|la®d| - represents the
Frobenius norm.

The average channel power difference among the entri&"ii™ is due to the
branch power imbalance (BPI). A matiXzp1 qp is defined to represent the BPI in dB
in the channel model explicitly. To preserve the normalizednnel power,

norm )\ norm 2
MXas = —3 [(=%%48] + Pepras (8)
| 107=ra /18 |2~ Np - Ng ©)

The channel model after the normalization is presentedlsvi® The superscript
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"norm’ is omitted for conciseness.
1
H = 10%a/20. \/QG (10)

XaB = 2x.dB - (R)l(/fiBGX,dB) - = [EX,dB]z + Pgp1aB (11)

N >

2.2 Structure of Rx 4p

To identify the structure oRx 4 two assumptions are made: independent shadowing
between the Tx side and the Rx side and equal entri@Sxing. The first assump-
tion is straightforward since the behaviors of the peoplth@enBWCS are usually not
coordinated. The second assumption is justified by the meamnt results presented

in Section 5.1. After a few steps derivation based on theetation coefficient defi-
nition, the entries oRx 4p can be expressed as the average of Tx and Rx shadowing
correlation coefficients,

Yitjn,ige = (Vitiz + Yj152) /2 (12)

where; ;2 andw; ;o are the shadowing correlation coefficients between the Teran
nasil andi2 and Rx antennagl and;2, respectively. Whenl = i2orj1 = j2,¢ = 1.

It should be noticed thaRx qp usually does not have a Kronecker structure which is
considered as the case for small-scale fading correlatidfiMO systems [17].

For analysis in the next sectioR gk, Rinap andRyega, are defined to represent
strongly positive correlated, independent and negatigelyelated shadowing respec-
tively. Forilz£i2 and;jl£;2, p5uk=yBull=0.9, ¢\ =y =0 and
Yisg =P =—0.T.

The relationship in (12) and the correlation values set alere verified by the
measured channel statistics presented in Section 5.1.

3 Numerical Analysis of Modeling Parameters and Chan-
nel Capacity

The MIMO capacity with the assumptions of no channel knogéedt the Tx and per-
fect channel knowledge at the Rx is expressed as [18]

C = log, det (INR + 'OHHH> (13)
Nr
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wherel, is an identity channel matrix with sizeandp is the average signal to noise
ratio (SNR) at the Rx.

The composite RLN distribution is specified by a Suzuki plolitgt density func-
tion (PDF) which is not expressed in a closed form [19]. Althb an explicit expression
was derived in [20] and several simpler alternative PDFseveeiggested, e.g. in [9],
analytical studies of the MIMO channel capacity in the egpace are still difficult.
Therefore we evaluate the capacity by numerical simulatiorthis section and by ex-
perimental studies in Section 5.

Different channel conditions have been simulated withk& MIMO setup and 20
dB SNR (o). Cumulative density functions (CDFs) of some simulateainctel capacity
are shown in Fig. 1.

3.1 Effects of¥x 45 on Channel Capacity

Equal values are set to all the entries(;5) in £x qp for the simulations. Three values
of ox 45, 0, 5 and 10 dB, are simulated to represent the Rayleigh ehatypical
indoor body shadowing [3, 4] and severe shadowing conditi@spectively. Fig. 1
shows the shadowing depth represented Ry;s plays a dominant role to the channel
capacity. In theR,q4;, condition the typical and severe shadowing degrade thed&rgo
capacity byl.2 and4.5 bit/s/Hz respectively compared with the Rayleigh chanaie
the degradation of th&7; outage capacity i$.9 and5.6 bit/s/Hz respectively.

The channel capacity approximately linearly depends on 8NiB when the SNR
is higher than10 dB. Fig. 2 shows the probability density functions (PDF) loé t
Rayleigh and the RLN channel power in dB. The average chgomeér is normal-
ized to one for all the channels. As shown in the figure bothmaeal outage channel
power in dB decrease wher 45 increases. Therefore the capacity of the Rayleigh
channel, which is a special case of the RLN channel whenz = 0, is an upper
bound of the RLN channel capacity as shown in Fig. 1.

3.2 Effects ofRx 45 0n Channel Capacity

The independent and negative shadowing correlatidRiify;, andRyega provide an-
tenna diversity gains to mitigate the body shadowing. Tioeeeas shown in Fig. 1, the
outage capacity is improved significantly in tRg,q, andRuyeg. conditions compared
with the R« channel. The improvement is abou8 bit/s/Hz with the typical shad-
owing. On the other hand the improvement in the ergodic dgpacalways less that
bit/s/Hz in all the simulated cases. The ergodic capacitfiéR .. condition is slight
lower than in theR,q, channel and thé% outage capacity shows an opposite trend.
Overall the influences of the shadowing correlation on cipawrease withr x 4.
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Figure 1: CDF of the simulate® x 2 MIMO channel capacity with the different shadowing cortiela
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Figure 3: CDF of the simulated MIMO channel capacity in the typical shaithg with the different MIMO
sizes and shadowing correlation conditions (SNE)=B)

3.3 Effects of BPI on Channel Capacity

The BPI is represented by setting the average channel pateretween the two Rx
antennas to different values, i@.5 and10 dB. The BPI shows the most significant ef-
fects on the channel capacity in the Rayleigh channel. WhénBRIB the ergodic and
1% outage capacity decreaselby and0.3 bit/s/Hz compared with the balanced chan-
nels (BPI#$ dB). In other simulated conditions the BPI degrades the mélacapacity
by less thar bit/s/Hz.

3.4 MIMO Size and Channel Capacity

For a MIMO system working in the high SNR and uncorrelatedrfgaondition, the
channel capacity decreas®s=min (N7, Nr) bit/s/Hz with3 dB SNR reduction. As
analyzed in Section 3.1 it is the different distribution daonel power in dB that de-
grades the capacity of the RLN channel. Therefore the ateschpacity loss of the
RLN channel is expected to increase with the MIMO size. Thisdnfirmed by sim-
ulations in the typical shadowing condition and the resattssdemonstrated in Fig. 3.
Due to the diversity gain the outage capacity degradatidhedR 1,4, channel is much
less sensitive to the MIMO size than in tRas ;. condition. The measurement results
in Section 5.2 confirm this conclusion as well. Thereforarplies that keeping low
shadowing correlation becomes more essential with largdt@larrays.
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Table 1: Channel ergodic capacity in bit/s/Hz with the different MIMonfigurations

oc=5dB oc=10dB
CH1 CH2| CH1 CH2
2x2 11.3 9.8 9.7 | 6.4 5.8
2x2(4x4) PS| 135 13.4 12.0| 116 8.1
2x2(4x4) 1S 14.4 143 12.8| 119 85
4x4 22.1 19.3 19.0| 126 114

Configuration Rayleigh

3.5 Body-to-Body MIMO Systems with Antenna Selection

It is well known that for the Rayleigh fading MIMO channel hid antenna selec-
tion/MIMO (H-S/MIMO) schemes are good tradeoffs betweerWll gains and sys-
tem complexity since additional antenna elements are lysugxpensive compared
to the radio frequency (RF) elements [21]. This strategysjzeeially attractive in the
body-to-body channel case with the distributed antennas.

Considering a system with four antennas placed at two boditipos, such a sys-
tem may benefit from the higher SNR and MIMO transmission atdhme time by
selecting the two less shadowed antennas. We use CH1 tee@pibis channel setup.
The performance of & x 2 channel selected from4x 4 channel is evaluated with
the CH1 setup. Another channel condition with four antersw$ocated at the same
body position (CH2) is also simulated for comparison. Thaeesantenna setup are ap-
plied to both the Tx and Rx sides. An ideal selection (IS) apdwaer based selection
algorithms (PS) are considered. In the IS the capacity giadkible antenna selection
combinations is compared, and the 2 channel associated with the maximum capacity
is selected. This method provides an upper bound of the HNM/capacity. The PS
selects the antennas with the highest power. The simulagediie capacity results are
summarized in Table 1.

