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Abstract

In this paper, we develop a statistical characterizatiothefmultipath interference in an Impulse Radio (IR)-
UWB system, considering the standardized IEEE 802.15.4aredl model. In such systems, the chip length
has to be carefully tuned as all the propagation paths Iddag¢gond this limit can cause interframe/intersymbol
interferences (IFI/ISI). Our approach aims at computirg ghobability density function (PDF) of the power of all
multipath components with delays larger than the chip tisteas to prevent such interferences. Exact analytical
expressions are derived first for the probability that thig ¢dbngth falls into a particular cluster of the multipath
propagation model and for the statistics of the number digpapread over several contiguous clusters. A power
delay profile (PDP) approximation is then used to evaluaddtal interference power as the problem appears to be
mathematically intractable. Using the proposed closedifexpressions, and assuming minimal prior information
on the channel state, a rapid update of the chip time valu@abled so as to control the signal to interference

plus noise ratio.
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I. INTRODUCTION

Since its approval by the U.S. Federal Communications Casion (FCC) in 2002, UWB has given
rise to considerable interest in wireless communicati@search community, due to its many attractive
properties[[1]. Today, IR is considered as a promising teglerfrom an industrial perspectivel [2]; in
particular, it is a main candidate solution for applicai@uch as wireless sensor networKs [3] due to its
ability to provide joint data transmission and precise posing [4]. However, a number of IR-UWB
system design challenges remain to be solved to ensure ddrnose of that technology in practice [5]. The
very fine time resolution in IR transmission coupled with tioé multipath diversity of the UWB channels
need a careful signal and architecture design to achieve gedormances at reasonable complexity. The
large path delay spread may require sophisticated signakpsing algorithms at the receiver to cope with
IFI/ISI. This can be avoided if we increase the minimum deb@yween two consecutive time hopping
code values, that is to say if we decrease the chip rate (argdthie bit rate), or if we don’'t make use of
consecutive code elements (corresponding to a time lag ®fcbip). The multiuser interference (MUI)
has also to be taken into account in system design and soramesHimiting its impact on performances
may be required. Considering the chips as adjacent chaawaisble for multiple users, the main cause
of interference between channels is the time spread of taareH, if it exceeds the chip duration. In
particular, it is shown in[]6] that performance of correlabased TH-PPM and TH-BPSK receivers is
severely degraded by the MUI. Thus, given a particular cbhprofile, any information on the power of
interfering multipath components (MPCs) can provide vialeassistance either for evaluating the signal
to interference plus noise ratio (SINR) and the performanderms of bit error rate, or for adapting the
system parameters to the propagation conditions. Thislgmolhas been investigated only in a limited
number of papers. Approximate analytical expressions fgn& to ISI power ratio was first derived in
[12] for various UWB transmission formats over two pathsrofes. In [13], a closed-form expression of
the ISI/IFI energy at the output of a rake receiver is statgadnsidering the IEEE 802.15.3a statistical
channel model[7] with one cluster. The influence of varioasameters (time-hopping code, rake number
of fingers, guard-time size) on the performance is condudiedce enabling a pertinent design of the
system. Even if IFl is an important issue, especially forhitata rate UWB systems, [14] considers that
its influence can eventually be neglected in BPSK or PPM timgping systems under certain conditions
. a large number of frames per symbol is required and the dereil scenario neglects ISI and multiple

access (transmission of a single symbol for a single usesyidtet al. established in [15] that there is a



tradeoff between the pulse combining gan and the pulse spreading gaW. = 7%/ to get a minimal
bit errror probability in presence of timing jitter, for fygency-selective environments, as IFl is mitigated
for larger values ofV, , the effect of timing jitter being mitigated by increasing. A different approach

is proposed in[16] to analyse the influence of channel antésyparameters : by computing the first and
second order moments of the received UWB pulses, the autiaorexpress the intra-burst interference
resulting from multipath propagation. In [17], the authdesive a few analytical expressions for IFI/ISI in
pulsed direct sequence (DS) and hybrid DS/TH UWB commuiainaf considering a frequency selective
Nakagami fading channel. With standard Gaussian apprdimaf ISI/IFI, an expression of the error
probability is given for a MRC rake combiner and the effectsvarious system parameters on the
performances are studied.

