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Abstract

This paper presents a comprehensive overview of Ultra-dddd (UWB) measurements of all the empirical
data available on various fading properties of the indodliomave communication channel. Our focus is on the
essential propagation channel parameters which is usebeirpliysics-based models. This overview is based on
more than 50 measurement campaigns from 24 working groumifferent countries including North-American,
European and Asian, and more than 100 references (in totaftlynbooks and journals articles on the UWB
propagation channels. The measurement campaigns utiffeeedt multipath propagation measurement techniques
including Direct-Pulse (DP) spread spectrum Sliding Correlator (S@nd Frequency Sweeping (FSW) various
environments office, laboratory, corridor, open areassétzom, reading room, auditorium) and residential bugdin
to measure metrics: 1) Power-loss characteristics inotuBath-Loss (PL)large-scale fadingandsmall-scale fading
2) Temporal characteristics includingultipath arrival rate multipath delay spread (Power Delay Profile (PDP)
and Root-Mean-Squared (RMS) delay spreadfitemporal correlation 3) Spatial characteristics includimgultipath
Angle-of-Arrival (AOA)and spatial correlation across the receiver's spatial apegus) Frequency characteristics
including Frequency-Selectivity (FSENnd Pulse-Distortion (PD) This tutorial overview is supported by a integrated
summary on measurement results on each category. Theggi@aammaries lead to insights on UWB fading channel
characterization and modeling.

Index Terms

Communication channels, Dispersive channels, Multipdtanoels, Radio propagation, Fading channels, Mi-
crowave communication, Mobile communication, Ultra-Widandwidth (UWB), Path-Loss, Physics-based models.

|I. INTRODUCTION

The most recent increase in demand within the wireless us@munity for short-range, very high rate data

and video transmission devices has motivated the growthr@vageneration of Fourth Generation (4G) devices,
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i.e. Ultra-Wideband (UWB) radio [1]-[4]. The term 4G is usédoadly to include several types of broadband
wireless access communication systems, not only cellel@aphone systems. One of the terms used to describe
4G is MAGIC-Mobile multimedia, Anytime anywhere, Global bility support, Integrated wireless solution, and
Customized personal service. 4G mobile communication ordsvwill include heterogeneous technologies which
can be categorized at different levels according to theiess coverage [5]. Hence, short range radio UWB will
play a critical role in the local/homepico cell) level of 4G networks due to its unprecedented, broad badtéwi

It must be used for its strength: through-material propagatextreme high resolution for ranging and imaging
capability, little fading, rich multipath to exploit, stéla, etc. To understand the fundamental limits and poténtia
applications of UWB technology in the context of 4G, we givautorial review of UWB communications channel
models. Measurements based empirical models are focusatthmugh some physics-based model are also given
to show the special characteristics.

UWB technology has been employed for several decades itangittnd commercial communications applications
like high-speed mobile Local Area Networks (LAN), imagingdasurveillance systems, ground penetration radars,
automotive sensors, medical monitors and recently WisedRessonal Area Networks (WPAN) [6]. Spread-spectrum
communication systems using ultra-short impulses hava aeeenewed interest because of its fine resolution in
delay to the order of a tenth of nanosecond though at the dastutira wide frequency band. Low transmission
power and large bandwidth together render the power spefrasity of the transmitted signal extremely low,
which allows the frequency-overlay of a UWB system with othristing radio systems.

Indoor wireless systems operate in the areas where usthalhg is no Line-of-Sight (LOS) radio path between
the terminals, the transmitter, and the receiver, and whereto obstructions (furniture, partitions, walls, etc.),
multi-diffraction, multi-reflections, and multi-scatteg effects occur. These lead to not only additional losgeéth(
regarding those obtained in LOS), but also multipath fadifighe signal strength observed at the receiver.

There exist very good fundamental investigations on the UMibagation channel characterization and modeling
in the literature [7]-[12]. More particularly, the referss [10] and [12] give an excellent overview of the UWB
channels and the authors in [11] present a very compretengiorial on the UWB channel modeling.

In this paper, we will investigate the empirical measuretmen the UWB propagations channels. Our focus in this

integrated survey lies on the indoor environments, inclgdiffice, laboratory, commercial and residential building
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Moreover, we consider some special applications of the UW&esns which have an indoor-like areas, e.g. inside
a Magnetic Resonance Imaging (MRI) system, undergroune raimd so on. A large number of references, more
than 100 and mostly recently published, are used in thissiig@tion. The basic channel characterization parameters
are extracted and discussed. We review all the channel akazation procedures in this regard.

To characterize a UWB propagation indoor channel, a commethad is applying a Radio-Frequency (RF)
signal to the channel and making an empirical evaluationhef received signal. Through this type of channel
characterization, essential metrics are drawn which Bagh-Loss (PL) large-scale fadingsmall-scale fading
multipath arrival rate Power-Delay-Profile (PDR)Root-Mean-Squared (RMS) delay spresanporal correlation
Angle-of-Arrival (AOA) spatial correlation across the receiver’'s spatial apeguFrequency-Selectivity (FSEnd
Pulse-Distortion (PD)

Basically, one of the most important aspects of any radiowochbmodeling activity is the investigation of the
distribution functions of channel parameters. Typicatlygese distributions are obtained from measurements or
simulations based on almost exact or simplified descriptiohthe environment. However, such methods often
only yield insights into the statistical behavior of the ohal and are not able to give a physical explanation of
observed channel characteristics. Due to the extremelydbandwidth, the channel is highly dispersive, even for
an individual path. Physics-based models [2] are usualiyired to understand the multipath pulses waveforms
that are necessary for optimal reception. This work aimiercthis issue and give a comprehensive summary on
the UWB fading channel statistics.

The rest of this paper organized as follows: in Section |, aegal formulation of the UWB Channel Impulse
Response (CIR) is presented. Section Il provides the eraglogannel characterization procedures and measurement
settings. In section I, we review the channel fading’s powoss characteristics. A survey on the channel fading’s
temporal characterizations is presented in Section IV. ¥ tinvesitage on the channel fading’'s frequency-

dependent characteristics in Section V. Finally, Sectidrcahcludes the paper.

1. MULTIPATH CHANNEL IMPULSE RESPONSE(CIR) AND BASIC DEFINITIONS

A common and convenient model for characterization of thdtiptah channel is the discrete-time impulse

response model. In this model, the multipath delay axis discretized into equal time delay segments callet
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[13], [14]. Each bin has time a delay width equalda- = 7,1 — 7;. Any number of multipath signals received
within the ith bin are represented by a single resolvahldtipath componentaving delayr; [14]. A reasonable
bin size is the specific measuremertifee resolutionsince two paths arriving within a bin cannot be resolved as
distinct path. The relative delay of thigh multipath component as compared to the first arriving comept is
called excess delaynd if the total number of possible multipath componentd/jsthe maximum excess delay
the propagation channel is given ByAr [14].