The PS performs almost as good as the IS for the H-S/MIMO sehefhe H-
S/MIMO capacity in the typical shadowing condition is cldeghe Rayleigh channel
capacity. In the severe shadowing condition2he2 H-S/MIMO capacity is approach-
ing the4 x 4 channel capacity. It is evident that the H-S/MIMO is morecédint in
the body-to-body channel especially with distributed antes (CH1) and in the severe
shadowing condition.

4 Measurement Setup and Data Processing

A body-to-body measurement campaign was performed in tdodn environments
with a’5.5 GHz carrier frequency and-a3 dB bandwidth of about 100 MHz. A corre-
lation based MIMO channel sounder was used for the expetsnéour Tx antennas
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Figure 4: The layout of the laboratory and corridor environments wittasugement spots #1 to #14 marked
with squares; to the right: an illustration of the devicelmwdy positions

and 32 Rx antennas were measured simultaneously. Thetfull32 MIMO channel
sampling rate was0 Hz, which gives a maximum allowed relative speed between the
Tx and the Rx ofl.6 m/s at5.5 GHz. The length of each channel impulse response
(CIR) was640 ns which is sufficient for the investigated indoor enviromtse Addi-
tional information about the sounder is available in [22].

4.1 Measurement Devices, Environments and Scenarios

Three types of devices and antennas were used in the measusemhe Tx was emu-
lating small size devices with a directional stacked pattkrana (DSP) [6]. Two types
of receivers, Rx-A and Rx-B, were equipped with four antenma each device. In the
Rx-A four Planar Inverted F-Antennas (PIFAS) are locatdtieaclose to each other
and provide a certain front-to-back ratio. The Rx-B antsnai@ four monopole-like
antennas which are very simple to integrate into many bk products.

The Tx, Rx-A and Rx-B devices were placed on three test persgspectively. In
order to obtain channel characteristics between diffdvedly positions, four identical
devices of each type were used simultaneously during therempnts. We included
a variety of heights and orientations for the choices of deyiositions: shoulder (sh),
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Figure 5: Diagram of the measured MIMO channel with= 4 Tx devices with single antenna elements and
J = 4 Rx devices each witli{ = 4 antenna elements

chest (ch), belt (bl) and ankle (an). The experiments weréopred in two indoor

environments: a laboratory (LAB) and a corridor (COR). Dagrithe experiments, no
people were moving in the area except the test persons. éstraltion of the device
positions and sketches of the laboratory and the corridershown in Fig. 4. More

detailed information about the measurement devices arghtfieonments can be found
in [3].

The measurements were performed with the users locatedeat figsitions as
shown in Fig. 4. Different from the experiments performed3h during the mea-
surements the three test persons moved randomly withie fimedefined 56« 50 cm
square areas, respectively. The size of the square enbarasannel stationarity of each
measurement. All three test persons continuously turnednalr within the squares in
a random manner for 90 seconds. Sp#ftisto #14 in the LAB and+#1 to #7 in the
COR were used to make measurements. The Tx-Rx distance wdddiX meters and
all spots separated lymeters were measured. Measurements at8po#9 and+#13
in the LAB are not included in this study.

4.2 Measured Channel Representation and Data Processing

The measurements from the two types of the Rx are combinethargize of each full
measured MIMO channel isx16. The measured MIMO channel is transferred into the
frequency domain by applying the discrete Fourier tramsf(DFT). Totally 64 sub-
bands with 1.56 MHz bandwidth are located within the measinequency band and
used in the analysis. The frequency-domain MIMO channekjisessed as éx4 x4
matrix H™**(m, n), whose entrie&}"°2*(m,n) are complex channel coefficients be-
tween thei-th Tx device and thé-th Rx antenna of thg-th Rx device at a time index
m and a frequency index. A diagram of the measured channel is shown in Fig. 5
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in which I, J and K are the total number of the Tx devices, Rx devices and antenna
elements on each Rx device, respectively. We refer to thenaas at the same device
as 'co-located antennas’, and as 'distributed antennhs'ratse.

The measured channel coefficients include path-loss, boalyosving, small-scale
fading and antenna pattern gains. The average channel pbtierentire MIMO chan-
nel matrix is normalized to the number of links whichtis 16=64 for the system setup.
By this 'global’ normalization, the relative power differee among measured on-body
positions and the channel power fluctuation due to both éaditd body shadowing are
preserved.

To map the RLN statistics of the measured channel to the rmgdphrameters
in (11), a series of relations are derived and presented peAgix 6.

5 Measured Channel Capacity and Model Verification

The channel statistics and capacity presented in thisoseate based on the LAB mea-
surement. Similar results are obtained in the COR as wellth&l measurements are
used for the model verification.

5.1 Measured Channel Statistics

For antennas mounted on various parts of the bodies the whagistatistics can be
different [3]. This is confirmed bWx 45 andXx qp associated with the different on-
body positions as shown in Fig. 6. The maximum BP1.idB ando x 45 ranges from
4.0 t0 6.2 dB. These results are basically consistent with the onesrgdd in [3] while
slight differences are observed due to the different measent scenarios.

Rx qp Of two 2 x 2 channel configurations are illustrated in Fig. 7. One of them
is formed by the chest and belt Tx antennas and the distdbBte antennas at the
same positions, and the other consists of the same Tx astamoatwo co-located Rx
antennas at the chest. If we set the correlation betweerotfhecated antennas 9
and between the distributed antennas o7 as presented in [3], the value of each entry
in Rx qp can be calculated by (12). The results are very close to tlzsuned values
given in Fig. 7 which proves the analysis in Section 2.2. Thadswing correlation
with respect to the other antenna positions can be found.in [3

5.2 Measured Channel Capacity

To analyze the channel capacity with different MIMO sized antenna on-body po-
sitions, channel subsets are defined by selecting partseddritire measured channel
matrix. Each channel subset forms an individual MIMO chanvith a certain array
size and antenna position combinations.
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(lower-left part) Rx antennas; the x and y-axis represeatafitenna on-body positions (Tx-RX, see Fig. 4)
with the numbers representing theh antenna element at the Rx devices (see Fig. 5)
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Figure 8: Channel capacity of the measured channels with various MIM@igurations (SNR = 20 dB).
Each vertical line represents the range of the capacityrsdridrom all the possible channel subsets given the
corresponding MIMO configuration.

Fig. 8 shows the ergodic and 10% outage capacity for diffediiMO configura-
tions. Inthe x-axigVr x Ng is the size of the MIMO channel, and 'D’ and 'C’ stand for
the distributed and co-located Rx antennas respectivély.dst two items represent the
H-S/MIMO with the IS algorithm (see Sec. 3.5) where the nunibbéhe bracketL g, is
the number of selected Rx antennas. Each vertical line septs the range of the mea-
sured capacity obtained from all the channel subsets wlitisfy the corresponding
MIMO configurations.

It is evident that the capacity of the MIMO channel with theneenumber of anten-
nas varies significantly. The Rayleigh channel always ®tamates the body-to-body
channel capacity. Table 2 summarizes the capacity of the channel subsets which
have the maximum and minimum ergodic capacity. By examitiiegshadowing statis-
tics in Fig. 6, we find that wheba x 45 is similar the capacity difference is mainly due
to the average channel power. The difference between ttréodied and co-located Rx
antennas is noticeable but limited due to the diversity gaavided by the distributed
Tx antennas. The shadowing statistics shown in Fig. 6 an8]iogn be used as refer-
ences for practice antenna position selection in ordertieege higher channel capacity.

The outage capacity degradation with the distributed Rerards is much less sen-
sitive to the MIMO size than with the co-located Rx antennidss result is consistent
with the conclusion in Section 3.4.
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Table 2: Capacity of the channel subsets associated with the maximdrmanmum ergodic capacity and
the corresponding MIMO configurations

MIMO positions capacity (bit/s/Hz)
configuration| Tx Rx | ergodic 10% outage
2x2D (max) | ChBlI  ChBlI 10.5 7.6
2x2D (min) | ShCh ChAn| 9.0 5.2
2x2C (max) | ChBlI BI 10.6 6.9
2x2C (min) | BIAn Sh 7.6 4.4

5.3 Model verification

The capacity of the measured and modeled channels is cothipeterms of the capac-
ity to verify the proposed CBSM-CS model. In this section theannel power of each
measured channel subset is normalized individually. Dukdoneasurement setup the
channel with co-located antennas at both the Tx and Rx sidasoa verified.

