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Abstract

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

Comprehensive channel knowledge and accurate channel models are the basis of an
optimized system design. The human body influences to the antennas and propagation
channels have been deeply investigated in mobile communications since the start of the
1990’s. However the body effects in the BWCS is different in several aspects. Firstly,
the frequency band of the mobile communication systems is between1 and2 GHz while
the BWCS may operate on higher frequencies above5 GHz and on an ultra-wideband
(UWB) frequency band between3.1 and10.6 GHz. Secondly, the radio links in the
mobile communication are mainly outdoor-outdoor and indoor-outdoor channels. On
the other hand most BWCSs target on indoor short range (< 10m in WPAN,< 2m in
WBAN) radio communications. Furthermore, the devices in theBWCS can be much
smaller than a handset and placed on a variety of body positions. Therefore, the BWCS
channel requires further investigations.

This thesis focuses on the characterization and modeling ofboth WPAN and WBAN
radio channels.

Body shadowing plays a key role in short range body-to-body communications since
received signal is attenuated significantly due to body blockage. A correlation based
stochastic model with correlated shadowing (CBSM-CS) for body-to-body multiple-
input multiple-output (MIMO) radio channels is proposed based on channel character-
izations derived from a series of channel experiments. The model introduces a shad-
owing matrix to represent unbalanced and correlated body shadowing effects. To the
authors’ knowledge, this is one of the first MIMO channel models including the body
shadowing effects in open literature. It is disclosed that shadowing standard deviation
is dominant to the ergodic capacity while shadowing correlations between the antennas
significantly affect the outage capacity.

The UWB is a promising technology for the on-body BWCS. The UWB on-body
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channel is characterized and modeled in indoor radio environments based on experi-
ments performed with walking users and15 different device on-body positions. The
channel wideband power varied by up to20 dB and the channel mean rms delay spread
ranged from5 to 20 ns at the various device positions. To separate the propagation
around the human body from the propagation in the surrounding environment, the first
cluster of the measured channel impulse response was detected, separated from remain-
ing clusters and characterized. A UWB channel model for the on-body BWCS working
in indoor environments is proposed. The model uses a joint approach to generate and
combine the propagation around the human body and in the surrounding environment in
the delay domain. The proposed model is one of a few existing UWB WBAN channel
models taking the environment propagation into consideration. Since the model uses
available UWB indoor channel models to generate multipaths from environments, it
can be adapted to specific environments by applying different available models.

The spatial correlation properties of indoor WPAN UWB-MIMO channels are also
presented and analyzed. The investigation was based on channel measurements of ra-
dio links between an access point like device and a walking user with a hand-held or a
belt-mounted device. It was found that the channel shows spatial correlated wideband
power, and spatial uncorrelated complex channel coefficients in both the time-frequency
and time-delay domain. While the ergodic capacity was close to the independent iden-
tical distributed (IID) Rayleigh channel capacity, the1% outage capacity dropped ap-
proximately25% due to the signal shadowing introduced by the user bodies. Itsuggests
that body shadowing plays an important role in the WPAN UWB-MIMO channels.

The channel characteristics and modeling parameters proposed in this work are spe-
cific to our measurement campaigns. However, the methodology can easily be repro-
duced and the models can be extended to different conditions. Therefore, more channel
experiments in different environments, with different antenna types and in different end-
user scenarios are highly encouraged and recommended to generalize the contributions
of this thesis.
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Introduction

1 Background: body-centric wireless communication sys-
tems

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

A wireless personal area network (WPAN) and a wireless body area network (WBAN)
are often used to refer to the BWCS. The concept of the BWCS is shown in Figure 1.
Three BWCS application scenarios, health monitoring [2–4],wearable computers [5]
and motion detection [6, 7], are illustrated. For all the applications a common scenario
is that a number of sensors, e.g. health monitors, computer components and motion
detectors, are distributed to a variety of on-body positions, and connects with a central
device such as a personal digital assistant (PDA) for further processing and communica-
tions with other systems. When the central device is placed onthe same person wearing
the sensors they form a WBAN. The central device connects to another person or other
fixed devices with which a WPAN is established. In some cases the sensors may connect
to the other person or the fixed devices directly, e.g. when a gym instructor monitors
physical condition information sent by the body sensors mounted on an exerciser.

According to the locations of the devices, the BWCS can be classified into three
categories: off-body, on-body and in-body communication systems [8]. This thesis
focuses on the channel characterization and modeling of theoff-body and on-body sys-
tems. The scopes and interconnection of the WPAN/WBAN and off/on/in body BWCS
are summarized in Fig. 2.
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4

Figure 1: Illustrations of WPAN/WBAN applications (ECG: Electrocardiogram, IBG-Meter: Intelligent
Blood Glucose Meter)

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

The development and optimization of any wireless system requires comprehensive ra-
dio channel knowledge and accurate channel models. Although the human body influ-
ence to the antennas and propagation channels has been deeply investigated in mobile
communications, the BWCS is different from the mobile communication systems in op-
erating frequency bands, communication ranges and environments and device size and
on-body positions. All these differences may change the channel characteristics and
require new investigations of the BWCS channel.

In this thesis we contribute to the following issues:

☞ How to characterize and model body-to-body radio channels in the presence of
body shadowing

☞ What is the potential gain of implementing multiple antennasin the body-to-body
communication

☞ How to model ultra-wideband (UWB) WBAN channels in indoor environments

☞ How much UWB WPAN systems can benefit from multiple-input and multiple-
output (MIMO) transmission systems
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3 Outline

Section 4 to Section 6 in Part I are summaries and discussionsbased on a number
of reported/submitted papers. In each section, the problemdefinition, motivation and
obtained results are related to one or two papers listed in Part II.

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

[Paper A ] Y. Wang, B. B. Ivan, J. Ø. Nielsen, I. Z. Kovacs and G. F. Pedersen, “Char-
acterization of the Indoor Multi-Antenna Body-to-Body Radio Channel”,IEEE
Transactions on Antennas and Propagation Special Issue on Body-Centric Wire-
less Communications. (submitted, Jan 2008)

[Paper B ] Y. Wang, J. Ø. Nielsen, I. Z. Kovacs and G. F. Pedersen, “MIMOChannel
Modeling for Body-to-Body Communications”,IEEE Transactions on Wireless
Communications. (to be submitted, Aug 2008)

Section 5 focuses on the investigation of the UWB WBAN channel.The effects of
body proximity on antennas and propagation channels are summarized in this section.
Based on the state of the art a summary of the current UWB WBAN channel investiga-
tion results is provided. The methodology and advantages ofmodeling the propagation
around the human body and the propagation in the surroundingenvironment separately
are presented. Details of the proposed UWB WBAN channel model can be found in the
paper

[Paper C ] Y. Wang, I. Z. Kovacs and G. F. Pedersen, “Characterizationand Model-
ing of UWB WBAN Channel in Indoor Environments”,IEEE Transactions on
Antennas and Propagation. (to be submitted, Aug 2008)

Section 6 is devoted to the channel investigation of UWB-MIMOsystems which
have obtained increasing research interests recently. Motivations and potential gains
of combining the UWB and MIMO for WPAN applications are presented. Current re-
search results on spatial correlation and channel capacityare summarized. This section
is related to the paper

[Paper D ] Y. Wang, I. Z. Kovacs, G. F. Pedersen, and K. Olesen, “Spatial Correlation
of PAN UWB-MIMO Channel Including User Dynamics”,in EURO-COST 2100,
Duisburg, Sep 2007
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Section 7 is for conclusions. Major results and findings of the thesis are summarized
in this part. Some discussions and directions for future work are also introduced.
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4 Body-to-body WPAN channels

In the context of the WPAN the body-to-body communication considered in this study is
a short-range (<10m) radio connection between small or medium size devices mounted/worn
on different persons. It is a special form of the off-body BWCS. Applications 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 microwave frequency band, it is
well known that the human body causes a deep null in the antenna pattern since the
electromagnetic wave at this frequency can not penetrate through the body. When the
dominant propagation path, e.g. line-of-sight (LOS), is aligned with the direction of the
null, the average received signal power will be significantly reduced. This attenuation
is referred to as the body shadowing.

In the mobile communication the changes of the antenna pattern due to the body
proximity and body shadowing have been investigated for years [9–12]. In the BWCS
the body induced pattern variation was also measured in recent years at5.2 GHz [13]
and at a UWB frequency band [14]. The two systems are differed in the operating
frequency bands and the communication ranges. Also in the BWCS the LOS often exists
which is not the case in the mobile communication. These makethe body shadowing in
the BWCS requiring further investigations.

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

Compared with the body obstruction, the body shadowing is almost inevitable in
the BWCS with moving users. Furthermore since the distance between the antennas
and the bodies is much closer the body shadowing will block signals in a region with a
wider angular spread. In addition the effects of the body obstruction are only significant
when the body block the LOS path, while the body shadowing also causes considerable
signal variations in non-LOS (NLOS) channels as shown in [Paper A] and [18].

Therefore the body shadowing is a key phenomenon in the off-body communication.
It is even more critical for the body-to-body channel since the body shadowing of the
body-to-body channel can be much larger than the shadowing in the channel between a
body and an access point (AP) [18, 19].
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Figure 3: An illustration of the difference between the body shadowing and body obstruction

4.2 Joint modeling of the fading and body shadowing

Conventionally the shadowing is considered as a large-scale channel phenomenon which
is constant in a local area, and usually modeled as a power variation around the local
mean of the channel gain. In this case the evaluations of baseband and antenna systems
are based on small-scale fading characteristics, and the shadowing is considered in link
budgets. The shadowed fading channel studies are only necessary for the systems with
stationary transmitters and receivers which do not experience more small-scale fading
states than the shadowing states [20] and for large scale investigations in cellular sys-
tems [21].

In the off-body, especially the body-to-body channel, the body shadowing usually
changes during a fraction of a second or several seconds [18]. Consequently the changes
in channel power due to the body shadowing and small-scale fading are difficult to be
separated especially when people change their relative orientations frequently. There-
fore joint modeling of the shadowing and fading becomes a necessity in the body-to-
body communications.

4.3 Body shadowing investigation approaches

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

• Antenna pattern based approaches

Since the body shadowing is induced by the variation of antenna patterns, the in-
vestigation of the antenna on-body radiation patterns is a straightforward method
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to study the body shadowing. The on-body patterns can be obtained by simula-
tions [Paper A] [13] or measurements [12]. The advantage of this approach is
the accurate quantization of the body effects in all the directions. However to
model the body shadowing in indoor environments the simulated or measured
patterns need to be combined with indoor channel models suchas ray tracing,
geometrically-based or parametric-based channel models.

• Channel measurements with separated fading and shadowing

Instead of investigating the variation of the antenna patterns, the body shadowing
can be obtained by channel measurements in indoor environments. The measure-
ments need to be carefully elaborated in order to separate the fading and the body
shadowing. Similar approaches were used in [Paper A] and [18]. In this two stud-
ies a number of channels were measured within a small area andwith the same
test person orientations. Several orientations were measured in the same manner
at each measurement location. For each orientation the small-scale fading was
removed from the measured channels by averaging in the spatial and/or frequ-
ency domain. During this process the variation of the channel gain among the
different orientations was preserved. Since it is the body shadowing that changes
the channel gain the statistics the body shadowing can be derived by analyzing
the channel gain variation.

• Channel measurements with joint fading and shadowing

The method presented above is able to separate the fading andthe body shadow-
ing during the channel measurements. However the test persons have to behave
in an artificial manner which is very different from real lifescenarios. Given
the assumption that the compound shadowed fading channel follows a predefined
statistics, it is possible to derive the body shadowing statistics based on the mea-
sured shadowed fading channel by post processing. In this way the measurements
can be performed in a more free manner. In [Paper B] the channel measured
with test persons changing their relative orientations continuous was assumed to
be Rayleigh-Lognormal distributed according to the channel characteristics pre-
sented in [Paper A]. And the body shadowing statistics were calculated based on
a series of relations between the statistics of a normalizedRayleigh-Lognormal
random variable (RV) and a Lognormal RV.

4.4 Body-to-body channel with multiple antennas

Multiple antennas are widely used in wireless communications to improve signal qual-
ity, enhance throughput and suppress interference by the use of antenna diversity, spatial
multiplexing and/or beamforming techniques. In the body-to-body communications, we
are interested in mitigating the body shadowing by using multiple antennas.
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The development of "smart clothes" [22] using E-textiles and wearable antennas
which can be easily embedded into clothes, e.g. [23, 24], provide a unique opportu-
nity to mitigate the body shadowing by distributing antennas to various body positions.
Studies in [25–27] and [Paper A] have shown the distributed on-body antennas can
decrease the effects of the body shadowing effectively.

To investigate the performance of such multi-antenna systems a MIMO channel
model which takes the body shadowing into consideration is required. In [Paper B] we
propose a novel correlation based stochastic model with correlated shadowing (CBSM-
CS). The proposed model can be used to simulate both the body-to-body and body-to-
AP channels. To the authors’ knowledge, this is one of the first MIMO 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 wearableelectronic devices, such
as body sensors, body monitors and motion detectors, placedon the 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 large relative bandwidth (> 20%),
or a large absolute bandwidth (> 500 MHz). In 2002 Federal Communications Com-
mission (FCC) in US granted unlicenced frequency band between3.1 and10.6 GHz for
indoor communications with a power mask of41.3 dBm/MHz [28]. UWB spectral reg-
ulations have also been finalized in Europe by European Telecommunications Standards
Institute (ETSI) in 2007 and in Japan in 2006.

The UWB is a promising technology for short range radio communications. Most
possibly the transmission data rate will be less than1 Mbps for the WBAN applications
between the on-body sensors and the central devices as shownin Fig. 1 [29]. The low
power consumption and low complexity of the low data rate (LDR) UWB system make
it a competent candidate for the WBAN applications. IEEE working group802.15.4a

has presented a number of physical layer (PHY) specifications based on the UWB tech-
nology for the WPAN and WBAN applications [29]. The ZigBee, which is widely used
in the WBAN, has adopted some of the proposed specifications [7, 30].

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

To achieve the full potential advantages provided by the UWB comprehensive chan-
nel knowledge is required.

