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Ultrawideband propagation channels and their

impact on system design’
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Abstract— The performance of Ultrawideband (UWB) commu-
nications systems is determined by the propagation channels they
operate in. This paper gives an overview of UWB channels and
their impact on system design. The emphasis lies on (i) multiple-
antenna systems and (ii) body-area networks. We discuss the fre-
quency dependence of angular power spectra and show that spa-
tial multiplexing can be used for achieving very high data rates in
MIMO-UWB systems. For body-area networks, we find small de-
lay spreads, so that high-rate communications can be supported
with relatively simple receiver structures. Finally, we argue that
the clustering structure and "soft onset"” property of UWB power
delay profiles strongly influence the design of ranging systems.

[. INTRODUCTION

Ultrawideband (UWB) communications systerms are defined
as having a relative bandwidth larger than 20% or an absolute
bandwidth larger than 500 MHz. UWB systems can provide in-
creased resistance to fading and interference, low interference
to legacy systems operating in the same band, capability for pre-
cision ranging, and the possibility for low-cost, low-complexity
transceivers [1], [2], [3]. They are thus considered a promising
solution for a variety of applications, ranging from sensor net-
works to ultra-high-data-rate communications [4], [5], [6].

Interest into UWB communications started with the picneer-
ing papers of Win and Scholtz in the 1990s [7], [R], [9]. It
increased further with the report and order of the American fre-
quency regulator in 2002 [10], which allowed the unlicensed
use of UWB systems in the frequency range from 3.1 te 10.6
GHz, subject to certain constraints on the emitted power spec-
tral density. In the following years, a number of UWB sys-
terns were developed, like the ECMA 268 standard {also known
as "wireless USB") for high-rate, short-range data communica-
tions [11], the IEEE 802.15 4a standard for low-rate personal-
area networks [12], as well as proprietory military and civilian
communications systems.

In order to design, test, and improve UWB systerns, a thor-
ough understanding of UWB propagation channels and their
impact on systems is indispensable. This topic has therefore
been studied extensively in the past 10 years, and hundreds of
papers have appeared. An extensive review was published by
the author in 2005 [13]. The current paper is intended to update
and extend this review,! and to treat two aspects that have be-
come of interest only fairly recently: (i} propagation channels
for multiple-anterma systems, and (ii} propagation in body-area
networks.
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Lthe keynote speech will give a general introduction to UWB channels, not
restricted to the time after 2005.

The remainder of the paper is organized the following way:
Section II reviews the fundamentals of UWB propagation in
Personal Area Networks (PAN) and summarizes some recent
work in this area. Section III describes the angular dispersion of
UWB propagation channels, which is vital for multiple-antenna
systems. Section IV investigates the peculiarities of propaga-
tion in Body Area Networks (BANs). Section V analyzes the
impact of propagation channels on certain system design as-
pects, in particular ranging and MIMO systems. A summary
and conclusions wrap up this paper.

[I. PROPAGATION CHANNELS FOR PERSONAL AREA
NETWORKS

A. Delay dispersion

1} Fundamental form of the impulse response: The impulse
response of a UWB propagation channel can be written as a
sumn of discrete multipath components (MPCs}

Rit,7) = Zai(t)xi(t, )@ 8t — 1) (1)

i=1

where N is the number of MPCs and the a;(t) are the (com-
plex) amplitudes of the MPCs. The phases of the a,;(f) vary
quickly with time {or location of the MS), while |a;(t)| and 7,
vary slowly. The function x;(f, 7) denotes the (time-varying)
distortion of the i—th MPC due to the frequency selectivity of
the interactions with the environment. Note that the presence
of w,(t, ) is the distinguishing property of UWB channels; for
x;(t,7) = const, the conventional narrowband model is recov-
ered [14]. Extensive theoretical work on the distortion function
has been done by Qiu (for a review, see [15]); recent experi-
mental work includes [16], [17].