Fig. 9 illustrates the CDFs of the measured and modglgd2 and4 x 4 channel
capacity. The antenna position configurations in Fig.7 elecsed for th@ x 2 channels.
The 4 x 4D channel includes thést antenna of all four Rx devices and thex 4C
channel contains all four co-located Rx antennas at thepgwsiition. The averaged
model errors in ergodic ant% outage capacity are shown in Fig. 10. The model error
is calculated as the absolute difference between the mezhand modeled capacity at
the corresponding levels.

When the shadowing statistics extracted from the measutsnaea assigned as
the modeling parameters, the model exhibits excellentracgu The measured and
modeled capacity CDF curves are very close to each otheroassh Fig. 9. Overall
the model error is always less thaud bit/s/Hz (or less thah% of the capacity of each
MIMO configuration) for all the MIMO configurations, in both the environments and
at both the ergodic ant% outage level.

To facilitate the use of the proposed model, a group of siiegliparameters (SP)
is suggested and evaluated with the measurements. For timeo8& the balanced
channel (BPI8 dB) with o x 4p = 5 dB is assumed. The correlation coefficient is set
to 0.9 for the co-located antennas and zero for the distributeenaiais. TherRRx 4p
is calculated according to (12). Fig. 9 shows the model eénareases up t@5% and
30% of the channel capacity at the ergodic and outage levelectsply. The errors for
the configurations with the distributed Rx antennas aredrigince the shadowing of
several on-body positions is actually positively correthf3]. Therefore the SP model
tends to overestimate the channel capacity in these casemn tBough the SP is a
reasonable simplification of the proposed CBSM-CS modelisntlich more accurate
than the Rayleigh channel model.
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6 Conclusion

In this paper, we propose a correlation based stochastielmath correlated shadow-
ing (CBSM-CS) for body-to-body multiple-input multiplestput (MIMO) radio chan-
nels. The model introduces a shadowing matrix consistingoofelated Lognormal
distributed entries to represent unbalanced and corcteidy shadowing. A Rayleigh-
Lognormal (RLN) distributed CBSM-CS channel model is dedibased on an indoor
measurement campaign, and the modeling accuracy in teraaohel capacity is ver-
ified by a different set of experiments with less tHi&a relative model errors. A group
of typical modeling parameters is also suggested to fatglithe implementation of the
model.

The maximum measured BPIi2 dB and the shadowing standard deviation ranges
from 4.0 to 6.2 dB. The impacts of the modeling parameters, i.e. shadowiag- s
dard deviation € x 45), shadowing correlation and branch power imbalance (B#l),
the MIMO channel capacity are analyzed by both numerical exmkrimental stud-
ies. Since both mean and outage channel power in dB decrdesew qp increases,
ox,qp 1S dominant to the ergodic capacity. The capacity of the &gl channel
(0x,ap = 0) is an upper bound of the body-to-body channel capacity.eAma di-
versity gains for body shadowing mitigation can be achievbdn the shadowing cor-
relation between the antennas is low. Therefore the shadoeadrrelation affects the
outage capacity significantly. TRex 2 channel simulations &0 dB SNR reveal 4.2
bit/s/Hz ergodic capacity degradation wheg ¢z = 5 dB compared with the Rayleigh
fading channel. The high>( 0.9) shadowing correlation scenario yields anothey
bit/s/Hz capacity drop at% outage level compared with the independent shadowing.
This difference increases rapidly with the MIMO size andhipiies that keeping low
shadowing correlation becomes more essential with largdt@larrays. The effects
of the BPI on the capacity are limited and decrease agg increases. In practice
the difference in the average channel power associatedthétidifferent antenna po-
sitions also need to be taken into account for the antenniéiggoselection. Hybrid
antenna selection/MIMO (H-S/MIMO) schemes are proved iefficin the shadowed
fading MIMO channels especially with distributed antenaad in the severe shadow-
ing condition witho x q5 = 10.

[Mapping RLN Statistics to Lognormal Statistics in dB] Iretlfiollowing deriva-
tions,H, R and [X]l/2 represent normalized RLN, Rayleigh and Lognormal random
matrices respectively. The mean and standard deviatidreaidrmalized Rayleigh RV,
mp andog, are known values. The target is to obtaig qg, Px a andRx 4p in (11)
given the statistics dff.
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According to (4) and (5),

[Bx.as]” = % In ([1\2/[’;]2 + 1) (14)
Mx ap = —3 [Ex.as)” + iln (Mx) (15)
According to (14) and the definition of variance,
2 2 4 [EH}2 + [mR}Q
Exael’ = 4[Sxpegn] =30 ({MH]QW> (16)

Compare (15) and (8)

My

Pgpras = ! In (Mx) = [EX,dB]Q -In () a7

A
A 2

mpr

According to the definition of correlation coefficient,

vec (Xg) vecH (Zp)

Rixp2 =Ry - (18)
(Xx]/2 H
mpvec (E[X]m) vecH (E[X]m)
wherevec (o) represents vectorization and according to (5)
2 M 2 A2 2
[E[X]l/2] = {m:] . (e 2 [Zx,aB]? _ 1) (19)

And as presented in [11]

RX7dB = R[X]l/z,dB

. ln{(6§[vcc(zx‘dB)vccH(zx,dB)]"‘ _ 1) Ry + 1} (20)

A [vec (Bx.ap) vecH (Bx.ap)]?
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Abstract

Ultra-wideband (UWB) is a promising technology for wiredelsody area networks
(WBANSs) which are essential parts of future wireless conication systems. In this
paper we characterize and model the UWB WBAN channel basegpmatiments per-
formed in two typical indoor environments. Totally antenna on-body positions are
investigated. According to the measurements the chanmieband power is Lognor-
mal distributed and the power varies up 20 dB among the antenna positions. The
channel rms delay spread ranges frérno 20 ns.

The WBAN channel is featured by the radio propagation ardwntan bodies, i.e.
direct link, body diffraction and body reflection. To separthe around body propaga-
tion from the environment propagation the first cluster (FCyletected and separated
from the remaining clusters (RC) of the measured channellsepresponses (CIRS).
The amplitude of the FC shows different distributions whenantenna is mounted on
different parts of the body. The statistics of the poweroratid arrival time intervals
between the FC and the RC also depends on the antenna on-bsitipips. The cluster
decay factor of the RC is linearly related to the FC/RC povegiorin dB.

Based on the knowledge above we propose a UWB WBAN channel winidh
extends existing indoor UWB models for the WBAN applicatidine model uses a joint
approach to generate and combine the around body and theoamvéent propagation
in the delay domain. Modeling procedures are presented dfeioto implement the
channel for system evaluations.

1 Introduction

An essential component of next generation wireless comeatinh systems is a body-
centric wireless communication system (BWCS). The BWCS catisnarious devices
around human bodies, such as body sensors, body monitora/eardble electronic
devices. According to the range of the communication the BW&$bhe categorized as
"off-body" and "on-body" systems [1]. The on-body BWCS hasnfd applications in
health monitoring, wearable PCs and entertainment systémadio network consist-
ing of the on-body devices is called a wireless body areaort@VBAN). In a typical
WBAN scenario a number of sensors, e.g. health monitors artthmdetectors, are
distributed to a variety of on-body positions, and conndtt & central device such as a
personal digital assistant (PDA) for further processindg aammunications with other
systems.