5.2 Antennas in WBAN channels

There are additional requirements for the antennas used in the BWCS compared with
the ones in other systems mainly due to two reasons: user proximity and size limitation.
These two factors are more stringent to body-worn (BW) devices than hand-held (HH)
and belt-mounted (BM) devices due to their smaller physicalsize and shorter distance to
the body surface. The knowledge obtained from the investigations of the body proximity
in mobile communications can be partly reused in the BWCS [11,32–35]. An overview
of antenna design challenges in the BWCS can be found in [36]. Almost all the antenna
parameters need a second thought in the BWCS:

• Impedance matching
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The changes in impedance matching due to the body proximity for both narrow-
band [9, 37–39] and UWB [23] antennas have been addressed in literature. It is
critical to limit the shift of resonant frequency for the narrowband antennas and
the increase of return loss (S11) for the UWB antennas in an acceptable range.

• Radiation efficiency

The radiation efficiency of the antennas working close to thehuman body may
decrease significantly compared with the free-space efficiency since part of radi-
ation energy is absorbed by the human body. Preliminary researches of the body
proximity effects on the radiation efficiency were performed for the mobile com-
munication since the last century [9, 40–43]. Since the amount of the efficiency
loss depends on the distance between the antenna and the bodysurface [Paper
A], the loss may be more severe in the BWCS than in the mobile communication
due to the smaller size and accordingly the shorter antenna to body distance [44]
[Paper A].

The on-body radiation efficiency of three types of antennas were simulated by
a frequency domain time difference (FDTD) method in [Paper A]. The simula-
tions were performed with three antenna types, four device on-body positions and
two antenna body distances. The larger efficiency loss with the omni-directional
antenna and the smaller distance to the body is evident.

Besides the body proximity the size of the WBAN devices may force antenna
designers to sacrifice some efficiency to realize electronically small antennas [45].

• Radiation pattern

The influence of the BWCS to the antenna radiation pattern is two fold.

Firstly, most antennas have more directional far-field patterns when mounted on
the human body due to the absorption and reflection of the energy radiating into
the body as shown in [Paper A] and [13, 46–48]. This suggests that using direc-
tional antennas in the BWCS can increase antenna efficiency.

Secondly, experiments performed in anechoic chambers haveshown that for the
on-body BWCS the body diffraction is the primary propagationmechanism when
there is no LOS between the Tx and the Rx [48, 49]. In this condition aligning the
maximum radiation intensity direction of the antenna with the tangent of the body
surface will enhance the diffraction component. As a consequence it will increase
the channel gain and reduce the delay spread [50]. It should be noticed that
the conclusion above was drawn based on an assumption of no multipaths from
environments. In the indoor environments with rich scatterers the conclusion
may be vulnerable. The UWB WBAN channels were in two indoor environments
measured in [Paper C]. The power ratio between the body diffraction and the
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multipaths from the environments is as low as−10 dB when the Tx and Rx are
placed on the different sides of the human body. In other words most channel
power is contributed by the reflections from the environments. Although this
result is specific to the antennas used in the measurements, such a low power ratio
indicates that the channel gain may be increased by radiating more energy into the
environment. Therefore the operating environment needs tobe considered when
selecting the antenna radiation patterns for the UWB WBAN applications.

5.3 Propagation in WBAN channels

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

5.4 A summary of UWB WBAN channel investigations

FDTD was usually used as a channel simulation method for the UWB WBAN channel
investigations [48, 51, 52] [Paper A]. A simpler ray theory based approach also pro-
vided reliable solutions [51]. Most experimental investigations for the WBAN channel
were performed in anechoic chambers and focused on the around body propagation.
Body diffraction was found as the dominant propagation mechanism between the ears
of the human head [48]. Path-loss models along torsos were derived in [49, 53, 54].
Distance dependent exponential power decay with decay factors between2.7 and4.4

was reported. The distribution of the body diffraction components was summarized
in [55, 56] and Lognormal was found as a good fit for the small-scale fading statis-
tics. Some WBAN channel parameters, e.g. delay spread, were proved sensitive to the
antenna positions, body gestures and antenna types [49].

When the on-body BWCS system works in indoor environments the reflection,
diffraction and scattering from the environments will alsobe parts of the radio channel.
However few experimental studies have been conducted for the UWB WBAN chan-
nel in realistic end-user scenarios. The measurement results on channel path loss [57],
wideband power variation [46], path arrival times [58] and delay spread [46, 57] have
been presented. In reference [53] the body diffraction and surrounding environments
are modeled separately based on experiments with the antennas placed on the torso.

In [Paper C] we propose a UWB WBAN channel model which uses a joint approach
to take both the around body and the environment propagationinto consideration.

It is well known that the indoor UWB channel usually consists of a number of



5. ON-BODY UWB WBAN CHANNELS 15

Figure 4: Normalized measured channel power delay profiles (left: right-wrist to right-waist, right: left-wrist
to right-waist)

clusters [53, 55, 59, 60]. Given sufficient distance betweenthe body and scatterers
in the environments, the first cluster in the UWB WBAN channel isonly composed of
signals from the around body propagation. Due to the fine delay resolution of the UWB
system, it is possible to separate the around body propagation and the environment
propagation in the delay domain. Figure 4 shows two examplesof measured power
delay profiles (PDPs). The peak of the PDP is normalized to one. The one to the
left is taken form the measurement between a Tx placed on the right-wrist and a Rx
mounted on the right-waist, and the right plot shows a PDP of the channel between the
left-wrist and the right-waist. As shown in the figure the propagation around the human
body and from the environment can be well separated. In addition the around body
propagation is dominant compared with the environment propagation in the right-wrist
to right-waist channel and the left-wrist to right-waist channel shows the opposite. It
implies that different characterization and modeling parameters need to be proposed for
the channels with the different relative Tx-Rx positions.

The channel model proposed in [Paper C] reuses previous developed indoor UWB
channel models to generate multipaths from environments, it can be adapted to specific
environments by applying different available models. Several popular indoor UWB
channel models are listed as follows: an IEEE 802.15.3a Model [61], an IEEE 802.15.4a
Model [62] and a Mobile-to-mobile model [63]. More indoor UWBchannel models can
be found in [59].
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6 UWB-MIMO WPAN Channels

The UWB-MIMO systems have captured increasing research interests in recent years.
In this section the potential of the UWB-MIMO system in the WPANapplications is
analyzed and summarized with emphasis on the channel characteristics.

6.1 UWB in WPAN

The UWB systems for the WPAN applications can be categorized into high data rate
(HDR) and low data rate (LDR) systems. The LDR UWB system has been summarized
in Section 5.1. Since the UWB-MIMO system is most possibly designed for the HDR
transmission, a summary of the HDR UWB system is given below.

The transmission rate of the HDR UWB system is usually higher than100 Mbps.
IEEE 802.15.3a working group was established in 2002 for thestandardization of the
HDR UWB systems. System specifications including achieving adata rate of110 Mbps
at a10 meter distance and480 Mbps at4 meter distance have been presented. In 2006
the working group is divided into two parts: WiMedia Alliance and UWB Forum. They
use Orthogonal Frequency Division Multiplexing (OFDM) andDirect Sequence Spread
Spectrum (DSSS) as PHY layer solutions respectively. Up to now a number of prototype
systems have been developed based on each of the two solutions.

6.2 Potential benefits of UWB-MIMO systems

The motivations of combining the UWB and MIMO techniques are listed below:

• Higher data rate by spatial multiplexing

The linearly increasing of the UWB-MIMO channel ergodic capacity with the
minimum number of transmitter and receiver antennas under Nakagami fading
channels has been shown in [64]. The UWB-MIMO system holds thelarge band-
width and high spectral efficiency at the same time, and have an tremendous po-
tential in achieving very high data rate transmission. The WPAN applications
which demand high data rate, e.g. video transmission and mass data transfer,
may benefit from the high capacity of the UWB-MIMO system.

• Larger coverage by array gains

Due to the spectral masks regulated by FCC, ETSI and other regulation bodies,
the coverage range of the UWB system is limited. Since multiple receive anten-
nas provide antenna array gain, they can be used to improve the coverage of the
UWB systems [65]. It should be noticed that beamforming at transmitters may
violate the effective isotropic radiated power (EIRP) requirements defined by the
regulation bodies.
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• Reduced number of RAKE fingers by diversity gain

The UWB channel has already provided a sufficient frequency diversity gain with
the large bandwidth. However a great number of RAKE fingers may be required
to achieve the diversity gain [59]. The spatial diversity provided by the multiple
antennas can reduce the required number of fingers in the RAKEreceiver [65, 66].

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

6.3 UWB-MIMO channels in WPAN

MIMO wireless systems, characterized by multiple antenna elements at both the trans-
mitter and receiver, have demonstrated the potential for increased capacity in rich mul-
tipath environments given low correlation between antennalinks [68–71].

Handset MIMO systems have been investigated for years in themobile communi-
cation systems. It has been proved that low antenna link correlation and high channel
capacity can be achieved with two to four antennas placed in one handset [72–75].
For the off-body BWCS experimental works proved low correlation between two dual-
polarized antenna elements placed in handset-like devicesfor both wideband [18, 76]
and UWB [Paper D] systems. For multi-antenna body-worn devices low fading cor-
relation between antenna elements was reported in [77] and [Paper A]. Therefore the
feasibility of implementing MIMO systems with typical WPAN devices has bee proved.

The spatial correlation of the UWB-MIMO channel between two fixed devices has
been characterized at different delays [66, 78], differentfrequency bins [78–81] and
for the whole frequency transfer functions [82]. Low correlation coefficients (< 0.5)
were disclosed in different environments and with different antenna arrays. One ex-
ception is in [66] the correlation of the first delay bin was0.7. A correlation-based
double-directional stochastic channel model for indoor UWB-MIMO channels is pro-
posed in [83]. The model extends the IEEE 802.15.3a standardmodel to spatially cor-
related MIMO channels. A review of existing stochastic UWB-MIMO channel model
is also given in [83]. A deterministic UWB-MIMO channel modelis presented in [84].

Few UWB-MIMO channel studies have been performed for the off-body BWCS.
In [77] short range (1m) body-to-fixed device MIMO channels were measured in the
LOS condition in an empty room. High spatial correlation andhigh MIMO capacity
were observed at the same time which was explained with the spherical nature of the
wave front in the short distance range. In [Paper D] UWB-MIMO channels in HH-to-
AP and BM-to-AP scenarios were investigated based on measurements with walking
users in three typical indoor environments. Low spatial correlation in both the delay
and frequency domain was disclosed. The channel wideband power is correlated since
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the antennas at both the AP and the user side are likely to experience similar body
shadowing.
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7 Conclusions

This thesis work focuses on the investigations of radio channel propagation in body-
centric wireless communication systems (BWCSs). The emphasis was put on experi-
mental based characterization and modeling of both off-body and on-body channels in
wireless personal area networks (WPANs) and wireless body area networks (WBANs),
respectively. The thesis consists of three parts.

In the first part we characterized and modeled the indoor body-to-body radio chan-
nel with multiple antennas at both the transmit and receive side in [Paper A] and [Paper
B]. The study was based on two sets of measurement campaigns performed at5.5 GHz
frequency band. In the first campaign body shadowing and small-scale fading were de-
liberately separated in the measurements while in the second one the test persons were
moving in a more random manner. Based on the first campaign thepath-loss exponent
was less than2.0 and the standard deviation of the log-normal distributed shadowing
was4.8 dB. This indicates that the body shadowing plays a key role inthe short range
body-to-body communication. Due to the low shadowing correlation between antennas
placed at different parts of the human body, a distributed antenna selection diversity
scheme was presented to mitigate the body shadowing. The mean selection diversity
gain was5 dB when two antennas were mounted on each of the transmit and receive
sides of the channel. A correlation based stochastic model with correlated shadowing
(CBSM-CS) for body-to-body multiple-input multiple-output (MIMO) radio channels
was proposed based on the first measurement campaign. The modeling accuracy in
terms of channel capacity was verified by the second measurement campaign. The rela-
tive model error is always less than5% for different MIMO configuraitons. The model
introduces a shadowing matrix to represent unbalanced and correlated body shadowing
effects. A Rayleigh-Lognormal distributed CBSM-CS channel model was derived and
analyzed. To the authors’ knowledge, this is one of the first MIMO channel models
including the body shadowing effects in open literature. Itis disclosed that shadow-
ing standard deviation is dominant to the ergodic capacity while shadowing correlation
between the antennas significantly affects the outage capacity. For larger size MIMO
arrays, keeping shadowing correlation low becomes more essential to avoid small ca-
pacity at the outage level.

The second part of the thesis focuses on the characterization and modeling of the
UWB WBAN channel in indoor environments in [Paper C]. The studywas based on
experiments performed with realistic end-user scenarios at a frequency band between
3.5 and5.5 GHz. The receiver was placed on the right-waist and a total of15 different
transmitter on-body positions were evaluated. The channelwideband power varied by
up to20 dB and the channel mean rms delay spread ranged from5 to 20 ns at the various
device positions. To separate the propagation around the human body from the propa-
gation in the surrounding environment, the first cluster of the measured channel impulse
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response was detected, separated from remaining clusters and characterized. Power ra-
tio and arrival time interval between the first cluster and the remaining clusters were
investigated. The decay factor of the remaining cluster wasfound linearly dependent on
the power ratio in dB. Based on the channel knowledge above a channel model for the
UWB WBAN system working in indoor environments was proposed. The model uses
a joint approach to generate and combine the propagation around the human body and
in the surrounding environment in the delay domain. A modeling procedure was pre-
sented in order to implement the channel for system evaluations. The proposed model
is one of a few existing ones including the environment propagation. Since the model
uses available UWB indoor channel models to generate multipaths from environments,
it can be adapted to specific environments by applying different available models.