In this paper, we seek to express the probability densitgtfan (PDF) of the power of the whole set
of MPCs having delays exceeding the chip length, given aiquéatr channel profile stemming from a
prior identification step [11]. We consider in particulaetstatistical channel model adopted by the IEEE
802.15.4a Task Grqu9J to derive an analytical form of the PDF with some approatians. Proposed
method may facilitate the characterization of a radio linktérms of SINR. Our theoretical analysis
involves the following intermediate steps to achieve therfierence power characterization : first, we
derive the probability that the chip length falls into a parar cluster of the multipath propagation
model; then, the statistics of the number of paths in a dlustexpressed, which yields the statistics of
the number of paths spread over several contiguous clusiteaBy, we obtain an approximate relationship
of the PDF of the power of all interfering MPCs using a simptifipower delay profile expression. Due
to dense multipath propagation and the non-stationaryradipical to UWB channels, the level of
interference can change very quickly aad adaptation of some key parameters of the modulation may
be required so as to control IFI/ISI (or multiuser interfeze) according to the environment in which the
system is operating. Such possibility has been recentlgsiiyated in[[18], where the frame duration is
periodically updated depending on the channel state irddon and SINR, which are measured using
training sequences. The development proposed here canagavtool for a rapid performance assessment
of a TH UWB radio link; as only a LOS/NLOS detection is requir@s prior information, our result could

possibly be applied in a non-data aided scenario.

The interest to consider this model is that it is widely stadby the research community, due to its ability to reflectppgation
phenomena with acceptable statistical precision. Howehere is still ongoing researches to improve this modehsag [10] where the
frequency dependence of the multipath components is igatst. Extensions of the present work could then be coreidéor future
research, depending on the evolution of standards.



The paper is organized as follows. Section Il briefly recatisne properties of the IEEE 802.15.4a
propagation channel and specifies the problem of statistitaysis of the interference power. Then, in
section Ill, we derive the statistics of the first cluster ohétg the chip length and the number of MPCs
is investigated in section IV. A power delay approximatitvert follows in section V and a procedure
for interference power estimation is developed in sectidbnA/few numerical results are then discussed

before some conclusions to confirm the pertinence of ourrétieal analysis.

[I. SYSTEM MODEL AND PROBLEM STATEMENT

We consider here a Time-Hopping Binary Pulse Amplitude Matlon (BPAM) format, with the

following typical expression of the transmitted signal :
E, —
st (t) = N, p;oo d|pn, | Wi (t =Ty = & T0), 1)

where E, denotes the symbol energy amﬂp/w e {—1, 1} are the binary transmitted symbol%;
stands for the average period of the pulse train (also kn@mheframe time), the, € {0,1,..., N.—1}
represent pseudo-random code elements required both &® division multiple access and spectral
shaping purposes, the quantification of temporal hops beangrolled by the chip lengtli.. The system
is designed so that the unit energy pulsg(t) is confined within duratiorY. and we havel’; = N.T..
The indoor propagation channel usually involves multigfections due to the objects in the vicinity of
receiver and transmitter; a classical way to charactetizé propagation conditions is to make use of the
Saleh-Valenzuela (SV) channel model [7] whose basic assomfs that MPCs arrive in clusters, with
complex variations of the received power due to path losgelacale fading and small scale fading. The

corresponding discrete-time impulse response is usugflyessed as

L K
h(t) = Z Z ar1exp(jdr)0 (t=Ti=71,) (2)

=0 k=0
whereaqy; denotes the tap weight of thieth component in thé-th cluster,r,; is the delay of thé:-th
MPC relative to thd-th cluster arrival timel; and the phases;,; being uniformly distributed in the range
[0, 27]; 4(t) is the Dirac delta function.
In case the maximum delay spread of the channel is largerttie@ichip time, the transmitted signal
corresponding to one pulse may overlap with signals in somé frames, as shown in Fid.] 1, thus

causing IFI/ISI. Our objective is to derive a closed form mgsion of the power lying in time bins with



delays beyond the chip length, with the aim of controlling ®INR. As will be seen in the sequel, the
problem rapidly becomes intractable due to the compleXitthe mathematical relations involved; a few

approximations will then be proposed, in such a way that tiNRSs overestimated.

Y

(p — 1)thpulse pth pulse
Cpflch—l Cp:O

Figure 1. Interframe interference from tlie — 1)th frame to thepth frame; in this exampléV. = 3 and the two consecutive pulses have
a relative delay equal t@-.

