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ABSTRACT the number of parameters necessary to predict (or also repre-

In this paper, a unified framework for Ultra-Wideband Chan_sent) the wideband channel is determined._ In this respect, a
nel (UWB channel) modeling based on the maximum entropy?0und framework for UWB channel modelling [2] based on
approach is provided. For a given set of constraints, a consid?formation theoretic tools is provided. Based on a given set
tent model which takes into account the information at handf constraints (measurements, power), a channel model is de-
is obtained. Two cases are considered: channel power knowfived based on the maximum entropy approach and validated
edge and knowledge of the covariance matrix. The channd[irough measurements performed at Institut Eurecom. Within
power delay spectrum is also derived and the impact of théhls setting, channgl uncertainty has a stralghtforvyard mean-
channel bandwidth is assessed through information theoreti€9 through the notion of entropy that is analyzed with respect
considerations. The information variation slope with respecf® the bandwidth.

to the bandwidth is also studied, based on wideband measure- Previous studies [3] have already analyzed channel uncer-
ments performed at |nstitut Eurecém ta|nty Scaling through the number Of Signiﬁcant pathS. HOW-

ever, in many cases, additional criteria (such as AIC, MDL..)

have to be considered as, for noisy measurements, the notion

of significant paths is subjective. Note finally that previous
egontributions have also focused on characterizing the wide-

guence of “very short” pulses, i.e., pulses with durations abouli’and IChanEil througf? a limited nurr?ber of fparzfametﬁrsh(AR
few hundred picoseconds. Such signals are free of sine-wav'@oOle s with few coefficients [4]). The benefit of such char-

carriers and do not require IF processing because they Cé\a.bi:terrl]zatlor}s% rely on thbe Lact_that '_t IS pcissmle tcl)l repr%duci
operate at baseband. Moreover, the system uses very lo € channelirequency benhavior using only a small number o

power spectral density, below the thermal noise of the reParameters.
ceivers, which is inherently difficult to be detected and does
not cause significant interference with other systems. These
basic properties of the radio UWB system make it an ideal
candidate for commercial, short-range, low power, low cos

1. INTRODUCTION

UWB systems radiate waveforms that are formed by a s

2. MAXIMUM ENTROPY MODELING (MEM)

LI'he problem of modelling wideband channels is crucial for

mg&);rio(mf\m; Ztr:?jnps(g/rsstsgf Asfec:h?ztv\(/\g:ik(a\lsvst?\lc)al Areﬁwe efficient design of wireless systems. Indeed, the wireless
' channel suffers from constructive/destructive interference sig-

stiIIAllar]ez%[li%r:]ai)ﬁge?r:lggéotlh?of lfgﬁeengzn%fvvlié\{\rlg iﬁ‘tﬁr eSI lE[laling and therefore yields a randomized channel for which
q ) ’ 9 ’ one has to attribute a joint probability distribution for the chan-

certainty limits the achievable rates of power constrained sys—(?I frequency response. In this contribution, we would like

tems and therefore the capacity depends crumallyonth(_a m_oc{] provide some theoretical grounds to model the wideband
at hand. In fact, recent results [1] show that the capacity is a

function of how the number of channel paths scale with th Cchannel based on a given state of knowledge. In other words,

. . . nowing only certain things related to channel (power, mea-
bandwidth (linear, sub-linear,..). Indeed, although the Iar.gesurements), how to translate that information into a model for

flie channel? This gquestion can be answered in light of the
ayesian probability theory [5] and the principle of maximum
entropy. The principle of maximum entropy is at present the
clearest theoretical justification in conducting scientific infer-
ence: we do not need a model, entropy maximization creates
a model for us out of the information available. Choosing
LThis work is part of the European Network of Excellence NEWCOM. the distribution with greatest entropy avoids the arbitrary in-

tion of all the channel paths becomes a real bottleneck as o
may dedicate a large fraction of the rate to estimate more an
more channel coefficients.

This contribution aims at analyzing how channel uncer-
tainty scales with bandwidth in UWB systems. Equivalently,




troduction or assumption of information that is not available.

