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Chapter 1
Introduction

1.1 Overview of UWB Technology

Ultra-wideband (UWB) technology is a candidateuse in short-range wireless systems
providing connectivity by employing different typed communication links, services, and
applications [1]-[3]. A generic definition usedtime FCC'sFirst Report and Ordef4] defines a
UWB device as any device emitting signals with acfional bandwidth greater than 0.2 or a
bandwidth of at least 500 MHz at all times of traission. The fractional bandwidth is defined

as

Mx100> 20[%], (1.1)
f, +f,
wherefy andf. are the upper and the lower frequencies at thedBL@mission point. At the
physical layer (PHY) level, UWB communication sysgoperate by spreading smaller amounts
of average effective isotropic radiation power (E)Racross a very wide band of frequencies
relative to the center frequency. The EIRP is abdags than 0.56 mW, according to FCC masks.
This quantity is easily calculated from the impossalver spectral density limit of -41.3
dBm/MHz between 3.1 GHz and 10.6 GHz. The frequetiogation in Japan was defined by the
Ministry of Internal Affairs and Communications March 2006 [5]. Different countries have
adopted somewhat different UWB spectrum maskshass in Fig. 1.1. A bandwidth from 3.1
to 10.6 GHz, referred to as a full-band UWB, hasrbapproved in the United States (US) and
Singapore. Most countries and regions includingppearand Japan impose stricter regulation than
the US: low- and high-band UWB as depicted in Eid. The frequency allocation and often the
conditions differ slightly from country to countrinherent in these UWB definitions is a high
temporal resolution that not only allows the desidrradio systems with much lower fading
margins than classical narrowband systems, but etedbles precision ranging capabilities
combined with data transmission. The effects oftipath fading for UWB Systems can be found
in [6] and [7].
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Fig. 1.1. The UWB spectrum mask.

UWB has been developed as a short-range, ultragower technology with an
extremely small signal range. It has been clairhatlit has an accuracy of between 100 and 300
mm, and that this will have broad applicationshia automotive and other industries. There are
rivals in this field including Bluetooth Low Energynd the humble radio frequency identifier
(RFID). UWB can support higher data rates thandtieshnologies — a decade ago, it offered a
promising solution for a standardization of shamge home media networks or wireless
universal serial bus (USB) — but many tracking agayions requiring micro-location do not need
high-speed transmission. There is an expectatiah WhWB technology will be employed for
wireless personal area network (WPAN) standardinalthough WPAN standards have shifted
toward more conventional approaches like wirelesallarea networks (WLAN). UWB, however,
has retained a presence in military and securitskets, where its location awareness is prized
and the issues of cost and standardization aréngestant. In recent years, sensor applications,
used, for example, to track assets in warehousemdlyze the field positions of soccer players,
or to improve productivity in assembly lines, et@mye been developed by making use of features
of UWB'’s precise positioning. Now the UWB focus fismly back on applications which

prioritize precise positioning and ultra-low powether than high data rates. Hence, the IEEE



802.15.6 standard for wireless body area netwd®BAN) has been published to obtain the

same range and speed as Bluetooth but with loweepoonsumption and interference potential.

1.2 Wireless Body Area Networks

It is recognized that the growing global populatisnalso an aging one. This trend,
coupled with the daily developments in new diagiedsthniques and other advances in medicine,
will place an increasing demand on medical andtheate resources. In 2010, there were more
than 530 million people in the world over the ag&®, a number that will double over the next
30 years [8]. In the US, about 20% of the poputatiall be over 65 by 2030, compared to 13%
today [8]. Similarly, about 32% of the Japaneseutatipn will be over 65 by 2030, compared to
23% today [8], as shown in Fig. 1.2. Furthermoesjedoping nations as well as developed ones
will become aging societies.

The rapidly growing population of elderly peopléelwesult in an increase of chronic
diseases and will require more efficient healthcan@nagement. The modern technologies,
including electronics, mechanics, semi-conductomd, networks, can provide support in different
ways. Among these technologies, information andramication technology (ICT) has potential
applications in medical services. As an emerging lechnology, WBAN has attracted
significant attention in recent years and is expeédb be able to provide distinct solutions in
supporting medical and healthcare services. WBAfrseto human-self and human-to-human
networking with the use of wearable and implantatikeless sensors. Skin surface monitors of
vital signs are now integrated with wireless comroations and medical implants with links to
local base stations are being developed [9], [T8Bk human body is an uninviting and often
hostile environment for a wireless signal. Therefgerformance investigations of antennas and
propagation models will be of key importance ineleping WBAN systems.

The topic of WBAN can be divided into three domaihs communications from the
body surface to a nearby base station; 2) trarisigpiéind receiving antennas on the body surface;
and 3) the use of at least one antenna in a medipént within the body. These three domains
have been called off-body, on-body, and in-bodspeetively. Figure 1.3 describes these WBAN
domains. The IEEE Standard for local and metropol@rea networks — Part 15.6: Wireless Body
Area Networks (IEEE Std 802.15.6, 2012) was apptaneFebruary 2012. In the IEEE Std.
802.15.6-2012, UWB has been defined as one of die RHYSs.
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1.3 Historical Perspective of UWB Radio Propagation

Envisioned for WBAN

There is an increasing interest in UWB communicetifor new wireless systems because
of their low power consumption and anti-multipa#pabilities [11]. One of the most promising
systems utilizing UWB is WBAN. WBAN is of vital imgytance for new medical applications,
such as wireless electroencephalography, electimgaaphy, and electromyography; and other
instances of health care monitoring [10]. Numerstuglies have been carried out on UWB
propagation characterization and the modeling ddan UWB communication channels [12]. A
number of measurements relating to WBAN have atsmlperformed to characterize UWB radio
propagation.

Phantoms, which are models simulating various etettconstants of biological tissues,
are used to evaluate the antenna characteristioobifle terminals as well as to measure the
amounts of absorbed electromagnetic energy. Ligsgahni-liquid, and solid electromagnetic
phantom materials have been developed in high-&ecy to super-high-frequency bands in a
relatively narrow bandwidth [13]-[15] for the asse®nt of specific absorption rates (SAR) by a
human body and experimental evaluation of the effebuman bodies on antenna performance
and propagation.

Previously, UWB radio propagation performancesiadthe human body have been
measured in either a radio anechoic chamber oreaifgp room type [16]-[27]. Table 1.1
summarizes these publications. A UWB propagatias imodel and channel models have been
proposed on the basis of these measurement camspaign

Several papers have so far investigated the in-lbbdynel characteristics for wireless
capsule endoscopy [28]-[30]. UWB radio propagatm@nformances through the human chest
have been characterized by electromagnetic simunlaind the channel model has been
investigated [31], [32]. The performances of UWansmission in a living animal (pig) have also
been evaluated [33].



Table 1.1 Previous publications reporting UWB @gation studies for WBAN.

Measurements

environment

Reference

Summary

- UWB on-body channel measurements

- Tx was placed on trunk (front side of body). Rx vmaced on either head, chest or arm.

Twenty-two different on-body scenarios appliedia measuremeng (g. standing still, body

el turned left, body leaned forward).
A radio - Channel models with respect to large scale andydafelysis have been derived from
anechoic measured parameters.
chamber - UWB on-body radio channel modelling using a subeb&mite-Difference Time-Domain
[17] method and a model combining the uniform geomdttiweory of diffraction and raytracing.
- Tx was placed on trunk (front side of body). Rx weéeced on either head, chest or arm.
- Develops a two dimensional statistical-based pasls-l model in off-body UWB
1el communication
- On-body UWB communication characterization and deamodeling.
- The body is in a standing position.
1ol - Tx is placed on the front of the body and Rx iscpthat various positions on the torso at
distances of 10 — 45 cm.
- UWB performance and complexity tradeoffs for RAK&ceivers evaluated on body area
An indoor 120 propagation channels.
environment - On-body propagation statistics and proposes aldeitamputer model implementation.
[21] - Focused on statistics measured due to diffractimural the torso and reflection off the
ground.
- Measured path loss around the torso and arm.
[22] - Measured amount of energy received due to reflestidf the ground and surrounding scatters
in a typical environment.
- Measurements on the front side of the body and uneaents around the upper torso
- Channel parameters as delay spread and path l&x@acted from the measurements and
A radio [23] the influence of the body is highlighted.
anechoic - Considers the overall energy consumption of the BaMl gives decision regions for
chamber singlehop and multihop links in relation to sigpabcessing energy.
and an indoor - Measurements on the front side of the body and anea®ents around the upper torso
environment 241 - Return loss and radiation patterns, the transiealyais in free space.

- Root mean square (RMS) delay spreads were calduflatsn the measurements in an indoor

environment.




1.4 Statement of the Problem

Phantoms are used for performance evaluation ehaas mounted in the vicinity of a
human body and channel assessment when a humarloo#g a propagation path. Publications
on UWB phantoms have been limited to assessme®ARf and hence there is no phantom with
which to evaluate the characteristics of UWB rattimpagation. It is necessary to develop a liquid
UWB phantom to measure and evaluate the radio pedfwa characteristics.

Previous UWB propagation loss models and chanmelsnainly based on measurement
campaigns in a radio anechoic chamber, and thesBestdid not consider the impact of
surrounding environments. WBAN devices will be agg-mounted on the body in everyday life,
and the major users of WBAN applications will mdkeough different-sized rooms; from large
rooms (e.g. a stadium, a museum, and a cathedrafall rooms (e.g. an elevator, a toilet, and a
passenger car). The characteristics of multipathpoments (mainly reflected from floor, ceiling,
and walls) are highly dependent on the environmi¢ig. necessary to evaluate the variation of
propagation characteristics in various rooms.

This thesis is, therefore, mainly focused on the¥dang two themes:

The development of a UWB phantom and the charaetigon of UWB radio propagation
for off-body communications.
Measurements and modeling of UWB radio propagagicound the human body in five

different room-sizes.

This research is organized into the following sha@ters.

Chapter 1 provides an outline of UWB technology, WBAN, thetiorical perspective of UWB
radio propagation studies for WBAN, and a statenoétite problem.