2} Clustering: It has been observed in many measurements
that the MPCs are arriving in clusters. The most popular model
reflecting this structure is the Saleh-Valenzuela model [18],
which writes the impulse response as

L K
hsv(t,7) =3 ¥ oxa (O (6 7) @ (7 — T — 722), (2)

=0 k=0

where ay; is the tap weight of the &** component in the {th
cluster, T is the delay of the {th cluster, T4, is the delay of the
kth MPC relative to the I-th cluster arrival time 7;. K is the
number of MPCs within a cluster. L is the number of clusters.
A different approach, based on the A — K model, was analyzed
mn[19].
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3} Interarrival times: The Saleh-Valenzuela model suggests
that within each cluster, the interarrival times of the paths is a
Poisson process; this model has been used extensively in the
literature [13]. A generalized Poisson-mixture model was in-
troduced by [20],[21] and also used in the standardized [EEE
802.15.4a model [22]. Parameterizations in different enviro-
nents are sumrmarized in [13]; in addition, the recent paper [23]
discusses parameterizations for devices that are located close to
the ground; [21] analyzes residential environments, [24], [25]
investigate outdoor environments,

4} Cluster shapes: Inthe SV model, the average power de-
lay profile of each cluster is assumed to be a single-sided expo-
nential decay

E{|leg|2} CC Qg eXp(kalg/’)’z) fOI’ Tka 2 0 (3)

where (; is the integrated energy of the [—th cluster, and ,
is the intra-cluster decay time constant. The cluster powers,
averaged over the large-scale fading, in general follow an expo-
nential decay

101og(€2;) = 10 log(exp(—T}/1I') @

However, in a number of NLOS environments, a soft onset
of the power delay profile of a cluster has been observed. Such
a soft onset can be well described by [22]:

E{lag1*} oc (1= € - exp(—Th1/Vee)) - Xp(—Tr/11) (5)

Here, the parameter £ describes the attenuation of the first com-
ponent, the parameter -, determines how fast the PDP in-
creases to its local maximum, and y; determines the decay
at late times. Note that such a soft onset can be an inherent
functien of nen-line-of-sight (NLOS) channels, but due to the
"smearing” of the impulse response by the receiver filter is usu-
ally observable only with UWB systems.

5} Small-scale fading: The most frequently observed distri-
butions for the small-scale fading is the Nakagami distribution

(e.g.. [26]),

pdf (z) = %m) (%)mEQm_lexp (7%32) ()]

where m>1/2 is the Nakagami m-factor, ['(mn) is the gamma
function, and 2 is the mean-square value of the amplitude. Fur-
thermore, the Rice distribution: The Rice distribution [27] and
the lognormal distribution [28] are also popular.

B. Frequency dependence of channel parameters

In a UWB scenario, the parameters characterizing the chan-
nel show a frequency dependence. The path gain dependence
on the frequency is commonly modeled as being proportional
to 72 [29] where x = 1 corresponds to the standard "Friijs’
law. Measured coefficients for £ range from negative values
[22] to 1.3 [27], [30]. However, the pathloss exponent, which
characterizes the distance dependence of the pathloss, does nof
show a frequency dependence according to the measurements
in [31].

The nurmber of resolvable multipath components tends to de-
crease with frequency; [30] measured approximately 30 resolv-
able MPCs in the 3.1 — 4.6 band in an indoor environment,
while the number decreased to 8 in the 9.1 — 10.6 GHz band.

Similarly, the rms delay spread decreases with frequency {ap-
proximately by a factor of 2, according to the measurements in
[307). Similarly, the angular spread (see Sec.IIl) decreases with
increasing center frequency.

C. Standardized channel models

Two UWB channel models have been developed by inter-
national standardization bodies. The IEEE 802.15.3a channel
model [32], [33] was developed in 2003 for the purpose of test-
ing UWB communications systems over short ranges in resi-
dential and office indoor environments. The model is a very
simple SV-based channel model with lognormal fading of each
MPC.

The IEEE 802.15.4a channel model [22] is a model that is
more general than the 15.3a model in several respects: (i) it
is parameterized in more types of environments, and the para-
meters are valid for larger distances between TX and RX, (ii}
it describes the "soft enset” of the power delay profile, which
is important for ranging, (iii) it uses more general fading sta-
tistics, including mixed Poisson processes for the MPC interar-
rival time, and delay-dependent decay time constants, {iv} it has
a more general frequency dependence of the pathloss.