In the third part of the thesis we presented an analysis of thespatial correlation
properties of indoor UWB-MIMO channels in the off-body BWCS [Paper D]. The in-
vestigation was based on channel measurements of radio links between an access point
like device and a walking user with a hand-held or a belt-mounted device. The measure-
ments were performed at a frequency band between3.5 and5.5 GHz. It was found that
the channel shows spatial correlated wideband power, and spatial uncorrelated complex
channel coefficients in both the time-frequency and time-delay domain. The channel
was found to be quasi spatially white since all link pairs showed similar correlation
properties. The Kronecker model was proved unsuitable for these WPAN scenarios
where the receiver and transmitter are located in the same cluster of main radio scatter-
ers. The ergodic and1% outage wideband capacity of the measured2× 2 channel were
determined to be5.4 bit/s/Hz and4 bit/s/Hz at10 dB SNR. While the ergodic capacity
was close to the independent identical distributed (IID) Rayleigh channel capacity the
1% outage capacity dropped approximately0.8 bit/s/Hz due to the signal shadowing
introduced by the user bodies during their movement. Addingtwo more antennas at
the receiver (access point) side increased the ergodic and outage capacity to6.1 and5.6

bit/s/Hz respectively.
The channel characteristics and modeling parameters proposed in this thesis are

specific to our measurement campaigns. However, the methodology can easily be re-
produced and the models can be extended to other conditions.Therefore, more experi-
ments at other frequency bands, in different environments,with different antennas and
in different user scenarios are highly encouraged and recommended to generalize the
contributions of this thesis. For the body-to-body channel, the distribution of the body
shadowing depends on both the antenna on-body radiation pattern and the surrounding
environment. Therefore the Lognormal distributed body shadowing needs to be verified
in more environments and with more types of antennas. For theUWB WBAN channel
if the distance between the human body and scatterers are very short the propagation
around the human body and in the surrounding environment maybe overlapped in the
delay domain. In this condition the proposed model needs to be adjusted and verified
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by simulations or measurements. In addition, the correlation between the multiple an-
tennas at central devices is subject to further research in the UWB WBAN channel to
investigate the potential diversity gain of using the multiple antennas. Concerning the
WPAN UWB-MIMO channel while low correlation has been disclosed the studies on
the distribution and variation of channel eigenmodes are important for practical system
design.
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1. INTRODUCTION A3

Abstract

In this paper, we investigate the wideband body-to-body radio channel with multiple
antennas at both ends based on a time-domain radio channel measurement campaign.
Four single-element transmitters and 8 quad-element receivers were mounted on three
test persons. Both directional and omni-directional antennas have been investigated. A
comparison between electromagnetic antenna simulations and the measurements shows
that the multipath environment reduces the body losses effectively. Channel character-
izations in terms of path-loss, body shadowing, small scalefading, and spatial cor-
relation have been derived. Small path-loss exponents (< 2.0) are observed in the
investigated environments. Considerable power loss due tobody blockage makes the
body shadowing a prominent factor in the short range body-to-body communications.
Distributed antenna selection diversity is presented to mitigate the body shadowing. A 5
dB diversity gain in the average received power at both the mean and 10% outage levels
has been identified based on the measurements with two distributed antennas mounted
on both the transmitter and receiver person and without channel state information feed-
back to the transmitter.

1 Introduction

Body-centric wireless communication systems (BWCSs) are key components of future
wireless communication systems, e.g. fourth generation (4G). A BWCS connects var-
ious devices around human bodies, such as body sensors, bodymonitors and wearable
electronic devices. With respect to communication range, the BWCS are categorized as
"off-body", e.g. links between a person and a local access point (AP) or between two
persons, and "on-body" systems, e.g. connections between devices mounted/worn on
the same person [1–4]. This paper deals with the off-body radio channel between two
human bodies in particular.

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

Among the applications, which involve body-to-body communications, "smart clothes"
[8] using E-textiles have been used in emergency services and firefighters [9], medical
monitoring [10], militaries [11], sports as well as entertainment industries [12]. Recent
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advances in small and wearable antennas for body area network (BAN) make it possi-
ble to embed antennas easily into the smart clothes, e.g. [13–15]. Therefore multiple
antennas may be distributed to various positions all over the body. The BWCS can ben-
efit from the distributed antennas which can effectively mitigate the body shadowing,
enhance coverage and increase capacity by multiple-antenna techniques, e.g. antenna
diversity and multiple-input multiple-output (MIMO) transmission. In [16], a diversity
gain up to 9.6 dB with maximum ratio combining was reported byusing two antenna
elements on a smart jacket in a body-to-AP scenario at 868 MHz. A distributed body-
worn transceiver system with multiple electro-textile antennas were proposed in [15] to
achieve diversity gains when connecting with an AP. A vest with body-worn antennas
for military use is reported in [11] which equips a pair of antenna arrays that surround
the body of the wearer in order to mitigate the effects of shadowing. However to the
authors’ knowledge no comprehensive investigations have been done for the body-to-
body channels with distributed on-body antennas. In this paper we give a systematic
study of such channels based on empirical works.

The paper is organized as follows. Section II gives a description of a body-to-body
channel measurement campaign. The electromagnetic simulations of the antennas used
in the experiments are presented in Section III. In Section IV, characterizations of the
measured channels are summarized and comparisons between the simulations and the
measurements are provided. Diversity studies of the multiple-antenna body-to-body
channel are given in Section V. Finally we conclude the paperin Section VI.

2 Measurement Campaign

The measurement campaign was performed in indoor environments with a 5.5 GHz
carrier frequency and a−3dB bandwidth of about 100 MHz. A time domain corre-
lation based MIMO channel sounder was used for the experiments. Four transmitters
(Tx) simultaneously sent a pseudo noise (PN) sequence with different delays to realize
temporal isolation of the transmit devices. On the receiver(Rx) side 8 channels were
measured in parallel. By using switches, the number of receiver channels was expanded
to 32. The full 4× 32 (Tx × Rx) MIMO channel sampling rate was 60 Hz, which
gives a maximum allowed relative speed between the Tx and theRx of 1.6 m/s at 5.5
GHz. The duration of each measurement was 10 seconds during which 600 full MIMO
channel snapshots were measured. The length of each channelimpulse response (CIR)
was 640 ns which is sufficient for the investigated indoor environments. Additional
information about the sounder is available in [17].

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

The Tx, Rx-A and Rx-B devices were placed on three test persons respectively.
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Figure 1: From left to right, the directional stacked patch antenna (Tx), the patch PIFA antenna (Rx-A) and
the monopole antenna (Rx-B)

Figure 2: Device on-body positions and descriptions and an illustration of a test person standing in a 50×
50 square area; the same setup was adopted for both the Tx test person and the two Rx test persons;
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Four identical devices of each type were used simultaneously during the experiments.
We included a variety of heights and orientations for the choices of device positions:
shoulder (sh), chest (ch), belt (bl) and ankle (an) as shown in Fig. 2.

The experiments were performed in two indoor environments:a laboratory and a
corridor. The laboratory is a large room containing furniture and equipment. Sketches of
the environments are shown in Fig. 3. During the experiments, no people were moving
in the area except the test persons.

Two scenarios called spot and route were defined for these investigations. In the
spot scenario, the three test persons stood in three predefined 50× 50 cm square areas
respectively. They were moving randomly within the squareswith arms waving slightly
but not turning around. The size of the square ensures the channel stationarity of each
measurement. In each square, the Tx test person was always oriented to the north and
the Rx test persons had four orientations (north, east, south and 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 measurements. The Tx
was placed in position #1 and the Rx-A and Rx-B in position #2 to #7. One extra mea-
surement with Tx and Rx in position #7 and #6 respectively wasdone to obtain a large
Tx-Rx separation (8 m). Similar in-line measurements were performed in the corridor.
positions from #9 to #11 were arranged to be obstructed channels with a wooden shelf
and a metal shelf between the Tx and Rx-A/Rx-B in the laboratory. Measurements at
position #8 are not included in this study. Free space channels were also measured and
used as references during which the devices were arranged horizontally with 10 cm
separation and at 1 m height from the ground.

In the route scenario, the Tx test person and the Rx test persons walked towards
each other along predefined routes with pedestrian speeds (0.8 m/s). Two routes in the
laboratory and one in the corridor were measured.

3 Antenna Characterization

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

The antenna characteristics with user proximity were evaluated by simulations. The
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Figure 3: The layout of laboratory and corridor environments with measurement positions #1 to #11 marked
with squares and route 1 and 2 marked with thick gray lines; to the right, an illustration of relative orientations
of the three test persons



A8

Figure 4: Simulated radiation patterns of the antennas in free space and on the chest (left) the XZ plane,
(right) the YZ plane; top: Tx DSP antenna, middle: Rx-A PIFA antenna, bottom: Rx-B monopole antenna
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numerical human body model developed in the Visible Human Project [18] is used with
only muscle tissue (homogeneous version). The numerical investigation is based on the
Finite Difference Time Domain (FDTD) method where all the antennas are modeled and
simulated in the cases with and without the conductive cableand for all the measured
positions on the body. The FDTD simulations are using uniform cubic grid of 1.5mm
and for the termination of the simulation space the Perfect Matched Layer absorbing
boundaries are used [19].

For all three types of the used antennas, the return loss is always less than 1 dB and
the mutual coupling is less than -20 dB over the measured frequency band.

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

The effective radiation patterns, which are defined as the radiation pattern of the
antennas mounted on the human body, are simulated for all three types of antennas and
four on-body positions. The results on the chest together with the free space patterns
are shown in Fig. 4. The device is always oriented in the XY plane with the negative Z
direction towards the body as shown in Fig. 1. It is clear fromFig. 4 and Table 1 that
the body both absorbs and reflects some of the radiated power resulting in a directive
radiation away from the body [3]. Compared to free space the effective radiation de-
pends to a minor degree on where the device is located. When theantenna radiation
patterns of the chest position are compared with the other locations, the maximum root
mean square (RMS) difference is 4.7 dB with the shoulder position due to reflections
from the head. In the other cases, the RMS difference is less than 3 dB.

Previous studies showed that the cable influence may be a problem for radio mea-
surements with electrically small antennas [20]. At 5.5 GHzfor the test devices as
shown in Fig. 1 the cables may not have a significant influence.This is confirmed by
comparing the simulated impedance reflection and the radiation pattern in case of no
cable and with a cable of 400 mm long. The difference in impedance is less than 0.1 dB
for all cases across the measured frequency band. The largest RMS difference in radi-
ation patterns is approximately 2 dB. It happens to the Rx-A antenna 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 measurements. It has been shown in the
Section 3 that the Rx-A and Rx-B have similar on-body radiation patterns but differ-
ent on-body radiation efficiency (See Table 1). In order to combine the measurements
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Table 1: Antenna efficiency indB due to power loss by absorption in the body. Distance to the body is 3 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 -2.9 -2.1 -4.3 -2.0

Ankle -1.5 -2.0 -2.7 -1.3

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

The measured MIMO channel is expressed as a 4×4×4 matrix H(m,n), whose
elementshi,j,k(m,n) are complex channel coefficients between thei-th Tx device and
the k-th Rx antenna of thej-th Rx device at timem · ∆t and delayn · ∆τ where
∆t = 16.7 ms is the channel sampling interval and∆τ = 2.5 ns is the length of the
delay bin. A diagram of the measured channel is shown in Fig. 5in which I, J andK
are the total number of the Tx devices, Rx devices and antennaelements on each Rx
device respectively. In the rest of the paper we refer the antennas at the same Rx device
as ’co-located antennas’, and as ’distributed antennas’ otherwise.

The measured channel coefficients include path-loss, shadowing, fading and antenna
gains. They are normalized by the corresponding measured in-line free space received
power at the same Tx-Rx separation with the Tx antennas pointing to the Rx antennas.
By doing so the normalized channel power will reflect the bodyloss compared to the
free space channel power, and all the power variation due to body shadowing has been
preserved.

The average wideband received power in each spot measurement was calculated as

P̄i,j,k =

N−1
∑

n=0

M−1
∑

m=0

|hi,j,k(m,n)|2 (1)

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

An alternative representation of the measured MIMO channel, G(l,n), in the frequ-
ency domain is obtained by applying the discrete Fourier transform (DFT) in the delay
domain toH(m,n). Totally 64 subbands with 1.56 MHz bandwidth are located within
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 used to obtain the body blockage
loss when only one direct ray exists. By comparing the results with the measurement in
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Figure 5: Diagram of the measured MIMO channel withI = 4 Tx devices each with single antenna elements
andJ = 4 Rx devices each withK = 4 antenna elements

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

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

The maximum power losses with the direct link only and in the multipath environ-
ments are 44 dB and 20 dB respectively. Both are much higher than the previously
reported results in the body-to-AP scenarios [21, 22]. Thisnew result suggests more
severe body blockage loss which is highly environment dependent in the body-to-body
channel since both communication ends are subject to the body shadowing. It has been
found that the degree of power loss usually depends on size and richness of the scatter-
ing environments. For the measured channels the power loss in the laboratory is slightly
(up to 3 dB) higher than in the corridor. This result is consistent 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 in-line channel measurements
(positions #1 to # 7 in Fig. 3). Fig. 7 shows a scatter plot of the relative received power
as a function of distance for the in-line scenario in the laboratory. The average received
power at each Tx-Rx distance is marked out in the figure together with free space re-
ceived power as a reference. Since the antenna radiation patterns become more direc-
tional when they are mounted on-body as shown in Section 3, some off-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 only andthe measured channels due to body
blockage for the chest-to-chest link. For each scenario theorientation 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-loss [dB] at a distanced [m] is
expressed as

PL(d) = PL(d0) + 10n log10

(

d

d0

)

+X (2)

wherePL(d0) is the path-loss in dB atd0 = 1 m, n is the path-loss exponent and
X is a random variable representing shadowing. Linear fits with minimum squared
error for both the free space and on-body measurements in thelaboratory are shown
in Fig. 7. For both of the environments, the free space and on-body channel path-loss
exponentn is 1.1. For different combinations of the Tx/Rx device on-body positions the
n is in the range of 1 to 2.3. In the literature an indoor short range handset to handset
channel measurement showed an exponent well below 1 [7], andit was addressed that
the body shadowing makes the exponent sensitive to the insufficient sample size. For
our study the small exponent measured in the laboratory and the free space condition
can not be explained by either the insufficient samples or thewell-known waveguide
effects. Therefore an independent power measurement with the same antenna set-up
and radio environments was performed, and similar weak power-distance dependence is
observed. When antennas with higher gain are used instead, the power drops faster with
the distance. Therefore the small path-loss exponent is associated 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 powerversus distance for the in-line scenario
in the laboratory. Dark squares: average received power at each distance; dark rounds: average received
power in the free space condition

4.4 Body shadowing statistics

The distribution of the body shadowingX in (2) is analyzed by the Kolmogorov-
Smirnov (K-S) test. The Log-normal distribution with a zeromean and a standard
deviation (σX ) of 4.8 dB is proven to be the best fit compared with Weibull, Exponen-
tial, Laplace, Normal and Rayleigh distributions. Therefore, in (2) theX is modeled as
a log-normal distributed random variable.