Note that this approach has been successfully used in spec-

trum analysis [6]. oc
OR(k)

2.1. MEM for channel power knowledge

Suppose in the following that the modeler has no knowledge
about the frequency response of the wideband channel and
would like, with this limited knowledge, to determine the
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number of clusters in the environment. The modeler knows 0.
however that the channel carries some poWeand is sta-
tionary during the channel modelling phase. Let Q(1) = ﬁ andgq, = f_liz (r)eti2ThT dr . We
Let {h;}.cz be the sequence of samples at frequenciesiave
iy (07 is the frequency resolution) of the channel frequency
response. In this case, the spectral autocorrelation function is )
defined as: 2 oy .
/ Q(1)e*™ ™*dr = 110 TmazSINA KT Timac ) (5)
R(k) = Efhihi ] 1
and the power delay spectrum is defined as S Gk = 10TmazSINAKT Traz )- (6)
oo . Thus,Q(7) = Y2 o 110TmazSINA KT Tmaz e ~727F, which
P(r)= > R(k)e 7>""*, (2) s constant for alFTzes < 7 < Tmes As a consequence,
k=—o00
o - - - 5 P : *Tgmx <7< T'nLQa'J;
wherer = = is the normalized delay antlis the delay in = “6“'“, elsewhere

seconds.

In the following, we suppose theﬁi P(r)dr isthe andR(k)

L singkn T4, ) for all k. P(r) is constant and

power of the channel equal 1 andr,,.. is the maximum Vvanishes or{—3, +1]/[—Te= 4 Tmaz]  In other words if
delay. The modeler would like to take into account the poweithere is no knowledge except the maximum delay, the model
constraint without additional information that is not available. gives an infinite number of clusters and the power is equally
Maximizing the entropy of the process guarantees such a Se‘@p'lt across the different clusters. The methodology can be
ting as one finds the sequence of autocorrelations that mal&asily extended if the modeler has knowledge of the band-
the impulse response as white as possible. In other wordwidth (which determines the number of correlation coeffi-
such an extrapolation places the least amount of structure igientsiz(k)) used.

the channel.

For a Gaussian random process, with power delay spe@.2, MEM for covariance channel knowledge

trum P(7), the entropyH is given by

In the following, we suppose that the modeler has knowledge
1 (through measurements) of a finite number of frequency au-
H = log(me) + / log(P(7) + €)dr, (3) tocorrelation coefficient®(k). The number of coefficients is
-3 determined by the measured bandwidth as well as the mea-
surement resolution. Based on this knowledge, the modeler

wheree is an arbitrary small constant & 0) used to regular-
ize the non-regular Gaussian procesg (

would like to derive a wideband model taking into account ac-
count the previous constraints and not more, i.e, the modeler

The modeler would like to maximiz& under the con- \yould like to extrapolate the missing autocorrelation coeffi-
straint that the received power in a given delay interval iSgients for deriving the power delay spectrum function. Using

known. This statement can simply be expressed if one triege same methodology as Section 2.1, the following theorem
to maximize the following expression using Lagrange multi-4ye to Burg [7] can be obtained:

pliers with respect td?(k):

Theorem 1 The maximum entropy rate stochastic process

Tmax

{hi}iez that satisfies the constraints

C=H- ”0(/_% P(r)dr - P) () Elhihisi) = R(k), k=0,1,....,N, foralli, (7)



isthe N-th order Gauss-Markov process of the form 3. MEASUREMENT DESCRIPTION

N
hi==>_arhi + Z, (8)
k=1 Wideband measurements were performed at Institut Eurecom.
The measurements were carried out in the Mobile Communi-
cations Laboratory, which is a typical lab environment, rich
in reflective and diffractive objects. The measurement de-
Remark: The theorem does not assume fheto be  vice used is a wideband Vector Network Analyzer (VNA)
wide-sense stationnary. which allows complex transfer function parameter measure-
A process satisfying (8) is also called autoregressive ofnents in the frequency domain, extending from 10MHz to
orderN (AR(N)). The coefficientsi,, as, ...,an,c? are ob-  20GHz. This instrument has low inherent noise, less than
tained by solving the Yule-Walker equations -110dBm for a measurement bandwidth of 10Hz, and high
N measurement speed, less than 0.5ms/point. The maximum
number of equally-spaced frequency samples (amplitudes and
R(0) = - Z axR(—k) + 0%, (©) phase) per measurementis 2001. The measurement data were
k=1 acquired and controlled remotely using RSIB protocol over

3.1. Measurement setup

wherethe Z; arei.i.d. ~ N(0,02) and a1, az, ..., an,0? are
chosen to satisfy Equation (7).