It is noteworthy that both the 15.3a and the 15.4a channel
models are suitable for simulations of UWB systemns with ar-
bitary data rates. 2

III. ANGULAR DISPERSION AND POLARIZATION
A. Generic model

Since the middle of the decade, UWB systerns with multiple
antennas have gathered interest. There are a number of reasons
for this development:

1) multiple antennas allow beamnforming, and thus an in-

crease in the effective signal-to-noise ratio at the receiver.
This is important because the regulatory restrictions on
the total transmitted power impose severe limits on the
range of UWB systems.

2) calibrated multiple antenna structures allow the determi-
nation of the directions of incoming or outgoing multi-
path compenents, and thus improve the accuracy of ge-
olocation.

3) when multiple antenna elements are present at both trans-
mitter and receiver, spatial multiplexing can be used to
increase the total feasible data rate. This method is of
special interest for systems with target data rates beyond
1 Gbit/s. Note that spatial multiplexing can also exploit
different polarizations in addition to {or instead of) spa-
tially separated antenna elements.

Analysis of multiple-antenna UWB systems requires the de-
scription and measurement of the angular dispersion of UWB
propagation channels. An appropriate generic channel model is
a generalization of the double-directional channel model [34]
to the UWB case. The double-directional channel model writes
the total impulse response as a sum of double-directional con-
tributions h; of N MPCs

N(F)
AR, Q,0) = 3 hy(Fr, Q). (7)

i=1
2it is a common misconception that the 15.3a model is particularly suited for
the simulation of high-data-rate systems, while the 15.4a model is for low-rate

systems. However, a channel model is not dependent on data rate, modulation
format, ete., of the system tested in it.
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where the spatial angle 2 characterizes the direction of arrival
(DOA) of MPCs at the RX antenna, and the direction of de-
parture (DOD) of waves from the TX antenna is denoted by .
Within a region of stationarity A, the contribution at a receiver
location # can be written as a phase-shifted version of the con-
tribution at a reference point 7 within A, with a phase shift

(7,70, f) = —f{el€), ¥ — o). (8
where €{£);) is the unit vector in the direction of the DOA. The
equation for phase shifts at the transmitter is analogous.

The contributions of the MPCs are written as

B (0, T, S, 0) =y (7 — 1) 0(0 — Q)8 (0 — 0, (9)
when it can be assumed that the MPCs have discrete DOAs and
DODs that do not depend on the frequency. A similar model,
with a specific form for y,, was suggested in [35]. The complex

amplitude o is
vy O
o, = 0[2' ° ai
= oz? legb¢

where ¢ and ¢ denote polarization along the ¥ and ¢ angles of
a spherical coordinate system, respectively (due to the far-field
assumption, two orthogonal polarizations are sufficient for the
characterization). Note that the description assumes that the
different polarization components of each MPC are distorted in
the same way; a generalization to arbitrary distortions can be
easily made but is omitted here.

Directionally resolved measurements can be done either by
means of (rotating) directional antennas, or by anterma array
measurerments from which the parameters of the multipath pa-
rameters are extracted by means of high-resolution algorithms
[36]. While the former method is more convenient, the latter
method provides more information on the propagation mech-
anisms and the impact of different antennna characteristics
and arrangements. Most measurements describe not the detailed
characteristics of the MPCs, but rather the angular spread at the
two link ends, which is defined as the second central moment
of the angular power spectrum APS

(10)

5 = | LAPS@) s (f APS(¢5)¢CZ¢) . an

N [ AFPS(p)de [ APS(p)de

Note that other definitions of the angular spread exist [14].

B. Measurement vesulis

The first measurements of an APS was provided in Ref. [37],
[38], which used the CLEAN algorithm to extract the direc-
tions of the MPCs at the receiver from a 7 x 7 virtual array. The
directional impulse response was modeled as a sum of cluster
contributions. The mean DOA of the clusters was described
as uniformly distributed, while the cluster angular distribution
was described as Laplacian with a spread of 38°. When dis-
tinguishing between LOS and NLOS situations, it turned out
that cluster angular spreads for short-range scenarios are in the
range of 30° — 70° and for long-range scenarios in the range

8 "local region of stationarity" A, is defined as a region in which the para-
meters (delay, directions) of the MPC's stay constant [14].

of 20° — 30°. Ref. [39] extracted the multipath parameters in
an office environment finding that the significant MPCs (within
10 dB of the strongest component) typically come from a fairly
small angular range (<60° — 90°). Similarly, residential envi-
ronments show that most of the significant clusters have a mean
DOA within a 60° sector [40].