In a multipath propagation channel, since the receivedasigonsists of a series of attenuated, time delay, phase
shifted replicas of the transmitted signal, the impuls@oese of multipath channel can be expressed as (1) [14].

N(t)-1
hir) = Y a(r,0)e? 06 (1 — 7 (1) (1)
1=0

wherea; (7,t), ¢; (7,t) and 7; (¢t) are the real amplitude, the phase shift and excess delgyeatdeely, ofith
multipath component at time Generally, the parametets, p; andr; are random time-variant functions because
of the motion of people and equipment in and around of bujgirHowever, since the rate of their variations
is very slow as compared with the measurement time intetheke parameters can be treated as time-invariant
random variables within one snapshot (bin) of measurenMoteover these parameters are frequency-dependent
since they are related to radio signal characteristics sisctiansmission and reflections.

The time-invariant CIR (2), assuming a stationary envirentnwas first suggested in [15] to describe multipath-
fading channels. This model has been used successfully nilenmadio applications [13] and can be applied to the

UWB indoor propagation channels.
hr) = Y ai(n)e®s(r—1) @

A discrete space-time separable CIR (3), which is originatbposed by [16] and developed by [17], is employed
in [18] to represent the UWB channel's impulse responsehis model, the impulse response for the multipath

delay r, so-called Time-of-Arrival (TOA), and AOA is given by

h(T,@):ZZﬂkl(ijm'lé‘(T*Tl7’7‘]@1)5(97@[70}]61) (3)

=0 k=0
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where Gk, ér1, i1, aNdwy; are respectively the amplitude, the phase shift, the driivee and the azimuth AOA
of the kth arrival of theith cluster.7; and ©; represent théth cluster’s first arrival time and the azimuth AOA
respectively. In other words, for a particular clustethe inner sum reveals the rays corresponding to the same

cluster, i.e. intra-cluster representation. Accordingiy intra-cluster rays are said to be from differémnt

IIl. M EASUREMENTSETTINGS
A. Measurement Environments

UWB channel fading depends on detailed aspects of the indetiing- including not only describing the
architectural floor plan but details of the interior door.eThbbreviation required by the present work’s survey
character on the indoor setting could lead to apparent wadiability in empirical results for nominally comparable
setting. However, as more measurements are carried outcamgories may be introduced which may provide a
better classification in terms of the variability of the sigjstatistics.

Table | represents the proposed categories based on thesvesl/iiterature UWB channel-fading measurements.

B. Multipath Propagation Measurements Techniques

Due to the importance of the multipath structure in deteingirthe small-scale fading effects, a number of
wideband channel sounding techniques have been develtfiddband measurement techniques as described in
[14] are
« Direct Pulse (DP):In the this measurement system, a repetitive pulse is trigteshand a receiver with
wide bandpass filter is utilized to receive the pulses. Thi® @n immediate measurement of the square
of CIR convolved with the probing pulse. In this measuremené minimum resolvable delay between
multipath component equals the probing pulse width. To m@agmpulse response (2), the probing pulse
p(t) approximates the delta function. #{t) has a time duration much smaller than the impulse response of
multipath channep(t) does not need to be deconvolved from the received signaliierdo determine impulse
responséi(t) in (2) [14].

« Spread Spectrum Sliding Correlator (S@):a spread spectrum channel sounder, a carrier signal bipgniith

a binary Pseudo-Noise (PN) sequence becomes spread oveyeablndwidth and and then is transmitted.
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The spread spectrum signal is then received, filtered andrel@d using a PN sequence generator. In this
measurement system, the chip rate of the PN sequence gerggtgrmines the time resolution. The advantage
of a spread spectrum system is that, while the probing sigral be wideband, it is possible to detect the
transmitted signal using a narrowband receiver preceded twdeband mixer, thus improving the dynamic
range of the system as compared to the direct pulse system.

« Frequency Sweeping (FSh this measurement, a Vector Network Analyzer (VNA) coldra synthesized
frequency sweeper. The sweeper scans a particular freguramd by stepping through discrete frequencies.
Obviously, the number and spacings of these frequency stepact the time resolution. This frequency
domain representation is then converted to the time domgimgunverse Discrete Fourier Transform (IDFT)

processing, giving a band-limited version of the impulsgponse.

Table | shows what type of measurement technique is emplfyrethe reviewed literature of the UWB channel-

fading campaigns.

C. Space-Time Resolution

All above utilized measurement approaches use a bancdetingtobing waveform and thus have limited time
resolution. Even with the sub-nanosecond resolution, usélde measurements, the received signal pulse may still
contain several multipath components and thus may fadernimadl ®cal area. The time resolution can directly affect
time of arrival measurements. Increasing time-domainlugism of channel response to resolve the direct LOS path
improves the performance of location finding systems emptp¥ OA estimation techniques. Various measurement
campaign’s temporal resolutions are summarized in Table these measurements, the different spatial grids in
size and spacing are utilized to assess the spatial vari@fable 1). The associated grids are located horizontally
where the measurements are made at the center of each dridttebugh the essential spatial fading statistics
have been drawn based on the measurements made insidedhsogne campaigns like in [39] move the grid to

obtain the extra parameter statistics like multipath eughenomenon.
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TABLE |
UWB CHANNEL-FADING MEASUREMENTSETTINGS

M easur. Time Res.* Measurement Grid Frequency-Bandwidth
References Environment Tech. (ns) Grid Size Spacing (cm) | Absolute (GHz) | Relative
[18]-[24] Office and Laboratory DP 2 TXT 15 NA NA
[25]-[26] Office building and Corridor FS 400 3x3 3 1-9 1.6
[27] Ship Compartments SC NA NA NA 0.8—-2.5 1.03
[28]-[33] Residential House FS 320 5%5 5 4.375 — 5.625 0.25
[34]-[35] Residential and FS 266.6 5x5 5 2-8 1.2
Commercial Building
[36] Office and Laboratory FS 266.6 NA NA 2—-8 1.2
[37] Residential House FS NA 1x 20 1.253 2—-8 1.2
[38] Laboratory FS 400 10 x 10 10 2—-6 1
[39] Office and Corridor FS NA 30 x 30 1 1—-11 1.66
[40] Office FS NA 30 x 30 1 1-11 1.66
[41] Auditorium and Office DP/SC/FC NA NA NA 1-3 1
[42]-[44] Office sC 200 NA NA 1.25 — 2.75 0.75
[45] Office FS 106 NA NA 3.1—10.6 1.1
[46] Office, Laboratory DP 2 1x 61 2 NA NA
and Reading room
[47]-[48] Laboratory and Classroom FS 200 NA NA 2—-6 1
[49]-[50] Office and Classroom DP 0.1 3x3 45 0.1 —12 1.967
[51]-[52] Office and Classroom FS 33.6 3x3 45 0.1 —12 1.967
[53]-[54] Office FS 500 1 x 90 (Circle) 2.8 3.1—10.6 1.094
[55] Office FS NA 1x5 10 3.1 —-10.6 1.094
[56] Office DP 0.05 1x23 5 3.1 —-10.6 1.094
[57]-[59] Office and Laboratory SC 0.8 25 x 25 2 3.6 —6 0.5
[60] Office and Laboratory FS 200 5x5 2,8,16 2—12 1.43
[61] Office and Laboratory SC 0.83 5%5 2,8,16 3.6 —6 0.5
[62] Residential Apartment FS 229.6 5%5 15 3—-10 1.077
[63] Office, Laboratory, FS 33.6 3x3 45 0.1— 12 1.967
and Classroom
[64] Fa‘gtff(;f;é hgbg;astigfeyﬁtial FS 1000 NA 100 3-8 0.91
[65] Office FS 100 4 x4 30 3—11 1.14
[66] MRI DP 0.8 1 x 8 (Circle) 15 3.168 — 4.752 0.4
[67] Office FS 200 21 x 21 2 2—-10 1.33
[68]-[70] Underground Mine FS 533 8 x5 7 2-5 0.857
[71] Underground Mine SC 2.25 TXT 15 2.55 — 3.45 0.3
[72] Office, residential, Chamber FC 533.3 1x9 15 3—6 0.66
[73] Chamber FC NA NA NA 1.5—8 1.368
[74] Office and Chamber SC 213.3 1 x 12 (Circle) 8 3.1 —-10.6 10.94
* Pulse-width for DP, twice a chip period for SC and maximurted&ble-delay for FS [14].