Fig. 8 gives the average relative received power andσX in dB in the different in-
vestigated scenarios. When the Tx and Rx are located at the same height on the bodies,
the received power for the belt-belt scenario is 3-4 dB lowerthan the other scenarios
partly due to the arm blockage. The channel with relatively higher average gain usually
fluctuates more. In the obstructed condition, at least 10 dB extra power loss is ob-
served. And the shoulder-to-shoulder channel has at least 2dB higher received power
than the others. One possible reason is that the antennas pointing upwards collect more
energy from multipaths. For the ankle-shoulder channel theheights of the Tx and Rx
are considerably different, and 3 to 7 dB lower received power is observed in the in-line
measurements.

The difference in the average received power among the antennas results in branch
power imbalance (BPI). The maximum BPI is usually less than 5dB for the in-line
scenario and less than 10 dB for the obstructed scenario as shown in Fig. 8. In practice
the on-body positions with low average received power need to be avoided as suggested
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Figure 8: Average received power in different scenarios;±σX from the average received power is indicated
by dark thin bars

earlier in this section.
The correlation coefficients of the shadowingρ(P̄i1,j1,k1, P̄i2,j2,k2) at the Rx side

between the antennas are calculated. Selected results are shown in Fig. 9 where the Rx
correlation respect to the Tx shoulder and Tx chest positions is plotted in the upper-right
and lower-left part of the figure, respectively. The x and y-axis represent the Rx antenna
on-body positions with the numbers in the brackets representing thek-th Rx antenna
element as shown in Fig. 5. The value of correlation is alwayshigher than 0.6 for
the co-located antennas. For the distributed antennas the shadowing correlation ranges
from 0.1 to 0.9 for the antennas allocated on the same side of the body and−0.7 to 0.4
for the antennas on different sides of the body. The dependence of the Rx shadowing
correlation on the Tx on-body positions is evident with lower values respect to the Tx
shoulder position.

4.5 Coherence bandwidth

The definition of the coherence bandwidthBc is based on the correlation coefficients
(ρ∆l) between two subbands separated by∆l subbands (1.56 MHz) in the frequency
domain. The channel is assumed to be frequency domain wide sense stationary (WSS).
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Figure 9: Rx shadowing correlation coefficients with respect to the Txshoulder (upper-right part) and chest
(lower-left part) positions; the x and y-axis represent theRx antenna on-body positions with the numbers in
the brackets representing thek-th antenna element at the Rx devices as shown in Fig. 5

The coherence bandwidth is

BcY = arg
∆l

(ρ∆l = Y ) (3)

The averageBc0.9 andBc0.5 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 deviations of theBc0.9 and
Bc0.5 are less than 3 MHz. Various antenna combinations show similar results. The
bandwidth for each subband (1.56 MHz) is well below the coherence bandwidth and
therefore treated as a flat fading channel.

4.6 Fading statistics

The fading statistics and correlation were analyzed using subband channels inG(l,n)

based on the spot measurements. According to the K-S test, the measured data matches
best to Rayleigh or Rician distribution. The K-factor of theRician distribution is es-
timated by the moment method proposed in [23]. Generally theresults show small
K-factors in most cases. Higher K-factors can only be observed when the Tx and Rx
are directly pointing to each other without any blockage, e.g. the chest to chest channel,
and 99% of measured channels have the K-factor less than 5 dB.Both, the high possi-
bility of body blockage and the rich radio scattering in the environments, contribute to
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this result. In addition the effectively directional radiation patterns caused by the body
rarely point to each other directly and therefore the reflected paths are relatively strong
compared with the direct path.

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

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

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

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

5.1 Distributed antenna selection diversity of the spot measurements

Different from the traditional antenna diversity mainly used to mitigate small scale fad-
ing, we define a distributed antenna selection diversity using long-term average received
power for the selection. The distributed antenna pair selected within a durationT is

[i′, j′]N ′ = arg max
[i,j]





N ′
−1
∑

n=0

M−1
∑

m=0

|hi,j(m,n)|2


 (4)

whereN ′ is the number of channel samples within the durationT (T = N ′∗∆t) In other
words, the selected channel has the largest average received power withinT seconds.

From Fig. 8 we can conclude that if we use only one antenna for transmission
the shoulder-to-shoulder channel has the highest outage power among the investigated
channels. Therefore the shoulder-to-shoulder channel is used as a reference to calculate
the gain of the selection diversity. A mean diversity gain (γmean) and a 10% outage
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Table 2: A summary of the 4-branch Rx/Tx selection diversity gain indB for the spot measurements in the
laboratory and corridor environments

Position P̄mean γmean P̄outage γ10%

Lab Cor Lab Cor Lab Cor Lab Cor
([sh]

reference)
-9 -7 - - -15 -13 - -

[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 (γ10%) are defined as the increase of the average received power in the
corresponding level.

T is set as the whole measurement time of 10 seconds. Table 2 summarizes the re-
sults of 4-branch Tx/Rx combined selection diversity in different scenarios. The Rx/Tx
position column shows where the antennas were placed on boththe Rx and the Tx test
persons, and the first antenna at each Rx device, i.e.k = 1, is always used. The mean
and 10% outage of the averaged received power,P̄mean andP̄outage, are also shown in
the table.

The diversity gain depends on the antenna on-body positions. As highlighted in the
table the chest and belt positions obtained the highest gainwhich is 5 dB in both the
γmean andγ10% and in both the laboratory and corridor environments.

5.2 Distributed antenna selection diversity of the route measure-
ments

With the route measurements the proposed selection diversity is evaluated in dynamic
scenarios. From the findings above the optimal positions forthe 4-branch Tx/Rx di-
versity are the chest and belt (see Table 2 row 5). Therefore we focus on these two
positions in this section.

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

1

Ñ

Ñ−1
∑

n=0

M−1
∑

m=0

‖ H(m,n) ‖2
F = I · J ·K (5)
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Figure 10: Mean and 10% outage distributed antenna diversity gains calculated based on the route measure-
ments in both the laboratory and corridor. The diversity gainis shown with respect to the averaging interval
T

where‖ • ‖F is the Frobenius norm.
Fig. 10 shows theγmean andγ10% with the differentT . The shoulder-to-shoulder

channel is used as the reference when the diversity gain is calculated. In the investigated
scenario, theγmean is almost flat forT ≤ 2 s, and theγ10% increase about 2 dB when
theT decreases to the channel sampling interval (16.7 ms) since parts of the small scale
fading effects are included when the average is only taken inthe frequency domain. In
the corridor both theγmean andγ10% are 3 dB higher than in the laboratory. As shown
in Fig. 3, parts of the route 1 in the laboratory are in the obstructed condition where the
reference, shoulder-to-shoulder channel, has at least 2 dBhigher received power than
others as stated in Section 4.4. This explains the lower diversity gain in the laboratory
environment.

6 Conclusion

Based on wideband radio channel measurements with realistic devices and scenar-
ios, we have investigated several indoor body-to-body radio channels with multiple-
antennas at both the transmit and receive end. Our investigations include three types
of antennas and two environments. All types of the antennas show similar directional
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radiation patterns when put on human bodies according to simulations. And similar
channel characterizations are observe with the two different environments. It implies
that the results in this paper may be extended to other antenna types and similar radio
environments.

The comparison between the channels with direct path only obtained by antenna
simulations and the propagation measurements shows that the multipath environment
reduces the power loss due to the body shadowing effectively. The maximum power
losses with the direct link only and in the multipath environments are 44 dB and 20
dB respectively. The measured path-loss exponent is less than 2.0, and the log-normal
distributed shadowing has a standard deviation of 4.8 dB. Itmakes the body shadowing
a prominent factor in short range body-to-body communications.

Due to the low shadowing correlation between the distributed antennas, a distributed
antenna selection diversity scheme is presented to mitigate the body shadowing. The
proposed scheme utilizes both the Rx and Tx diversity and do not require channel state
information feedback. The shoulder-to-shoulder channel is used as a reference when
the diversity gain is computed. When two distributed antennas are employed on both
of the Tx and Rx side, the chest and belt positions obtained the highest gain. The mean
selection diversity gain is 5 dB for the in-line measurements, and 3 dB and 5 dB for the
route measurements in the laboratory and corridor respectively.
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Abstract

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

We analyze the influence of the modeling parameters, i.e. shadowing standard devi-
ation, shadowing correlation and branch power imbalance (BPI), on the MIMO chan-
nel capacity by both numerical and experimental studies. The shadowing standard
deviation determines the distribution of the channel powerin dB, and consequently it
is dominant to the channel capacity. Antenna diversity gains for body shadowing mit-
igation can be achieved when the shadowing correlation between the antennas is low.
Therefore the shadowing correlation affects the outage capacity significantly. The re-
lationship between the RLN and Lognormal statistics is derived in order to extract the
modeling parameters from the measured shadowed fading channels. Finally a group of
modeling parameters is suggested based on the measurement results.

1 Introduction

Body-centric wireless communication systems (BWCSs) are key components of future
wireless communication systems. A BWCS connects various devices around human
bodies, such as body sensors, body monitors and wearable electronic devices. The
BWCS is categorized as "off-body" and "on-body" systems [1].The on-body BWCS
refers to connections between devices mounted/worn on the same person. This paper
deals with the off-body radio channel between two human bodies in particular.

In recent years, off-body radio communications between wearable devices or sys-
tems have been investigated and user proximity induced shadowing has been identified
as a critical issue for this type of channels, e.g. [2–4]. Thebody shadowing usually
changes during a fraction of a second or several seconds. Consequently the changes in
channel power due to the body shadowing and small-scale fading are hard to be sep-
arated especially when people change their relative orientations frequently. Therefore
joint modeling of the shadowing and fading becomes a necessity in the body-to-body
communications.

Recent advances in "smart clothes" [5] and wearable antennas which can be easily
embedded into clothes, e.g. [6, 7], provide a unique opportunity to mitigate body shad-
owing by distributing antennas to various body positions. The smart clothes have found
their applications in emergency and rescue services, medical monitoring, military ap-
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plications, sports as well as entertainment industries [3]. To investigate the performance
of such multi-antenna systems a multiple-input multiple-output (MIMO) channel model
which takes the body shadowing into consideration is required.

Compound shadowed fading distributions have been studied [8] and used in diver-
sity performance evaluations [9] and cellular system coverage analysis [10]. Effects of
environment shadowing on bit error rate [11] and outage capacity [12] of MIMO sys-
tems have been investigated for wireless personal area networks (WPANs) and cellular
systems, respectively. Studies of the MIMO channel in the off-body BCWS have been
focused on fading correlation [13, 14], body shadowing statistics [4] and capacity en-
hancements [15]. However to the authors’ knowledge no worksin the open literature
investigate and model the body-to-body MIMO channel with distributed on-body an-
tennas. In this paper we propose a correlation based stochastic model with correlated
shadowing (CBSM-CS) based on our previous work presented in[3], analyze channel
capacity by numerical studies and verify the model with a newmeasurement campaign.

The paper is organized as follows. Section II presents the CBSM-CS model. Nu-
merical analysis of modeling parameters is given in SectionIII. Section IV provides a
description of a body-to-body channel measurement campaign. Measured channel ca-
pacity is summarized and used to verify the proposed channelin Section 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-to-body channel need to be
modeled jointly since they often change simultaneously. Several shadowed fading chan-
nel statistics have been proposed by compounding independent shadowing and fading
distributions, e.g. Rayleigh-Lognormal (RLN) [8] and Nakagami-m Lognormal [10].
Similar strategies can be extended to MIMO channels,

H = [X]
1/2 · G (1)

whereG andX are theNT × NR fading and power shadowing matrices respectively,
NT andNR are the number of transmitter (Tx) and receiver (Rx) antennas respectively,
([•]n) denotes entry wise exponentiation with an exponentn and(·) represents the entry
wise product.

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

H = 10XdB/20 · G (2)
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XdB in (2) is modeled as

XdB = ΣX,dB ·
(

R
1/2
X,dBGX,dB

)

+ MX,dB (3)

whereMX,dB andΣX,dB are mean and standard deviation matrices of the body shad-
owing respectively,GX,dB contains standard normal distributed RVs,RX,dB is a shad-
owing correlation coefficient matrix,(•)1/2 is defined such asR1/2(R1/2)H = R and
(•)H stands for the complex conjugate transpose. Since the correlated shadowing is
introduced in (2) and in principleG can be obtained from any available CBSM, the
proposed model is called CBSM with correlated shadowing (CBSM-CS).

The relationship between theX andXdB means and variances is derived based
on [16],

MX = e

(

λMX,dB+ λ2

2
[ΣX,dB]2

)

(4)

[ΣX]
2

= [MX]
2 ·
(

eλ2[ΣX,dB]2 − 1
)

(5)

whereλ = ln 10/10.

2.1 Normalized CBSM-CS

Since the fading and shadowing are independent from each other, to simplify the analy-
sis the normalized RLN distributed channel is expressed as the product of a normalized
Rayleigh and a normalized Lognormal RV,

H
norm = [KX · X]

1/2 ·KGG (6)

whereKG = 1/
√

2 andKX = [MX]
−1. For the normalized channel,

E
[

‖ H
norm ‖2

F

]

= NT ·NR (7)

whereE [•] is the expectation taken over channel realizations and‖ • ‖F represents the
Frobenius norm.

The average channel power difference among the entries inH
norm is due to the

branch power imbalance (BPI). A matrixPBPI,dB is defined to represent the BPI in dB
in the channel model explicitly. To preserve the normalizedchannel power,

M
norm
X,dB = −λ

2

[

Σ
norm
X,dB

]2
+ PBPI,dB (8)

‖ 10PBPI,dB/10 ‖2
F = NT ·NR (9)

The channel model after the normalization is presented as follows. The superscript
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’norm’ is omitted for conciseness.