The angular spread is directly related to spatial correlation,
because a channel with small angular spread requires larger an-
tenna separation for sufficient signal decorrelation. A rurmber
of measurements of UWB spatial correlation has been reported
in the literature [41], [42], [43], [44]; [45]. For an overview
of the results and their interpretation, we refer to [36]. In gen-
eral, the papers indicate correlation coeflicients below 0.5 for
antenna spacings between 3 and 8 cm

Multiple-antenna systemns can exploit not only antenna ele-
ments with different spatial positions, but also with different
polarizations. The capacity gain that can be achieved with such
systems strongly depends on the cross-polarization discrimina-
tion (XPD) of the channel. Only few measurements are avail-
able. [46] show that two orthogonal polarizations have a cor-
relation coefficient < 0.1, but that the mean power of the co-
and cross-polarized compenent differs by some § dB. The pa-
per also concludes that a high mean capacity as well as a high
outage capacity can be achieved with polarization-based MIMC
systems.

IV. PROPAGATION CHANNELS FOR BODY AREA
NETWORKS

During the past two years, a number of papers have described
UWB propagation channels for body-area networks, i.e., net-
works where both transmitter and receiver antennas are located
on the body of a person. Antennas can be implanted, directly
attached to the skin, or be connected to the clothes of the per-
son wearing them. Propagation of the waves can occur on and
through the body, as well as via surrounding objects. Note that
a number of simulations of such networks have been done by
eliminating the effect of surrounding objects, thus leading to
smaller delay spreads and higher pathloss than in realistic envi-
ronments.

Ref. [47] performed measurements over the 3.1-10.6 GHz
frequency range, with a spatial resolution of 2 cm, using a vec-
tor network analyzer. The measurements took place both in an
anechoic chamber, and in an office {lounge) environment. The
median of the rms delay spread was 6 ns, the maximum ob-
served value was 12 ns. The number of Rake fingers required
to collect 80% of the energy was 5 for a TX-RX separation of
15 cm, while it was 20 for a TX-RX separation of 85 cm. Ref.
[48] measured on-body networks with different antenna types,
namely horn antennas and planar inverted cone antennas (PI-
CAg). They found a power-law pathloss, with pathloss expo-
nents of 4.4 and 2.7 for horn antennas and PICAs, respectively.
They also found a lognormal distribution of the delay spread,
with a median of 3 ns. Measurements of propagation around
the head from ear to ear [49] show delay spreads on the order
of 1.5 ns.

Extensive measurement campaigns and parameter fittings
were done by Fort et al. [50], [51], leading to the following im-
portant insights: (i} the lognormal distribution is most suitable
to describe the small-scale fading (variations of the received
power at different locations within a region of stationarity) on
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a BAN, (ii} strong correlation between the fading of adjacent
delay bins exists, (iii) either the lognormal distribution or the
Nakagami-distribution is a suitable description for the small-
scale fading due to the movement of the arms, {iv} MPCs prop-
agating via ground reflections or wall reflections are important
for the propagation between antennas on the front and back of
the torso, and lead to a significant increase in the delay spread,
(v} the Weibull distribution shows the best fit to measured inter-
arrival times of the MPCs.

V. IMPACT ON SYSTEM DESIGN

Every UWB communications system is influenced by the
propagation channels. Reference [13] discusses the impact of
channels on most modulation and receiver structures, in partic-
ular OFDM systems, multiband receivers, and Rake receivers.
In the current paper, we confine our discussion to multi-antenna
systems, BANs, and systems with precision ranging.

A Multi-antenna systems

It is critical to understand the interaction between propa-
gation channel, antenna elements, and systems for the design
and analysis of systems with multiple antenna elements. The
double-directional channel representation described in Sec. IIT
is independent of the antennas. The antennas themselves show
a dependence on frequency due to two effects:

« the phase shift between two antenna elements at locations

7 and 7, as given by Eq. (8), depends on the frequency.
« the antenna pattern of the antenna elements changes with
frequency [52].