Ultra-wideband (UWB) is a promising technology for shortgarradio communi-
cations. Given the low power consumption and low complepityperties the UWB is a
competent candidate for the WBAN applications. To gain thiepetential advantages
provided by the UWB comprehensive channel knowledge is redui



C4

The UWB channel in indoor environments have been extensstalyied in recent
years [2, 3]. Compared with other radio channels the WBAN nkéis featured by the
short range direct link, body diffraction and body reflentiorhe penetration through
the body is negligible [4]. The term of the 'around body’ paggtion is used in this
study to represent the radio propagation close to humarebodin extensive summary
of narrowband on-body channel propagation was given byTb¢ investigation of the
UWB WBAN channel is complicated by the large bandwidth or cgpondingly the
fine resolution in the delay domain. Finite-difference tidmmain (FDTD) was usually
used as a channel simulation method [4, 6]. A simpler rayrteet®ased approach also
provided reliable solutions [6]. Most experimental invgations for the WBAN chan-
nel were performed in anechoic chambers and focused ondbhacbody propagation.
Body diffraction was found as the dominant propagation raai@m between the ears of
the human head [4]. Path-loss models along torsos wereeden7—9]. Distance de-
pendent exponential power decay with decay factors bet@gesmd4.4 was reported.
The distribution of the body diffraction components was marized in [10, 11] and
Lognormal was found as a good fit for the small-scale fadiagjstics. Some WBAN
channel parameters, e.g. delay spread, were proved sertsitihe antenna positions,
body gestures and antenna types [8].

When the on-body BWCS system works in real life the reflectidgffragtion and
scattering from the multipath environments will also bduded in the radio channel.
However few experimental studies have been conducted éodtWB WBAN channel
in real scenarios. The measurement results on channelqszttil2], wideband power
variation [13], path arrival times [14] and delay spread,[13] had been presented.
In reference [7] the body diffraction and surrounding eomments are modeled sepa-
rately when the antennas were placed on the torso. In thisrpap propose a UWB
WBAN channel model which uses a joint approach to take bottathand body and
the environment propagation into consideration. The stadyased on measurements
performed in two typical indoor environments with dynaméets and a large collection
of device on-body positions.

The paper is organized as follows. Section Il gives a deorippf the measurement
setup. The channel characteristics including widebancepatelay spread and the first
cluster properties are presented in Section Ill. In Sedibmwe propose and verify a
UWB WBAN model based on the measured channel investigatioimallythe paper
is concluded in Section V.

2 Measurement Setup

The radio channel measurements were performed with a timeihoUWB sliding
correlator channel sounder. The measurement bandwidtl2 wWa8Hz centered at.5
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Figure 1: Left: a body-worn (Tx) device with a UWB directional stackeatgh antenna; right: a belt-mounted
(Rx) device with two omni-directional planar printed monaptlWB antennas

f=1.1cm=»

GHz. The effective delay resolution wéast ns. The measurement set-up allowed the
full separation of th@ x 4 = 8 simultaneously measured radio links. The radio channel
sampling rate wag9 Hz, which accommodates the expected channel change rate at
normal walking speed of m/s at the upper frequency 6f75 GHz. A RF on fiber
optic link instead of conductive cable connections was teadinimize the effects of

the measurement cables on the antenna radiation chastickefl3]. The instantaneous
dynamic range i$5-30 dB. A more detailed description of the measurement equipmen
can be found in [15].

2.1 Measurement Devices, Environments and Scenarios

To investigate the channel between a body sensor and alcasdrdevice, e.g. a hand-
set or a PDA, two types of devices were selected. Picturdseofi¢vices are shown in
Fig. 1. The transmitters (Tx) were small size devices withraational stacked patch
antenna on each of them [16]. Radiation patterns of the Terenat at the center frequ-
ency (.5 GHz) are plotted in Fig. 2. The receiver (Rx) was a PDA likeideequipped
with two custom designed omni-directional planar printednopole UWB antennas.
Since the patterns of small antennas become directionah wlaeed on the body re-
gardless of their radiation patterns in free space [4, b€ directional antenna used in
our measurements cover general small antennas mountedtaltise body.

Both the Tx and Rx antennas were placed on the same test pefdenRx was
mounted on the front-right side of the waist, and the Tx wasimbed at totally15
different on-body positions. An illustration of the devipesitions is shown in Fig. 3.
The selected Tx positions covered a variety of antenna tgigtientations and relative
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co-polar meas g
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0 180

Figure 2: Measured and simulated radiation patterns of the Tx antena® &Hz, left: X Z plane; right:
Y Z plane (the coordinate is shown in Fig. 1)

distances to the Rx.

The experiments were performed in two indoor environmeatsiboratory (LAB)
and a corridor (COR). Two routes in the LAB and one route in@@R were used.
Each test person walked along the routes back and forthraistito have all the Tx
positions tested. Totally four persons were measured fcin eaute. No people were
moving in the area except the test persons. Fig. 4 shows ehskkthe environments
and a picture of a test person with the Tx placed at the uppgo.to

2.2 Data Processing

The measured channel impulse responses (CIRs) were coateérfsr all measure-
ment system influences except the antennas. Each meastirentenvas split up into
consecutive time segments correspondingitsampled CIRs each. An average power
delay profile (PDP) was calculated for each data segmentnrighavideband power
statistics and delay domain parameters were extracted loasthese PDPs. The signal
rays in the delay domain have been estimated using a CLEAdtit#ign applied to the
amplitude data of each individual CIR instead of the avelRQ®. The identified rays
were used to characterize the around body propagation.il&kt@escriptions of the
channel data processing can be found in [3, 15].

The distribution fitting in this paper is analyzed by the Kobporov-Smirnov (K-
S) test. Lognormal, Weibull, Exponential, Laplace, Normatl Rayleigh distributions
are considered as candidates. The distribution is accegstedfit when the p-value is
larger than0.01. Among all the fitted distributions the one with the largestatue is
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Front view Top view
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| 1-3:arms; 4-6: legs

7-9: lower torso
Tierl 10-12,14: upper torso
13,15: head

4 U Body-worn device (Tx)
I Belt-mounted device (Rx)

Figure 3: An illustration of the Tx and Rx on-body positions and therutal classification according to the
relative Tx/Rx positions
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Figure 4: Left: a test person with the Tx at the upper torso and the Rx tealon the front-right waist; right:
a layout of the laboratory (LAB) and corridor (COR) environte
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Figure 5: Channel wideband power respect to the different Tx anteonsdipns; round dot: mean wideband
power, vertical bar':tajéB around the mean power calculated in dB

considered as the best fit.

3 Channel Characterization

To generalize the results, the Tx positions are classifiedthree categories according
to their relative positions to the Rx as illustrated in Fig.The propagation situations
are different among the three types of the channels. Thd Tieannel propagation is
dominant by the short range direct link between the Tx andRtheThe Tx in the Tier3
channels are located at the opposite body side with respabetRx. The reflection
from the environment is the primary propagation mode in¢bisdition. Other positions
are categorized into Tier2. Both the body diffraction anel émvironment propagation
contribute to the channel of these positions.

3.1 Channel Wideband Power

The channel wideband power is calculated by integratingptiveer of the average PDP
in the delay domain. The Lognormal distribution fits all theanurements and is the
best fit for80% of the measured Tx positions. Fig. 5 shows the mean widebawep
expressed in dBrf») by round dots, and the power standard deviatiof{ around
the mean taken in dB by vertical bars. It should be noticetlitha is larger than the
dB mean.
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Table 1: Classifications of the on-body transmitter positions anchobaparameters in the LAB

mp od?  rmsdelay W90
Pe | 4Bm) (dBm) (ns)  (ns)
Tierl | —76.3 2.3 7.5 9.4
Tier2 | —840 2.4 152 315
Tier3 | —92.0 1.8 170 471

Antenna Position Dependence

The mean wideband power of each channel type measured irAfBés.shown in Ta-
ble 1. Similar results are obtained in the COR. The Tier2 aed3Thave approximately
8 and 16 dB more attenuation in the channel wideband power than tbel Thannel.
On the other hand all the channel types have the simi{&r In the walking condition
the most power fluctuation happens at the arm and ankle omthe side of the Rx, i.e.
at position2, 3, and5 o47 is approximatel\2.7 dB.