D. Frequency Range and Bandwidth

A UWB signal defined by the Federal Communication Commisgie@C) is a signal with greater thatb%
relative (coherent) bandwidthit is also true that UWB signals tend to have large absolatedwidths [75] which

are not less thaf00M H z.

1Sometimes termed “fractional bandwidth”.
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The relative bandwidth definition of UWB is stated as follows

_ o = W
BTel =2 f}z+fl B fc (4)

where f;, and f; denote frequencies at the upper and lower band edges, tieshedV is the absolute-bandwidth,

and f. is the center frequency. Table | shows the absolute- antiveelbandwidth utilized by each reference.

IV. CHANNEL FADING’S POWER-LOSSCHARACTERISTICS
A. Path-Loss

Generally speaking, PL arises from the propagating wanéfrincreasing surface area as the wavefront radiates
outward from the transmitting antenna and the obstructffeces of objects distributed between transmitter and
receiver antennas such fise space losgefraction, reflection diffraction, clutter, aperture-medium coupling loss
and absorption

Both non-empirical and empirical propagation models itate that average path-loss increases logarithmically

as a function of Transmitter-Receiver (TR) separationagict in indoor radio channels [14]:
. d
PL(d) = PLo+10n logy i + Fa (5)
0

wheren, PLy, d and F4 are respectively the path-loss exponent which shows the attwvhich the path-loss
increases with distance, the intercept point which is thih-pess atdy (a reference distance), the transmitter-
receiver separation distance, and the Floor AttenuatiarioFgFAF). The bars in (5) denote the average values
for the same floor measurement and over all transmittefiveccantennas locations, while maintaining the same
transmitter-receiver separation distance. The variatiabout the average path-loss value (5) are called shadow
fading and are discussed later. The path-loss exponel@pends on the propagation environment. In free space,
n = 2; with obstructionsp > 2 [14].

Measurements [22], [23], [25]-[28], [30], [31], [34], [35]42]-[44], [46]-[59], [61], [64], [66], [69], [71], [72]
and [74] show that (5) is applicable for both Line-of-Sigh©S) and Non-Line-of-Sight (NLOS), i.e. when there
is no LOS path between the transmitter and receiver, UWB roblarwith the calibrated PL parameters in Table II.

Depending on the UWB receiver architecture, the PL parame&i@n be obtained by different methods. Basically,
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the UWB indoor path-loss is calculated by the total receigeder integrating the power delay profiles (defined
in V-B.1) over all delay bins [22], [23], and [42]-[44]. Hower, if the receiver uses a threshold detection strategy
which tracks the peak of the received signal, the calcul®eds based on the peak CIR power metric [42]-[44].
Moreover, some of the receiver structures only detect tise ffimth; thus, the first path power is only employed for
the PL calculation [64].

The UWB indoor path-loss exponentmeasured in different environments behaves as a randomblarfi25],
[26], [28], [30] and [31]. In [28], [30], [31], [34] and [35]it is also shown that: follows a normal distribution

(see Table II). From the measurement results:

1) Table Il showsl.4 < n < 4.1 for a regular indoor environment except for the hard-NLQ8adion [23], [61]
and [64], and a very short-distance path-loss measurerfEgjtand [66]. A hard-NLOS scenario is basically
defined for when there is no direct or reflected path betwesrsinitter and receiver e.g. two different rooms
[25]. However, in [61] this definition corresponds to theuation in which not only the transmitter and
receiver are located in different rooms but also the bloekeffect of the other obstacles are considered. On
the other hand, a soft-NLOS scenario mostly happens when tre reflected paths between the transmitter
and the receiver. e.g. in a room. In [23] and [61], the highugabath-loss exponent = 7.4 is reported
for a multi-wall scenario. Moreover, = 4.9 is reported in [64] for a multi-floor measurement. In [56] and
[66], it is shown that for a short distance NLOS scenario tathgloss exponent is less thanl. This result,
however, can be justified using a small scale fading. The-josth exponent for a

2) It is shown in [23] and [64] that the path-loss exponertan be dependent on the TR distance. To present
this dependence, dual-slopemodel of the normalized mean PL (5) is proposed in [23] and {é#different

distance regions

10 ng logy, (d—‘i) d<D

PLp (d) = (6)

PLp + 10 nylogy (dio) d>D

where D, PLp, n; andn, are respectively the break point distance in the model, nkerdept point, the
path-loss exponent for the first slope, ide< D, and the path-loss exponent for the second sloped e D.

All these values are calculated through the curve-fittingcpss on the measured data.
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PATH-LOSSCHARACTERISTICS