In conjunction, the two effects work together with the fre-
quency dependence of the channels themselves.

Changes of the directional characteristics of channels and an-
tennas increase the robustness of the system. If, e.g., the direc-
tion of the main antenna lobe is different in different frequency
bands, it is implied that blocking MPCs from certain directions
(e.g., by human bodies) need not lead to catastrophic cutages.
Of course, exploiting such increased diversity requires appro-
priate system design {coding across bands in a multband sys-
tem, etc.). At the same time, the design of transceivers operat-
ing in the time domain is made more difficult by this increased
dispersion.

The strong decorrelation of the signals even at closely spaced
antenna elements (see Sec. IIL.B) implies that spatial multiplex-
ing can be effectively used to increase the data rate of UWB sys-
tems. Exploiting polarization diversity can also greatly help in
this respect, since orthogonally polarized signals are also highly
decorrelated, as discussed in Sec.III.B. A number of modula-
tion and coding schemes have been developed that exploit those
capabilities.

B. Body-area networks

BANs show markedly smaller delay spreads compared to
PANs. This eases the implementation of low-complexity trans-
ceivers even for high data rates. It is well established that both
nonccherent receivers and transmitted-reference receivers [53],
work best if the product of data rate and delay spread is much
smaller than unity. The small delay spread of BANs (a few ns)
thus offers the possibility of implementing such simple trans-
ceiver structures at data rates in the tens of Mbit’s. On the

downside, the small delay spread and the correlation of the fad-
ing in adjacent delay bins also implies that little delay diversity
is available.

C. Ranging

TOA-based ranging requires the determination of the time-
of-arrival of the LOS component, i.e., the runtime from the
transmitter to the receiver. Several effects make this task dif-
ficult in non-L.OS situations:

« the LOS component can be completely blocked or sup-
pressed so strongly that it is indistinguishable from noise.
This situation can occur, e.g., when one of the two link
ends is located behind a large metal object [54].

« the LOS component can propagate through a dielectric
medium that has a speed of light that is significantly dif-
ferent from that in air. The resulting runtime of the signal
then does not correspond to the geometrical distance be-
tween the two link ends.

« clock drift and other hardware nonidealities decrease the
accuracy of the runtime estimation.

« the LOS component cannot be distinguished from other
MPCs that follow it. Distinguishing the LOS is especially
difficult when the power delay profile shows a "soft on-
set”, i.e., the (quasi-) LOS component is weaker than the
subsequent components. Furthermore, the cluster struc-
ture of the impulse response can increase the difficulty of
extracting the quasi-LLOS component [55].

The last effect is a major challenge in UWB systems, and
often dominates the total error of a ranging estimate. Methods
ranging from maximum-likelihood approaches to Baysean esti-
mates have been proposed to combat this effect [56], [57].

The clustered structure of the impulse response has to be
taken into account for channel estimation as well as the ranging
process derived from it. Ref. [58] proposed an improved chan-
nel estimation algorithm that first estimates the cluster struc-
ture, and then the pararmeters within the clusters.

VI. SUMMARY AND CONCLUSIONS

We gave an overview of UWB propagation channels and their
impact on system design. In particular, we discussed UWB
channels for PANs and BANs, and the angular dispersion that
is vital for multiple-antenna systems. While a number of im-
portant results have been obtained in the literature, many open
questions remain. Especially in the area of angular dispersion
and polarization diversity, more measurements and model para-
meterizations are required. Also, the interaction between chan-
nels and antennas will have to be considered in more detail.

Ackmowledgement I: The author would like to thank Dr.
Zafer Sahinogly, Dr. Phil Orlik, Dr. Jin Zhang, Johan Karedal,
Telmo Santos, and Prof. Moe Win for helpful discussions. The
support from HSWC is gratefully acknowledged.

REFERENCES

[1] 8. Gezici, H. Kobayashi, H. V. Poor, and A. F. Melisch, “Performance
evaluation of impulse radio uwb systerns with pulse-based polarity ran-
domization,” JEEE Trans. Signal Processing, vol. 53, pp. 2537 2549,
2005.