H = 10XdB/20 ·
√

1

2
G (10)

XdB = ΣX,dB ·
(

R
1/2
X,dBGX,dB

)

− λ

2
[ΣX,dB]

2
+ PBPI,dB (11)

2.2 Structure ofRX,dB

To identify the structure ofRX,dB two assumptions are made: independent shadowing
between the Tx side and the Rx side and equal entries inΣX,dB. The first assump-
tion is straightforward since the behaviors of the people inthe BWCS are usually not
coordinated. The second assumption is justified by the measurement results presented
in Section 5.1. After a few steps derivation based on the correlation coefficient defi-
nition, the entries ofRX,dB can be expressed as the average of Tx and Rx shadowing
correlation coefficients,

ψi1j1,i1j2 = (ψi1i2 + ψj1j2) /2 (12)

whereψi1i2 andψj1j2 are the shadowing correlation coefficients between the Tx anten-
nasi1 andi2 and Rx antennasj1 andj2, respectively. Wheni1 = i2 or j1 = j2,ψ = 1.
It should be noticed thatRX,dB usually does not have a Kronecker structure which is
considered as the case for small-scale fading correlation in MIMO systems [17].

For analysis in the next section,RBulk, RIndp andRNega, are defined to represent
strongly positive correlated, independent and negativelycorrelated shadowing respec-
tively. For i16=i2 andj16=j2, ψBulk

i1i2 =ψBulk
j1j2 =0.9, ψIndp

i1i2 =ψIndp
j1j2 =0 and

ψNega
i1i2 =ψNega

j1j2 =−0.7.
The relationship in (12) and the correlation values set above are 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 knowledge at the Tx and per-
fect channel knowledge at the Rx is expressed as [18]

C = log2 det

(

INR
+

ρ

NT
HH

H

)

(13)
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whereIa is an identity channel matrix with sizea andρ is the average signal to noise
ratio (SNR) at the Rx.

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

Different channel conditions have been simulated with a2×2 MIMO setup and a20

dB SNR (ρ). Cumulative density functions (CDFs) of some simulated channel capacity
are shown in Fig. 1.

3.1 Effects ofΣX,dB on Channel Capacity

Equal values are set to all the entries (σX,dB) in ΣX,dB for the simulations. Three values
of σX,dB, 0, 5 and 10 dB, are simulated to represent the Rayleigh channel, typical
indoor body shadowing [3, 4] and severe shadowing conditions respectively. Fig. 1
shows the shadowing depth represented byσX,dB plays a dominant role to the channel
capacity. In theRIndp condition the typical and severe shadowing degrade the ergodic
capacity by1.2 and4.5 bit/s/Hz respectively compared with the Rayleigh channel,and
the degradation of the1% outage capacity is1.9 and5.6 bit/s/Hz respectively.

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

3.2 Effects ofRX,dB on Channel Capacity

The independent and negative shadowing correlation inRIndp andRNega provide an-
tenna diversity gains to mitigate the body shadowing. Therefore, as shown in Fig. 1, the
outage capacity is improved significantly in theRIndp andRNega conditions compared
with theRBulk channel. The improvement is about1.8 bit/s/Hz with the typical shad-
owing. On the other hand the improvement in the ergodic capacity is always less than1
bit/s/Hz in all the simulated cases. The ergodic capacity intheRNega condition is slight
lower than in theRIndp channel and the1% outage capacity shows an opposite trend.
Overall the influences of the shadowing correlation on capacity increase withσX,dB.
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3.3 Effects of BPI on Channel Capacity

The BPI is represented by setting the average channel power ratio between the two Rx
antennas to different values, i.e.0, 5 and10 dB. The BPI shows the most significant ef-
fects on the channel capacity in the Rayleigh channel. When BPI=10 dB the ergodic and
1% outage capacity decrease by1.3 and0.3 bit/s/Hz compared with the balanced chan-
nels (BPI=0 dB). In other simulated conditions the BPI degrades the channel capacity
by less than1 bit/s/Hz.

3.4 MIMO Size and Channel Capacity

For a MIMO system working in the high SNR and uncorrelated fading condition, the
channel capacity decreasesN=min (NT , NR) bit/s/Hz with3 dB SNR reduction. As
analyzed in Section 3.1 it is the different distribution of channel power in dB that de-
grades the capacity of the RLN channel. Therefore the absolute capacity loss of the
RLN channel is expected to increase with the MIMO size. This is confirmed by sim-
ulations in the typical shadowing condition and the resultsare demonstrated in Fig. 3.
Due to the diversity gain the outage capacity degradation oftheRIndp channel is much
less sensitive to the MIMO size than in theRBulk condition. The measurement results
in Section 5.2 confirm this conclusion as well. Therefore it implies that keeping low
shadowing correlation becomes more essential with larger MIMO arrays.
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Table 1: Channel ergodic capacity in bit/s/Hz with the different MIMO configurations

Configuration Rayleigh
σ = 5 dB σ = 10 dB

CH1 CH2 CH1 CH2
2x2 11.3 9.8 9.7 6.4 5.8

2x2(4x4) PS 13.5 13.4 12.0 11.6 8.1
2x2(4x4) IS 14.4 14.3 12.8 11.9 8.5

4x4 22.1 19.3 19.0 12.6 11.4

3.5 Body-to-Body MIMO Systems with Antenna Selection

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

Considering a system with four antennas placed at two body positions, such a sys-
tem may benefit from the higher SNR and MIMO transmission at the same time by
selecting the two less shadowed antennas. We use CH1 to represent this channel setup.
The performance of a2 × 2 channel selected from a4 × 4 channel is evaluated with
the CH1 setup. Another channel condition with four antennasco-located at the same
body position (CH2) is also simulated for comparison. The same antenna setup are ap-
plied to both the Tx and Rx sides. An ideal selection (IS) and apower based selection
algorithms (PS) are considered. In the IS the capacity of allpossible antenna selection
combinations is compared, and the2×2 channel associated with the maximum capacity
is selected. This method provides an upper bound of the H-S/MIMO capacity. The PS
selects the antennas with the highest power. The simulated ergodic capacity results are
summarized in Table 1.

The PS performs almost as good as the IS for the H-S/MIMO scheme. The H-
S/MIMO capacity in the typical shadowing condition is closeto the Rayleigh channel
capacity. In the severe shadowing condition the2×2 H-S/MIMO capacity is approach-
ing the4 × 4 channel capacity. It is evident that the H-S/MIMO is more efficient in
the body-to-body channel especially with distributed antennas (CH1) and in the severe
shadowing condition.

4 Measurement Setup and Data Processing

A body-to-body measurement campaign was performed in two indoor environments
with a 5.5 GHz carrier frequency and a−3 dB bandwidth of about 100 MHz. A corre-
lation based MIMO channel sounder was used for the experiments. Four Tx antennas
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Figure 4: The layout of the laboratory and corridor environments with measurement spots #1 to #14 marked
with squares; to the right: an illustration of the device on-body positions

and32 Rx antennas were measured simultaneously. The full4 × 32 MIMO channel
sampling rate was60 Hz, which gives a maximum allowed relative speed between the
Tx and the Rx of1.6 m/s at5.5 GHz. The length of each channel impulse response
(CIR) was640 ns which is sufficient for the investigated indoor environments. 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 measurements. The Tx was emu-
lating small size devices with a directional stacked patch antenna (DSP) [6]. Two types
of receivers, Rx-A and Rx-B, were equipped with four antennas on each device. In the
Rx-A four Planar Inverted F-Antennas (PIFAs) are located rather close to each other
and provide a certain front-to-back ratio. The Rx-B antennas are four monopole-like
antennas which are very simple to integrate into many textiles or products.

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

chest (ch), belt (bl) and ankle (an). The experiments were performed in two indoor
environments: a laboratory (LAB) and a corridor (COR). During the experiments, no
people were moving in the area except the test persons. An illustration of the device
positions and sketches of the laboratory and the corridor are shown in Fig. 4. More
detailed information about the measurement devices and theenvironments can be found
in [3].

The measurements were performed with the users located at fixed positions as
shown in Fig. 4. Different from the experiments performed in[3] during the mea-
surements the three test persons moved randomly within three predefined 50× 50 cm
square areas, respectively. The size of the square ensures the channel stationarity of each
measurement. All three test persons continuously turned around within the squares in
a random manner for 90 seconds. Spots#1 to #14 in the LAB and#1 to #7 in the
COR were used to make measurements. The Tx-Rx distance was fixed to2 meters and
all spots separated by2 meters were measured. Measurements at spot#8 #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 combined andthe size of each full
measured MIMO channel is4×16. The measured MIMO channel is transferred into the
frequency domain by applying the discrete Fourier transform (DFT). Totally 64 sub-
bands with 1.56 MHz bandwidth are located within the measured frequency band and
used in the analysis. The frequency-domain MIMO channel is expressed as a4×4×4

matrixH
meas(m,n), whose entrieshmeas

i,j,k (m,n) are complex channel coefficients be-
tween thei-th Tx device and thek-th Rx antenna of thej-th Rx device at a time index
m and a frequency indexn. A diagram of the measured channel is shown in Fig. 5
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in which I, J andK are the total number of the Tx devices, Rx devices and antenna
elements on each Rx device, respectively. We refer to the antennas at the same device
as ’co-located antennas’, and as ’distributed antennas’ otherwise.

The measured channel coefficients include path-loss, body shadowing, small-scale
fading and antenna pattern gains. The average channel powerof the entire MIMO chan-
nel matrix is normalized to the number of links which is4×16=64 for the system setup.
By this ’global’ normalization, the relative power difference among measured on-body
positions and the channel power fluctuation due to both fading and body shadowing are
preserved.

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

5 Measured Channel Capacity and Model Verification

The channel statistics and capacity presented in this section are based on the LAB mea-
surement. Similar results are obtained in the COR as well. All the measurements are
used for the model verification.

5.1 Measured Channel Statistics

For antennas mounted on various parts of the bodies the shadowing statistics can be
different [3]. This is confirmed byMX,dB andΣX,dB associated with the different on-
body positions as shown in Fig. 6. The maximum BPI is7.2 dB andσX,dB ranges from
4.0 to 6.2 dB. These results are basically consistent with the ones obtained in [3] while
slight differences are observed due to the different measurement scenarios.

RX,dB of two 2 × 2 channel configurations are illustrated in Fig. 7. One of them
is formed by the chest and belt Tx antennas and the distributed Rx antennas at the
same positions, and the other consists of the same Tx antennas and two co-located Rx
antennas at the chest. If we set the correlation between the co-located antennas to0.9
and between the distributed antennas to−0.7 as presented in [3], the value of each entry
in RX,dB can be calculated by (12). The results are very close to the measured values
given in Fig. 7 which proves the analysis in Section 2.2. The shadowing 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 sizes and antenna on-body po-
sitions, channel subsets are defined by selecting parts of the entire measured channel
matrix. Each channel subset forms an individual MIMO channel with a certain array
size and antenna position combinations.
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Fig. 8 shows the ergodic and 10% outage capacity for different MIMO configura-
tions. In the x-axisNT ×NR is the size of the MIMO channel, and ’D’ and ’C’ stand for
the distributed and co-located Rx antennas respectively. The last two items represent the
H-S/MIMO with the IS algorithm (see Sec. 3.5) where the number in the bracket,LR, is
the number of selected Rx antennas. Each vertical line represents the range of the mea-
sured capacity obtained from all the channel subsets which satisfy the corresponding
MIMO configurations.

It is evident that the capacity of the MIMO channel with the same number of anten-
nas varies significantly. The Rayleigh channel always overestimates the body-to-body
channel capacity. Table 2 summarizes the capacity of the2 × 2 channel subsets which
have the maximum and minimum ergodic capacity. By examiningthe shadowing statis-
tics in Fig. 6, we find that whenσX,dB is similar the capacity difference is mainly due
to the average channel power. The difference between the distributed and co-located Rx
antennas is noticeable but limited due to the diversity gainprovided by the distributed
Tx antennas. The shadowing statistics shown in Fig. 6 and in [3] can be used as refer-
ences for practice antenna position selection in order to achieve higher channel capacity.

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

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

5.3 Model verification

The capacity of the measured and modeled channels is compared in terms of the capac-
ity to verify the proposed CBSM-CS model. In this section thechannel power of each
measured channel subset is normalized individually. Due tothe measurement setup the
channel with co-located antennas at both the Tx and Rx sides are not verified.

Fig. 9 illustrates the CDFs of the measured and modeled2 × 2 and4 × 4 channel
capacity. The antenna position configurations in Fig.7 are selected for the2×2 channels.
The 4 × 4D channel includes the1st antenna of all four Rx devices and the4 × 4C
channel contains all four co-located Rx antennas at the beltposition. The averaged
model errors in ergodic and1% outage capacity are shown in Fig. 10. The model error
is calculated as the absolute difference between the measured and modeled capacity at
the corresponding levels.

When the shadowing statistics extracted from the measurements are assigned as
the modeling parameters, the model exhibits excellent accuracy. The measured and
modeled capacity CDF curves are very close to each other as shown in Fig. 9. Overall
the model error is always less than0.5 bit/s/Hz (or less than5% of the capacity of each
MIMO configuration) for all the MIMO configurations, in both of the environments and
at both the ergodic and1% outage level.

To facilitate the use of the proposed model, a group of simplified parameters (SP)
is suggested and evaluated with the measurements. For the SPmodel the balanced
channel (BPI=0 dB) with σX,dB = 5 dB is assumed. The correlation coefficient is set
to 0.9 for the co-located antennas and zero for the distributed antennas. ThenRX,dB

is calculated according to (12). Fig. 9 shows the model errorincreases up to15% and
30% of the channel capacity at the ergodic and outage levels respectively. The errors for
the configurations with the distributed Rx antennas are higher since the shadowing of
several on-body positions is actually positively correlated [3]. Therefore the SP model
tends to overestimate the channel capacity in these cases. Even though the SP is a
reasonable simplification of the proposed CBSM-CS model andis much more accurate
than the Rayleigh channel model.
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6 Conclusion

In this paper, we propose a correlation based stochastic model with correlated shadow-
ing (CBSM-CS) for body-to-body multiple-input multiple-output (MIMO) radio chan-
nels. The model introduces a shadowing matrix consisting ofcorrelated Lognormal
distributed entries to represent unbalanced and correlated body shadowing. A Rayleigh-
Lognormal (RLN) distributed CBSM-CS channel model is derived based on an indoor
measurement campaign, and the modeling accuracy in terms ofchannel capacity is ver-
ified by a different set of experiments with less than5% relative model errors. A group
of typical modeling parameters is also suggested to facilitate the implementation of the
model.