Chapter 2 presentspreliminary studies of theJWB radio propagation measurements
envisioned for WBAN; the development of UWB phantonaterial and a consideration of
antenna feeding cable configurations. In WBAN scdesa a human body often blocks a
propagation path, and the effects of human bodiesntenna performance and propagation have
become vital concerns. UWB human electromagnetanfims are useful for the performance

evaluation of antennas installed in the vicinityadiuman body.



Electrically small antennas were mostly used sithee actual wireless devices for
WBAN applications are battery-powered and compa¥BAN campaigns. Such small antennas
exhibit a relatively large voltage standing waviéor@d/SWR) and often emit radiation not only
from the antennas themselves but also from ther @eteductors of the feeding coaxial cables.
The effects of the feeding cable configuration oBAM propagation were measured and a

suitable configuration was proposed.

Chapter 3 presents measurements and a characterization & phdpagation channels between
a base station and on-/off-body antennas. Firdgsktop environment in which a human arm
blocks the radio propagation was considered. Nb&tradio propagation characteristics between
a base station antenna and an antenna mountedhiwnan torso were measured and analyzed.
Arm and torso phantoms were used for these measuatsrand evaluated in comparison with a

real human body.

Chapter 4 presents measurements and modeling of UWB projpagaisses around the human
body considering the impact of the volume of themowhere WBAN was used. The UWB
propagation losses were measured in five diffeserdd rooms. Propagation losses were found
to decrease with decreasing room volume. A largenber of multipath components impinged
on the receiving antenna from the nearby floor,|syadnd ceiling in smaller rooms. A
conventional UWB propagation loss model was modifie include the impact of the room
volume and the parameters were derived from tha daitected in the five rooms. Probability

distributions for the UWB propagation losses arotirelhuman body were also considered.

Chapter 5 describes the statistical modeling of UWB propagathannels around the human
body in various surrounding environments. Delayfifg® were modeled by dividing into two
domains: in the first time domain (0t < 4 ns) there is either a direct (for line-of-sigh©S)) or
diffracted (for non-LOS (NLOS)) wave essentiallyrelated to room volume, and in the second
domain (>4 ns) there are multipath components that are dorhiaad dependent on room
volume. The first domain was modeled with a conweral power decay law model, and the
second domain with a Saleh-Valenzuela (SV) (steéiBtmodel, based on a cluster concept of
rays, modified to take account of the room voluiRealizations of the impulse responses are
presented on the basis of a composite model dimbelomains and compared with the measured

average power delay profiles (APDPSs).



Finally, Chapter 6 summarizes the concluding remarks given in the iptesvchapters and

discusses future research topics.
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Chapter 2
Preliminary Studies of UWB Radio
Propagation Measurements for WBAN

2.1 Development of UWB Phantom Material

Liquid, semi-liquid, and solid electromagnetic pttan materials have been developed in
high-frequency to super-high-frequency bands ielatively narrow bandwidth [13]-[15] for the
assessment of SAR in a human body exposed to@ieagmetic waves. The series of narrowband
commercially-available liquid phantom materials ems/a range from 10 MHz to 5.2 GHz [34].
A solid UWB electromagnetic phantom material hasrbdeveloped for the assessment of SAR
within a bandwidth of between 3 and 6 GHz [35].alprevious study Kobayashi et al. [36]
developed a liquid UWB phantom material. These piranmaterials simulate the complex
relative permittivity ¢ =¢' - j¢" of human body tissues. Human tissues are elecgoetizally
divided into two categories: high-water-contensuiss (skin, muscles, internal organs, and brain)
and low-water-content tissues (bones and hair).cTéwde" of high-water-content tissues in the
microwave frequency band range from 30 to 50 amoh fi5 to 25, respectively. These values are
significantly higher than those for common dielestr and thus are relatively difficult to realize
artificially. The liquid phantom materials have hegeveloped to simulate the complex relative
permittivity of high-water-content tissues. Theeets of errors in realizing of muscle were
analytically evaluated, by assuming typical shdpeseflecting and scattering objects.

2.1.1 Liquid Phantom Material

Liquid UWB phantom materials simulate the complelative permittivity ¢ of high-
water-content tissues (for example, muscle), foictvidata were given by Gabriel et al. [37]. A
search was carried out to find the optimal recip®miag solutions containing sucrose, sodium
chloride, and several monohydric and polyhydriohtds. A mixture of saline water and ethylene

glycol successfully simulates the electric propatyhigh-water-content tissues at narrowband

11



UHF [13]. According to [13],£ for this recipe was measured with an Agilent 83D dielectric
probe kit (an open-ended coaxial probe [38]) aredidth of 2 to 11 GHz, as shown in Fig. 2.1.
The measured values gfands" deviated from those for muscle [37], and so thigtume recipe
was considered unsuitable for UWB. Among the rexipwestigated, an aqueous solution of
sucrose (@H22011, 1.0 mol= 3.4 kg) provided the best results within a UWBidbaidth of 3.1

to 10.6 GHz [36], as shown in Fig. 2.2. Typical suw&ment accuracy was within 5%. The
repeatability of the measurement results was tylgitess than 2%. This material can be easily
and inexpensively produced. It can also be dispo$ed domestic waste because it contains no

toxic agents.

12
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Fig. 2.1. Complex relative permittivity of mus@ad a mixture of saline water (1.0 mol/l) and etimg glycol: (af
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2.1.2 Evaluation of the Liquid Material

The errors i’ ande" for the 1.0-mol/l aqueous solution of sucrose waraluated in

comparison with those for muscle [37]. The errdrequencies of between 2 and 12 GHz is given

by

— yphanton()q ) B ymuscle(xi )
yphanton()ﬂ )

e (x) x100[%], (2.1)

wherey is eithers' or&" andx isi-thfi (2<f; <12 GHz). The rms errors over a specified bandwidth

eyrms:\ %il|ey()g)|2 ' (22)

wherey is eithers' ore" | X isi-th fi (2<fi <12 GHz), andN is the number of samples.

are given by

The maximum and rms errors between 2 and 12 GHe W2% maximal at 2.0 GHz
and 8.5% rms im'; and 28% maximal at 7.0 GHz and 21.5% rms'irAlthough the maximum
errors were relatively large, the rms errors werenfl to be tolerably small, considering the
typical measurement accuracies of around 5%.

Reflection and scattering from homogeneous didgtectredia in typical shapes (an
infinite plane, a sphere, and an infinite cylindegre calculated to evaluate the effect of these
errors on the phantom performances, assuming & plane (either transverse-electric (TE) or
transverse-magnetic (TM)) incidence. If a spheneave and/or near-field incidence is assumed,
the radiation characteristics and position of thieana should be specified, and this may reduce
the generality. Therefore, a simple plane wavedece was assumed in this evaluation.

The UWB power reflection coefficient [36] from amfinite plane is defined by

Rous (6] =~ ff j;h|R(9,f)|2df, (2.3)

where R(g, f) is the complex Fresnel reflection coefficient atiacident angle of and at a
frequency of, andfi andf, are the lowest and highest frequencies. NoteQtkalRuws(A)[* < 1.
The effects of typical errors in the complex relatpermittivity on the reflection behaviors were
numerically evaluated [36]. The maximum and rm®mrin the UWB reflection coefficients

were almost negligible when the errors éinwere within 30% (see Appendix A).
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The UWB power scattering coefficient [36] from @epe or a cylinder is defined by

jﬁfh Sp 1) of
["[sse, ) df

where S((ﬂ, f) is the complex scattering amplitude at a scatjeaingle ofpand at a frequency

Sws(®)=

(2.4)

of f. The UWB power scattering coefficier is normalized by the UWB backscattering power
(@p=180°), so that & Syws(¢®) < 1.

The UWB power reflection coefficients from an infen planar media having the
complex permittivities of the liquid material andistle are shown in Figs. 2.3 (a) and (b). The
error and the rms error in the reflection coeffitgebetween muscle and phantom were also
evaluated by Egs. (2.1) and (2.2), wheig eitherRuws, Te Or Ruws, T andx is the incident angle
6 (0°<6 <90°). Around 6§ = 82° (Brewster angle), the error in UWB powerlgetion
coefficients for TE incidence exceeded 100%, siReggs, 1e(82°) for muscle was very small (<
4.0 x 10%, but the rms error over the incident angleas 15%. The maximum and rms errors
for TM incidence were 0.7% &t= 2° and 0.5% rms.

The UWB scattering coefficients from a dielectqphere with a diameter of 200 mm
and an infinite dielectric cylinder with a diametdr64 mm are shown in Figs. 2.3 (c), (d) (TE),
and (e) (TM). The sphere was supposed to repredamnan head and the cylinder a human arm.
The error and the rms error in the scattering caefits from the sphere or the cylinder were
again evaluated by Egs. (2.1) and (2.2), whei® eitherSywg, sphereOr Suws, cylinder aNAX IS the
scattering angles (0°< ¢ < 180°). The errors in the UWB scattering coeffitgeinom the sphere
were 15% maximal ap= 151° and 6% rms over the scattering arggl8imilarly, the errors in
the UWB power scattering coefficients from the ogkr were 0.2% maximal at= 17° and 0.6%
rms for TE incidence; and -4.6% maximakat 139° and 4% rms for TM incidence. The aqueous
solutions, distilled water and physiological salimater were all outperformed by the proposed

recipe [40].

16
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Fig. 2.3. Continued.