The difference inmp between the two environments is less thiadB with the
exception of the position3 (right side head). The higher power at the positlénin
the COR could be explained by the strong reflections from #ikng and side walls
due to the shorter distance between the test persons andatlse Whe reflections are
not blocked by the human body because of the higher anteriglathe

Branch Power Imbalance

The branch power imbalance (BPI) between the two Rx anteisrlass tharg dB for
most of the measured channels. The Tx positions which hagetdine-of-sight (LOS)
link to the Rx, e.g. positioR, 3, 5, 6 and9, show higher BPI in several measurements.
The different antenna gains in the LOS direction is the masssible reason for the
imbalanced power. Since the BPI was not observed in all tressarements for a certain
Tx position, the small changes in the device positions antbegneasurements may
cause significant variations of the antenna gain in a cediagction. The directional
radiation pattern of the body-mounted antennas is alsibatidd to the BPI. Similar
phenomenon was reported in [18]. The correlation of widdbaower at the two Rx
antennas is uniformly distributed in the rangg@2, 0.8].

3.2 Channel Delay Spread

Two parameters, root mean square (rms) delay spread@icnergy delay window

(W90), are used to characterize the channel delay spread &igl Table 1 demonstrate
the results. Overall the delay spread is slightly smallehgnCOR due to the smaller
space compared with the LAB. The variation of the Tier2 clespread is larger than
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Figure 6: The rms delay spread artid% energy delay window of the measured channel respect to the
different Tx antenna positions; square dot: mean rms delaagpwertical bar: standard deviation around
the mean value; Dark bar: LAB, light bar: COR

the others. Since neither the body diffraction nor the @mriment multipaths is always
dominant in the Tier2 channel, they may exhibit more inflesnioy turns and result in
the larger channel variation.

3.3 First Cluster Characterization

It is well known that the indoor UWB channel usually consistsaaumber of clus-
ters[2, 3, 7, 10]. In most of the WBAN channels the first clu¢ket) arriving at the Rx
is composed of the rays from the around body propagationhwiscially does not de-
pend on the environment. Therefore the FC and the remaitiis¢ees (RC) of the CIR
can be modeled separately [10]. To model the whole CIR thespoatio and arrival
time intervals between the FC and the RC are also requiregl FOMRC join character-
istics are summarized in this section. The analysis is baséle individual CIRs after
the CLEAN algorithm was applied to the measured data.

FC Detection and Separation

Due to the system dynamic range limitations the power of tBerFsome measured
channels is not high enough to be detected. To avoid falctietes the absolute propa-
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gation delay of the first ray in the measured CIR is compardid the wave propagation
time along the direct or body diffraction path which is cdéted based on the relative
Tx/Rx positions. Due to the body movements a detection windodefined to ac-
commodate the variation in the path length. The duratiomefwindow is set a8 ns
corresponding to a distance @f cm. If the absolute propagation delay of the measured
first ray falls out of the detection window, the FC of the chelns considered as not
being detected.

The separation of the FC and the RC depends on the duratidredf@ and the
distance between the test persons and the closest scattéchris 50 cm in the mea-
surements. With this distance the FC arrives at the Rx ysoadre thamn2 ns earlier
than the RC. As presented in [10], the FC power decays appedgly 10 dB/ns. Ac-
cordingly the power of the FC 0 dB below the peak at the delay ®ins. Therefore
the first cluster afte ns delay is considered as the start of the RC to minimize the
FC/RC overlapping. The ground reflection for the positiaand5 can not be separated
from the detected FC due to their short distances to the fRince the ground reflection
is usually also environment independent, they are coresibles part of the FC for these
two positions.

Totally 90% of the measured channels have the FC detected and sepacsueithé
RC. The following analysis is based on these measured clsanne

FC and RC Power Ratio

The power ratio between the FC and RC expressed i) reflects the propagation
mechanism. Larg& %P corresponds to direct link or body diffraction dominantrsze

ios, and smallK¢? indicates that most channel power comes from the envirobmen
propagation. Fig. 7 illustrate& ¢? with respect to the different antenna positions. The
mean (anjB) and standard deviatiomrl((gs) of K¢B are presented in Table 2. When
compared with the results presented in [7] we find simigt” of the Tierl channel,
and smallek ¢P for the Tier3 channel.

By the K-S test the Normal distribution is the best fits fof? > 0.

The negative correlation betweddt:® and the channel delay spread is obvious as
shown in Figure 7 and Figure 6. The correlation coefficient(sr in both the LAB and
COR. However when the two environments are compared the GBkhk smallek ¢?
and less rms delay at the same time. Therefore}j€ and the physical environments
both contribute to the channel delay spread.

FC and RC Arrival Interval

The interval between the FC and the RC depends on the diffetsgtween the length of
the direct or body diffraction path and the distance fromtds persons to the closest
scatterer. It is shown in Fig. 8 that the FC/RC arrival inér{A ;) is both antenna
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Figure 8: Arrival intervals(A ;) between the first cluster (FC) and the remaining clusters) @@¢he CIR
respect to the different Tx antenna positions
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Table 2: First cluster (FC) characteristics with respect to theadéht channel types in the LAB and the COR

ma., OA Mg dB O dB

Type (hs) (ns) (dB) (dB)
Tierl LAB 2.9 0.7 5.5 6.2
COR 238 0.7 1.9 4.3
Tier2 LAB 3.4 1.8 —3.7 7.6
COR 29 1.2 7.7 5.7
Tier3 LAB 3.1 1.2 —13.5 6.1
COR 26 1.8 —9.7 5.4

position and environment dependent. The meap () and standard deviatiom £ ) of
A, are presented in Table 2.

The mean and variance @f, are both smaller in the COR which is a constrained
space with simple structures. The largést observed in the LAB and COR ikl ns
and12 ns at the Tx positioi4 and12 respectively. Both positions are at the back of
the torso.

None of the statistics considered by the K-S testAitsfor a majority of the Tx
positions.

Characterization of Rays in FC

Totally 86% of the FC contains two rays. Therefor we model the FC as a ay@luster.

The power of the body diffraction has been found in previdudiss to be Lognor-
mal [10, 19] or Weibull [19] distributed. We observe diffateay amplitude distribu-
tions for the different channel types based on the K-S test.the first ray in the FC,
Normal, Weibull and Lognormal distributions are identifeesithe best fits for the Tierl
to Tier3 channels respectively. The distribution paramsedee summarized in Table 3.

The second ray in the FC follows the same distribution as tserfhy. The mean
power ratio in dB 4F) and arrival interval ) between the first and the second ray are
summarized in Table 3. The power decay of the FC is betvied/ns andl0 dB/ns
depending on the Tx positions. The correlation coefficiatiMeen the two rays in the
FCis 0.7 in the LAB and 0.6 in the COR. Similar high correlatigas presented in [7].

Overall the ray statistics are only slightly different irettwo environments. Itis as
expected since the around body propagation should be indepéwith the environ-
ment propagation.

3.4 Body Propagation and Environment Propagation

The human body in the WBAN not only acts as a medium of the artwaag propaga-
tion but also shadows the signal coming from the environmEat the Tierl channel
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Table 3: Ray characteristics in the FC with respect to the differéainnel types in the LAB and the COR

Tvpe ) RYP  Bestfit
yp (ns) (dB) distribution parameter
LAB 1.3 11.3 Normal:yx=0.4,0=0.9

Terll cor 12 126 Normaliy=03.0 = 1.0

Tierz | LAB 14 87 Weibull:a = 26,0 = 1.0
COR 1.5 9.7 Weibul: o =26,8=1.0

Tier3 LAB 1.7 6.0 Lognormal:y = —0.4,0 = 2.2

COR 1.6 6.8 Lognormal:y = —0.7,0 = 2.4

the earlier environment reflections will not be blocked by tody and the later ones ar-
riving from the other side of the body will be shadowed. Theation is the opposite for
the Tier3 channel. Therefore it implies that the decay fadi@) of the RC increases

with K¢B. To calculatd z the FC is removed from the measured average PDP. Since

it has been found that indoor channels exhibit dual-slopB$With a breaking point at
25 ns [3], we evaluate the cluster decay factor of the two deegipns separately. Only
the decay factor of the first delay region dependsi@¥ since the arrival directions of
the later environment multipaths become random. Fig. 9 steogcatter plot of g as
a function of K'¢? for all the Tx positions. Linear fits with the minimum squasedor
are also plotted in the same figure. The data of the posittas considered as outlier
and excluded from the fitting process. The linear dependbateeen z- and K45
in the LAB and the COR is expressed in (1) and (2) below respyt

Tre,pas = 0.025- KEP —0.40 (1)
T're,cor = 0.077 - K%B —1.13 2)

The slope of the fitting curve in the COR is steeper. It indisahe higher body
influences in the more constrained environmehtgc is as small a9.02 dB/ns when
the RC is dominant. Similar small values were observed iih [R@c increases linearly
with K¢P. In the COR when the power of the FC increases to the same &Chthe
RC power dropd.2 dB/ns.