TABLE Il

References Environment do (m) PLq n ox(dB) Notes
(dB) fn on | poy | oy
[22] Office/Laboratory LOS/NLOS 1 NA 2.4 NA 5.9 NA -
T )
23] Office/Laboratory | LOS/INLOS 1 0 204 | NA | 43 | NA d < 1im
—567 7.4 NA d>11m
LOS 0.151 39.82 1.4 0.35
[25]-[26] Office Soft-NLOS 0.082 NA 3.2 0.21 NA -
Hard-NLOS 0.067 NA 4.1 1.87
[27] ship Compartment NLOS NA NA 1.65 NA NA -
(28], [30131] Residential Los ! il L7 | 03 ] 16 ] 05 -
NLOS 1 51 3.5 0.97 2.7 0.98
. LOS 1 43.7 2.04 0.30 1.2 0.6
Commercial
[34]-35] NLOS 1 47.3 2.94 0.61 2.4 1.3 _
. . LOS 1 74.2 1.82 0.39 1.5 0.6
Residential
NLOS 1 50.4 3.34 0.73 2.6 0.9
[43}-[44] Office NLOS 1 of 3 NA NA Peak Power| ;5 1m
2 NA Total Power
[42] Office NLOS NA NA 29 |47 NA Peak Power
2.1 3.55 Total
' _ T
[46] Oﬁlce/ltaboratory LOS/NLOS 1 10.9 3.4 NA 3.2 NA d> 5m
Reading room LOS 1 1.157 1.8 NA 0.6 NA
1.55 NA | 1.98 | NA | {RX,TX}={OMNI,OMNI}
Laboratory/ -
[47]-[48] LOS 1 NA 1.65 NA | 1.19 | NA {RX,TX}={OMNI,DIR}
Classroom
1.72 NA | 0.77 | NA {RX,TX}={DIR,DIR}
LOS 1 NA 1.58 NA 1.91 NA . .
—— Biconical Antenna
[49]-[50] Office/Classroom NLOS L NA 2'4} NA 3.26 NA
LOS 1 NA 1.6 NA 1.58 NA TEM Horn Antenna
NLOS 1 NA 2.6 NA 6.08 NA
LOS 1 NA 1.3 NA 2.6 NA . .
Biconical Antenna
[51]-[52] Office/Classroom NLOS ! NA 23 NA 24 NA
LOS 1 NA 1.3 NA 2.8 NA TEM Horn Antenna
NLOS 1 NA 2.4 NA 5.1 NA
[53]-54] Office LOS 1 53.7 1.62 NA | 1.7 | NA i
NLOS 1 59.4 3.22 NA 5.7 NA
[55] Office LOS 0.1 4 1.7 NA NA NA -
LOS 1 20 2.21 NA NA NA RX & TX on a desk
[56] Office 20 —1.06 NA NA NA Monitor Blocked
NLOS 1 NA 1 NA NA NA Desk Blocked (on & under)
7.5 0.17 NA NA NA Body Blocked
o1
[571(59] Office/Laboratory LOS 1 50.54 | 1.916 | NA | 1.42 | NA i
NLOS 3.73 67.15 3.663 NA 2.18 NA
LOS 1 NA 1.8 NA 2.57 NA :
[61] Office/Laboratory NLOS 4.037 NA 11.05 NA 5.17 NA
Hard-NLOS 4.037 NA 7.33 NA NA NA Multi-wall effect
Office/Laboratory Hard-NLOS 42 3.5 NA 5.1 NA d < 10m
7 2.2 NA d > 10m
[64] Residential NLOS 1 42 27 | NA | 39 | NA Same floor
3.6 NA 2.7 NA Inter-floor
Factory LOS 42 1.5 NA 2.4 NA d < 10m
57 2.9 NA d > 10m
[66] MRI LOSINLOS | 0.087 28 0435 | NA | NA | NA Empty barrel
0.646 NA NA NA Water-filled barrel
[68]-[70] Underground Mine | =95 ! 66 147 | NA | 11 | NA -
NLOS 5 52.5 2.45 NA 2.94 NA
(71] Underground Mine | LOSINLOS | 10 of 1.8 | NA NA Peak Power
1.64 NA Total Power
[72] Office NLOS 1 75.8 2.67 NA NA NA :
Chamber LOS 1 82 3.29 NA NA NA
[74] Office and Chamber| LOS/NLOS 1 82 2.6 NA NA NA -
* The same-floor path-loss exponent (see note for some eanepti
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3) There is no significant difference between the measuréueseaofn for UWB channels and narrowband
indoor channels which are reported in [14].

4) The path-loss in a ship compartment area follows in-fgd.OS (within one room) cases.

5) The path-loss exponentslightly increases if directional antennas are employedhie receiver and transmitter
[47]-[52] because it reduces some of the obstructive effeftobjects distributed between transmitter and
receiver like diffraction, reflection and absorption. Irhet words, the directive antenna does not use the
considerable multipath energy while an omni-directiorrgkana does.

6) The standard deviation of the path-loss exponents fderéiit measurement locations/environments, like
rooms and buildings but in the same category like residefi8, [30] and [31], is higher for NLOS cases
than for LOS cases.

7) Different types of indoor environment (e.g. office, ladtory, residences) lie in different subrangesno&
[1.4,4.1]. Instead of a deterministig, it has been modeled as a Gaussian random variable with ieadfyir
determined mean and variance, for residential houses i) [28] and [31], and commercial areas in [34]
and [35].

8) To the best of the authors’ knowledge, there is only oneliglubd paper on thé’y measurement [64]. It
is shown in [64] that there is no significant difference in fheth loss model between a single and multi-
floor measurement. However, the results in [64] show a cenalde difference between the aforementioned

scenarios when the measurements are performed at the @itrack of the building.

B. Large-Scale Fading

(5) overlooks shadowing losg), which augments (5) to:

PL(d)=PL(d) +x @)

UWB measurements [22], [23], [25], [28], [30], [31], [3413%], [42], [44], [46]-[54], [57]-[59], [61], [64] and
[69] indicate a zero-mean log-normally distribution fpmwith its standard deviatios, dependent on the particular

propagation environment (see Table Il). From large-scadinfy measurement results:

1) Shadowing loss is generally greater for residences tbanffices. environments.
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2) LOS cases have a less shadowing loss than NLOS cases.

3) For LOS scenarios, shadowing loss decreases if diradtemmennas are employed for the receiver or trans-
mitter. Indeed, the spatial filtering using a directive amte results in a more stable average PL.

4) To the authors’ knowledge, there are no published papastigating the relationship betwegnand the
transmitter-receiver separation distance, there exiskg @ne paper published on the inter-floor shadowing
loss [64] which reports an inter-floor shadowing loss lesstthe same-floor shadowing loss for a residential
environment (see Table 1l). The same result is also obsdivean office/laboratory environment (the inter-
floor shadowing lossr, = 1.8 and the same-floor shadowing loss = 3.4) [64]. However, in such an
environment when we move from the inter-floor scenario to rthdti-floor one the inter-floor shadowing
loss increases even more than a same-floor case (the indeisfladowing loss,, = 1.8 and the multi-floor
shadowing loss, = 5.1) [64].

5) As many wireless devices are wearable, the human-anteteraction is insignificant in dense scatterer
environments (like offices) but could be significant in opezaa. A UWB channel measurement for Body Area
Networks (BAN) is presented in [72]. Significant echoes fritra body, e.g. from the arms, and deterministic
echoes from the floor are observed in human-body effect measnt [72]. In [74], the performance of the
UWB impulse radio for BAN employing a monopole antenna. Tasuitts in [74] show that the shadowing
loss in a WBAN channel does not follow the log-normal digitibn. Obayashi and Zander [77] model the
body-shadowing deterministically with the existing ragtefmination methods for narrow-band channels, but

no corresponding study has been done for UWB with UWB’s wdiistve demands on ray-tracing methods.