In addition, the distortion of UWB waveforms refled from a planar infinite medium
[36] and the error performances of an infinite wgler in ¢ were numerically analyzed,
assuming the incidence of Gaussian modulated irapdsupied 3.1 to 10.6 GHz, as shown in
Fig. 2.4. The waveforms were evaluated using difieschemes as follows: the incident impulse
waveform was Fourier-transformed into the frequedoynain; next, the scattered wave was
calculated in the frequency domain by using the mlemFresnel reflection coefficient (for the
planar medium) or by using a series expansion ndefB8] (for the cylinder); and then, the
scattered wave was inverse Fourier-transformed)(lifio the time domain. The reflected
waveforms from an infinite plane for plane wave @i TM) incidence with 45° are shown in

Figs. 2.5 (a) and (b). The error and the rms doothe reflected or scattered waveforms were

18



evaluated by Egs. (2.1) and (2.2), whegiis waveform and is timet; (-0.375< t; < 0.375 ns).
The errors were 2.0% maximal at -0.35 ns and 019%aver the time of pulse duration for TE
incidence, and 3.8% maximal at -0.35 ns and 1.7%fomTM incidence. The forward scattered
waveforms for an infinite cylinder (having a diaerebf 64 mm) are shown in Figs. 2.5 (c) and
(d). The errors were 145% maximal at -0.30 ns &%d dms for TE incidence; and -60% maximal
at -2.42 ns and 4.2% rms for TM incidence. Thealation coefficients between the reflected
waveforms from an infinite plane or an infinite icgler of our material and muscle were greater
than 0.999, and thus the waveform distortions ve¢se negligibly small. From Figs. 2.5 (a) to
(d), the solid and broken lines (for muscle andiitigmaterials, respectively) were almost
indistinguishable, expect in the case of Fig. 26 The effects of typical errors ia on the
correlation coefficients of waveforms were numdhcavaluated. The correlation coefficients
were greater than 0.995 when the errorgirwere within 30% (see Appendix A). The distortions
of waveforms reflected from distilled water and nrgphysiological saline water were also
compared. The effects on the waveform distortionsed by difference in: were small in

comparison with muscle.
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Fig. 2.4. Gaussian modulated impulse occupying®10.6 GHz: (a) waveform and (b) spectrum.
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Fig. 2.5. Continued.
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2.2 Effects of Feeding Cable Configurations on Propagain

Measurements between Electrically Small Antennas

In on-body scenarios, transmitting and receivinteanas are placed in proximity to
each other (typically less than 500 mm apart) SIWBAN devices are placed on body surfaces.
The unwanted radiation unavoidably induces unwartagpling not only between the cables
feeding the transmitting and receiving antennas also between the antenna and the cable(s).
For the above reasons, there are fluctuationsanmhasured transfer functions. This coupling
depends on the geometrical configuration of thdesalbut these effects have not been carefully
taken into account in the previous experiments. U$e of microwave over fiber systems (e.g.
[41]) for transmitting antennas mitigates the peoty] but makes it impossible to measure the
VSWR during operation, and dynamic ranges are adstricted. This section reports the
experimental results of the effects of cable camfigions on short-range UWB propagation

measurements [42] by using the commonly used melamelantennas [43].

2.2.1 Experimental Set-up

The UWB (from 3.1 to 10.6 GHz) frequency- and tidewnain path gains were
measured with a vector network analyzer (VNA) bemvevertically-polarized meanderline
antennas (Fig. 2.6 [43]) in a 3-m radio anechoigngher in the absence of a human body. The
VSWR of the meanderline antenna was less tharr@1 3.1 to 10.6 GHz and omnidirectionality
in the horizontal plane was within 3 dB in free gpaThe transmitting and receiving antennas
were attached to a styrofoam columm (almost tramespato microwaves), and separated
horizontallyd, = 100 mm and vertically eithel; = 0, 100, or 200 mm apart, as shown in Fig. 2.7.
In Fig. 2.8, four different set-ups of coaxial aabfeeding the transmitting and receiving antennas
were verified: vertical and vertical (denoted by yVorizontal and vertical without crossing
(HV), horizontal and vertical with crossing (HVQ)r horizontal and horizontal (HH). The
feeding cables were flexible and 2 m in length sessing polyvinyl chloride, silver plated copper
braids, low density polytetrafluoroethylene, singated copper, and SMA connectors, as shown
in Fig. 2.9. When the cable was placed horizontalth the aid of an L-shape adaptor (Fig. 2.10),
the length of the horizontal portion was approxehab00 mm.
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Fig. 2.6. Antenna under test: meanderline ant¢Bla

Transmitting antenna

=0, 100, 200 mm

Receiving antenr
connector

dh =100 mm

Fig. 2.7. Experimental set-up.
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Fig. 2.8. Cable configurations: vertical and \eti(VV), horizontal and vertical without crossiftdV), vertical and

horizontal with crossing (HVC), and horizontal @matizontal (HH).
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Fig. 2.9. lllustration of the feeding cable.

Fig. 2.10 An L-shape adaptor.



2.2.2 Measurement results

Fluctuations in frequency-domain path gain andydptafiles for the different vertical
distancedd, (= 0, 100, and 200 mm) and cable configuration¥,(MV, HVC, and HH) are
shown in Figs 2.11 and 2.12. The HV and HVC configions yielded the least and the greatest
oscillating frequency responses, respectively (With and HH in between). As shown in
Fig. 2.12 (a), (b), and (c), the first waves (marky *) arrived at the excess delay time of 0.7,
0.8, and 1.0 ns, respectively, depending on thamtie between the transmitting and receiving
antennas. The HVC configuration resulted in notiteaelayed waves (marked by 1) moving
toward later times with increasimdy, which implies that the coupling in the vicinity the
crossing point of the two cables was significam.te other hand, the HV configuration yielded
the least coupling between cables.

Then we calculated the ratios of the power conthinghe first waves (the first peak in
the delay profiles £0.25 ns) to the total receipesver (between 0 and 3 ns) from the measured
delay profiles, as shown in Fig. 2.13. The rati@ewvithin -0.5, -0.2, and -0.9 dB for the VV,
HV, and HH configurations, respectively, while thagcreased significantly (as far as -8 dB) for
HVC asd, increased. This is because while the power ofitsewaves (marked by * in Fig.
2.12) decreased dsincreased, the power of the delayed waves (t)iresdainchanged.

From these results, it was found that the HV camfigion yielded the least coupling.
Hence, we opted for an on-body measurement sdtai@tiopted the HV cable configuration, as
shown in Fig. 2.14.

On the other hand, the low-VSWR monopole anterddls(Fig. 2.15) having relatively
large ground planes showed significantly smalléea$ from the cable coupling regardless of
the cable configurations, as shown in Figs. 2.162h7. The variation in frequency-domain path
gain was within 3 dB among the four cable configiores. The ratios were also calculated of the
power contained in the first waves (for the fireak the delay profiles were +0.375 ns instead of
+0.25 ns because the antenna size was largerg ttmthl received power (between 0 and 3 ns)
from the delay profiles. The ratios fell within 10dB regardless of the cable configurations. The
effects of the coupling between the cables anddstwhe antennas and the cables were, therefore,
negligible in the cases of the low-VSWR antenndseiilarge ground planes (= 100 mm in

diameter), however, are not necessarily suitablsrwall WBAN devices.
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Fig. 2.11. Frequency-domain path gains betweemderine antennas: (d) = 0, (b) 100, and (c) 200 mm.
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Fig. 2.12. Time-domain path gains between meaimgegihtennas: (@), = 0, (b) 100, and (c) 200 mm. The first wave

was denoted by * and the noticeably delayed wavée by
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HV configuration

Coaxical cable
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Fig. 2.14. On-body measurement set-up that addp&etV cable configuration.
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Fig. 2.15. Antenna under test: low-VSWR monopaiteanas [44].
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Fig. 2.16. Frequency-domain path gains betweeropmle antennas: (aj = 0, (b) 100, and (c) 200 mm.
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Fig. 2.17. Time-domain path gains between monogaotennas: (ajv = 0, (b) 100, and (c) 200 mm.
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2.3 Summary

An agueous solution of sucrose; 68,2011, 1.0 mol/l) provided the best results within
a UWB bandwidth of 3.1 to 10.6 GHz. The maximum emnd errors between 2 and 12 GHz were
12% maximal at 2.0 GHz and 8.5% rms forand 28% maximal at 7.0 GHz and 21.5% rms for
&". Although the maximum errors were relatively larte rms errors were found to be tolerably
small, considering typical measurement accuradiesound 5%. Reflection and scattering from
homogeneous dielectric media in typical shapesiiféinite plane, a sphere, and an infinite
cylinder) were calculated to evaluate the effecthaise errors on the phantom performances,
assuming a plane wave TE or TM incidence. In agldjtthe distortion of UWB waveforms
reflected from a planar infinite medium and annité cylinder with errors ing was numerically
analyzed, assuming that the incidence of Gauss@tutated impulse occupied 3.1 to 10.6 GHz.
The performance of the liquid UWB phantom matefiaD-mol/l aqueous solution of sucrose)
was similar to that of muscle.

The effects of the feeding cable configuration oWVR) radio propagation were
measured. It was found that careful attention shdad paid to the cable configuration when
electrically-small large VSWR antennas were usédwvds also found that a perpendicular
configuration of transmitting and receiving antesindthout crossing (HV) yielded the least

significant effects.
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Chapter 3
Measurements of UWB Propagation

Channels between a Base Station and
On-/Off-Body Antennas

3.1 Objectives

While on-body UWB radio propagation performancegehiaeen studied experimentally
[16], [19], [45], [46] and numerically [17] (usin@y-tracing and finite-difference time-domain
techniques), off-body UWB radio propagation chaggstics have not been evaluated. Two UWB
propagation channels envisioned for WPAN [40] aeewksed in this chapter. First, a desktop
environment in which a human arm blocks an LOS ,pfthinstance, a wireless mouse and
keyboard, was employed. Next, the radio propagati@racteristics between a base station and

an antenna mounted on a human torso were investigat

3.2 Propagation Channels Around an Arm

An arm phantom was developed using a cylindricalt@ioer and the liquid material
described in the previous section 2.1. The contaimade of an acrylic resin, was 3 mm in
thickness, 500 mm in length, and 64 mm in diameted, was filled with the 1.0 mol/l sucrose
solution. The relative permittivity of the acryliesin was 2.5 (at 10.6 GHz) to 2.8 (at 3.1 GHz).
A plastic intake was attached to the bottom ofayiender to fill the liquid.