Other environment channel parameters, e.g. cluster hrate do not change sig-
nificantly respect to the channel types [10].

4 Channel Model and Verification

Based on the investigations in the previous sections wegse®a UWB WBAN channel
model which extends existing indoor UWB models for the WBAN laggpions. The
model uses a joint approach to take both the around body &nen¥ironment propa-
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Figure 9: Scatter plot and linear fitting of the RC cluster decay faiog) as a function of the FC/RC
power ratio ¢ 4F)

gation into consideration. The CIR is modeled in three stépst the FC is generated
using correlated Normal, Weibull or Lognormal random Maleg(RVs) according to the
channel types as presented in Table 3. The power and delhg sétond ray respect to
the first ray is set according ®@%” and¢ in Table 3. In the second step the RC is gen-
erated based on available indoor UWB channel models. Theecldscay factor needs
to be adjusted based on (1) or (2). In the last step the FC a¢hare combined to-
gether in the delay domain. The power ratio in dB betweenwloepiarts is modeled as
a Normal RV. Since their arrival interval does not follow argnsidered distributions it
is also modeled as a Normal RV as an approximation. The mehstandard deviation
of the tWwo RVS {na,, 0a,, mgas andokas) can be found in Table 2. The large-scale
power variation is represented by a Lognormal RV as sugdéstéable 1.

We simulate the UWB WBAN channel based on the suggested proesdn in-
door mobile-to-mobile UWB model presented in [20] is seldchs the environment
propagation model. The body proximity and similar anteneigits considered in the
mobile-to-mobile model make it superior to other modelsttiff@rmore the mobile-to-
mobile model was based on a set of measurements performieel gaine environment
(LAB) which facilitates the channel verification. Totallp00 channel realizations are
generated for each channel type. The model is verified byrttsedelay spread. The
cumulative density functions (CDFs) of the delay spreadshown in Fig. 10. The sim-
ulated and measured CDF curves are very close to each otherefdre the proposed
model can extend the indoor channel model for the WBAN apiitina accurately.
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5 Conclusion

In this paper, we characterize and model the UWB WBAN channet¢@h multipath
environments. The study is based on experiments performadaboratory and a cor-
ridor with dynamic testing persons. The Rx was placed on thistvand totallyl5 Tx
on-body positions were evaluated. A WBAN channel classificadccording to rela-
tive Tx/Rx positions is presented. Channel parameter arsaty carried out for each Tx
position and channel type.

The channel wideband power is Lognormal distributed. TteeZTand Tier3 chan-
nel have approximately and16 dB more attenuation in the wideband power compared
with the Tierl channel. Channel rms delay spread ranges fréor20 ns among the
different antenna positions. To separate the around boaolyagiation from the envi-
ronment propagation the first cluster (FC) is detected apdraged from the remaining
clusters (RC) of the measured channel impulse respons&s)CPower ratio and ar-
rival time interval between the FC and the RC are chara&driRays in the FC are
modeled as Normal, Weibull or Lognormal distributed depega@n the channel types.
The RC decay factors is found linearly dependent on the FQ/&@r ratio in dB.

Based on the above knowledge a UWB WBAN channel model whicmestex-
isting indoor UWB models for the WBAN applications is proposéithe model uses
a joint approach to generate and combine the around bodyrasiciement propaga-
tion in the delay domain. Modeling procedures are preseimentder to implement
the channel for system evaluations. The modeling parasietaracted are specific to
our measurement campaign. However, the methodology célg baseproduced and
the model is general. More experiments in different envinents and with different
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antenna types are encouraged by the authors to extend afydtlemproposed model.
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1. INTRODUCTION D3

Abstract

In this paper we present and analyze spatial correlatiorpgrbies of indoor 4x2 MIMO

UWB channels in personal area network (PAN) scenarios. Tasemted results are
based on measurement of radio links between an access jk@rddvice and a hand
held or belt mounted device with dynamic user. It is foundctiennel shows spatial
correlated wideband power, and spatial uncorrelated canpathannel coefficients at
different frequencies and delays with respect to a corietatoefficient threshold of
0.7. The Kronecker model is proved not suitable for the invastid scenarios. The
MIMO UWB channel achieves an ergodic capacity close to.i.iRhyleigh channel

capacity. However the outage capacity degrades due to ttiebaind power fluctuation
/ shadowing introduced by user’s body.

1 Introduction

The Ultra wide band (UWB) technology has been one of the mqatijao topics among
the communications research community since the 1990'salits potential on the
high data rate and/or reliable transmission with low traission power. The frequency
selective nature of UWB channels makes the fading of widelpameer much smaller
than other communication systems. However, the rigid pamesestrains, regulated by
regulator bodies e.g. FCC and ETSI, make the design of a UWBrsya big challenge.

The combination of UWB and multi-input multi-output (MIMOg¢hniques is con-
sidered as a potential solution, to improve reliability aoderage, increase the data rate
and reduce power consumption of UWB systems. Being awareeddttbng limitations
imposed on UWB communications by regulation bodies, the UMBAM system was
justified from different aspects including additional ceipaenhancement [1, 2] and
extra diversity and coding gains [3-5]. The performanceuahssystems was shown
dependent upon spatial correlation properties betweasriission links. The spatial
correlation of UWB multiple antenna systems based on indbancel measurements
was investigated in [1, 6-8]. The spatial correlation waarabterized either in the
frequency domain [1, 6, 7] or the delay domain [8].

The UWB technology is considered as a candidate PHY solutiobddy-centric
personal area network (PAN) communications which is chareed by short range and
low power wireless links. In PAN environments a significanpact of the user prox-
imity and user dynamics on the signal propagation was disdaince transceivers are
often body worn or hand held devices [9]. The spatial coti@tgproperties of MIMO
radio channels in such PAN scenarios are also expected imbevariant because of
the user movements [9, 10].

In this paper, the spatial correlation of multi-antenna UWHumnels was investi-
gated in PAN scenarios based on experimental data in the ldWB frequency band
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4 element antenna array

Figure 1: Antenna setup for the measurement setup, left: handheld esaedUD); right: access point
device (AP))

of 3-5 GHz with 4 receive antennas and 2 transmit antennak0]9, Compared with
previous studies our measurement was unique in the antemimurations and the
scenarios with dynamic users.

The spatial structure of the channel was unveiled and a Ki@ranodel was eval-
uated in the view of UWB MIMO channel modeling. The capacityttotd measured
UWB-MIMO channel was evaluated.

The paper is organized as follows. Section Il describesxperamental work and
the scenarios. Section Il presents the data analysis amtkgsing. In Section IV
the MIMO spatial correlation analysis is presented. Findhe paper is ended by a
conclusion in Section V.

2 Measurement Setup And Environment

The radio channel measurements were conducted with a tim@aidoUWB sliding
correlator channel sounder. The measurement bandwidtl2 waSHz centered at 4.5
GHz. The effective delay resolution was 0.4 ns [10].

A linear array of four UWB planar monopoles was used at the sscpeint (AP)
(Fig. 1, right) and two cylindrical monopoles were used ierudevices (UD) (Fig. 1
left). The antenna separation distance w#8 at both AP and UD, whera = 6.7
cm is the wavelength at center frequercy GHz. A more detailed description of the
measurement system can be found in [10].