[2] M. A, Win and R. A. Scholtz, “On the energy capture of ultra-wide
bandwidth signals in dense multipath environments,” IEEE Conun. Lett.,
vol. 2, pp. 245 247, Sept 1998,

K4-4



(3]

=
]

[17

(18]

[21]

(22]

(23]

[24

(25]

[26

[27

(28]

(29]

(30

[31]

F. Ramirez-Mireles, “Performance of ultrawideband SSMA using time
hopping and M-ary PPM,” IEEE J. Selected Areas Comm., vel. 19,
pp. 1186 1196, Jun 2001,

M. G. diBenedetto, T. Kaiser, A. F. Melisch, [. Oppermann, C. Politano,
and D. Porcine (eds.), UWB communications systems, a comprehensive
overview. EURASIP publishing, 2005.

M. Ghavami, L. B. Michael, and R. Kehno, Ultra Wideband Signals and
Systems in Communication Engineering. Wiley, 2004

L. Yang and G. B. Giannakis, “Ultra-wideband communications - an
idea whose time has come,” JEEE Signaf Processing Magazine, vol. 21,
pp. 26 54, 2004.

R. A Scholtz, “Multiple access with time-hopping impulse moedulation,”
in Prec. IEEE MILCOM, pp. 447 450, 1993,

M. Z. Win and R. A. Scholtz, “Impulse radic: How it works,” IEEE
Comm. Left., vol. 2, pp. 36 38, Feb 1998,

M. Z. Win and R. A. Scholtz, “Ultra-wide bandwidth tirne-hopping
spread-spectrum impulse radio for wirsless multiple -access communica-
tions,” IEEE Trans. Comm., vol. 48, pp. 679 691, Apr 2000,

Federal Commuumications Commission, “First report and onder 02-48,”
2002,

E. C. M. Asscciation, “Uwb: High rate ultra wideband phy and mac stan-
dard,” tech. rep., www.ecma-international.org, 2005.

AL F. Molisch, P. Orlik, 7. Sahinoglu, and J. Zhang, “Uwb-based sensor
networks and the ieee 802.15.4a standard - a tuterial,” in Prec. Chinacom,
2006.

A. F. Molisch, “Ultrawideband propagation channels - theory, measure-
ment, and models,” IEEE Trans. Vehicular Techn., special issue on UWE,
p. invited paper, 2005.

A F. Molisch, Wireless Communications. Wiley, 2005.

R. Qiu, “Propagation effects,” in UWB communicafions systems: a com-
prehensive overview, M. G. Di Benedetto ef al., (ed. ), EURASIP publish-
ing, 2005.

R. Buchrer, W. Davis, A. Safaai-Jazi, and D. Sweeney, “Ultra wideband
propagation measurements and modeling - final report to DARPA NE-
TEX program,” tech. rep., Virginia Tech, 2004.

M. Di Renzo, M. Feliziani, F. Graziesi, G. Manzi, and F. Santucei, “Char-
acterization of the ultra-wide band channel,” in IEEE fnt. Conf. Wirefess
Comm. and Applied Computational Electromagnetics, pp. 27 30, 2005.
A. Saleh and R. A, Valenzuela, “A statistical model for indoor multipath
propagation,” IEEE J. Selected Areas Comm., vel. 5, pp. 128 137, Feb.
1987,

A. Goulianos and S. Stavrou, “Uwb path arrival times in body area net-
works,” Antennas and Wireless Propagation Letters, vol. 6, pp. 223 226,
2007,

C. C. Cheng, Y. Kim, and S. §. Lee, “A moedified S-V clustering channel
maodel for the wwh indeor residential snvironment,” in Proc. IEEE VTC
spring 05, 2005,

C.-C. Cheng and S. Yong, “A generic statistical-based uwb channel model
for high-rise apartments,” IEEE Transactions on Anfennas and Propeage-
tion, vol. 53, pp. 2389 2399, 2005,

A.F. Molisch, D. Cassioli, C. C. Chong, 5. Fmami, A. Fort, B. Kannan,
I. Karedal, J. Kunisch, H. Schantz, K. Siwiak, and M. Z. Win, “A com-
prehensive model for ultrawideband propagation channels,” IEEE Trans.
Antennas Propagation, vol. 54, pp. 3151 3166, 2006,

A. Hugine, H. Velos, J. Gaeddert, and R. Buehrer, “Measurement and
characterization of the near-ground indeor ultra wideband channel,” in
Wireless Communications and Networking Conference, 2006.