The phantom was evaluated in a typical propagatiorironment in comparison with
the real human arms of three adult volunteers (2B¢o 24, length between the elbow to the tip
of the fist: 340 to 380 mm, width of fist: 90 tod inm). The three volunteers were employed to
investigate the differences between individualswadould not gather any more volunteers. The
UWB additional path loss caused by a real humankdocking the LOS path was found to be up
to 10 to 12 dB [6]. In the same propagation enviment, the relative UWB path gains and delay
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profiles were measured by a VNA on a metal platautting a typical office desk (1200 x 800
mm), as shown in Fig. 3.1. Desktops are the mostnoon environment in which WPAN is
employed. Transmitting and receiving antennas veenai-directional low VSWR monopole
antennas [44], which were separated by 500 mmearcéimter of the metal plate for transmission
and reception. The real and phantom arms were péipdar to the LOS at the center of the
propagation path. The locatiarof the fingertip of volunteers or the bottom (vath the intake)

of the arm phantom was moved from -200 to +200 rh2®anm intervals, where the intersection
of the LOS and the loci of the arm was the origimnshown in Fig. 3.2. The frequency range was
3.1 to 10.6 GHz. All the measurements were camigdin a 3-m radio anechoic chamber. The
diameter of the free-space first Fresnel zone, wvhias partially blocked by a human or phantom
arm, ranged from 192 mm (at 3.1 GHz) to 104 mni(aé GHz).

The measurement results for the relative path@aishown in Fig. 3.3 (a). The relative
path gain caused by the human arms and the armgrhavere found to be up to 9 to 11 dB and
9 dB, respectively. The errors in the relative pgdélin between the human arms and the arm
phantom were within 1.0 to 1.2 dB rms. The delayfifgs wherx = 200 mm were also essentially
similar, as shown in Fig. 3.3 (b). These resuliglated the proper electromagnetic response of
the arm phantom, and this arm phantom was thuseté&be usable for experimental evaluation

of UWB antennas and propagation.

1200 mm
/ Metal plate

Tx

Fig. 3.1. Simplified office desk.
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(b)

Fig. 3.2. Measurements of additional loss cauge@pa human arm and (b) an arm phantom on a cbindu

plane.
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3.3 Propagation Channels Around a Torso

A torso phantom was developed using a nearly-paepiped 20-liter (approximately
340 x 200 x 350 mm in outer size) polyethylene wtdak and the 1.0 mol/l sucrose solution.
The relative permittivity of the polyethylene wa$ Iat 10.6 GHz) to 1.9 (at 3.1 GHz). This
phantom was compared with three adult male volustée a situation where WBANSs are
typically employed. In WBAN scenarios, sensor nodelect various data and send them to a
coordinator. The coordinator is mostly placed arbtire torso, and the transmitting antenna (an
omnidirectional monopole) [44] mounted on the baekst of the volunteer or the broad side of
the torso phantom. The electric center of the ardtemas separated by 50 mm from the body
surface (since the ground plane of the monopolenarat was 100 mm in diameter). The receiving
antenna (a double-ridged waveguide horn, 2 to 18)®tds placed at a distance of 3 m in a radio
anechoic chamber, as shown in Figs. 3.4 and 3.&.vblunteers were 22 to 24 years old, their
height 1.70 to 1.79 m, and the breadth of chestt81310 mm. The height of the two antennas
was 1.17 m. The propagation losses and delay psdfittween the two antennas were measured,
while rotating the human body or the torso phandaimuthally from 0° to 180°, as shown in Fig.
3.5 (b). UWB (3.1 to 10.6 GHz) path gain and dglagfiles were also measured by using the
VNA. The transmitting antenna mounted on the hubyaaly or the torso phantom was fed via an
optical fiber system [41] instead of a coaxial eatdl avoid reradiation from the metallic cable.
This optical fiber system employed a wideband {6.11 GHz) electrical-to-optical transformer,
a single-mode optical fiber cable (which is praaitictransparent to microwaves), and a compact
battery-powered optical-to-electrical transformer.

The measurement results are shown in Fig. 3.6.nTddmum plunges in the relative
path gain were 25 to 28 dB for the volunteers aBdR for the torso phantom. The rms errors
between the human volunteers and the torso phantymfrom 1.0 to 1.4 dB. The delay profiles
at the azimuth angle of 0° were essentially theesas shown in Fig. 3.6 (b). Hence, the validity
of the torso phantom was confirmed.

When an antenna is placed in close vicinity to anan body, the antenna input
impedance changes from that in free space. The 8\Bto 10.6 GHz) input impedance of the
omnidirectional monopole antenna [44] was measurdte 3-m radio anechoic chamber. The
antenna was separated by eitler 50, 100, 200, 500, or 1000 mm from either a hutmady
(an adult male) at waist height or the torso phamt&igure 3.7 shows the measured input

impedance plotted on magnified Smith charts. Indhse ofd = 50 mm, the curves of the
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(b)

Fig. 3.4. Measurement of additional loss cause¢hpp human body and (b) a torso phantom.
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(a) elevation and (b) plan views.
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—— d=50mm @ 3.1GHz

(b)
Fig. 3.7. Measured input impedance of monopolerard in the vicinity of: (a) a human body and (l)rao phantom

plotted on magnified Smith charts.
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human body and the torso phantom deviated slididgiy the others, but these two curves were
closely similar to each other. Beyodd= 100 mm, the curves were almost coincident and th

the effect of the human body (and the torso phahtees negligible. The torso phantom, therefore,
was considered to satisfactorily simulate a hunwdyhwhen the antenna-body distance is either

far or near.

3.4 Summary

Radio propagations around the human arm and betabase station and the human torso
were measured. In addition to these measureméetgelveloped UWB arm and torso phantoms
were also employed. The maximum plunges in relgiath gains when the human and the arm
phantom blocked the LOS path were as follows:

* In the case of the volunteers, the relative pathsgaere found to be up to 9 to 11 dB.

* In the case of the developed arm phantom, thegazitts went up to 9 dB.
The maximum plunges in relative path gains wherhntirean torso and the torso phantom blocked
the path were as follows:

* In the case of the volunteers, the relative pathsgaere 25 to 28 dB.

* In the case of the developed torso phantom, tHegsih was 23 dB.

Next, the effects of shape imperfection will becdssed. Although the arm and torso
phantoms were fabricated as simple shapes (a eylarttl a near parallelepiped), the evaluation
results indicate that these phantoms can satisfigcsimulate the respective parts of the human
body. The curves of the relative path gains, dedié Figs. 3.3 (a) and 3.6 (a), were similar to
those for knife-edge diffraction. In Fig. 3.3 (H)e relative path gains were around -6 dB wken
= 0 mm, which corresponded to a diffraction los$ @B when a knife edge touched the LOS.
Also, Fig. 3.6 (a) shows that the path gains weoairzd -6 dB when the azimuth angle was
approximately 70°, at which point the LOS betweka transmitting and receiving antennas
touched a vertical edge of the torso phantom. Fhigies that the dominant forward scattering
mechanism in these experimental set-ups was diffrasince the direct wave was blocked by
the human body. The scattering characteristicgetboee, were also relatively tolerant of the

phantom shapes.
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Chapter 4

Measurements and Modeling of UWB
Propagation Losses Around the Human
Body Dependent on Room Volume

4.1 Objectives

A number of measurements relating to WBAN have besen carried out to characterize
on-body UWB propagation in either a radio aneclohi@mber or a specific room type [16]-[27].
Conventional UWB propagation loss models in theadias did not consider the impact of the
surrounding environments. It is necessary to evalthe variation in propagation characteristics
in various rooms since the major users of WBAN gapilons move through different-sized
rooms. Multipath components (mainly reflected fréme floor, walls, and ceiling) are highly
dependent on the volume and the construction ohsoo

In this chapter, we examine the measurements adéling of UWB propagation losses
for WBAN, emphasizing the impact of the surroundemyironments [47]. The parameters in the
conventional UWB propagation loss model were derfvem measured results. It was found that
the models depend on the room volume and the patipagchannel, such as LOS or NLOS. A
new model taking account of the impact of room wwduwas proposed and its parameters were
estimated. The probabilistic distributions of prgp#on losses were also examined, and

lognormal distribution was found to yield the bfist

4.2 Measurement Set-up

The measurement campaigns were conducted in tiadgbapiped rooms, as listed in
Table 4.1 and illustrated in Fig. 4.1. The dimensiof Room A (a radio anechoic chamber) were
measured between the apexes of the radio absopagrsled on all surfaces. As a radio

propagation environment, the radio anechoic charméetbe considered a room extending to an
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Table 4.1 Outline of five rooms used for experitsen

Width [m] Depth [m] Height [m] Volume [r)

Room A

6.1 3.6 1.9 42~ )

(radio anechoic chamber)

Room B 21.6 8.8 2.4 456
Room C 6.6 4.3 2.5 71
Room D 2.7 2.6 2.3 16
Room E 2.0 1.0 2.5 5

infinite volume. Rooms B to E were made of reinéataconcrete, and their floors, walls, and
ceilings were mostly covered with linoleum, wallpapand plasterboard, all of which had lossy
dielectrics. Although the five rooms had differeaiumes, the heights were almost the same,
since the heights of rooms from floor to floor dat Weviate much within most buildings. The
measurements were conducted using three voluniaeut males, ranging from 1.72 to 1.77 m
tall and from 56 to 60 kg). As mentioned in Cha@ethree volunteers were hired in order to
research individual differences and we were untablgather any more volunteers. Each subject
stood upright with the feet shoulder-width apargitiner a quiet zone (where reflected waves are
minimized and amplitude of the electric field fluates less) of the radio anechoic chamber or in
the center of Rooms B to E. The standing posture setected to evaluate the impact of room
volume, since it is one of the most typical possufiche UWB (from 3.1 to 10.6 GHz) frequency-
domain propagation losses were measured by the MNA .specifications of the measurements
are shown in Table 4.2. Commercially-available ndeasine antennas [43] were used for
transmission and reception. The VSWR of the antenves less than 2.5 between 3.1 and 10.6
GHz and the omnidirectionality in the horizontahmpé was within 3 dB in a free space. The
transmitting antenna was affixed to the center baaist of the volunteers at a height of 1.0 m
from the floor, as shown in Fig. 4.2 (also indichby “ * " in Fig. 4.3). The receiving antenna
was placed at 100-mm intervals on the torso. Bottermas were vertically-polarized and
separated by 10-mm from the volunteers’ bodies. Mthe receiving antenna was placed on the
back of volunteers’ bodies, the path was roughlyst. @nd when on the front, it was NLOS. In
total 69 receiving points around the torso wereleggal. The transmitting and receiving antennas
were fed by 2- and 3-m long coaxial cables andetltables were perpendicular in configuration

without crossing to reduce undesired cable coughd as described in section 2.2.