C. Small-Scale Fading

Basically, “small-scale fading” describes the receiveghal amplitude/energy’s fluctuations over a short duration
or in the spatial neighborhood at the moving antenna’s nahiotation [14]. This definition can be generalized
to UWB communications as the constructive and destructiterfierences of the multipath components due to a
change in the moving antenna location in the order of thespatial width of the transmitted pulse. In the UWB
small-scale measurements, the moving antenna is mostiivezcantenna [18], [22], [23], [25], [26], [32], [36],

[40], [46] and [58]; however, a moving transmitter antensased in [39] and [53]. In the UWB indoor applications,
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References Environment Small-Scale Type distribution(s)** distribution parameters
[18] Office/Laboratory | LOS/NLOS Spatial Rayleigho) o =0.46
[22]- [23] Office/Laboratory | LOS/NLOS Spatial Nakagamim) m ~ N pm (1),02, (T1)]
LOS u=—306,0 =311, A\ =45
Office/
[25] and [26] L%%%%gpy/ Soft-NLOS Temporal Weibull(x, o, A) = —304,0c = 320, \ = 46
Hard-NLOS = —304,0 =322, A\ =45
[32] Residential LOS/NLOS Temporal Gaussiaf0, o) o=4.7
[36] Office/Laboratory LOS Temporal Rician(k) ko {d*, 11}
[39] Office/Corridor LOS/NLOS Temporal Rician(k) k = —9dB
[40] Office NLOS space-timé Gaussiaf0, o) x Potentia(a) NA
Office/Laboratory | LOS/NLOS Odar=5 = L.13, 0a=7 = 1.2
[46] Spatial Gaussiato, o) 9d=10 = 116, 04=14 = 1.41
Reading room LOS =5 = 013, 04=7 = 0.26
04=10 = 0.22, 04—14 = 0.31
[53] Office LOS/NLOS Spatial Rician(k) NA
[58] Office/Laboratory | LOS/NLOS Spatial Nakagamim) CorrespondingxGamma=2

*d is the transmitter/receiver separation distance.
** All distributions are on amplitude except Weikiyll o, \) which is for received power.
TThe Gaussian distribution corresponds to the spatial ssoale amplitude

and the Potential distribution corresponds to the temparadll-scale amplitude.

the transmitter an receiver and scatterer move slowly (élBtrelative to the information symbol duration. The
UWB channel’'s small-scale fading thus depends mostly omth#ipath phenomena and the signal bandwidth.
Measurement campaigns [18], [19], [22], [23], [25], [262], [36], [39], [40], [46], [53] and [58] present different
results for the small-scale statistics of received sigmapléude/energy due taneasuring time-delay interval
measuring data set (grid size and spacinghd environment typeTable Il shows the proposed mathematical
distributions, associated with the measured essentia@npeters (shown in the last column), for the small scale

fading reported by different measurement campaigns. Froallscale fading measurement results:

1) The small-scale distribution’s parameters depend ortriresmitter-receiver separation distance.

2) Most of the small-scale amplitude measurements showltistecing effect.

3) The more clustered office environment generally has higtendard deviations than open areas like reading
rooms, due to the multipath phenomenon.

4) The small-scale distribution strongly depends on emwirent type (e.g. it is shown in [40] that the small-
scale amplitude follows the Gaussian distribution whoseapaters are fixed for an European office, and
also results from [22] and [23] show that the small-scale laoge follows the Nakagami distribution whose
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parameters change with increasing excess delay for an Aamedffice).

5) As each temporal bin sums many multipath, the central lidorem gives the Gaussian distribution for the
small-scale magnitude statistics for large delays, butGhessian distribution is only approximate at small
delays; hence, the Nakagami distribution [22] and [23] vehparameters change with increasing excess delay
can fit well the small-scale amplitude while the Gaussiartribigion is proposed in [8] for mathematical

convenience.

V. CHANNEL FADING’'S TEMPORAL CHARACTERIZATIONS
A. Multipath Arrival Rate

The arrival rate model in [17] is employed in [18], [53] andB[30 measure arrival rate statistics based on the

multipath clustering phenomenon used in (3)

p(Tl|Tl—1) = Ae AMTi=Ti-1) (8)

p(redlreng) = Ae () 9)

whereA and A are respectively the cluster arrival rate and the ray drrai@. Results in [18], [53] and [58] show
a smaller ray-arrival rate but a larger cluster-arrivagrir UWB than in [17] for narrowband (see Table V). Due
to UWB'’s smaller ray-arrival rate but a larger cluster-aatirate than narrowband, the reflection mechanism seems

to be superior than other mechanisms like diffraction.

B. Multipath Delay Spread

1) Power Delay Profile:“power delay profile” is the small-scale averaged Instaataurs Power Delay Profile
(IPDP) P() = |h(7)|? [14] whereh(r) is the multipath CIR defined in (2). The average IPDP is mads av
local area (a neighborhood at the moving antenna’s nomaraltion) for spatial small-scale or over a short period
of time (mostly a delay resolutiopin) for temporal small-scale. As shown in [18], [22], [23], [2826], [29], [32],

[38], [39], [53] and [58], the power delay profile is relatemthe excess delay as

P(r) = a2e > (10)
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TABLE IV

NARROWBAND AND UWB PROPAGATIONCHANNELS' A RRIVAL RATES AND TIME CONSTANTS(NS)

Parameters || UWB [18] UWB [53] UWB [58] Narrcw.vb-and [17] Narrov‘vb.and [17]
LOS | NLOS | LOS | NLOS (Building 1) (Building 2)
+ 45.5 27.4 | 40.1 39 17 16.8 17.3
N 2.3 0.168 | 0.161 | NA NA 5.1 6.6
I'c 27.9 157 | 75 | 2518 | 13 33.6 78.0
Yr 84.1 16.5 12 12.2 18 28.6 82.2

15

wherea_g denotes the first multipath’s average power ansymbolized power decay-rate. Moreover, the presented

data in [18], [53] and [58] verify the double exponential dgdaw of [16]:
m = a_%-e T'c .e 77 (11)

wherel'¢ and~, determine the inter-cluster (i.e. the earliest arrival afle cluster) decay-rate and the intra-cluster
(i.e. arrival rays inside the clusters) decay-rate, retbgedyg. The parameterE¢ and~, are measured in [18], [53]
and [58] via a manually, so-called visually-inspectiorystér selecting approach. Table V summarizes the power
delay profile empirical statistics presented in the operdiure.

From the UWB’s power delay profile measurement results:

1) Referring to the double exponential model (11), UWB haslkm inter-cluster decay-rate comparing to
narrowband (see Table V). However, different results ed in [18], [53] and [58] do not show any trend
comparing with the narrowband measurement [17]. In faes¢éhparameter highly depend on the particular
propagation channel setting. For instance, the intet@tudecay-rate depends primarily on the building and
the floor-plan itself but the intra-cluster decay-rate daefseprimarily on furnishing.