The maximum measured BPI is7.2 dB and the shadowing standard deviation ranges
from 4.0 to 6.2 dB. The impacts of the modeling parameters, i.e. shadowing stan-
dard deviation (σX,dB), shadowing correlation and branch power imbalance (BPI),on
the MIMO channel capacity are analyzed by both numerical andexperimental stud-
ies. Since both mean and outage channel power in dB decrease whenσX,dB increases,
σX,dB is dominant to the ergodic capacity. The capacity of the Rayleigh channel
(σX,dB = 0) is an upper bound of the body-to-body channel capacity. Antenna di-
versity gains for body shadowing mitigation can be achievedwhen the shadowing cor-
relation between the antennas is low. Therefore the shadowing correlation affects the
outage capacity significantly. The2× 2 channel simulations at20 dB SNR reveal a1.2
bit/s/Hz ergodic capacity degradation whenσX,dB = 5 dB compared with the Rayleigh
fading channel. The high (> 0.9) shadowing correlation scenario yields another1.8

bit/s/Hz capacity drop at1% outage level compared with the independent shadowing.
This difference increases rapidly with the MIMO size and it implies that keeping low
shadowing correlation becomes more essential with larger MIMO arrays. The effects
of the BPI on the capacity are limited and decrease asσX,dB increases. In practice
the difference in the average channel power associated withthe different antenna po-
sitions also need to be taken into account for the antenna position selection. Hybrid
antenna selection/MIMO (H-S/MIMO) schemes are proved efficient in the shadowed
fading MIMO channels especially with distributed antennasand in the severe shadow-
ing condition withσX,dB = 10.

[Mapping RLN Statistics to Lognormal Statistics in dB] In the following deriva-
tions,H, R and [X]

1/2 represent normalized RLN, Rayleigh and Lognormal random
matrices respectively. The mean and standard deviation of the normalized Rayleigh RV,
mR andσR, are known values. The target is to obtainΣX,dB, PX,dB andRX,dB in (11)
given the statistics ofH.
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According to (4) and (5),
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According to the definition of correlation coefficient,
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wherevec (•) represents vectorization and according to (5)
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And as presented in [11]
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Abstract

Ultra-wideband (UWB) is a promising technology for wireless body area networks
(WBANs) which are essential parts of future wireless communication systems. In this
paper we characterize and model the UWB WBAN channel based onexperiments per-
formed in two typical indoor environments. Totally15 antenna on-body positions are
investigated. According to the measurements the channel wideband power is Lognor-
mal distributed and the power varies up to20 dB among the antenna positions. The
channel rms delay spread ranges from5 to 20 ns.

The WBAN channel is featured by the radio propagation aroundhuman bodies, i.e.
direct link, body diffraction and body reflection. To separate the around body propaga-
tion from the environment propagation the first cluster (FC)is detected and separated
from the remaining clusters (RC) of the measured channel impulse responses (CIRs).
The amplitude of the FC shows different distributions when the antenna is mounted on
different parts of the body. The statistics of the power ratio and arrival time intervals
between the FC and the RC also depends on the antenna on-body positions. The cluster
decay factor of the RC is linearly related to the FC/RC power ratio in dB.

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

1 Introduction

An essential component of next generation wireless communication systems is a body-
centric wireless communication system (BWCS). The BWCS connects various devices
around human bodies, such as body sensors, body monitors andwearable electronic
devices. According to the range of the communication the BWCScan be categorized as
"off-body" and "on-body" systems [1]. The on-body BWCS has found applications in
health monitoring, wearable PCs and entertainment systems. A radio network consist-
ing of the on-body devices is called a wireless body area network (WBAN). In a typical
WBAN scenario a number of sensors, e.g. health monitors and motion detectors, are
distributed to a variety of on-body positions, and connect with a central device such as a
personal digital assistant (PDA) for further processing and communications with other
systems.

Ultra-wideband (UWB) is a promising technology for short range radio communi-
cations. Given the low power consumption and low complexityproperties the UWB is a
competent candidate for the WBAN applications. To gain the full potential advantages
provided by the UWB comprehensive channel knowledge is required.
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The UWB channel in indoor environments have been extensivelystudied in recent
years [2, 3]. Compared with other radio channels the WBAN channel is featured by the
short range direct link, body diffraction and body reflection. The penetration through
the body is negligible [4]. The term of the ’around body’ propagation is used in this
study to represent the radio propagation close to human bodies. An extensive summary
of narrowband on-body channel propagation was given by [5].The investigation of the
UWB WBAN channel is complicated by the large bandwidth or correspondingly the
fine resolution in the delay domain. Finite-difference time-domain (FDTD) was usually
used as a channel simulation method [4, 6]. A simpler ray theories based approach also
provided reliable solutions [6]. Most experimental investigations for the WBAN chan-
nel were performed in anechoic chambers and focused on the around body propagation.
Body diffraction was found as the dominant propagation mechanism between the ears of
the human head [4]. Path-loss models along torsos were derived in [7–9]. Distance de-
pendent exponential power decay with decay factors between2.7 and4.4 was reported.
The distribution of the body diffraction components was summarized in [10, 11] and
Lognormal was found as a good fit for the small-scale fading statistics. Some WBAN
channel parameters, e.g. delay spread, were proved sensitive to the antenna positions,
body gestures and antenna types [8].

When the on-body BWCS system works in real life the reflection, diffraction and
scattering from the multipath environments will also be included in the radio channel.
However few experimental studies have been conducted for the UWB WBAN channel
in real scenarios. The measurement results on channel path loss [12], wideband power
variation [13], path arrival times [14] and delay spread [12, 13] had been presented.
In reference [7] the body diffraction and surrounding environments are modeled sepa-
rately when the antennas were placed on the torso. In this paper we propose a UWB
WBAN channel model which uses a joint approach to take both thearound body and
the environment propagation into consideration. The studyis based on measurements
performed in two typical indoor environments with dynamic users and a large collection
of device on-body positions.

The paper is organized as follows. Section II gives a description of the measurement
setup. The channel characteristics including wideband power, delay spread and the first
cluster properties are presented in Section III. In SectionIV we propose and verify a
UWB WBAN model based on the measured channel investigations. Finally the paper
is concluded in Section V.

2 Measurement Setup

The radio channel measurements were performed with a time domain UWB sliding
correlator channel sounder. The measurement bandwidth was2.5 GHz centered at4.5
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Figure 1: Left: a body-worn (Tx) device with a UWB directional stacked patch antenna; right: a belt-mounted
(Rx) device with two omni-directional planar printed monopole UWB antennas

GHz. The effective delay resolution was0.4 ns. The measurement set-up allowed the
full separation of the2×4 = 8 simultaneously measured radio links. The radio channel
sampling rate was39 Hz, which accommodates the expected channel change rate at
normal walking speed of1 m/s at the upper frequency of5.75 GHz. A RF on fiber
optic link instead of conductive cable connections was usedto minimize the effects of
the measurement cables on the antenna radiation characteristics [13]. The instantaneous
dynamic range is15-30 dB. A more detailed description of the measurement equipment
can be found in [15].

2.1 Measurement Devices, Environments and Scenarios

To investigate the channel between a body sensor and a centralized device, e.g. a hand-
set or a PDA, two types of devices were selected. Pictures of the devices are shown in
Fig. 1. The transmitters (Tx) were small size devices with a directional stacked patch
antenna on each of them [16]. Radiation patterns of the Tx antenna at the center frequ-
ency (4.5 GHz) are plotted in Fig. 2. The receiver (Rx) was a PDA like device equipped
with two custom designed omni-directional planar printed monopole UWB antennas.
Since the patterns of small antennas become directional when placed on the body re-
gardless of their radiation patterns in free space [4, 17], the directional antenna used in
our measurements cover general small antennas mounted close to the body.

Both the Tx and Rx antennas were placed on the same test person. The Rx was
mounted on the front-right side of the waist, and the Tx was mounted at totally15

different on-body positions. An illustration of the devicepositions is shown in Fig. 3.
The selected Tx positions covered a variety of antenna heights, orientations and relative
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Figure 2: Measured and simulated radiation patterns of the Tx antenna at 4.5 GHz, left: XZ plane; right:
Y Z plane (the coordinate is shown in Fig. 1)

distances to the Rx.
The experiments were performed in two indoor environments:a laboratory (LAB)

and a corridor (COR). Two routes in the LAB and one route in theCOR were used.
Each test person walked along the routes back and forth six times to have all the Tx
positions tested. Totally four persons were measured for each route. No people were
moving in the area except the test persons. Fig. 4 shows a sketch of the environments
and a picture of a test person with the Tx placed at the upper torso.

2.2 Data Processing

The measured channel impulse responses (CIRs) were compensated for all measure-
ment system influences except the antennas. Each measurement route was split up into
consecutive time segments corresponding to10 sampled CIRs each. An average power
delay profile (PDP) was calculated for each data segment. Channel wideband power
statistics and delay domain parameters were extracted based on these PDPs. The signal
rays in the delay domain have been estimated using a CLEAN algorithm applied to the
amplitude data of each individual CIR instead of the averagePDP. The identified rays
were used to characterize the around body propagation. Detailed descriptions of the
channel data processing can be found in [3, 15].

The distribution fitting in this paper is analyzed by the Kolmogorov-Smirnov (K-
S) test. Lognormal, Weibull, Exponential, Laplace, Normaland Rayleigh distributions
are considered as candidates. The distribution is acceptedas a fit when the p-value is
larger than0.01. Among all the fitted distributions the one with the largest p-value is
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Figure 3: An illustration of the Tx and Rx on-body positions and the channel classification according to the
relative Tx/Rx positions

Figure 4: Left: a test person with the Tx at the upper torso and the Rx mounted on the front-right waist; right:
a layout of the laboratory (LAB) and corridor (COR) environments
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considered as the best fit.

3 Channel Characterization

To generalize the results, the Tx positions are classified into three categories according
to their relative positions to the Rx as illustrated in Fig. 3. The propagation situations
are different among the three types of the channels. The Tier1 channel propagation is
dominant by the short range direct link between the Tx and theRx. The Tx in the Tier3
channels are located at the opposite body side with respect to the Rx. The reflection
from the environment is the primary propagation mode in thiscondition. Other positions
are categorized into Tier2. Both the body diffraction and the environment propagation
contribute to the channel of these positions.

3.1 Channel Wideband Power

The channel wideband power is calculated by integrating thepower of the average PDP
in the delay domain. The Lognormal distribution fits all the measurements and is the
best fit for80% of the measured Tx positions. Fig. 5 shows the mean wideband power
expressed in dB (mP ) by round dots, and the power standard deviation (σdB

P ) around
the mean taken in dB by vertical bars. It should be noticed that mP is larger than the
dB mean.
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Table 1: Classifications of the on-body transmitter positions and channel parameters in the LAB

Type
mP σdB

P rms delay W90
(dBm) (dBm) (ns) (ns)

Tier1 −76.3 2.3 7.5 9.4
Tier2 −84.0 2.4 15.2 31.5
Tier3 −92.0 1.8 17.0 47.1

Antenna Position Dependence

The mean wideband power of each channel type measured in the LAB is shown in Ta-
ble 1. Similar results are obtained in the COR. The Tier2 and Tier3 have approximately
8 and16 dB more attenuation in the channel wideband power than the Tier1 channel.
On the other hand all the channel types have the similarσdB

P . In the walking condition
the most power fluctuation happens at the arm and ankle on the same side of the Rx, i.e.
at position2, 3, and5 σdB

P is approximately2.7 dB.
The difference inmP between the two environments is less than4 dB with the

exception of the position13 (right side head). The higher power at the position13 in
the COR could be explained by the strong reflections from the ceiling and side walls
due to the shorter distance between the test persons and the walls. The reflections are
not blocked by the human body because of the higher antenna height.

Branch Power Imbalance

The branch power imbalance (BPI) between the two Rx antennasis less than3 dB for
most of the measured channels. The Tx positions which have direct line-of-sight (LOS)
link to the Rx, e.g. position2, 3, 5, 6 and9, show higher BPI in several measurements.
The different antenna gains in the LOS direction is the most possible reason for the
imbalanced power. Since the BPI was not observed in all the measurements for a certain
Tx position, the small changes in the device positions amongthe measurements may
cause significant variations of the antenna gain in a certaindirection. The directional
radiation pattern of the body-mounted antennas is also attributed to the BPI. Similar
phenomenon was reported in [18]. The correlation of wideband power at the two Rx
antennas is uniformly distributed in the range of[0.2, 0.8].

3.2 Channel Delay Spread

Two parameters, root mean square (rms) delay spread and90% energy delay window
(W90), are used to characterize the channel delay spread. Fig. 6 and Table 1 demonstrate
the results. Overall the delay spread is slightly smaller inthe COR due to the smaller
space compared with the LAB. The variation of the Tier2 channel spread is larger than
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Figure 6: The rms delay spread and90% energy delay window of the measured channel respect to the
different Tx antenna positions; square dot: mean rms delay spread, vertical bar: standard deviation around
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the others. Since neither the body diffraction nor the environment multipaths is always
dominant in the Tier2 channel, they may exhibit more influences by turns and result in
the larger channel variation.

3.3 First Cluster Characterization

It is well known that the indoor UWB channel usually consists of a number of clus-
ters [2, 3, 7, 10]. In most of the WBAN channels the first cluster(FC) arriving at the Rx
is composed of the rays from the around body propagation which usually does not de-
pend on the environment. Therefore the FC and the remaining clusters (RC) of the CIR
can be modeled separately [10]. To model the whole CIR the power ratio and arrival
time intervals between the FC and the RC are also required. The FC/RC join character-
istics are summarized in this section. The analysis is basedon the 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 the FC in some measured
channels is not high enough to be detected. To avoid fall detections the absolute propa-
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gation delay of the first ray in the measured CIR is compared with the wave propagation
time along the direct or body diffraction path which is calculated based on the relative
Tx/Rx positions. Due to the body movements a detection window is defined to ac-
commodate the variation in the path length. The duration of the window is set as2 ns
corresponding to a distance of60 cm. If the absolute propagation delay of the measured
first ray falls out of the detection window, the FC of the channel is considered as not
being detected.