N Ethernet permitting off-line signal processing and instrument
R(l) == axR(—k), 1=1,2,..,N.  (10)  controlin MATLAB.

k=1 In order to perform truly wideband measurements with
Fast algorithms such as the Levinson and Durbin algosufficient resolution, several bands can be concatenated us-
rithm have been devised which exploit the special structurgng consecutive measurements. In this contribution, measure-

of these equations to efficiently calculate the coefficients ments were performed from 3GHz to 9GHz by concatenating
az, ....,an from the covariance samplég0), ..., R(N). The  three groups of 2001 frequency samples per 2GHz sub-bands

power delay spectrum of th€th order Gauss-Markov process (3-5GHz,5-7GHz,7-9GHz). This yields a 1MHz spacing be-

(8) is given by tween the frequency samples. Systematic and frequent cal-
9 ibration (remotely controlled) was employed to compensate
P(7) = g ) (11) for undesirable frequency-dependent attenuation factors that
2 . . . .
1+ EkNﬂ ape—i2mkT might affect the collected data. The calibration included the

cables and the connectors. It was performed through response
In general, from a finite set af frequency measurements cajlibration. The wideband antennas employed in the mea-
[h},...hy] over a bandwidth ofVé s (I is thelth channel re-  surements are omnidirectional in the vertical plane and have
alization), there are many ways to estimate the spectral autem approximate bandwidth of 7.5GHz (varying from 3.1GHz
correlation coefficients. In the fO”OWing, the Samp|e autocor'to 10 GHz) They were not perfectly matched across the entire

relation function is defined as: band, with a Voltage Standing Wave Radio (VSWR) varying
from 2 to 5.
11 iy
BN (k) = IN—% D> bl k=0 3.2. Measurement environment
=1 =1

. . . The data analyzed in Section 4 were collected in a Line of
) Fora g'Ye”AN’ we estimate and de_termme t.h.e aUtj?,():orreSight (LoS) setting with measurements performed at spatially

lation function 2% (k), the autocorrelation coefficients; different locations. The experiment area is set by fixing the

and the power delay spectrufY (7). As a consequence, the transmitting antenna on a mast at 1m above the ground and

estimated entropy is given by: close to the VNA. The receiving antenna moves then to dif-
ferent locations on a horizontal linear grid of side 50 cm in
R 1 o2 steps of 5cm. The transmitter antenna’s height was varied by
HY =log(me) + / log 5dT. 5cm up to 20cm after completion of the measurements at var-
—3 ‘1 +3, a,(CN Je—izmhr ious receiver positions. The transmitter and the receiver were

(12) separated by a distance of six meters.

The roots of the power delay spectrum (11) determine the
number of significant clusters. Practically, although the roots 4. RESULTS
may exist, some may be not significant and therefore unnec-
essary to model. In order to assess the number of significah the following, the scaling of channel uncertainty with re-
modelling coefficients, we will analyze in Section 3 the infor- spect to the bandwidth is analyzed. In Fig. 1, the variation of
mation ™ contained in the process with respecffo HY is plotted for the LoS case as well as the Gaussian case



(zero mean i.i.d frequency samples are generated in this case) ‘ ‘ ‘
versusNd  (the frequency band {8000, 3000 + N6 ;]MHz). - Measured
As one can observe, the channel uncertainty decreases with 31l E
bandwidth. However, in the Gaussian case, additional infor-
mation provided by the frequency samples does not lower the
uncertainty as the samples are completely independent. Re-
markably, the results show that in UWB settings and for a
given channel representation complexity (here, the slope of
the entropy), there is an optimum number of parameters to

be chosen. In other words, AR modelling based on a limited 205} B T 1
number of parameters is adequate. In this respect, we have I
plotted in Fig.2 and Fig. 3 the power delay spectrum based v ‘ ‘ ‘ ‘
on 500MHz and 6GHz measurements. The results show that o 500 O dwidth (Vg 2000 2500
with increasing bandwidth, one is certainly able to capture the

small variations but a great amount of the information is al-  Fig. 1. Entropy variation with respect to the bandwidth.
ready included in the 500MHz band. Note that the delay of 180 ; ; ; ‘ ‘ ‘

20 nanoseconds corresponds to the 6 meter distance between
the transmitter and the receiver. Moreover, in both cases, the
AR model fits the measured power delay spectrum response.
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5. CONCLUSION: INFORMATION VERSUS
COMPLEXITY
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In section 4, we have shown that although in modelling, one
should take into account all the information at hand, there aor
is a compromise to be made in terms of model complexity. 200
Each information added will not have the same effect on the y ‘ ‘
channel model and might as well more complicate the model 0 002 005 0oL 01s 01
for nothing rather than bring useful insight on the behavior

of the propagation environment. In this respect, entropy is Fig. 2. Power delay spectrum with 500Mhz bandwidth.
a useful measure and the slope decrease characterizes how 10 ‘ ‘ ‘ : : :
information scales with bandwidth. In particular, in wide-
band schemes, we have shown that it is possible to reproduce
the channel frequency behavior with a limited number of co-
efficients since the channel uncertainty decreases with band-
width. We have also provided a sound methodology to model
channels that can be used when additional channel constraints
are given.
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Fig. 3. Power delay spectrum with 6Ghz bandwidth.