2) Measurements always have decreasing power decay-raie amel standard deviation with more obstruction.

3) The delay profile’s attenuation is inversely proporti@nt® the transmitter-receiver separation distance.

4) Reflection gives the strongest paths in power delay profile a noticeable difference than other multipath
mechanisms like diffraction; hence, other mechanisms glifftaction and diffuse scattering are minor and
ignorable. Corridors, due to their LOS nature and unlikeceffi have two clusters. The minor-cluster is a copy
of the main-cluster, reflected off the opposite wall. Hertbe, main-cluster’s delay is inversely proportional

to the transmitter-receiver separation distance.
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TABLE V

MULTIPATH DELAY SPREAD STATISTICS

16

Reference Environment a2 v (9 TRMS (N9) Notes
Mean* | Oy Mean* | or
[18] Residential LOS/NLOS 0.2 28 NA NA NA !nter-cluster arrfvals
0.3 84 NA NA NA intra-cluster arrivals
[22]-[23] Office/Laboratory | LOS/NLOS | 0.031 39.8 1.34 NA NA -
Office/Laboratorv/ LOS NA 0.010 0.021 NA NA
rator
[25]-[26] o oY TS5 NLOS | NA | 0.008 | 0.018 | NA | NA 1 statistics
Hard-NLOS | NA 0.006 | 0.023 NA NA
[27] ship compartment NLOS NA NA NA 82.6 NA -
28] Residential LOS NA NA NA 4.7 2.3 )
NLOS NA NA NA 8.2 3.3
[29] Residential LOS 023 0.83 1.06 NA NA L statistics
NLOS NA 0.89 1.03 NA NA v
T —
[32] Residential LOS 0.4 1.09 0.14 4.56 2.16 QTSE‘U;SSS
NLOS 0.1 1.07 0.12 8.98 4.23 -
[38] Laboratory LOS NA 34.36 2.16 12.3 0.5 d—=5m
NLOS NA 43.77 1.96 14.86 1.65
[39] Office LOS/NLOS NA 13.6 1.5 NA NA
[42] Office NLOS NA NA NA 6 5.22 d=5m
[43] office NLOS NA NA NA 20 NA d=5m
[46] Office/Laboratory | LOS/NLOS NA NA NA 14.3 2.8 )
Reading Room LOS NA NA NA 19.9 1.8
Laboratorv/ NA NA NA 17.34 NA {RX,TX}={OMNI,OMNI }
rator
[47]-[48] Regdi%ga %gom LOS NA NA NA 11.35 NA {RX,TX}={OMNI,DIR}
NA NA NA 7.71 NA {RX,TX}={DIR,DIR}
LOS NA NA NA U 5 Biconical Antenna
[49]-[50] Office/Classroom NLOS NA NA NA 13 7
LOS NA NA NA 3 2 TEM Horn Antenna
NLOS NA NA NA 10 5
LOS NA NA NA 8.5 NA Biconical Antenna
[51]-[52] Office/Classroom NLOS NA NA NA 16.2 NA
LOS NA NA NA L7 NA TEM Horn Antenna
NLOS NA NA NA 7.1 NA
LOS NA 15.7 NA 4.1 27 inter-cluster arrivals
(53]-[54] Office NLOS NA 16.5 NA 9.9 5
LOS NA w5 NA 4.1 27 intra-cluster arrivals
NLOS NA 12 NA 9.9 5
[56] Office LOS NA NA NA 6.6 NA )
NLOS NA NA NA 9.3 NA
[62] Residential LOS NA | NA | NA | U4 ! -
NLOS NA NA NA 35 6
[65] office NLOS NA NA NA 22.8 2.61 -
[66] MRI LOS/NLOS NA NA NA 12 NA Empty barrel
NA NA NA 5 NA Water-filled barrel
[69] Underground Mine LOS NA NA NA 11.8 4.4 -
[71] Underground Mine LOS NA NA NA 34 NA -
NLOS NA NA NA 42 NA
[72] Office NLOS NA NA NA 3.2 NA )
Chamber LOS NA NA NA 1.5 NA
[73] Chamber LOS NA NA NA 1.5 NA -
[74] Office and Chamben LOS/NLOS NA NA NA <12 NA -

* over all measurement
T d is the transmitter/receiver separation distance
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2) Time DispersionTime dispersion phenomenon, mainly due to multipath in doan propagation environment,
can highly affect the transmitted data rate and reduce thaaiy in a multi-user UWB communication system.
The time dispersion of the UWB signals is usually presentedhle first central moment and the square root of
the second central moment of PDP, i.e. the mean excess dgland the root mean square delay spreag; s,

defined as follows

Z P (%) (1i — 7m)? Z P ()7
>rw Y Pm

TRMS = (12)

Strong echoes with long delays contribute disproportielyato rz»,s Which is provided to communications
performance. Most of the measurement campaigns employdethg spread—r,;s to evaluate the time dispersion
of the UWB pulses. However, the ratig, /7ry s is also suggested in [49], [50] and [59] as an effective note
of the time dispersion. The delay spreagh;s is empirically found to depend on the environment strucsueh
as the size and type of building and existence or absence lebaldOS path (Table V). UWB measurements [28],
[38], [42]-[44], [47], [48] and [66] show thatgr,ss increases with increasing the transmitter-receiver sdijoar
distance. A Normal distribution is suggested by [28], [A8E] and [46] to approximately fit theg,,s variations.
Since both path-loss antk);s increase with transmitter-receiver separation, a cdiogisbetween them can be
investigated. It is shown in [28], [42] and [66] that the p#tks increases linearly as;y;s goes up. Moreover,
the delay spreadr),;s is more correlated with path-loss than with the transmitdeeiver separation, for offices.
To summarize:

1) 7rums is directly related to the transmitter-receiver separatio

2) trums has a higher mean and standard deviation for LOS than for NLOS

3) Trms IS Gaussian for office, laboratory, reading room and residiesreas where office/laboratory and reading

room have the same standard deviation as residence NLOS @8dchses respectively.

4) Antenna directivity decreases;s.

5) Trams is more correlated with path-loss than with the transmitbeeiver separation for offices.
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C. Temporal Correlation
The temporal correlation coefficient is computed by splgt@veraging the correlation between the power of the

multipath components arriving to the same room at diffeextess delays.

E{(P(ri)=P(r:)) (P(ri+1)=P(ri1)) }
\/E{(P(n)fP(n)Y}E{(P(THZ)*P(T%H))Q}

Pii+l = (13)

where E' {.} denotes the spatial averaging over the local area. The temporrelation coefficienp; ;1; is useful
metric to reveal the resolvability of the CIR componentshie tmpulse radio channels, i.e. UWB. It is enough to
calculate the correlation coefficient between adjunct bimishis coefficient obviously decreases when the bins are
in distance on the time axes.

Measurements [22], [23] and [46] show that the temporaleadation coefficient is belovd.2 and negligible for
indoor UWB. This results in a resolvable fading for the UWBaohels and benefits of using RAKE receivers for

this kind of channels.