Table 1 summarizes the main characteristics of the measmteznvironments and
radio channels. In all scenarios the UD was carried by udetsna height from the
room’s floor and withv &~ 1m/s speed. Three typical environments, laboratory (LAB),
conference room (CAN) and hallway (HAA) have been inveséidawvith user routes,
covering the most likely user movement patterns relativihéolocation of the AP. As
an example, the layout of the conference room environmesttas/n in Fig. 2.

The main difference between the three environments is iAEhkeight, which leads



3. DATA ANALYSIS AND PROCESSING D5

Table 1: Main Characteristics of the measurement environments andastess [10]

Area AP AP-UD RMSdelay Number
Environment| Dimension height  range spread of
WxLxH(m) (m) (m) (ns) routes
LAB 8x14x2.3 2.3 2-7 13 3
CAN 15x17x2.3 2.3 2-7 25 5
HAA 12x17x11 6 6-17 35 6

to a different signal clustering in the channel impulse oese (CIR). Furthermore, in
the LAB environment the density of the scattering objeatsn(ture, equipment, etc.)
was much higher compared to the CAN and HAA environments.

The number of routes measured in each environment is listd@dlle 1. Approx-
imately a number o5 different measurements runs were taken in each scenatio wit
different users and moving directions. The radio channmiptiag rate waslO Hz, i.e.
every0.025 s a MIMO snapshot containing x 2 = 8 simultaneously measured radio
links was recorded. The duration of each measurement roageeither1 2.5 s or 25
s depending on the length of the route. Therefore, in totalenttean10, 000 MIMO
channel snapshots were measured.

Unless otherwise stated, the statistical results showinaridllowing sections were
based on measured data from all the environments.

3 Data Analysis and Processing

3.1 Stationarity of the measured channel

The wideband power is considered as stationary over theemmalasurement route
since the path loss effect is almost negligible comparet Witdy shadowing for the
measured scenarios.

The complex channel coefficients at different frequenaneksdelays are non-stationary
due to the dynamics of the user. The non-stationarity wasezhhy the variation of the
scatterers when user moved in the environment. The charmebmtreated as station-
ary over a short interval. To identify the channel statidgaa quantified metric was
applied to the measured channels in order to obtain staiomizrval.

The metric is similar to the one proposed in [11]. First, theraged power delay
profile over all links was computed by,

L
PDP (t,7) = %Z B (t7,1) 2 @
=1
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Figure 2: Layout of Conference Room (CAN) environment

whereh (¢, 7,1) is the complex channel coefficient at timelelayr and SISO link and

L is the total number of SISO links. Then the small scale fadiag averaged out by
performing sliding window time averaging with a window l¢h@f 10 channel samples
which produces?DP (¢, 7). The time-domain PDP correlation metric used is defined
as:

>, PDP (ty,7) PDP (t; + At', 1)

max {ET PDP (t),7)° PDP (t, + At 7)2}

pepp (At') = 2

and decreases when channel wideband power and/or straétér® P varies signifi-
cantly between the two time instancAs’ apart. Thereforgs55 (At') is used as an
indicator of channel stationarity, i.e. the interval dgriwhich pz55 (At') is greater
than a predefined threshold,;, = 0.5 is considered as stationary as recommended
in [11].

Only blocks with more than 50 samples were used in this paped statistical
results based on a large amount of measurement data weneeabta ensure the relia-
bility of the analysis.
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3.2 Spatial Correlation

The measured time-varying UWB-MIMO channels can be exptes#@er in time-
delay domain ad(t,7), or in time-frequency domain a&(t,f). In this study the
channels was investigated in both time-frequency and telay domains.

The presence of orthogonal MIMO links is a necessary cantit realize the lin-
ear increase in MIMO capacity [12]. The spatial correlatimiween the links is an
important measure to identify the independence of the lifike correlation coefficient
was calculated between each pair of the links. It is exprkase

P(mlinl,m2n2) = <ﬁm1n17ﬁm2n2> (3)
where(-) is the correlation coefficient operation, and defined as,

E[ab*] — E[d] E [b*]

a,b) =
b V(ElaP] = E[a] P) (E[]P] — [E[b] [?)

(4)

where(-)" is the complex conjugate arfd[-] denotes the expectation.

By replacingg with h (¢, 7), g (¢, f) andp(t) in (3), the spatial correlation in the
delay domainpgeiqy, frequency domaimy,., and wideband powep,,,, is obtained
respectively, wheré (¢, 7) andg (¢, f) are elements i (t, 7) andG(t, ), and

p(t) =Y _[n(t,7)? (5)

Pdelay aNdp ¢, are calculated within each stationary time block definee@bas (12),
andp is calculated over the whole measurement route.

In this work we use a threshold 6f7 for the correlation coefficient to be considered
as 'correlated’.

4 Results Analysis

4.1 Spatial correlation of wideband power )

Due to the large bandwidth of the investigated channelgtigeno fading in the wide-
band power. The spatial correlation of the wideband powenaily introduced by
body shadowing. Therefore the wideband power at the recéveorrelated since
the receiver antennas usually see the same shadowing. @onkrary the transmit-
ter which is belt-mounted or hand-held by the users can takidifferent shadowing,
hence lower spatial correlation.

This is proved by Fig. 3 (left) which plots the mean spatiatelation of wideband
power. The upper left and lower right corners of the figurerespond to the spatial
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Figure 3: Mean spatial correlation of different link-pairs; lefipow, right: ps,cq4; Link 41 indicates the link
between receive antendand transmit antenna

correlation at the receiver refer to the two transmitteeanas respectively. They are
significantly higher than the correlation between othetdias expected.

4.2 Spatial correlation of complex channel coefficients atitferent
delays @delay)

The mean and0% CDF spatial correlation at different delays is illustrated-ig. 4.
The 10% CDF refers to the value which is higher thadf% of data. The mean spatial
correlation is approximatelf).5 in the first delay bin, and decays to aboui in 20 ns.
Similar results were reported in [8]. TH®% CDF correlation is only significant, i.e.
above.7, for the firsts ns delay spread, in general corresponding to the most signtfi
direct signal paths. A correlation of 0.6 was observed betwapatial correlation and
channel gains at different delays. It implies a smaller #angspread for the clusters
containing more power, e.g. the direct or main reflectiostelts.

4.3 Spatial correlation of complex channel coefficients atitferent
frequency (psreq)

The spatial correlation does not show differences in themeea 10% CDF values at

different frequencies within the whole frequency band. Batean (Fig. 3 right) and

10% CDF correlation are below.6, which implies the potential of spatial diversity.
To identify the variation of the spatial correlation resjpecfrequency separations,
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Figure 4: Mean andl 0% CDF spatial correlation at different delays

a metric called correlation matrix distance (CMD) was usBEte CMD was originally
proposed in [13] to describe the non-stationarity of MIMCachels. Here we define
the modified CMD as

tr{R (f1) R(f2)} |
MDA == R [ IR ) ®
where|| - || » represents Frobenius norm.

The CMD becomes zero for identical correlation matricesamity for maximally
differed matrices. When the CMD is greater than [13], the channel matrix under-
takes a significant change. Fig. 5 shows the CMD varies fastel reaches.2 with
a b, 40 and100 MHz frequency separation in the HAA, LAB and CAN environment
respectively.

4.4 Spatial correlation at transmitter and receiver

The receiver and transmitter correlation measures arélyzee represent spatial corre-
lations between two radio links sharing the same transnditraneive antenna respec-
tively. The correlation between other link pairs is referes 'others’.

The difference ofp,,, at the transmitter and receiver sides has been discussed in
Section 4.1. For thegeiqy andpy,eq, the transmitter and receiver correlations are nor-
mally different due to antenna configurations, richnesoél scatterers, user move-
ments, etc. Table 2 shows mean dii¥o CDF spatial correlation at transmitter and
receiver.
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Figure 5: Mean correlation matrix distance with respect to frequerpasations in different environments

In our measurement system, the antenna elements separasdhe same at trans-
mitter and the receiver with.5\. The receiver antenna array was always fixed on the
ceiling, therefore it yield a higher spatial correlatiorowgver, the difference is not sig-
nificant, and both at the transmitter and the receiver tharoslas spatially uncorrelated
due to the rich scatters in all the investigated environsieRtirthermore, at the trans-
mitter side the antenna near field effects due to the useimmityxmay result in different
radiation patterns for transmitter antenna elements wihgciease the correlation.