M. diRenzo, F. Graziesi, R. Minutolo, M. Montanari, and F. Santucci,
“The ultra-wide bandwidth cutdoer channel: From measurement cam-
paign to statistical medelling,” vol. 11, pp. 452 467, 2006,

C. Kim, X. Sun, L. Chiam, B. Kannan, F. Chin, and H. Garg, “Char-
acterization of ultra-wideband channels for cutdoor office environment,”
in Wireless Communications and Networking Conference, pp. 950 955,
2005,

D. Cassioli, M. Z. Win, and A. F. Molisch, “The ultra-wide bandwidth
indeor chamnmel: from statistical model to simulations,” IEEE J Selected
Areas Comm., pp. 1247 1257, 2002,

J. Kunisch and J. Pamp, “Measurement resulis and modeling aspects for
the UWB radic channel,” in Proc. IEEE UWBST, pp. 19 23, 2002.

I R Foerster and Q. Li, “UWB channel medeling contribution from I[n-
tel,” Tech. Rep. PR02.15 02/2795G3a, 2002. [EEE P802.15 SG3a contri-
bution.

R. C. Qiuand L. Lu, “Multipath reselving with frequency dependence for
broadband wireless channel modeling,” IEEE Trans. Veh. Tech., vol. 48,
pp. 273 285, 1999.

W. Malik, D. Edwards, and C. Stevens, “Frequency dependence of fad-
ing statistics for ultrawideband systems,” IEEE Transactions on Wireless
Communications, vol. 6, pp. 80¢ 804, 2007.

B. Donlan, D. McKinstry, and R. Buehrer, “The uwb indoor channel:
large and small scale medeling,” IEEE Transactions on Wireless Commii-
nications, vel. 5, pp. 2863 2873, 2006.

(32

(33

(34

[35]

[36]

[37]

[40]

[41]
[42

[43

[45]

[46

[47]

(48]

[51]

(52]

(53]

[54

(55

[56]

[57]

(58

K4-5

A. F. Molisch, J. R. Foerster, and M. Pendergrass, “Channel models for
ultrawideband persenal area networks,” IEEE Personal Communications
Meagazine, vol. 10, pp. 14 21, Dec. 2003,

L R.F. (ed), “Channel medeling sub-committee report final,” Tech. Rep.
P802.15 02/490r1, [EEE 802.15 SG3a, Feb. 2003.

M. Steinbauer, A. F. Molisch, and E. Bonek, “The double-directional ra-
die channel,” IEEE Anfennas and Propagation Magazine, vol. 43, pp. 51
63, August 2001.

W. Zhang, T. Abhavapala, and 1. Zhang, “Uwb spatia - frequency chan-
nel characterization,” in Vehicular Technology Conference Spring 2006,
2006.

W. Malik and A. F. Melisch, “Ultrawideband antenna arrays and direc-
tional propagation channels,” in Proc. Ewropean Conference on Antennas
and Propagation, 2006.

I M. Cramer, R A. Scholtz, and M. Z. Win, “Spatiotemporal diversity
in ultra-wideband radio,” in Prec. IEEE Wireless Commun. Networking
Conf’, 1999.

R. I.-M. Cramer, R. A Scholtz, and M. Z. Win, “Evaluation of an
ultra-wide-band propagation channel,” JEEE Trans. Anfennas Propagat.,
vol. 50, pp. 561 570, May 2002,

J. Takada, F. Ohkubo, K. Haneda, and T. Kobayashi, “Ultra wideband
double-directional channel measurements in an office environment,” in
Proc. IEEE Int. Conf. Ultrawideband. Zurich, 2005.

K. Haneda, J. [. Takada, and T. Kobayashi, “Double directional ultra
wideband channel characteriation in a line-of-gight home environment,”
IEICE Trans. Fundamentals, vol. vol. EB8-A, 2005.