The separation of the FC and the RC depends on the duration of the FC and the
distance between the test persons and the closest scattererwhich is50 cm in the mea-
surements. With this distance the FC arrives at the Rx usually more than2 ns earlier
than the RC. As presented in [10], the FC power decays approximately10 dB/ns. Ac-
cordingly the power of the FC is20 dB below the peak at the delay of2 ns. Therefore
the first cluster after2 ns delay is considered as the start of the RC to minimize the
FC/RC overlapping. The ground reflection for the position4 and5 can not be separated
from the detected FC due to their short distances to the floor.Since the ground reflection
is usually also environment independent, they are considered as part of the FC for these
two positions.

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

FC and RC Power Ratio

The power ratio between the FC and RC expressed in dB (KdB
P ) reflects the propagation

mechanism. LargeKdB
P corresponds to direct link or body diffraction dominant scenar-

ios, and smallKdB
P indicates that most channel power comes from the environment

propagation. Fig. 7 illustratesKdB
P with respect to the different antenna positions. The

mean (mKdB
P

) and standard deviation (σKdB
P

) of KdB
P are presented in Table 2. When

compared with the results presented in [7] we find similarKdB
P of the Tier1 channel,

and smallerKdB
P for the Tier3 channel.

By the K-S test the Normal distribution is the best fits forKdB
P > 0.

The negative correlation betweenKdB
P and the channel delay spread is obvious as

shown in Figure 7 and Figure 6. The correlation coefficient is−0.7 in both the LAB and
COR. However when the two environments are compared the COR has the smallerKdB

P

and less rms delay at the same time. Therefore theKdB
P 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 difference between the length of
the direct or body diffraction path and the distance from thetest persons to the closest
scatterer. It is shown in Fig. 8 that the FC/RC arrival interval (∆τ ) is both antenna
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Table 2: First cluster (FC) characteristics with respect to the different channel types in the LAB and the COR

Type
m∆τ

σ∆τ
mKdB

P
σKdB

P

(ns) (ns) (dB) (dB)

Tier1
LAB 2.9 0.7 5.5 6.2
COR 2.8 0.7 1.9 4.3

Tier2
LAB 3.4 1.8 −3.7 7.6
COR 2.9 1.2 −7.7 5.7

Tier3
LAB 3.1 1.2 −13.5 6.1
COR 2.6 1.8 −9.7 5.4

position and environment dependent. The mean (m∆τ
) and standard deviation (σ∆τ

) of
∆τ are presented in Table 2.

The mean and variance of∆τ are both smaller in the COR which is a constrained
space with simple structures. The largest∆τ observed in the LAB and COR is14 ns
and12 ns at the Tx position14 and12 respectively. Both positions are at the back of
the torso.

None of the statistics considered by the K-S test fits∆τ for a majority of the Tx
positions.

Characterization of Rays in FC

Totally86% of the FC contains two rays. Therefor we model the FC as a two-ray cluster.
The power of the body diffraction has been found in previous studies to be Lognor-

mal [10, 19] or Weibull [19] distributed. We observe different ray amplitude distribu-
tions for the different channel types based on the K-S test. For the first ray in the FC,
Normal, Weibull and Lognormal distributions are identifiedas the best fits for the Tier1
to Tier3 channels respectively. The distribution parameters are summarized in Table 3.

The second ray in the FC follows the same distribution as the first ray. The mean
power ratio in dB (RdB

P ) and arrival interval (δ) between the first and the second ray are
summarized in Table 3. The power decay of the FC is between5 dB/ns and10 dB/ns
depending on the Tx positions. The correlation coefficient between the two rays in the
FC is 0.7 in the LAB and 0.6 in the COR. Similar high correlation was presented in [7].

Overall the ray statistics are only slightly different in the two environments. It is as
expected since the around body propagation should be independent with 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 aroundbody propaga-
tion but also shadows the signal coming from the environment. For the Tier1 channel
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Table 3: Ray characteristics in the FC with respect to the different channel types in the LAB and the COR

Type
δ RdB

P Best fit
(ns) (dB) distribution parameter

Tier1
LAB 1.3 11.3 Normal:µ = 0.4, σ = 0.9
COR 1.2 12.6 Normal:µ = 0.3, σ = 1.0

Tier2
LAB 1.4 8.7 Weibull: α = 2.6, β = 1.0
COR 1.5 9.7 Weibull: α = 2.6, β = 1.0

Tier3
LAB 1.7 6.0 Lognormal:µ = −0.4, σ = 2.2
COR 1.6 6.8 Lognormal:µ = −0.7,σ = 2.4

the earlier environment reflections will not be blocked by the body and the later ones ar-
riving from the other side of the body will be shadowed. The situation is the opposite for
the Tier3 channel. Therefore it implies that the decay factor (ΓRC) of the RC increases
with KdB

P . To calculateΓRC the FC is removed from the measured average PDP. Since
it has been found that indoor channels exhibit dual-slope PDPs with a breaking point at
25 ns [3], we evaluate the cluster decay factor of the two decay regions separately. Only
the decay factor of the first delay region depends onKdB

P since the arrival directions of
the later environment multipaths become random. Fig. 9 shows a scatter plot ofΓRC as
a function ofKdB

P for all the Tx positions. Linear fits with the minimum squarederror
are also plotted in the same figure. The data of the position12 is considered as outlier
and excluded from the fitting process. The linear dependencebetweenΓRC andKdB

P

in the LAB and the COR is expressed in (1) and (2) below respectively.

ΓRC,LAB = 0.025 ·KdB
P − 0.40 (1)

ΓRC,COR = 0.077 ·KdB
P − 1.13 (2)

The slope of the fitting curve in the COR is steeper. It indicates the higher body
influences in the more constrained environments.ΓRC is as small as0.02 dB/ns when
the RC is dominant. Similar small values were observed in [20]. ΓRC increases linearly
with KdB

P . In the COR when the power of the FC increases to the same as theRC, the
RC power drops1.2 dB/ns.

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

4 Channel Model and Verification

Based on the investigations in the previous sections we propose a UWB WBAN channel
model which extends existing indoor UWB models for the WBAN applications. The
model uses a joint approach to take both the around body and the environment propa-
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Figure 9: Scatter plot and linear fitting of the RC cluster decay factor(ΓRC ) as a function of the FC/RC
power ratio (KdB

P )

gation into consideration. The CIR is modeled in three steps. First the FC is generated
using correlated Normal, Weibull or Lognormal random variable (RVs) according to the
channel types as presented in Table 3. The power and delay of the second ray respect to
the first ray is set according toRdB

P andδ in Table 3. In the second step the RC is gen-
erated based on available indoor UWB channel models. The cluster decay factor needs
to be adjusted based on (1) or (2). In the last step the FC and the RC are combined to-
gether in the delay domain. The power ratio in dB between the two parts is modeled as
a Normal RV. Since their arrival interval does not follow anyconsidered distributions it
is also modeled as a Normal RV as an approximation. The mean and standard deviation
of the two RVs (m∆τ

, σ∆τ
,mKdB

P
andσKdB

P
) can be found in Table 2. The large-scale

power variation is represented by a Lognormal RV as suggested in Table 1.
We simulate the UWB WBAN channel based on the suggested procedures. An in-

door mobile-to-mobile UWB model presented in [20] is selected as the environment
propagation model. The body proximity and similar antenna heights considered in the
mobile-to-mobile model make it superior to other models. Furthermore the mobile-to-
mobile model was based on a set of measurements performed in the same environment
(LAB) which facilitates the channel verification. Totally1000 channel realizations are
generated for each channel type. The model is verified by the rms delay spread. The
cumulative density functions (CDFs) of the delay spreads are shown in Fig. 10. The sim-
ulated and measured CDF curves are very close to each other. Therefore the proposed
model can extend the indoor channel model for the WBAN applications accurately.
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5 Conclusion

In this paper, we characterize and model the UWB WBAN channel inreal multipath
environments. The study is based on experiments performed in a laboratory and a cor-
ridor with dynamic testing persons. The Rx was placed on the waist and totally15 Tx
on-body positions were evaluated. A WBAN channel classification according to rela-
tive Tx/Rx positions is presented. Channel parameter analysis is carried out for each Tx
position and channel type.

The channel wideband power is Lognormal distributed. The Tier2 and Tier3 chan-
nel have approximately8 and16 dB more attenuation in the wideband power compared
with the Tier1 channel. Channel rms delay spread ranges from5 to 20 ns among the
different antenna positions. To separate the around body propagation from the envi-
ronment propagation the first cluster (FC) is detected and separated from the remaining
clusters (RC) of the measured channel impulse responses (CIRs). Power ratio and ar-
rival time interval between the FC and the RC are characterized. Rays in the FC are
modeled as Normal, Weibull or Lognormal distributed depending on the channel types.
The RC decay factors is found linearly dependent on the FC/RCpower ratio in dB.

Based on the above knowledge a UWB WBAN channel model which extends ex-
isting indoor UWB models for the WBAN applications is proposed. The model uses
a joint approach to generate and combine the around body and environment propaga-
tion in the delay domain. Modeling procedures are presentedin order to implement
the channel for system evaluations. The modeling parameters extracted are specific to
our measurement campaign. However, the methodology can easily be reproduced and
the model is general. More experiments in different environments and with different



REFERENCES C17

antenna types are encouraged by the authors to extend and verify the proposed model.
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Abstract

In this paper we present and analyze spatial correlation properties of indoor 4x2 MIMO
UWB channels in personal area network (PAN) scenarios. The presented results are
based on measurement of radio links between an access point like device and a hand
held or belt mounted device with dynamic user. It is found thechannel shows spatial
correlated wideband power, and spatial uncorrelated complex channel coefficients at
different frequencies and delays with respect to a correlation coefficient threshold of
0.7. The Kronecker model is proved not suitable for the investigated scenarios. The
MIMO UWB channel achieves an ergodic capacity close to i.i.d. Rayleigh channel
capacity. However the outage capacity degrades due to the wideband power fluctuation
/ shadowing introduced by user’s body.

1 Introduction

The Ultra wide band (UWB) technology has been one of the most popular topics among
the communications research community since the 1990’s dueto its potential on the
high data rate and/or reliable transmission with low transmission power. The frequency
selective nature of UWB channels makes the fading of widebandpower much smaller
than other communication systems. However, the rigid powerconstrains, regulated by
regulator bodies e.g. FCC and ETSI, make the design of a UWB system a big challenge.

The combination of UWB and multi-input multi-output (MIMO) techniques is con-
sidered as a potential solution, to improve reliability andcoverage, increase the data rate
and reduce power consumption of UWB systems. Being aware of the strong limitations
imposed on UWB communications by regulation bodies, the UWB-MIMO system was
justified from different aspects including additional capacity enhancement [1, 2] and
extra diversity and coding gains [3–5]. The performance of such systems was shown
dependent upon spatial correlation properties between transmission links. The spatial
correlation of UWB multiple antenna systems based on indoor channel measurements
was investigated in [1, 6–8]. The spatial correlation was characterized either in the
frequency domain [1, 6, 7] or the delay domain [8].

The UWB technology is considered as a candidate PHY solution for body-centric
personal area network (PAN) communications which is characterized by short range and
low power wireless links. In PAN environments a significant impact of the user prox-
imity and user dynamics on the signal propagation was disclosed since transceivers are
often body worn or hand held devices [9]. The spatial correlation properties of MIMO
radio channels in such PAN scenarios are also expected to be time variant because of
the user movements [9, 10].

In this paper, the spatial correlation of multi-antenna UWB channels was investi-
gated in PAN scenarios based on experimental data in the lower UWB frequency band
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Figure 1: Antenna setup for the measurement setup, left: handheld user device (UD); right: access point
device (AP))

of 3-5 GHz with 4 receive antennas and 2 transmit antennas [9,10]. Compared with
previous studies our measurement was unique in the antenna configurations and the
scenarios with dynamic users.

The spatial structure of the channel was unveiled and a Kronecker model was eval-
uated in the view of UWB MIMO channel modeling. The capacity ofthe measured
UWB-MIMO channel was evaluated.

The paper is organized as follows. Section II describes the experimental work and
the scenarios. Section III presents the data analysis and processing. In Section IV
the MIMO spatial correlation analysis is presented. Finally, the paper is ended by a
conclusion in Section V.

2 Measurement Setup And Environment

The radio channel measurements were conducted with a time domain UWB sliding
correlator channel sounder. The measurement bandwidth was2.5 GHz 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 access point (AP)
(Fig. 1, right) and two cylindrical monopoles were used in user devices (UD) (Fig. 1
left). The antenna separation distance wasλ/2 at both AP and UD, whereλ = 6.7

cm is the wavelength at center frequency4.5 GHz. A more detailed description of the
measurement system can be found in [10].

Table 1 summarizes the main characteristics of the measurement environments and
radio channels. In all scenarios the UD was carried by users at 1 m height from the
room’s floor and withv ≈ 1m/s speed. Three typical environments, laboratory (LAB),
conference room (CAN) and hallway (HAA) have been investigated with user routes,
covering the most likely user movement patterns relative tothe location of the AP. As
an example, the layout of the conference room environment isshown in Fig. 2.

The main difference between the three environments is in theAP height, which leads
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Table 1: Main Characteristics of the measurement environments and userroutes [10]

Area AP AP-UD RMS delay Number
Environment Dimension height range spread of

W×L×H (m) (m) (m) (ns) routes
LAB 8×14×2.3 2.3 2-7 13 3
CAN 15×17×2.3 2.3 2-7 25 5
HAA 12×17×11 6 6-17 35 6

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

The number of routes measured in each environment is listed in Table 1. Approx-
imately a number of25 different measurements runs were taken in each scenario with
different users and moving directions. The radio channel sampling rate was40 Hz, i.e.
every0.025 s a MIMO snapshot containing4 × 2 = 8 simultaneously measured radio
links was recorded. The duration of each measurement route was either12.5 s or 25

s depending on the length of the route. Therefore, in total more than10, 000 MIMO
channel snapshots were measured.