4.5 Spatial correlation with different Rx antenna spacing

The receive correlation is further analyzed in terms of mméeelements separation in
this section. Table Ill shows the mean ari, CDF receiver spatial correlation with
different antenna spacing. The results show that the aatepacing ranging from,/2

to 3\ /2 has little effect on the .4, andpy,.., . And they are always uncorrelated with
all antenna separations.

The effects of the antenna separation are more considdaalite p,,,,, . However,
the channel is always spatially correlated for the widebamder. Therefore, from a
system perspective the deployment of a selection divessitgme at the access point
like device based on wideband power measurements requiggg@nna elements spac-
ing of at leasBA/2.
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Table 2: Mean andl0% CDF spatial correlation at receiver (Rx) and transmitter) (Tx

Pdelay Pfreq Ppow
mean 10% mean 10% mean 10%

Rx 035 063 038 065 084 0.95
TX 030 053 034 060 057 0.84
Others| 0.27 049 030 056 051 0.80

Table 3: Mean andl0% CDF receiver spatial correlation with different antennacpg

Pdelay Pfreq Ppow
mean 10% mean 10% mean 10%
052 | 035 0.63 038 0.65 0.83 0.95
A 0.32 058 034 060 0.80 0.93
15X | 0.31 055 033 058 075 0.93

4.6 Spatial structure of the measured channel

In PAN environments the transmitter and receiver are ugl@dhted in the same cluster
of scatterers due to the short range of transmission. Towergfe expect that the spatial
correlation at the receiver side is not completely indepahdrom the spatial correla-
tion at the transmitter side. This is contrary to one assionpif a well known Kro-
necker model for MIMO channels, which was proved to be vaididdoth outdoor [14]
and indoor [15] MIMO channel modeling with certain antenmaftgurations. In the
Kronecker model the channel covariance matrix is estimased

[Kron] _ _[Kron] _[Kron]

(mlnl,m2n2) — p(Rz’mlmQ)p(Rx7n1n2) (7)

where
ﬁEII;;?:jlmQ) =E [<ﬁm1na ﬁm2n>] ,n € [1, 2] (8)
paeron] oy = BBt Bounz)] s € [1,2,3,4] )

And the model error is defined as,

_ IR~ Brvonllr

7
(Fadlbg

(10)
where R and Rx., are channel correlation matrix whose elementsg@ig .1 m2n2)
K .
andpEmQ‘:ﬁ]’anZ) respectively.
For th pgeiay @andprcq, the model error is unreliable since they are calculated wit
limited number of samples. From Table 2 it is clear that themeorrelation of link

pairs without common antennas is much larger than the ptadtize mean receiver and
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Table 4: Model Error

Model error LAB CAN HAA

of Ppow 4x2 2x2 4x2 2x2 4x2 2x2
mean %) 9.8 6.9 169 10.2 13.3 6.1
standard deviatiorf{) 3.9 4.1 9.2 6.0 10.2 3.5

% of routes with¥ < 4% 0 25 0 125 8.3 33.3

transmitter correlation, which violates the Kronecker mlassumption specified in (7).
Itis shown in the previous sections that for g, andp ¢4, all link-pairs exhibited
similar cross correlation. With respect to an ideal spigtiahite case whose channel
matrix is an i.i.d. random matrix [16], the investigated chel is called quasi spatially
white. It is characterized by non-zero correlation due wittsufficient richness of the
scattering to provide fully decorrelate links and smalfetiénce in the correlation of
different link pairs.

For thep,.., as explained in the Section 4.1 the correlation is causeady shad-
owing instead of local scatterers. Interestingly, the Kaer model shows fitness for
some of the measurement routes. It's because the effectigfdimdowing at the trans-
mitter and receiver can be separated. Table IV summarizesntiel error ofo,e.
in the different environments with x 2 or 2 x 2 antenna configuration. Since the
number of samplesig0) to calculate the,,,, is still not sufficient to achieve accurate
correlation, a model error less thdfx is considered as a good fit. For thex 2 an-
tenna configuration, overall the Kronecker model is sué#bt 1 /4 of the measurement
routes.

4.7 Capacity

To calculate channel capacity, the UWB-MIMO channel firstmalized to ensure that

Et,f “|Gnorm (ta f) H%] = N1z NRqy (11)

This normalization retains the relative power fluctuatierseach measurement route.

With the assumption of no channel state information (CSkhattransmitter and
perfect CSl at the receiver, the sub-band and wideband itgjrafbit/s/Hz] are defined
as,

SNR

CSB (ta f) = 10g2 |:det <INRX + TGnorm (tv f) Gnorm (tv f)H):| (12)

Tx
Cwn ()= [ Con(t.p (13
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Figure 6: Ergodic andl % outage capacity of the measured channels

where SNR is a receiver signal to noise ratio which is setkitide10 dB, I is an iden-
tity matrix, (~)H means complex conjugate transpose; (-) denotes the determinant
andB is the bandwidth of measured channel which SHz in our study.

The ergodic and % outage capacity at 10 dB SNR is shown in Fig. 6. The increase
of the MIMO ergodic capacity respect to the SISO channel dntiowideband out-
age capacity respect to the narrowband channel are botiiicignt. The ergodic and
1% outage capacity for the MIMO UWB channel is4 b/s/Hz and4 b/s/Hz respec-
tively. Compared to the i.i.d. Rayleigh channel capacitg butage capacity drops
approximately25% mainly due to the signal shadowing introduced by users’ taay
movements.

The capacity with three different antenna configuratidns2 MIMO, 2 x 2 MIMO
and2 x 2 MIMO with 2 extra antennas on the receiver providing selection dityersi
was evaluated. It is shown in Fig. 7 that by increasing the @Ifom 2 x 2to 4 x 2
the ergodic capacity increases abb2ft; and adding two extra antennas on the receiver
side providing selection diversity can improve the outageacity by about0%.
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5 Conclusion

In this paper we presented an analysis of the spatial ctioelaroperties of indoor
PAN UWB-MIMO channels based on the channel measurement af lials between
an access point like device and a dynamic user with hand lidddlbmounted device
It is found the channel shows spatial correlated widebangepcand spatial uncorre-
lated complex channel coefficients at different frequeneaied delays with respect to a
correlation coefficient threshold 6f7. In both time-frequency and time-delay domain,
the investigated PAN UWB-MIMO channel was found to be quaatigfly white since
all link pairs showed similar correlation properties. The#ecker model was proved
not suitable for these PAN scenarios where the receiverrandritter are located in
the same cluster of main radio scatterers. A quarter of thesorement routes show
fithess of the Kronecker model in the spatial correlatiorhi@ wideband power. It is
because the effects of body shadowing, which introducesdhelation, can be sepa-
rated at the transmitter and the receiver sides. Since tthe fftadowing usually is the
same at all receiver antennas and different at transmittenaas, the wideband power
is spatially correlated at the receiver and uncorrelatetietransmitter. In the time-
delay domain only the(0% CDF correlation of the first ns is higher thai.7 and the
spatial correlation was found to be correlated with the deagain at different delays.
In the time-frequency domain the spatial correlation wasldsed to be independent
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over frequency offsets ranging frotMHz to 30 MHz depending on the radio environ-
ment. This information is useful for frequency domain UWB MIMhannel modeling
in similar PAN scenarios and further for the optimizatioritod frequency-domain link-
adaptation and packet scheduling algorithms. The ergadid % outage capacity of
the measured channel were determined to.b&/s/Hz and! b/s/Hz atl0 dB SNR. And
the 1% outage capacity drops approximat&l’% mainly due to the signal shadowing
introduced by users’s body and movements.
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