Many variations on the SV model have been proposed in theafitee according to the considered
environment, frequency band and transmission range. Tpel@olEEE 802.15.4a statistical channel
model will be considered in the following, as it is close toealistic channel; moreover, it is valid for
UWB systems irrespective of their data rate and their mdawiadormat. Based on measurements and
simulations in various environements, the 802.15.4a moadlides several improvements on previously
proposed statistical models : a frequency dependent pathggased, the number of clusteksis assumed
to be Poisson distributed, ray arrival times are modeledavmaixture of Poisson processes and different
shapes of power delay profiles (PDP) are assumed to bettectrdie line-of-sight (LOS) or non-line-of-

sight (NLOS) configurations.

[1l. STATISTICS OF THE FIRST CLUSTER MATCHING THE CHIP LENGTH

In this section, we turn our attention to the probabilRyT. € C,) that the chip length “falls into the
(-th clusterH Co = [T)-1,Ty), that is the probability that;_, < 7. < 7,. To achieve this goal, it is
required to compute the PDF (z) = [ f¢ (z|T0) f (Ty) dT; of the cluster arrival timé;, supposing that
f(Ty) = Aoexp(—AgTy), To > 0. Using the expressioft; = <E§:1 AT; +TO> and considering that
distributions of the cluster arrival times are given by asBon processes with cluster arrival radtei.e.

far, (z) = Aexp(—Ax) where AT, =T, — T;_,, we get

2In the sequel, the inde& will refer to the cluster containing the chip length valueerdrs index will be used for any other cluster.



AoAlexp(—A v _
fi () = b XL AT) / (0 1) exp(— (R — A) 1) ©)
(6 —1)! 0
Then, by observing that integral of the forfy, (z) = [ (z — t) exp(—bt) dt satisfies the recursive
reIauovH Iy (x) = %l — gfz—l,b (x) with b = Ay — A, we can easily show that
AoAlexp(—Az) (=1) (0 —1)!
Je (@) =] (A — A @)
-1 (_bx>€—1—i

Before computing the probability of interest(7, € C;), let us definez =T, x =T, andy = AT,

to simplify the mathematical notations. Then, we can rewht(7. € C,) as

P(zeC) = Plz—y<z<z2) (5)

— /OZ </Z; fe(x) dx) Aexp(—Ay) dy
. / h ( /0 () dx) Aexp(—Ay) dy

To proceed further, it is required to express integral oftipe J,,, A (7%.) = fT°° x™exp(—Az) dz and

fo “a™exp(—Az) dz, whereA € R andm € N. It can be easily verified that,, » (7¢) +

J EXP—AT.) <~m  ml(T.
Jm,A (T ) A'”H'l and Jm A (T ) — % szo '(T A)P .

p!

Finally, from the relations above we obtain the followinguk after a few mathematical calculations :

AgA*

P(T, €C) = (A AT

e MeRy(— (Ao — AN T)) (6)

where R, (u) stands for the rest of théth order Taylor series expansion of the functich #at is

Rg(u):e“—zl_—' (7
< il

Note that we assumed throughout the previous developmati ths larger than the first cluster delay
Ty. In case we havé, < Ty, the interference corresponds to all the received pulseepadlinis event has

the probability R{T, < Ty}) = e 0T,

*This relation results from the integration by paft§ u'v = [uv]§ — [ wo’, with o’ = exp(—bt) andv = (z — t)".



I[V. ON THE NUMBER OF INTERFERINGMPCs

This section is devoted to the estimation of the number of BIBfat can cause interference, that is the
overall number of components located beyond the chip lergth for any cluster indeke N , we need
to compute first the probability?(n;) for each subsequent clusi@r, [ + 1 < i < n, wheren; denotes the
number of MPCs belonging to theth cluster. The distribution associated to the whole sehtgfrfering

clusters will then be easily obtained in a second step.

In order to simplify our development, we will consider thepagximation that there is no inter-cluster
interference; hence the delay,; of the m-th MPC relative to the-th cluster arrival timel;_, belongs
to the interval[T;_,, T;). A second simplification is assumed for the ray arrival tinfemm [9] we know
that they can be modelled with mixtures of two Poisson praegsvith mixture probability; and arrival
rates{\;, \»} being determined experimentally for various environmeAs in the classical SV model,
we will adopt a Poisson process for the ray arrival times,hsd the distribution of the delay difference
Ti+1: — T, Of any two adjacent MPCs in clustér takes the formf (71, — 7)) = Aexp(—A(Ti41.0 —71.4)),
where the value of the parameters computed by minimizing the mean squared error betweeplgied

and original models, for a given radio environment (knowtuga for 5, A;, and \,).