Unless otherwise stated, the statistical results shown in the following 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 the whole measurement route
since the path loss effect is almost negligible compared with body shadowing for the
measured scenarios.

The complex channel coefficients at different frequencies and delays are non-stationary
due to the dynamics of the user. The non-stationarity was caused by the variation of the
scatterers when user moved in the environment. The channel may be treated as station-
ary over a short interval. To identify the channel stationarity a quantified metric was
applied to the measured channels in order to obtain stationary interval.

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

PDP (t, τ) =
1

L

L
∑

l=1

|h (t, τ, l) |2 (1)
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Figure 2: Layout of Conference Room (CAN) environment

whereh (t, τ, l) is the complex channel coefficient at timet, delayτ and SISO linkl and
L is the total number of SISO links. Then the small scale fadingwas averaged out by
performing sliding window time averaging with a window length of 10 channel samples
which producesPDP (t′, τ). The time-domain PDP correlation metric used is defined
as:

ρPDP (∆t′) =

∑

τ PDP (t′0, τ)PDP (t′0 + ∆t′, τ)

max
{

∑

τ PDP (t′0, τ)
2
PDP (t′0 + ∆t′, τ)

2
} (2)

and decreases when channel wideband power and/or structureof PDP varies signifi-
cantly between the two time instances∆t′ apart. ThereforeρPDP (∆t′) is used as an
indicator of channel stationarity, i.e. the interval during whichρPDP (∆t′) is greater
than a predefined thresholdCth = 0.5 is considered as stationary as recommended
in [11].

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

The measured time-varying UWB-MIMO channels can be expressed either in time-
delay domain asH(t, τ), or in time-frequency domain asG(t, f). In this study the
channels was investigated in both time-frequency and time-delay domains.

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

ρ(m1n1,m2n2) = 〈βm1n1, βm2n2〉 (3)

where〈·〉 is the correlation coefficient operation, and defined as,

〈a, b〉 =
E [ab∗] − E [a]E [b∗]

√

(E [|a|2] − |E [a] |2) (E [|b|2] − |E [b] |2)
(4)

where(·)∗ is the complex conjugate andE [·] denotes the expectation.
By replacingβ with h (t, τ), g (t, f) andp(t) in (3), the spatial correlation in the

delay domainρdelay, frequency domainρfreq and wideband powerρpow is obtained
respectively, whereh (t, τ) andg (t, f) are elements inH(t, τ) andG(t, f), and

p(t) =
∑

r

|h (t, τ) |2 (5)

ρdelay andρfreq are calculated within each stationary time block defined based on (12),
andρ is calculated over the whole measurement route.

In this work we use a threshold of0.7 for the correlation coefficient to be considered
as ’correlated’.

4 Results Analysis

4.1 Spatial correlation of wideband power (ρpow)

Due to the large bandwidth of the investigated channel, there is no fading in the wide-
band power. The spatial correlation of the wideband power ismainly introduced by
body shadowing. Therefore the wideband power at the receiver is correlated since
the receiver antennas usually see the same shadowing. On thecontrary the transmit-
ter which is belt-mounted or hand-held by the users can undertake different shadowing,
hence lower spatial correlation.

This is proved by Fig. 3 (left) which plots the mean spatial correlation of wideband
power. The upper left and lower right corners of the figure correspond to the spatial



D8

Figure 3: Mean spatial correlation of different link-pairs; left:ρpow, right: ρfreq ; Link 41 indicates the link
between receive antenna4 and transmit antenna1

correlation at the receiver refer to the two transmitter antennas respectively. They are
significantly higher than the correlation between other links as expected.

4.2 Spatial correlation of complex channel coefficients at different
delays (ρdelay)

The mean and10% CDF spatial correlation at different delays is illustratedin Fig. 4.
The10% CDF refers to the value which is higher than90% of data. The mean spatial
correlation is approximately0.5 in the first delay bin, and decays to about0.3 in 20 ns.
Similar results were reported in [8]. The10% CDF correlation is only significant, i.e.
above0.7, for the first5 ns delay spread, in general corresponding to the most significant
direct signal paths. A correlation of 0.6 was observed between spatial correlation and
channel gains at different delays. It implies a smaller angular spread for the clusters
containing more power, e.g. the direct or main reflection clusters.

4.3 Spatial correlation of complex channel coefficients at different
frequency (ρfreq)

The spatial correlation does not show differences in the mean and10% CDF values at
different frequencies within the whole frequency band. Both mean (Fig. 3 right) and
10% CDF correlation are below0.6, which implies the potential of spatial diversity.

To identify the variation of the spatial correlation respect to frequency separations,



4. RESULTS ANALYSIS D9

Figure 4: Mean and10% CDF spatial correlation at different delays

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

CMD (f1, f1) = 1 − |tr {R (f1)R (f2)} |
‖R (f1) ‖F ‖R (f2) ‖F

(6)

where‖ · ‖F represents Frobenius norm.
The CMD becomes zero for identical correlation matrices andunity for maximally

differed matrices. When the CMD is greater than0.2 [13], the channel matrix under-
takes a significant change. Fig. 5 shows the CMD varies faster, and reaches0.2 with
a 5, 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 analyzed here represent spatial corre-
lations between two radio links sharing the same transmit and receive antenna respec-
tively. The correlation between other link pairs is referred as ’others’.

The difference ofρpow at the transmitter and receiver sides has been discussed in
Section 4.1. For theρdelay andρfreq, the transmitter and receiver correlations are nor-
mally different due to antenna configurations, richness of local scatterers, user move-
ments, etc. Table 2 shows mean and10% CDF spatial correlation at transmitter and
receiver.
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Figure 5: Mean correlation matrix distance with respect to frequency separations in different environments

In our measurement system, the antenna elements separationwas the same at trans-
mitter and the receiver with0.5λ. The receiver antenna array was always fixed on the
ceiling, therefore it yield a higher spatial correlation. However, the difference is not sig-
nificant, and both at the transmitter and the receiver the channel is spatially uncorrelated
due to the rich scatters in all the investigated environments. Furthermore, at the trans-
mitter side the antenna near field effects due to the user proximity may result in different
radiation patterns for transmitter antenna elements whichdecrease the correlation.

4.5 Spatial correlation with different Rx antenna spacing

The receive correlation is further analyzed in terms of antenna elements separation in
this section. Table III shows the mean and10% CDF receiver spatial correlation with
different antenna spacing. The results show that the antenna spacing ranging fromλ/2
to 3λ/2 has little effect on theρdelay andρfreq . And they are always uncorrelated with
all antenna separations.

The effects of the antenna separation are more considerablefor theρpow . However,
the channel is always spatially correlated for the widebandpower. Therefore, from a
system perspective the deployment of a selection diversityscheme at the access point
like device based on wideband power measurements requires an antenna elements spac-
ing of at least3λ/2.
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Table 2: Mean and10% CDF spatial correlation at receiver (Rx) and transmitter (Tx)

ρdelay ρfreq ρpow

mean 10% mean 10% mean 10%
Rx 0.35 0.63 0.38 0.65 0.84 0.95
Tx 0.30 0.53 0.34 0.60 0.57 0.84

Others 0.27 0.49 0.30 0.56 0.51 0.80

Table 3: Mean and10% CDF receiver spatial correlation with different antenna spacing

ρdelay ρfreq ρpow

mean 10% mean 10% mean 10%
0.5λ 0.35 0.63 0.38 0.65 0.83 0.95
λ 0.32 0.58 0.34 0.60 0.80 0.93

1.5λ 0.31 0.55 0.33 0.58 0.75 0.93

4.6 Spatial structure of the measured channel

In PAN environments the transmitter and receiver are usually located in the same cluster
of scatterers due to the short range of transmission. Therefore we expect that the spatial
correlation at the receiver side is not completely independent from the spatial correla-
tion at the transmitter side. This is contrary to one assumption of a well known Kro-
necker model for MIMO channels, which was proved to be valid for both outdoor [14]
and indoor [15] MIMO channel modeling with certain antenna configurations. In the
Kronecker model the channel covariance matrix is estimatedas

ρ
[Kron]
(m1n1,m2n2) = ρ

[Kron]
(Rx,m1m2)ρ

[Kron]
(Rx,n1n2) (7)

where
ρ
[Kron]
(Rx,m1m2) = E [〈βm1n, βm2n〉] , n ∈ [1, 2] (8)

ρ
[Kron]
(Rx,n1n2) = E [〈βmn1, βmn2〉] ,m ∈ [1, 2, 3, 4] (9)

And the model error is defined as,

Ψ =
‖R−RKron‖F

‖R‖F
(10)

whereR andRKron are channel correlation matrix whose elements areρ(m1n1,m2n2)

andρ[Kron]
(m1n1,m2n2) respectively.

For thρdelay andρfreq, the model error is unreliable since they are calculated with
limited number of samples. From Table 2 it is clear that the mean correlation of link
pairs without common antennas is much larger than the product of the mean receiver and
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Table 4: Model Error

Model error
of ρpow

LAB CAN HAA
4 × 2 2 × 2 4 × 2 2 × 2 4 × 2 2 × 2

mean (%) 9.8 6.9 16.9 10.2 13.3 6.1
standard deviation (%) 3.9 4.1 9.2 6.0 10.2 3.5
% of routes withΨ < 4% 0 25 0 12.5 8.3 33.3

transmitter correlation, which violates the Kronecker model assumption specified in (7).
It is shown in the previous sections that for theρdelay andρfreq, all link-pairs exhibited
similar cross correlation. With respect to an ideal spatially white case whose channel
matrix is an i.i.d. random matrix [16], the investigated channel is called quasi spatially
white. It is characterized by non-zero correlation due to the insufficient richness of the
scattering to provide fully decorrelate links and small difference in the correlation of
different link pairs.

For theρpow as explained in the Section 4.1 the correlation is caused by body shad-
owing instead of local scatterers. Interestingly, the Kronecker model shows fitness for
some of the measurement routes. It’s because the effect of body shadowing at the trans-
mitter and receiver can be separated. Table IV summarizes the model error ofρpow

in the different environments with4 × 2 or 2 × 2 antenna configuration. Since the
number of samples (520) to calculate theρpow is still not sufficient to achieve accurate
correlation, a model error less than4% is considered as a good fit. For the2 × 2 an-
tenna configuration, overall the Kronecker model is suitable for1/4 of the measurement
routes.

4.7 Capacity

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

Et,f

[

‖Gnorm (t, f) ‖2
F

]

= NTxNRx (11)

This normalization retains the relative power fluctuationsfor each measurement route.
With the assumption of no channel state information (CSI) atthe transmitter and

perfect CSI at the receiver, the sub-band and wideband capacity in [bit/s/Hz] are defined
as,

CSB (t, f) = log2

[

det

(

INRx
+
SNR

NTx
Gnorm (t, f)Gnorm (t, f)

H

)]

(12)

CWB (t) =
1

B

∫

B

CSB (t, f) df (13)
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Figure 6: Ergodic and1% outage capacity of the measured channels

where SNR is a receiver signal to noise ratio which is selected to be10 dB, I is an iden-
tity matrix, (·)H means complex conjugate transpose,det (·) denotes the determinant
andB is the bandwidth of measured channel which is1 GHz in our study.

The ergodic and1% outage capacity at 10 dB SNR is shown in Fig. 6. The increase
of the MIMO ergodic capacity respect to the SISO channel and of the wideband out-
age capacity respect to the narrowband channel are both significant. The ergodic and
1% outage capacity for the MIMO UWB channel is5.4 b/s/Hz and4 b/s/Hz respec-
tively. Compared to the i.i.d. Rayleigh channel capacity, the outage capacity drops
approximately25% mainly due to the signal shadowing introduced by users’ bodyand
movements.

The capacity with three different antenna configurations,4×2 MIMO, 2×2 MIMO
and2 × 2 MIMO with 2 extra antennas on the receiver providing selection diversity,
was evaluated. It is shown in Fig. 7 that by increasing the MIMO from 2 × 2 to 4 × 2

the ergodic capacity increases about12% and adding two extra antennas on the receiver
side providing selection diversity can improve the outage capacity by about10%.
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Figure 7: Ergodic and1% outage capacity of the measured channels with different antenna configurations

5 Conclusion

In this paper we presented an analysis of the spatial correlation properties of indoor
PAN UWB-MIMO channels based on the channel measurement of radio links between
an access point like device and a dynamic user with hand held or belt mounted device
It is found the channel shows spatial correlated wideband power, and spatial uncorre-
lated complex channel coefficients at different frequencies and delays with respect to a
correlation coefficient threshold of0.7. In both time-frequency and time-delay domain,
the investigated PAN UWB-MIMO channel was found to be quasi spatially white since
all link pairs showed similar correlation properties. The Kronecker model was proved
not suitable for these PAN scenarios where the receiver and transmitter are located in
the same cluster of main radio scatterers. A quarter of the measurement routes show
fitness of the Kronecker model in the spatial correlation in the wideband power. It is
because the effects of body shadowing, which introduces thecorrelation, can be sepa-
rated at the transmitter and the receiver sides. Since the body shadowing usually is the
same at all receiver antennas and different at transmitter antennas, the wideband power
is spatially correlated at the receiver and uncorrelated atthe transmitter. In the time-
delay domain only the10% CDF correlation of the first5 ns is higher than0.7 and the
spatial correlation was found to be correlated with the channel gain at different delays.
In the time-frequency domain the spatial correlation was disclosed to be independent
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over frequency offsets ranging from2 MHz to 30 MHz depending on the radio environ-
ment. This information is useful for frequency domain UWB MIMO channel modeling
in similar PAN scenarios and further for the optimization ofthe frequency-domain link-
adaptation and packet scheduling algorithms. The ergodic and 1% outage capacity of
the measured channel were determined to be5.4 b/s/Hz and4 b/s/Hz at10 dB SNR. And
the1% outage capacity drops approximately25% mainly due to the signal shadowing
introduced by users’s body and movements.
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