46



Ly

Quiet zone

1.9m
\
2.4 m

3.6m

Room A

(radio anechoic chambereo md)

8.8 m

Room B

(456 11¥)

Fig. 4.1.

N R
oS o2
’¢
f”
;" 6,66\ 1
1
S e
w | -7
N -,
4.3 m
Room C
(71 n¥)

lllustration of five rooms used for experiments.

Reinforced concrete

Room D

(16 1?)

Room E

(5m)



Table 4.2 Specifications of the experiment.

Bandwidth 3.1-10.6 GHz

Frequency sweeping points by VNA 751 points, 10-Mhterval
IF bandwidth of VNA 100 Hz

Calibration Internal function of the VNA
Antennas Meanderline antennas [43]

Rx antenna

Tx antenna

Fig. 4.2. Placement of transmitting and receivémgennas on the body. The rectangular patcheseocldthes are

the fabric hook-and-loop fasteners used to fixah&nnas in place.
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4.3 UWB Propagation Losses

The UWB propagation losses were calculated by mateyg the power of the losses

between the feeding points of the antennas ovesdbepied bandwidth:

PLgg ()

PL, =10log,, %j:“lo 1 df (4.1)
H Lot

wherePLgg( f ) is the propagation loss in dB measured at aueraqyf, andf. andfy are the
lowest and the highest frequencies [6]. The cdiitinavas conducted between the feeding points
with a coaxial through adaptor. These propagatisséds included the antenna gains (typically
-10 to 3 dBi), which were affected by the humanybadd varied depending on the radiation
direction and the frequency [48]. A set of exampbéghe spatial distributions of UWB
propagation losses, measured with a volunteer (in7all and 57 kg) in the five different
environments, are shown in Fig. 4.3. The frequathmyain transfer function was obtained by
taking the IFT of a delay profile. The number ofTIpoints was 1,024, consisting of
751 measurements within the 7.5 GHz bandwidth &81z2ros for zero padding. A rectangular
window was used for data windowing. The time resSoluwas 0.098 ns. Figure 4.4 shows
examples of the frequency- and time-domain propaigd&bsses when the receiving antenna was
placed on the center chest and the back side of@nateer (the receiving antenna was placed
at a height of 1.3 m from the floor). In Fig. 4the ordinates are absolute values of UWB
propagation losses in decibels. The propagatioselbslecreased with the decreasing room
volume, as shown in Figs. 4.3 and 4.4. This wagbated to the large number of multipath
components from the nearby floor, walls, and cgiiimRooms B to E, as shown in Fig. 4.4 (b).
The dominant propagation path in Room A (the ragiechoic chamber) was either a direct or a
diffracted wave, and thus the total reception powas lower than in the other rooms. With
decreasing room volume, mean free path lengthedsed, the power component contained in
the multipath components increased, and consegquéattotal received power increased. Similar
phenomena occurred at the other measured poirgsAi3zendix B).

Generally, the wider bandwidth provided higher efgmn power, because of
cancellation of the nulls in the frequency respsr3g [48]. Reception power versus occupied

bandwidth at the deepest dead spot was derivedtirermeasured data in the five environments.
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UWB reduces fading depth and is therefore advaotagever narrowband from the viewpoint
of the link budget (See Appendix C).
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Fig. 4.3. Spatial distributions of UWB propagatimsses in the five environments. The transmitangenna was

placed at a point denoted by *.
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Fig. 4.4. Propagation losses at the center obdlol (LOS) and the center of the chest (NLOS) &(#) frequency

and (b) time domains. Envelopes of the LOS and\ih®S curves were at approximately similar levels.
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4.4  Propagation Loss Models

Following Fort et al. [21], the propagation losseé on-body channels were

approximated by

PLUB = PLOdB +1m|0910(diJ ’ (42)

wherePLogg is the propagation loss at the reference distda¢e 0.1 m),d is the propagation
distance (distance along the perimeter of the Hmetyween the transmitting and the receiving
antennas), and s the propagation loss exponent. This equatiavidely used throughout radio
propagation studies. The theoretioalalue is 2 in a free space and experimental between

3 and 5 in cellular mobile communication environtsgd9]. Applying the least square method,
PLogs andn were calculated from the measured data. Scatpoesiof the UWB propagation loss
measured for the three volunteers versus the distand the obtained loss models are shown in
Fig. 4.5. The maximum variation of the propagatloases measured in the radio anechoic
chamber was 25 dB (wheh= 0.2 m at LOS), while that in Room E (the smdllassize of the
five rooms) was 9 dB (wheth= 0.1, 0.14, and 0.2 m at LOS) where the domipampagation
components were multipath reflected from the surding floor, ceiling, and walls. These 25-
and 9-dB variations were found to be nearly ingenesio the three subjects since each subject
had almost the same variations. The larger numibautiipath components resulted in a smaller
spatial variation for ultra wide bandwidth, as sinow Fig. 4.3.PLogs andn were derived from
the data measured for the three subjects. Thesampters are summarized along with the
associated 95% fidelity intervals in Table 4.3, ahd behaviors of the parameters were as
follows:

« Inthe case of LOS, because the dominant propagpé#th was a direct wave, the differences
in PLogs between the five environments were negligible.

* Inthe case of NLOS?Loas also differed negligibly.

* In the case of LOS) decreased (from 3.4 to 2.2) with decreasing rootarnae, since in a
smaller room the total receiving power containeaereontributions from the large number
of multipath components, which were independert of

* In the case of NLOS) also decreased (from 5.5 to 0.6) with decreasiogirvolume.
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Fig. 4.5. The propagation loss models along whith measured data in the five environments: (a) Réofradio

anechoic chamber) and (b) Room B to (e) Room E.
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Fig. 4.5. Continued.

* In the radio anechoic chambars 3.4 for LOS was consistent with the previousiished
n = 3.1 [22]. However, as shown in Fig. 4.6 (b)the case of NLOS) = 4.8, 5.9, and 5.9
for the three subjects; as shown in Fig. 4.6 (by} their average = 5.5 £ 1.1 (95% fidelity
interval). Then = 5.5 result was significantly smaller than theypously-publishea = 7.2
[21]. This is most likely due to the fact that trdunteers in the present study were slenderer
than those in [21] (our volunteers measured 80roural the chest versus more than 100 cm
in the previous study), the space under the arns larger, and thus the power of the
diffracted waves was greater.
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Table 4.3 Estimated parameters (and +95% fidéliigrval) of the conventional propagation loss mdée). (4.2))

in the five environments.

Parameters LOS (back) NLOS (front)

Room A PLods [dB] 32.7 (x2.8) 41.8 (+6.1)
(radio anechoic chamber) n 3.4 (x0.7) 5.5 (x1.1)
PLods [dB] 33.9 (#1.7) 46.5 (+4.8)

Room B
n 4.2 (£0.4) 3.5 (20.9)
PLods [dB] 32.9 (+2.6) 44.6 (+4.6)

Room C
n 2.9 (x0.7) 3.5 (x0.8)
PLods [dB] 33.9 (#1.9) 45.2 (+3.6)

Room D
n 2.4 (+0.5) 1.6 (£0.6)
PLods [dB] 35.1 (+1.1) 48.2 (+2.4)

Room E
n 2.2 (+0.3) 0.6 (x0.4)

Scattered plots foPLogs andn are shown in Fig. 4.6 against3/V , whereV is the
room volume. These parameters were almost lineprgportional to 1/3// . Since the
dependency oPLogs On 1/3/V  was observed to be slightloss was assumed to be constant.

The least square method was used to approximagxganent oh, and then modeled by

n
IV

3V represents the mean free path length of the raysling within a room having a finite (or

U
L]

n(v)=n, +

(4.3)

infinite) volumeV. Note thain = n, whenV approaches infinity (corresponding to the freecepa
and radio anechoic chambers). Pigqs, N, andn’ estimated from the data for the three subjects
are summarized in Table 4.4, accompanied by thefatdty intervals. Note that the parameters
are valid when one of the devices is fixed at theter back waist of the standing human body.
Substituting these parameters into Eq. (4.2), ameldependent propagation loss model was

formulated by

PL, =Pl +1C{nm +%]Iogm£d£] , (4.4)
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Fig. 4.6. Propagation loss parameters against/y : (a) PLods and (b)n.
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Table 4.4 Estimated parameters (and £95% fidelirval) of the proposed propagation loss modgl (E.4)).

Parameters LOS (back) NLOS (front)
PLode [dB] PLode [dB] 33.7 (£3.6) 45.0 (+9.1)
Moo 3.8 (+0.6) 5.1 (+0.6)
" n’ [m] 2.8 (£1.8) -8.0 (+1.9)

Table 4.5 The rms errors fBiLds against the proposed and the conventional models.

LOS (back) NLOS (front)

Proposed Conventional Proposed Conventional

rms error forPLas 5.57 5.75 4.92 9.25

Next, accuracy in the proposed model was comparttiat of a conventional model.
PLogs andn in the conventional model were derived from a# thata measured for the three
subjects in the five rooms by using Eqg. (4.2), @sented by the broken lines in Fig. 4.6. The rms
errors forPLgg were calculated for all the data when using tlippsed and conventional models,
as listed in Table 4.5; and scattered plots ofUk¢B propagation loss measured for the three
volunteers versus the distance and 11&/v , along with the proposed and conventional models,
are shown in Fig. 4.7. Whereas the rms errors @® in the proposed model were slightly smaller
than for the conventional model, the rms erro™NbOS in the proposed model was considerably
smaller than that in the conventional model. Siteedependence ofon the room volume for
NLOS was larger than for LOS, as shown in Fig.(®)5 it can be concluded that the proposed
model outperforms the conventional one in NLOS emments.