For any clustec;, it can be shown (see Appendix) that the probabifty:;) that the number of MPCs
in the cluster isn;, is

Then, we can characterize the number of MPCs within clugtersi = ¢,/ + 1, ..., L}, where L is the
total number of clusters and supposing that C,. This can be achieved by summing 1 indepedent and
identically discrete random variables, each with probgh), wherer = L — /. The resulting probability
P. (n) can be computed by recursihrstarting with R (n) = >°;_ P (k) Py (n — k) and R (n) being

expressed as if(8) :

N A (4 r)!
Pr(n) = A+ A) ((A n A)) nlrl ©)

“Note that this probability depends on the number- 1) of clusters beyond’,, with T.. € C,.



V. POWER DELAY PROFILE APPROXIMATION

The Power Delay Profile (PDP) is defined as the squared malgndtithe channel impulse response,

averaged over the small-scale fading. In the frame of IEEEXR4a it is expressed as
E {|ak,l|2} o< Yexp (—Ti1/v) (20)

where the integrated enerdy, over thelth cluster follows an exponential decay and the intra-elust
decay time constant depends linearly on the arrival time of the cluster. This eledakes the closed-form
derivation of the interfering power estimate intractalsie;we will adopt the following first approximation

for the PDP :
t

Qt) = Qeexp <_f) (11)
wheret, 2. andI’ denote the path delay, the integrated energy of the clustkthe intra-cluster decay
time constant, respectively.
Concerning the small-scale fading, it can be shown that-tieepath relative to thé-th cluster has its

power distributed as

f (2] Q) = ﬁ (Qﬁz) =™ texp <—7ST) , (12)

where();; stands for the PDP of the considered pathjs the Nakagamin-factor of the small-scale
amplitude distribution and' (m) is the gamma function.
For CM1/CM2 channel models, the above relation can be siiegliby considering a mean vaH,le

m = 2 for the parametem ; in this casel'(m) = 1 and we get

2
f x| Q) = <Qiz) x.exp<—;—i) , (13)

Qy

which represents &(«, 0) distribution witha = 2 and§ = =

Now, we need to express the mean value of the PDP corresgptalitne whole set of MPCs located
beyond the chip length :
QO = E [QTC (Tz)] (14)

°As the random variable: follows a lognormal distribution, the mean value is expeesasi.,, = exp(mo+m3/2),where the parameters
(mo, mo) have specified values depending on the considered envirdrSje



where Q. (1;) = Q(r), for 7, > T. and zero elsewhere; denoting the path delay. We propose to
derive an approximate expression(af by pickingn uniformly spaced samples of the original distribution
(A1) in the intervalT., T), whereT}, corresponds to the upper bound of theh cluster :

n—1 i/n
Qo (L) = exp (—%) %Z [exp(%) exp (—T—Iiv)} , (15)

=0
which has the equivalent form
L g9L— g0

QO L _ T
W n(gr/g0)"" 1

(16)
whereg, = exp(—71./T") and g, = exp(—17./T").

An additional simplification can be achieved for sufficigriirge value ofn by considering that
(92/90)""" = 1| / (1/n) ~1In(gL/go) 17)

Hence, we finally obtain the following approximation for tR®P :

I [exp(=T¢/T") — exp(=T%/T')]
(L) =2 /(T —T.), T, > T, - (18)
exp(—1./T), T, =T..

As can be seen in Fifl 2, consideringl(17) generally givesad ggpproximation of[(16), for various
values of L and T, with an overestimation of the true value. Concerning theiper of clusters, it can

be assumed a Poisson distribution [9]

Py (L) = ZL;_E, (19)
where L denotes the average number of clusters.
We know also that the last cluster delay has its PDF giverf by, ) = TLL?lA(LLe_X&_ATL), hence
TE 'exp(—ATy)
fr, (To|Tp > Te) = § / (fTOO tFlexp(—At) dt) . Ty >T., (20)

0, T, < T..

From this last equation, we can then derive a closed formessgpon of the mean PDP, that will be
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A o—— (L-2)-th cluster

o—— (L-1)-th cluster

«—— L-th cluster

Q(t)

~Y

FIGURE 2. Proposed approximation of the PDP

used in the next section, devoted to interference powemastn :

(L) = E[(L)]

~ (F foo eXQ-T./T) eXR_w/F)xL_leXp(-AX)dX>

x—T¢

/ (fTOO ti—lexp(—At) dt)

VI. INTERFERENCE POWER ESTIMATION

To begin with, let us recapitulate below the intermediatults derived until now :

(21)

- first, we derived in section Ill the probability that the phiength “falls into a particular

cluster” of the multipath propagation model,

- then, the statistics of the number of paths in any clustey egressed in section IV, together

with the statistics of the total number of paths located beythe chip duration;

- a simplified power delay profile expression has then be déria section V.