V1. CHANNEL FADING’S SPATIAL CHARACTERISTICS
A. The Fading Multipath Angle of Arrival

Obstacles like walls, floor, furniture and human-body tigtoout a building, causes AOA to spread over a wide
range and frequency-dependent due to frequency-depereflution, scattering and/or diffraction [87]. Weleh
al. [41] present measurements that for open-areas (like aiwditp antenna-human intracts to create a very sharp
null, but little effects for highly clustered environmeritike office). Prettieet al. [37] show the signal's AOA is
frequency-independent for LOS, but frequency-depenaemif OS case. [37] gives a smaller range of the signal’s
AOA for residence than in [18] for offices (Table VI).

Crameret al. [18] assume CIR (3) to be separable function of delay and athink (7, 0) = hy(7)h2(0) where
ho (0) = 30120 > peo Br,id (0 — ©; — wy,;) due to the angular deviation of the signal arrivals withirlester from
the cluster mean, over all AOAs within the cluster, does imatease as a function of delay. In [1&), is found

using the above mathematical form to be approximately umifover all angles andy; is zero-mean Laplacian:

V2w,
o

P (wr) = \/1506_

(14)
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TABLE VI
AZIMUTH AOA STANDARD DEVIATION

Parameters || UWB [37] | UWB [18] | NB [17] (Building 1) | NB [17] (Building 2)
o 22.5° 38° 25.5° 21.5°

with a standard deviatiorr§ of 38° which is larger than for narrowband channels (Table VI). &er, the received
signal magnitude;, ; is a Rayleigh-distributed random variable with a mean-sgnalue which follows the double
exponential (11) aﬁTQJ = P (T}, 1) [18].

To summarize:

1) The inter-cluster and intra-cluster azimuth AOA is unificand Laplacian, respectively similar to narrowband
[80]. However, UWB has a widero(= 38°) Laplacian distribution for the intra-cluster azimuth AQRan
narrowband.

2) AOA is frequency-independent for the LOS case but frequatependent for the NLOS case. Offices have
wider (¢ = 38°) AOA spread than household & 22.5°).

3) The human-body has a little effect on AOA spread in dens&r@mments but can create a very sharp nulls

in open areas.

B. Received Data’s Spatial Correlation Across the Rec&v@patial Aperture

The spatial dependence of the UWB channels is analyticalpahstrated via a space-frequency correlation
function between the received signdls and Sy [37]

R(§,w) = B{S15:} = Jo(wf) + 3 30w & dn (w) €m0 sin () (15)

n#0

where J,,(.), &, ¢, w, B and ag represent respectively theth-order Bessel function, the inter-antennas spacing
distance, the speed of light, the wireless frequency, tlgilan range in which AOA is assumed to be uniformly
distributed and the AOA mean. As (15) implies, the correlatiength is less at higher frequency. To evaluate this
result, Prettiest al. [37] have made a set of measurements along baselines oftérenarpositions at several locations
in a residential environment. Although the measurementli®$37] for NLOS case obey the space-frequency

correlation function (15), they contradicts (15) for LOSseaAnother set of spatial correlation measurements has
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been reported in [46]. Li and Wong [46] show that
1) The average spatial correlation coefficient to dependheneixcess delay. This averaging is made over all
antenna separations and over all antenna locations foreadgtonment. The correlation reaches the highest
values forr = 0, but then decreases for larger excess detay: (L 0ns).
2) For the same excess delay, the open areas like high ceglting room present a higher correlation coefficient
than office/laboratory environments.

3) The correlation coefficients far= 0 are insensitive to the transmitter-receiver separatiarffines/laboratories.

VIl. CHANNEL FADING’S FREQUENCY¥DEPENDENTCHARACTERISTICS

Due to a large bandwidth in UWB systems, tliequency-dependemtspects of the channels should be taken
into account when we characterize and model the channeteTghést many frequency-relative components of the
UWB communication channel which affect the traveling sidik@ the antenna pattern, materials in the propagation
environment etc. In such a channel, not only the frequenkecteity of the environment, which is mainly due to
the propagation effects e.g. multipath phenomenon, diggethe transmitted signal but also the transmit/receive
antenna does. Hence, in an impulse radio channel thesetaspast be evaluated separately as are done in this

section.

A. Frequency Selectivity

1) Transfer Function CharacterizatiorDbstructions situated between the transmitter-receigbabe differently
as different frequencies. To account for frequency-depenelectromagnetic behavior of scatterers, (1) is general
ized in [9] to:
N(t,fn)—1
h(mt f) = D an(nt, fu) ! THS (7 =7 (8 £2))
1=0
where f,, is thenth operating frequency. In this model, the total bandwidgtldivided into several sub-bands. The
center frequency of the sub-bands is called operating énecys Moreover, a distinct wideband model, considering

the bandwidth, for each sub-band in UWB is proposed in [9k @&hove-mentioned frequency-dependency has been

verified by the measurements in different ways. Measuresn@%], [26], [37], [39], [44] and [79] show that the
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TABLE VI
FREQUENCYDECAYING FACTOR§ STATISTICS

Cases § (nS)
E[o]" | old]”
LOS 1.01 0.18

Hard-NLOS || 1.16 | 0.21

Soft-NLOS 1.36 | 0.24
* over all measurements in each case

power gain decreases with increasing frequency; as fordpaee propagation, the received power is proportional
to =2 [39], [43], [44], [79]. Alvarezet al. [25], [26] show that the mean level, averaged spatially anaksigned

local area (see Table 1), of channel transfer-function @) & approximately :

10 |0910|H(f)|2 = kp et (16)

wherek, and ¢ are respectively a constant and the frequency decayingrfagtich is highly dependent on the
antenna specifications [25] and [26]. In [25] and [26], itrigicated that the obstruction leads to faster power-decay
per unit frequency (see Table VII). Kunisch and Pamp [39]ehalgso investigated the frequency-dependent power-
decay in offices, for both LOS and NLOS, which includes insiffice NLOS and through-wall, i.e. hard-NLOS
[25], cases. This frequency dependency is first studied @04%y using a physics-based approach [88]-[90].
The NLOS case has a slightly steeper decay than LOS case dgberhfrequencies. The mean transfer-function

magnitude, averaged spatially on the assigned local aesaT@ble I), decays with increasing frequency:

- f —m
A=k (£) a7)

where|H (f)|, F = \/fnfi, k« andm, are respectively the transfer-function magnitude, thetesefrequency with
bandwidthBW = f; — f; (see Table 1), the amplitude factor, and the power law exporfeor the LOS case
m ~ 2 with little variance because of the strong paths’ coherammation. However, moving from LOS to NLOS
results in a a large decreaserin, i.e. a slower decay wittf. For the NLOS and between-offices caseshas
larger variance as the multipath become more obstructdédhdsimean equal.2 for the between-offices cases 1

and 2, andL.1 for NLOS case. For both LOS and NLOS cases, \ég is almost linear dependent on, i.e. one
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can writem = « log,,k, wherea is real positive value. Substituting this linear functiornoi (17) yields

B f —a log,gka
A=k (£) (19)

As seen|H(f)| is no longer a linear function of, and therefore deviates from the simple power law. edo
al. [45] show how the transmission coefficients with amplitudd phase information change for different building
materials. According to their investigation, the ampléudecreases slightly with increased frequency for chip-
wood material whereas for other materials: plaster boaltjum-silicate board and tempered-glass, the amplitude
changes randomly. Meanwhile, it is shown in [45] that thdatayns in the transmission coefficient amplitude for
tempered-glass are significant in the measured band. Mergitve frequency behavior of the channel based on both
vertical and horizontal polarization is measured in [45)r Bifferent polarizations, measurement results indicate
that variation is not significant for plaster-board and Cd&ard. For tempered glass, the variation is large than

the other material in the most of the band. To summarize:

1) |H(f)”> decays exponentially versus frequency. More clusteretrati®n increases this decay rate.