The relation between the occupied bandwidth aagtrameterdLogs, N, andn' was
evaluated, as shown in Fig. 4.8, by fixing the eerfitequency at 6.85 GHz and changing the
bandwidth from 0.5, to 1, 1.5, 3, and 7.5 GHz. €Hects of bandwidth on the parameters were
found to be negligible.
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Fig. 4.7. The proposed and conventional modelsgataith the measured data in the five environmejafst OS and
(b) NLOS.
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4.5 Statistical Properties of the UWB Propagation Loss

In addition to the propagation loss model, a diatib model of the amplitude
distribution over the surface of the body is coasid here. Lognormal distribution has been
reported [21] to be an excellent fit to the ampl#wdata in comparison with the Nakagamand
Rayleigh distributions for all receiver locations.this section, the lognormal, Nakagami, and
Rayleigh distributions are compared in terms oirthbility to estimate a statistical model. As in
previous research [21], the second-order corretkagke Information Criterion (AlG) was used

to rank the models:

2K (K +1)

Am;=—20%&@m+2K+'N—K—1

(4.5)

where Ioge(L(é)) is the maximized log-likelihood value over unknoparameterst), K is the

number of parameters in the approximating model,Nurs the sample size. A subscrift' ‘of
“AlC” indicates “correct”. The lognormal and Nakagadistributions are two parameteis €
2); the Rayleigh is on&(= 1). The values dfl are 102 and 105, for LOS and NLOS, respectively.
This equation is straightforward to compute sirieelog-likelihood is readily available from the
maximum likelihood estimates. Intuitively, the fiterm indicates that better models have a lower
AIC. because the log-likelihood reflects the overalbfithe model to the data. The second part
of the equation penalizes additional parametersramgswe select models that best fit the data
with the least number of parameters. The Ad30 has a strong theoretical motivation since it
provides an estimate of the Kullback—Leibler infatian loss [50]. In this way, the model with
the lowest AlG approximates the “true” distribution with minimuoss of information.

In practice, the value of the Al®y itself has no meaning. However, the relatiees
of AIC. among the models can be used to rank the modefsifest to worst and to provide strong
evidence that one model is better than anotherfadititate this, the related metric is given by
[51]:

Ai = AIC; — Min(AIC;) (4.6)
where AlG is thei-th AIC value. Clearly, the best model among theo§enodels has a delta AIC
of 0. As a rule-of-thumbA; < 2 suggests substantial evidence for the modé&lgg between 3—7
indicate that the model has considerably less stipwhbile values greater than ten indicate that

the model is very unlikely [51]. Comparisons of tmedels fitting amplitude distribution are
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shown in Fig. 4.9 in terms a@f. The lognormal distribution provided the bestdithe cumulative
density function (CDF) of amplitudes regardlesshef room volume, either NLOS or LOS. The
lognormal fittings to the amplitude distributionseashown in Fig. 4.10. The lognormal

distribution was defined by

f{uo)=—i—e =, (.7)

whereu ando are the mean and the standard deviation of andglittespectively. The parameters
of u and g, fitting the measured data, are summarized in &ahb. Theu increased with
decreasing room volume since the average UWB patdjmaglosses decreased with decreasing
room volume, as shown in Fig. 4.3. Thalecreased with decreasing room volume. This is
because the valuation of the UWB propagation losdes decreased with decreasing room
volume, as shown in Fig. 4.3.

Theu ando were also almost linearly proportional g3/ , as shown in Fig. 4.11.
The least square method was used to approximatexgenent ojt ands, and the parameters

were modeled by

ulv)=p, + ;\7 (4.8)
and
0_’
olv)=0,+— (4.9)

W
Note thatu = ., ando = 0., WhenV approaches infinity. The., ', 0, ands' estimated from the

data for the three subjects are summarized in Talle
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Fig. 4.9. Comparisons of the models fitting amyplé distribution: (a) LOS and (b) NLOS.
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Fig. 4.10. The lognormal fittings to the amplitutistributions: (a) LOS and (b) NLOS.
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Table 4.6 The parameters;0énds in Eq. (4.7) fitted to the measured data in the &nvironments.

LOS (back) NLOS (front)
)z o u o
Room A
-9.7 1.9 -16.6 2.0
(radio anechoic chamber)

Room B -11.2 21 -15.2 14
Room C -9.9 1.9 -14.6 14
Room D -9.8 1.6 -12.5 1.0
Room E -9.8 1.2 -11.7 0.4
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Fig. 4.11. Lognormal distribution parameters again; 3/ : (@)1 and (b)o.
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Table 4.7 Estimated parameters (and +95% fid@liigrval) of the lognormal distribution embodyirtgetimpact of

room volume.

Parameters LOS (back) NLOS (front)
Lo -10.5 (+0.5) -16.5 (+0.5)
Yz
«' [m] 1.2 (+1.4) 8.7 (+1.4)
O 2.1 (x0.2) 1.9 (0.3)
o
g’ [m] -1.6 (+0.6) -2.7 (£0.7)

4.6 Summary

This chapter presents the findings from a studihefon-body UWB radio propagation
measurements and modeling in five environments,thed volume-dependent modeling. The
propagation mechanisms differed among LOS, NLOS, the surrounding environments as
follows:

In a radio anechoic chamber (approximately equital® free space), the propagation
mechanisms were as follows:

* In the case of LOS, the dominant propagation path thve direct wave.

* In the case of NLOS, the dominant paths were diférd waves.
In Rooms B to E (multipath environments), howewbe propagation mechanisms were as
follows:

* In the case of LOS, the dominant path was the tiwave.

* In the case of NLOS, the dominant paths were rieftewaves.
These mechanisms resulted in the following phen@amen
In the free space:

e LOS resulted in higher reception.

e NLOS resulted in lower reception than in LOS.
In multipath environments:

« Both LOS and NLOS resulted in higher reception pothan in free space.

A conventional UWB propagation loss model (Eq2)¥was modified to include the

impact of the room volume and the parameters wereetl from the measured data.
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e In the case of LOSPLygs differed negligibly between the room volumes baeathe
dominant propagation path was the direct wave.

* Inthe case of NLOSLoas also differed negligibly.

* In the case of LOS) decreased with decreasing room volume, sincesimaller room the
total received power contained more contributiorsmf the large number of multipath
components, which were independentlof

* In the case of NLOS) also decreased with decreasing room volume.

A new model (Eq. (4.4)) including the impact of nooolume was proposed. The
parameters in the new model were derived from thasured data for individual body sections.
Accuracy in the proposed and conventional modetsawanpared. The rms error for the proposed
model was considerably smaller than that for theveational one. The relation between the
occupied bandwidth and the parameters was evaludied effects of bandwidth on the
parameters were found to be negligible.

Probabilistic distributions of propagation lossam)sidering the impact of room volume,
were also examined. The lognormal distributionsenfrund to provide the best fit to the
propagation losses regardless of room-size, althdtat et al. [21] reported that lognormal
distributions were a good fit to the path losseasneed in an indoor environment. The parameters
of lognormal distributions were derived from the asered data. The ands increased and
decreased with decreasing room volume, respectividiis is because the UWB propagation

losses decreased with decreasing room volume.
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Chapter 5

Statistical Modeling of UWB Wireless
Channels Around the Human Body
Considering Room Volume

5.1 Objectives

In Chapter 4, we measured UWB (3.1 - 10.6 GHz)aaubpagation characteristics
around the human body in a radio anechoic chamief@ur different rooms, and proposed a
new UWB propagation loss model depending on thenrealume. In this Chapter, a time-domain
statistical channel model, based on the same nmasuat campaign as in Chapter 4, will be
presented [52].

As for statistical modeling of the channel imputesponse, Fort et al. [19] separated
the WBAN propagation channels into two parts: (Iffraction around the body and (2)
reflections off of nearby scatterers then backhatlody, and modeled the second part using a
modified SV model [53]. The applicable area of thedified SV model in [53], however, was
limited to WPAN not including human bodies. Roljbd] scrutinized the separability of channels
for various scenarios in three different rooms, emcluded that UWB channels can be separated
in the case of a relatively larger room, but Roljpd] has not developed a channel model.
Previous studies, then, have not reported a statishannel model around the human body while
also considering room volume. Multipath componémntainly reflected from floor, ceiling, and
walls) are highly dependent on the environmenii sbnecessary to establish a channel model
dependent on room volume for WBAN applications. &l&o divided the channel responses into
two parts which were then modeled by power decaydad a modified SV model that took

account of room volume.
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5.2 Measurement Set-up

The measurement set-up used to extract the statiteling is summarized here. The
measurement campaigns were conducted in five papilped rooms, as shown in Table 4.1 and
Fig. 4.1. Room A (a radio anechoic chamber) candmsidered a room extending to an infinite
volume (i.e a free space) in terms of its radio propagationrenment. Rooms B to E were made
of reinforced concrete. Their floors, walls, andlings were mostly covered with linoleum,
wallpaper, and plasterboard, all of which had lodigfectrics. The measurements were carried
out using a human subject (adult male, 1.72 matadl 56 kg). The subject stood upright with the
feet shoulder-width apart in either a quiet zonéhefradio anechoic chamber or in the center of
Rooms B to E. The UWB (3.1 - 10.6 GHz) on-body @gtion losses were measured by the
VNA. The same small low-profile meanderline antenf#3] were used for all measurements.
The transmitting antenna was affixed to the celoéek waist of the subject and placed at a height
of 1.0 m from the floor, as shown in Fig. 4.2. Theeiving antenna was placed at approximately
100-mm intervals on the torso. When the receivimgrana was placed on the back of the subject’s
body, the path was roughly LOS, and when on thetfrid was NLOS. The frequency-domain

was obtained by taking the IFT of a delay profection 4.2 provides a more detailed description.
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5.3 Modeling

5.3.1 Division of Propagation Channels

A delay profile can be treated by dividing it itteo domains, in the same way as in
[19], [54]: the first (approximate arrival time Ot<x 4 ns) and second ¢ 4 ns) domains, as
schematically shown in Fig. 5.1. The first domagpresents the contribution of the human body
alone, consisting of either direct (for LOS) orfditted (for NLOS) waves measured in free space
or radio anechoic chambers. And the second domajmesents the contribution of the
surrounding environments, consisting of the renmgjimhultipath components, which depend on
room volume. The justification for dividing the fiites att = 4 ns is as follows. Figure 5.2 depicts
APDPs (averaged over 3 ns) for LOS and NLOS medsiré&Rooms A to E. The curves are
almost equal for the period between 0 and appraeiyal ns: the effect of the surrounding
environment was insignificant up to 4 ns. Beyonb4the propagation loss decreased (the curves
move upward) with decreasing room volume. Furtheenohe amplitude distribution was
examined to confirm the validity of 4 ns for dividing the delay profiles. The ampdies within
the measured delay profiles were found to follognlormal distribution up to an excess delay of
10 ns. The averages in the lognormal distributipriau3, 4, 5, and 7 ns were estimated for LOS
and NLOS, as shown in Fig. 5.3, where the 95% denite intervals derived from the Room A
data are plotted by dashed lines. While all theayes up to 4 ns for Rooms B to E fell within
the 95% intervals, some (Rooms C, D, and E for l&a®d8 Rooms D and E for NLOS) were
outside these intervals, as shown in Fig. 5.3. Tduis also ratified the validity of = 4 ns for

dividing the profiles.
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Fig. 5.1. Conceptual diagram of division of thdagieprofiles: (a) LOS and (b) NLOS. The first domaepresents

the delay profiles measured in free space or rad&choic chambers and contain direct or diffractades along the

body. The second domain consists of the remainiaiiipath components.
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5.3.2 Statistical Analysis of the First Domain