We are now going to derive an approximate relationship ofRB& of the power of all interfering MPCs.

Our approach relies on the summation of a numbef r.v. each following the PDA_(13), with the factor

0 = Qo(L) computed as(21). Hence, for a given number of clustérghe resulting PDF is expressed

as, forxz > 0,

g ([0 (L Zg ([0 (L) ,n) - P(n|L)

(22)
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where

o6l (1).m) = (7775 ’ (e ) 23)

and the number of paths with delays exceedipdpeing determined as (under the assumption that each

cluster contains at least one path)

T
)

P(n|L) = P(n|lk,L)-P(k), (24)

B
Il

The above expression can be computed by taking advantageevibps developments; for example,

in case of a LOS environment (and considering that 0), we get

n—L+k L-k
Pnlk, L) = (25)" ™" ()

(n—L)! (25)
x (n—L+k)!(L;]<;_1)!v Vn >1
and
AT,)" exp(—AT
p(k) — (Ael XPAT) (26)

k!

To complete our analysis, we need also to consider thecasé, which results in a discrete part of the

PDF :

g (x=0]Q (L)) P(n=0[L) (27)

> P(k)

=L

ol

And finally, the interference power is obtained as

g(x) = gz (L) PL(L). (28)

No compact analytical expression of this PDF can be obtasluedto the high complexity of the terms
involved ; however, we can observe that the proposed reaunleasily be implemented to get an estimate at
very limited computational cost. Note also that our develept remains valid for both LOS and NLOS
environments; in the latter case, the probability that thg dength falls into thekth cluster has the

alternative expression
(ATc)k—H exp(_ATc)

P(k) = (k+1)!

(29)
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The proposed algorithm for interference power estimatsosuimmarized in the form of a block diagram
in Fig. ).

Interf. Power Estim.

Candidate chip grrmm— ':
time value ‘g (J?‘ Q0 (L))
T Nb of clusters PDP Nb interfering paths
. g
(VALTLT) P, (L) 0 (L) P (n|L) I
Channel Profile Id. (13) (15) (18)-(20) g (JJ) __,
"i.z.i.) ................... .

FIGURE 3. Block diagram of the proposed algorithm for interferepogver estimation

VIl. SIMULATION RESULTS

As mentioned before, our theoretical analysis involvesva #@proximations to get the statistics of the

interference power, due to the high complexity of some nratiial relations :

1) A Poisson process is adopted for modelling the ray intevead times, instead of a mixture of two
Poisson processes as recommended in the frame of the IEEE58€2 channel model,

2) A simplified exponential expressioh (11) is consideredtfe mean power of the different paths
(PDP); we do not take into account the possible differenieslof the integrated energy and decay
time constant for distinct clusters;

3) The computation of the mean PDP associated to MPCs lobatguhd the chip duration is achieved

owing to a simple sampling scheme.

A great number of Monte-Carlo simulations have been comduasing the Matlab implementationl [8]
of the IEEE 802.15.4a channel model to verify the pertineoiceur approach. A few illustrations are
given hereafter to show the impact of various approximation the statistics. The case of CM1 channel
model is considered here, but it should be noticed that theegarocedure could be applied in another
radio environement. Firstly, we can examine the error tesgufrom the proposed uniform sampling for
the computation of the mean PDP{17). As can be seen in[Fidhedcamputed value of), (L) tends
to match the true value when the number of clustensicreases and the error decreases for larger chip
length. Also, it can be clearly observed that our approxiomayields an overestimation of the mean PDP,
which is particularly important from the point of view of dpgations.

We can now consider the PDE_{24) of the number of paths withydelarger than the chip length,

which plays a central role in estimating the interferencevgro As shown in Fig.[]5, there is almost
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—&— Simulation
- B -Analytical

FIGURE 4. Mean value of, (L) for various chip length values (CM1 channel modél; MC simulations)

a perfect match between the values obtained through siimgaénd the values obtained by numerical
evaluation of analytical expressions. Evidently, it cansken that the numbers of MPCs increases with

the number of clusters.