H. A. J. Nielsen and R. I. Davies, “Correlation analysis for indoor uwb
channel,” in Wireless 2005, 2005.

C. Prettie, D. Cheung, L. Rusch, and M. He, “Spatial correlation of UWB
signals in a home environment,” in Proc. IEEE UWBST, pp. 65 70, 2002,
I. Liu, B. Allen, W. Q. Malik, and D. J. Edwards, “A measurement based
spatial correlation analysis for mboefdm ultra wideband transmissions,” in
Proc. Loughborough Ant. Propagat. Conf., 2005,

M.Chamchoy, 8. Promwong, P. Tangtisanon, and J. Takada, “Spatial cor-
relation properties of multiantenna uwb systems for in-home scenarios,”
in Proc. {EEE Int. Symp. Comm. Information Techn. 04, pp. 1029 1032,
2004.

V. P. Tran and A. Sibille, “Uwb spatial multiplexing by multiple anten-
nas and rake decorrelation,” in 2rd Inf Svmp. Wireless Commurnication
Systems, 2005.

W. Malik, M. Mturnbuka, D. Edwards, and C. Stevens, “Increasing mimo
capacity in ultra-wideband communications through orthogonal polariza-
tions,” in 6th Workshop Signal Processing Advances in Wireless Commu-
nications, pp. 575 579, 2005,

Y. P. Zhang, L. B., and C. Qi, “Characterization of on-human-body uwb
radio propagation channel,” Microwave and Opfical Technology Lefters,
vol. 49, pp. 1365 1371, 2007,

A. Alomainy, Y. Hao, X. Hu, C. Parini, and P. Hall, “Uwb on-body radic
propagation and system modelling for wireless body-centric networks,”
IEE Proceedings - Communications, vol. 153, pp. 107 114, 2006.

T. Zazowski, G. Meyer, E Althaus, and A. Wittneben, “Uwb signal prop-
agation at the human head,” IEEE Trans. Microwave Theory Techniques,
vol. 54, pp. 1836 1845, 2006.

A. Fort, P. Desset, C.and Wambacq, and L. Van Biesen, “An ulira-
wideband body area propagation charmel modelUTfrom statistics to im-
plementation,” IEEE Trans. Microwave Theory Technigues, vol. 54,
pp. 1820 1826, 2006.

AL Fort, I Ryckaert, C. Desset, P. DeDoncker, P. Wambace, and L. Van-
Biesen, “Ulira-wideband channel model for commumication around the
human bedy,” IEEE Journal Selected Areas Communications, vol. 24,
pp. 927 933, 2006,

W. Malikc, D. Edwards, and C. Stevens, “Angular-spectral antenna effects
in ultra wideband communications links,” JEE Proceedings - Conmuni-
cations, vol. 153, pp. 99 106, 2006.

1. D. Choi and W. E. Stark, “Performance of ulira-wideband communica-
tions with subeptimal receivers in multipath channels,” IEEE J. Selected
Areas Comm., vol. 20, pp. 1754 1766, Dec. 2002,

J. Karedal, 8. Wyne, P. Almers, F. Tufvesson, and A. F. Molisch, “Statis-
tical analysis of the uwb channel in an industrial environment,” in Proc.
VIC fall 2004, 2004,

[. Guvenc, Z. Sahinoglu, A. F. Molisch, and P. Orlik, “Non-ccherent toa
estimation in ir-uwh systems with different signal waveforms,” in Proc.
IEEE UWEBNet Conf., pp. 245 251, 2005.

I Y. Lee and R. Scholtz, “Ranging in a dense multipath envirenment ns-
ing an uwb radie link,” IEEE J. Selected Areas Comm., vol. 20, pp. 1677
1683, 2002.

L. Guvenc, Z. Sahinoglu, and P. Orlik, “Toa estimation for ir-uwb systems
with different transceiver types,” IEEE Transactions Microwave Theory
Techniques, vol. 54, pp. 1876 1886, 2006.

C. Carbonelli and U. Mitra, “Clustered channel estimation for uwb mul-
tiple antenna systems,” IEEE Transactions on Wireless Communications,
vol. 6, 2006.



	Title Page
	Title Page
	page 2


	Ultrawideband Propagation Channels and Their Impact on System Design
	page 2
	page 3
	page 4
	page 5