The channel response in the first domain (&< ns) can be represented by

n0)=h, zﬁdi} -,), 6.0

wherehyg is the propagation gain at the reference distalg¢e 0.1 m),d is the propagation
distance along the perimeter of the badlis the propagation loss expondgis the arrival time

of the first wave, and(-) is the Dirac delta function. The arrival tiyels proportional tad.
Equation (5.1) represents a special case (wherotita volumeV = «) of the proposed UWB
propagation loss model depending on room volumg B/ described in section 4.3. The values
of hip andn in Eq. (5.1) were found to be 4B0* and 3.8 for LOS and 3.2 10° and 5.1 for
NLOS, respectively, from thdata forPLss shown in Fig. 5.4. The statistics foi(t) followed
lognormal distribution with a standard deviatiordo4 dB ¢ 0.5 dB) and 3.4 dB+0.5 dB), for

LOS and NLOS, respectively, where the values iripiueses indicate 95% confidence intervals.
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5.3.3 Statistical Analysis of the Second Domain

The second domait ¥ 4 ns) can be represented by a modified SV n&&¢based on

a cluster concept of rays:

hZ(t):Z”:iﬁkl ( )' (5.2)

1=0 k=0
where {f |} are the multipath gain coefficients]§ is the delay of the-th cluster, and 4 } is

the delay of thé-th multipath component relative to théh cluster arrival timeT(). Figure 5.5
demonstrates the concept of clusters and rays. &aster is formed by the reflection of UWB
waves from different objects, for example one @ushay represent the reflected signals from a
wall and another cluster the signals reflected feodesk located a couple of meters away. The
modified SV model is the standard for modeling UH&annels established by the IEEE 802.15
task group. Delay profiles measured in Rooms B),@&nd E indicated that rays arrived in clusters,
as shown in Fig. 5.6, where the abscissas of thphgrare drawn in antilogarithm to improve
readability. The first wave of the second clusietded higher reception power than the first wave
of the first cluster, as shown in Fig. 5.6 (b),, @hd (e). This is because multipath waves that
traveled the same propagation length combinedeatdbeiving antenna; or the reflected object
differed between the first and second clustersh@gh the difference did not exceed 1 dB
between the first waves of the first and the seadunsters, we modeled using the first cluster.
While Fort et al. stated that the cluster intetiraks fitted the Weibull distribution [19], in alur
cases, the arrival time intervals of the clusteesesfound on using the Kolmogorov-Smirnov test
with a 95% confidence interval to follow an expoti@ndistribution. This means that cluster
arrivals are modeled as a Poisson arrival procébsawixed rate off [1/ns]. Within each cluster,
subsequent rays also arrived according to a Pojgsmress with another fixed rate of1/ns].

The distribution of the cluster and ray arrival ¢ésrare given by

P(Ti [Ti-2) = Aexp[A(Ti = Ti-1)], >0 (5.3)
and

P(zc 1 | 7k-1),1) = Aexp[A(zk, 1 —7k-1),1)], k>0, (5.4)

wherea and/ are cluster arrival rate and ray arrival rate witbach cluster, respectively. The
IEEE 802.15.4a channel model [53] used a lognordistiribution rather than the Rayleigh
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distribution adopted in the original SV model [$8] the multipath gain coefficientk, . We also
adopted a lognormal distribution g | because this gave a better fit to the measured @he
average power of both the clusters and the rayhiwithe clusters are assumed to decay
exponentially, such that the average power of thitipath component at a given delay w, is

given by

(g} =laond o' ) 6

where(f%, o) is the expected value of the power of the firgvarg multipath component; is the
delay exponent of the clusters, arid the decay exponent of the rays within a clugtke power
of the first arriving multipath detected in measlidzlay profiles is lower with decreasing room
volume, as shown in Fig. 5.7. The power of thet firailtipath component% o, can be

represented by

(B)=B RV ) (5.6)

The values offo andv were calculated by using the measured delay psofile listed in Table
5.1

The values oft, 4, I, andy were derived from the delay profile data measurdtboms
B, C, D, and E. Figures 5.8 and 5.9 present thakees against*® along with regression lines.
Note thatv**represents the mean free path length of the rayeling within a room having a
finite (or infinite) volumeV. The cluster arrival time rat¢ [1/ns] is approximately 0.08, while
the ray arrival time raté [1/ns] is 0.4 for both LOS and NLOS. While theieat rates4 andA
exhibited no apparent dependence&/8hor LOS/NLOS scenarios as shown in Fig. 5.8, thegquo
decay factorg” andy increased slightly witv*3, as shown in Fig. 5.9. The propagation distances
(and therefore propagation losses) of rays incre@bethe room volume, and therefore the decay
factors increase. The slope of the NLOS scenar®steeper than that for the LOS scenario. The
dependence of the cluster power-decay faataithe ray power-decay factor &, depicted in

Fig. 5.9, is formulated by

I=lo+ 3N (5.7)

and

y=roty AV, (5.8)
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where/ andy, are values of andy when imaginarilyv = 0,/” andy’ are the slope of the cluster
and the ray within the cluster agaiv&t, respectively. The values &%, yo, I~ andy’ are listed

in Table 5.2. Although the effect of shadowing hasbeen considered in this chapter, it can be
included in Eqg. (5.2) after using the same metddopted in [53].
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Fig. 5.5. lllustration of Clusters and Rays (netibat clusters and rays decay exponentially) [&3].
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Fig. 5.6. Examples of the delay profiles measimg@ooms A to E. Profiles for LOS were measurethatcenter of
the back and those for NLOS at the center of tlestciihe dashed lines represent the exponentiaipdecay of the

rays and clusters. The black and grey arrows itelite first and second domains.
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Fig. 5.7. UWB propagation loss of the first raythin the first cluster agaian.

Table 5.1 Parameters of the first arriving multipeomponent.

NLOS LOS
v -2.8 -3.0
Bo 59.1 52.4
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Table 5.2 The parameters for the cluster andaye within the cluster.

NLOS LOS
" [ns/m] 1.25 0.70
Cluster
/o [ns] 10.0 7.1
y" [ns/m] 0.28 0.11
Ray
yo [NS] 2.4 3.0
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5.4 Realization of On-Body UWB Channels Based on the

Composite Model

A composite statistical UWB channel model betwearbody antennas is formulated
by summing the models described in Section 5.3 ugésl the realization programs described in
[53]. A realization is calculated upon providingin data — whether the path is either LOS or
NLOS d — (the distance between the antennas along themgter of the body), and the room
volume, as shown in Fig. 5.10. Once a number dizagons of the channel responses have been
calculated randomly (= 100 times), this is thenduseestimate the transmission performances
and/or system capacity of communication systemres diitection and false alarm rates of radar
systems, and so forth, by simulation.

Examples of the channel response realizations fo6Lland NLOS, assuming
d = 200 mm for LOS and 450 mm for NLOS a¥ic= 5 n¥, are presented in Fig. 5.11, where
20 realizations are overwritten. The APDPs for L@® NLOS were derived from these
realizations and compared with the measured daenioving average was conducted over a 3-
ns period to calculate the APDPs. The APDPs derikad the calculated realizations and from
the measured delay profiles agree reasonably aglshown in Fig. 5.12. The validity of the

proposed composite model was therefore confirmed.
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Fig. 5.10. Flow chart showing the model realizajiwocess.
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5.5 Summary

In this chapter, a series of propagation measeimérnsampaigns were carried out
between on-body antennas in five different roomsnéasured delay profile can be divided into
two domains. In the first domain (Ot< 4 ns), there is either a direct (for LOS) or diffred (for
NLOS) wave which depends on propagation distanoagathe perimeter of the body but is
essentially unrelated to room volume. This domaas wodeled with a power decay law against
the distance, and its amplitude followed a logndmiistribution. In the second domain>4 ns),
multipath components are dominant and dependerdan volume. Observations of the second
domain indicate that rays generally arrive in @dust The arrivals of clusters and rays within each
cluster were found to be modeled by Poisson presesss a result, the second domain was
modeled by a modified SV model by using a lognormhiatribution rather than a Rayleigh
distribution for multipath gain coefficients. Fihgla composite model to calculate the UWB on-
body channel realizations was obtained by combitliegtwo domains, and validated by using

the measured delay profiles.
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Chapter 6
Conclusions

This dissertation presents UWB radio propagatioasueements and modeling around
the human body envisioned for WBAN. The targetstto$ study are mainly the off-body
measurements, the radio propagation measuremeatsicarthe human body in the five
environments, and a modeling of UWB propagatiosdssand delay profiles that takes account
of the impact of room volume.

Chapter 2 described how a liquid UWB phantom nigteimulating human muscle was
developed for experimental studies on antenna epghgation. An aqueous solution of sucrose
(C12H22011, 1.0 mol/l) provided the best result within a UWiBndwidth of 3.1 to 10.6 GHz. The
effects of errors in realizing of muscle were analytically evaluated by assuntiregtypical
shapes of reflecting and scattering objects. Tharefor reflected or scattered waveforms were
small. Next, the effects of the feeding cable agunfation on UWB radio propagation were
measured. It was found that careful attention shdad paid to the cable configuration when
electrically-small large VSWR antennas are usedwds also found that a perpendicular
configuration of transmitting and receiving antemmathout crossing yielded the least coupling.