0.1 0.03

—© Simulation
—# Theoretical

—© Simulation
—& Theoretical

0.02

P(n|L)

0.01

FIGURE 5. PDF of the number of paths with delays exceeding the chigtheZ. = 50 (CM1 channel model10° MC runs) : (@)L = 5
clusters (b)L = 10 clusters

Figure [6) illustrates the PDE (x| Qo (L)) resulting from summing: r.v., each one following[(13),
once the mean PDP associated to interfering MPCs has beegputetn Then, Figld7 shows the PDF of
the interference power for two distinct chip time values.eTdifference between the “true” distribution
(estimated through MC simulations) and the PDF derived foormmethod comes from the approximations
2) and 3) explained above. However, this limited statistm@cision is not an obstacle for practical
applications since a low error is noticed for the two first neos of the distribution. Throughout numerous

simulations we always noticed that the “true” mean valueysenatically upper bounded by the value

obtained via our method. A poorer fit is observed regardimrgsticond order moment, but again the true
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variance is upper bounded by the computed valugyfay.

.7, L
0. o 5
oe-fM | Analytical - Continuous part | | | [} | eeeees Analytical - Continuous part
——— Simulations - Continuous part| ——— Simulations - Continuous part|
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—F] Simulations - Discret part 1+ —] Simulations - Discret part
2 04 =
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5 03 S |
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X X
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FIGURE 6. PDFg (x| Qo (L))for CM1 channel model7. = 50 : (a) L = 2 clusters (b)L = 4 clusters
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FIGURE 7. PDF of the interference powei(z) for CM1 channel model10°MC runs) : (&)T. = 25 (b) T. = 50

Additional simulations have been conducted in NLOS radiMirenments to evaluate the pertinence of
the proposed algorithm. For CM2/CM4 channels (NLOS redid#affice), we obtained the PDFs depicted
in Fig.[8 &[9, for the same candidate values of the chip timee Tésults appear to be acceptable, with

a good precision regarding the first two moments.

VIII. CONCLUSIONS

A novel approach for the statistical characterization & thultipath interference in IR-UWB systems
has been developed in this paper. In the frame of the IEEE180®2a channel model, we derived a
theoretical analysis which aims to compute the power cpaording to all multipath components located
beyond the chip length. Since the proposed approach reguir@mal knowledge on the channel state, it
can be helpful for real time adaptation of modulation par@nseso as to limit the signal to interference

plus noise ratio. Our method relies on the following key depments : first, we derived the probability
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FIGURE 8. PDF of the interference powei(z) for CM2 channel model10°MC runs) : (&)T. = 25 (b) T. = 50
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FIGURE 9. PDF of the interference powg(z) for CM4 channel model10°MC runs) : (@)T. = 25 (b) T = 50

that the chip length falls into a particular cluster of theltipath propagation model; then, the statistics
of the number of paths spread over several contiguous ctusieve been computed in closed-form;
finally, we obtained an approximate relationship of the PDRhe power of all interfering MPCs using
a simplified power delay profile expression. Numerous Mdéelo simulations have been carried out to
verify the pertinence of our results; although these sitiuta revealed a significant gap between the true
interference power distribution and that obtained throaghapproach, the first two computed moments
are very close and upper-bound the true ones. This is a vefulusesult because they represent an
information that helps us to control the SINR level and toueaesan effective functioning of the IR-UWB
system in real-world scenarios. An experimental validatod these theoretical results is also planned
for the near future using an UWB platform recently acquirgddur research team. Although some
measured data acquired with this platform is already avialait could not be used in the framework
of this paper because the conditions required for accyrabeltching the IEEE 802.15.4a environment

have not yet been met. An already scheduled upgrade of owriexgntal UWB platform will lead to
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increased performance, especially in terms of bandwidtt,vaill enable an appropriate and meaningful
comparison of the theoretical results presented in thigpapthose that will be obtained from measured

data.

APPENDIX

Appendix A - Proof of (8)
For any cluster’;, let us define the following notations:= 7,,, ; — 70,i, ¥ = T(n,+1),; — Tn,,s @Ndz = AT;.

The probability that the number of MPCs in the clustenjscan then be written as
Pn) = [ P(nls) £ (2) (30)
0
where f(z) = Aexp(—Az) is the PDF of the cluster arrival times and with the condiioprobability

P(nilz) = Pz—y<z<2) (31)

— /OZ (/;y f(x)dx) Aexp(—Ay) dy
+/ZOO (/Ozf(x)d:c) Aexp(—\y) dy

Considering the simplified model of the ray arrival timesgan be easily seen that

o) = e exp(-As) 32
Therefore we get, after a few algebra steps,
P (ni]2) = (A;)!m exp(—\z2) (33)
which finally yields §).
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