2) W deviates from the power law, withh having a larger variance with more obstruction.,|gg; is
approximately linearly related ton.

3) As expected, there is a strong relationship between #guéncy-dependent parameters of channel and the

materials used in the propagation environments.

2) Building Materials and Polarization:

B. Pulse-Distortion

1) Physical Description:As shown in Section VII-A, the UWB channel is seen to be fretpyeselective. The
phenomenon can be apparently explained by the Geometrigrifloé Diffraction (GTD) in the frequency domain.
However, from the electromagnetics point of view this frecy dependence is not surprising in the high-frequency
radio propagation. This frequency dependency accordiocglises the pulse distortion in the time domain.

Investigations in [81]-[89] show a true picture for the UW&dio propagation which says if a pulse propagates
along multiple rays or paths, the received pulses will eigpee different pulse distortion for different paths. Ihext

words, the pulse waveforms of these received pulses arereliff. These different pulse-distortions are basically
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difficult to model by the state of the art statistical measunts. Hence, the physics-based deterministic behavior
of the UWB pulse transmission needs to be considered to desire the pulse-distortion. In particular, recently
the IEEE 802.15.4a channel model [90] adopted a special fifrthe channel model suggested in [87], [88] and
[89]. It cited two papers [88] and [89] for first introducinige frequency dependence in the channel model.

Although the pulse-distortion is not so severe for indogula@ations such as those targeted by IEEE 802.15.3a, it
could cause serious problems for IEEE 802.15.4a systemaddress these problems, [91] and [92] give a tutorial
review of physics-based ultra-wideband signals and thginaim and sub-optimum detection. Moreover, in [91] a
physics-based deterministic model, which captures a Iproperties that are not available in the existing statistic
models such as the IEEE 802.15.4a model, is proposed fonwiwaronments consisting of high-rise buildings.

2) Physic-based Channel Modeks discussed earlier in Section 1l, the conventional mtdtipchannel model 2
is used to characterize the UWB channels. One reason fousieiss that the wireless communications community
is so accustomed to Turin’s multipath model [15] which isigeed for narrowband systems and where no pulse
distortion is implicitly assumed for each individual palio. mathematically model the pulse-distortion phenomenon,

a generalized version of the channel model (2) is proposéd]in
N—-1
h(r) = > ai(r)ha(r)*6 (7 —7) (19)

whereh,,(7) represents an arbitrary function that has finite energysasyimbolizes the convolution. Although, the
statistical parameterization éf,(7) is a challenging task, it can be obtained through exact, rexeatal, numerical
or/and asymptotic methods. For instanag(r) is obtained in [91] and [92] by asymptotic solutions of Matwe
equations using GTD and Uniform Theory of Diffraction (UTD)

3) A Time-Reversal Based System Paradiginso-called generalized RAKE is proposed to compensate for
pulse distortion in [81] and [82]. This approach howeverasnplex to implement. A time-reversal based system
paradigm that exploits the rich multipath and also mitiggtellse distortion is recently used [1], [81], [92]-[96].
The principle of time-reversal is based on the reciprocitsg tme division duplexing (TDD) channel. The objective
of the proposed research is to achieve (cost-effective aedyg-efficient) time-reversal non-coherent reception as
an alternative to coherent communications so that the riattipath of a UWB channel can be fully exploited

as a RAKE receiver does. The new system paradigm exploithadiséle, rich-multipath channel (time-reversed
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CIR) to achieve simplicity. Combining time-reversal withullple-Input Multiple-Output (MIMO) that is the most
promising approach to use spectrum and transmission poiléusther take advantage of spatial-temporal focusing.
As a result, time-reversal trades the extremely huge baittivaf impulse radio and the high power efficiency of
MIMO for range extension, while retaining the low-power dod-cost of noncoherent energy-detection [97]. This
proposed new system paradigm will, through time-revettsé#e advantage of the unique impulsive nature of the
UWB signals, a new dimension of a communication channel. fi&e frontier of impulsive time-reversal adds
more degrees of freedom in exploiting the spatio-temparakdsions of signals.

4) Antenna ImpactDifferent from a narrowband system, a UWB system must inelantennas as pulse shaping
filters. In addition, antennas act as different pulse shfiiters for different angles. Due to unpredictable arniyin
angles of multi-path, antenndsstort or shapethe transmitted pulses differently for different pathseagerimentally
observed. Thus, both antennas and propagation envirosreeggest channel models of (19). The antenna impact
on the pulse deformation is studied in [92] and [99]. In wardar, the antenna as the source of possible distortions
on the matching and the radiation pattern is introduced 8] fhd also a model for the input impedance and a
model to have a representation of the radiation patterndgpgmed in [99]. The result in [100] show both pulse
distortion in the time domain and frequency filtering in thequency domain. Moreover, a procedure is proposed
in [100] how to designh a UWB antenna with minimum pulse distor. The frequency-dependent delay of UWB
antennas is investigated in [101]. A strong agreement wighdelay extracted via time-domain impulse response

measurements is shown in [101].

VIIl. CONCLUSIONS

In this paper, a comprehensive investigation on the UWB @gagion channels measurements is presented.
We have reviewed the essential parameters of the chankeltibse used in physics-based models, based on
a large number of measurement campaigns. These parantetkrdel the important propagation effects in UWB
communication channels: 1) Power-loss characteristidading Path-Loss (PL)large-scale fadingandsmall-scale
fading 2) Temporal characteristics includimgultipath arrival rate multipath delay spread (Power Delay Profile
(PDP) and Root-Mean-Squared (RMS) delay spresutjtemporal correlation 3) Spatial characteristics including

multipath Angle-of-Arrival (AOA)and spatial correlation across the receiver’s spatial apedud) Frequency
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characteristics includingrrequency-Selectivity (FSEnd Pulse-Distortion (PD) We have supported this tutorial
overview by a integrated summary on measurement resulitsgginsights on UWB fading channel characterization

and modeling.
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