Chapter 3 examined the UWB propagation gains beiweebase station and on-/off-
body antennas. The maximum plunges in the relgath gains when the human arm and torso
blocked the propagation paths were found at uptm Bl dB and 25 to 28 dB, respectively. In
addition, UWB arm and torso phantoms developedgusiriquid recipe (1.0 mol/l aqueous
solution of sucrose) were also employed. The pevémces of the arm and torso phantoms were
almost the same as those of the human body.

The UWB propagation losses around the human bodypsopagation loss models
dependent on room volume were described in Chaptdihe measurement campaigns were
conducted in the parallelepiped rooms; Room A ¢foranechoic chamber) and Rooms B to E
(made of reinforced concrete). The propagationelsdecreased with the decreasing room
volume. This was attributed to the large numbemnaftipath components from the nearby floor,
walls, and ceiling in Rooms B to E. The dominamigagation path in Room A was either a direct
or a diffracted wave, and therefore the total réoaepgpower was lower than in the other rooms.
With decreasing room volume, mean free path lendgloseased, the power component contained

in the multipath components increased, and conseigube total received power increased. The
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parameters in the conventional UWB propagation hosdel were derived from measured results
and it was found that the models depend on the n@ame and whether the waves were LOS
or NLOS. A new model taking into account the impafcthe room volume was proposed and its
parameters were estimated. The probabilistic Oistions of propagation losses were also
examined, and lognormal distribution was founditddythe best fit.

Finally, in Chapter 5, statistical modeling of UWiBannels around the human body
dependent on room volume was described. A meagigky profile can be divided into two
domains. In the first domain (0t< 4 ns), there is either a direct (for LOS) or diffred (for
NLOS) wave which depends on the propagation distahang the perimeter of the body but is
essentially unrelated to room volume. This domaas wodeled with a power decay law against
the distance, and its amplitude followed a logndmistribution. In the second domain>4 ns),
multipath components are dominant and dependerdan volume. Observations of the second
domain indicate that rays generally arrive in @dust The arrivals of clusters and rays within each
cluster were found to be modeled by Poisson presesss a result, the second domain was
modeled using a modified SV model and lognormétithistion rather than Rayleigh distribution
for multipath gain coefficients. The composite magsed to calculate the UWB on-body channel
realizations was obtained by combining the two doamaand validated with the use of the

measured delay profiles.

® Future Research Topics

This dissertation focuses on the statistical charetics associated with a standing
posture. Previous studies, however, provide chamoeglels with an emphasis on various body
postures or body movement [56], [57]. Quantitatpexformance evaluation of various body
postures in different surrounding environments tdlour future subject of study.

While full-band UWB is legally approved in the U8daSingapore, most countries
restrict the use of separate low- and high-band Usi¢Riescribed in Section 1.1. Characterization
and modeling for the two bands should be splitsordtinized from the viewpoint of the volume-
dependent UWB propagation loss model, the statistiodel of the UWB propagation losses,
and the statistical modeling of the channel respsns

In recent years, UWB radio propagation around hukegshas been reported [27], [58],
[59], although mostly previous studies have focusedhe human torso. The target applications
for human legs include rehabilitation, gait anaysind sports science. We have measured around

the lower body section including the legs in theefienvironments. The parameters of the
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conventional propagation loss model were calcul&tmu the measured data, and the value of
was negative [60]. But we have not yet fully undieod this phenomenon. So it will be necessary
to conduct further research since the charactesisti radio propagation around the human legs
will have implications for the development of neppécations using UWB technology.

In this thesis, the measurement campaigns weneetddirom the three volunteers. Their
physiques were almost the same. The effects of UWpagation losses between different
subjects of various statures and shapes were negbsuan indoor environment; the maximum
variation in UWB propagation losses was 14.2 dH.[@ls necessary to evaluate the effects of

different physiques in various surrounding enviremts.
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Appendix A

Numerical Evaluation of Effects of
Errors In the Complex Relative
Permittivity of Phantom Materials

The effects of errors in the of phantom materials in comparison with muscle on
reflection were numerically evaluated [36]. Fiste UWB power reflection coefficients were
calculated with and without errors ia(f) =¢'(f) — je"( ) against ¢ muscid f) = &'muscid ) —
je"muscid ), where ¢musad f ) denotes the relative permittivity of high-watemtent tissues,
including muscle, for which data were tabulated3apriel et al. [37].

Whene' = (1 +z1) e'musce@nd/ore” = (1 +22) &"muscia Wherezy andz represent errors,
the maximum and rms errors in the UWB power reiitectoefficients were calculated, as shown
in Fig. A.1. The maximum errors for TM and TE ineitte occurred near the Brewster angle and
at the incident angle of 0°, respectively. While MV maximum errors near the Brewster angle
(= 82°) were relatively large, the TE maximum erransl the TM and TE rms errors (over the
incident angle through 0° to 90°) were notably $mahen | and 2,| were less than 30%.
Tolerable margins of error irfwere smaller than thosedfi Whene'(f) = (1 +z39(f)) &'muscid )
and/ore” = (1 +z g(f)) &"mused ), Whereg(f) = ((f — 6.85 GHz) / 3.75 GHz); namely the curves
for ¢" and/ore” crossed those fat'muscle @and/ore”muscie @and the resulting errors in the UWB
reflection coefficients were almost negligible whHeshand 4| were less than 30%.

Next, the distortions of UWB waveforms reflectedrfr a planar infinite medium with
errorsin ¢ were evaluated. The incident waveform was a Ganssbdulated impulse, as shown
in Fig. 2.4. Representative correlation coefficiebetween the reflected waveforms from the
medium with and without errors im are shown in Fig. A.2. The correlation coefficemtere
greater than 0.995 when||< 30% { = 1, 2, 3, 4). The waveform distortion was therefo

substantially negligible.

101



0.5
0.45
0.4
0.35
0.3

0.25

z, [%]

0.2
0.15
0.1
0.05

[dB]

54
4.8
4.2

3.6

z, [%]

24

18

12

0.6

[dB]

Fig. A.1. Errors in plane-wave UWB power reflectiooefficients from planar infinite homogeneous raedith

errors in & : maximum errors: (a) TE and (b) TM incidence; amg errors: (c) TE and (d) TM incidence.

102



2, [%]

z, [%]

&

20

10

(@)

-101

10 20

-oU

z, (%]

an

(©

oU

20

101

D

an

=oU

z,[%]

Fig. A.1.

(d)

Continued.

103

30

5.4
4.8
42
3.6

24
18
12
0.6

(%]

54
4.8
4.2

3.6

24
18
12
0.6

[%]



=
Q£
S
E e,
S ogogk —l&l>0andz=0 T S
c ----|z) <0andz,=0 A
% o997 ~~Za=0andpl>0
o ——-z;=0and | <0 \
S ogoet T ll>0and]<0
--- |zl <0and,| >0
0.995 ' : ' ' ' !
0 10 20 30

[z, and/or ] [%]

Fig. A.2. The correlation coefficients of the egfled waveforms from media with and without eriors: .

104



Appendix B
Examples of Propagation Losses along
the Center Axes of the Human Body

This chapter describes frequency- and time-domaipggation losses along the center
axis of the human torso. Figure B.1 presents tlupagation losses corresponding with the
measured positions. The UWB propagation losses wa&i@ilated by Eq. (4.1), and listed as
follows:

Inthe case af =0

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 81 70 70 57 51
LOS 59 60 59 49 46

Inthe caseofi=1

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 79 70 69 57 51
LOS 54 55 49 45 45

In the case of = 2

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 76 70 66 55 50
LOS 42 56 42 42 43

In the case o = 3

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 81 68 66 49 51
LOS 40 36 32 35 36
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In the case of = 4

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 74 64 64 56 53
LOS - - - - -

In the case o =5

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 74 65 65 54 52
LOS 28 35 35 37 34

In the case of = 6

UWB propagation loss [dB]

Room A Room B Room C Room D RoomE
NLOS 78 63 63 54 52
LOS 43 51 39 48 45

The UWB propagation losses decreased with the dsicrg room volume regardless of the

measured positions and of whether it was a cab& OfS or LOS, as described in Section 4.3.
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Appendix C
Reception Power Versus Occupied
Bandwidth

UWB transmission is expected to alleviate the diegpy variation in reception power.
In this chapter, UWB propagation losses around htiman body were characterized in
comparison with narrowband. The UWB propagatiors less calculated by integrating the
power frequency response from 5.35 to 8.35 ando31D.6 GHz, and continuous wave (CW) at
6.85 GHz was extracted therefrom. The spatialitigions of CW (6.85 GHz), and UWB (5.35
to 8.35 and 3.1 to 10.6 GHz) propagation lossdkarfive environments are shown in Figs. C.1
and C.2. The performances of the propagation less @&s follows:

In the case of LOS:

* In Room A (a radio anechoic chamber), the maximommimum, and median propagation
losses of CW differed to within 2 dB in compariseith UWB (5.35 to 8.35 and 3.1 to 10.6
GHz).

* In Rooms B to E (multipath environments), while @éherated dead spots at several points
caused by multipath, UWB yielded no dead spots.

In the case of NLOS:

* In Room A, CW resulted in more than 90-dB propamatioss at several points. The
maximum propagation losses for UWB (5.35 to 8.38 &rl to 10.6 GHz) were 86 and
81 dB, respectively.

* In Rooms B to E, while CW generated dead spot®watral points caused by multipath,
UWSB yielded no dead spots.

Next, fading depth versus frequency bandwidthhatdeepest dead spot in each room
was derived from the measured data, as shown inG=8) The center frequency was fixed at
6.85 GHz and the bandwidth changes at 0.5 (fromtc6761), 1 (from 6.35 to 7.35), 1.5 (from 6.1
to 7.6), 3 (from 5.35 to 8.35), and 7.5 (from 3dl 10.6) GHz. The 7.5-GHz bandwidth
propagation loss was set to the 0-dB reference.Witler bandwidth yielded higher reception
power regardless of the room volume, or whethemptlopagation was NLOS or LOS. In [62],
fading depth was also evaluated. The center frexyuenas fixed at 6.85 GHz and the bandwidth
changes at 0.01, 0.02, 0.05, 0.1, 0.15, 0.5, aB#iA. The wider bandwidth also yielded higher
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reception power. These results indicated that UVeBhmologies are advantageous over

narrowband from the viewpoint of reducing fadingrgias.
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