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Abstract— In this paper, we propose an accurate method for ~ On the other hand, for realistic UWB systems having a finite

evaluating the performance of Ultra-Wideband systems ovethe  temporal resolutiorf}, (that is often limited by the receiver’s

IEEE 802.15.3a channel model. Depending on the severeneds o ; ;
fading, the method consists of approximating the distributon sampling frequency or the width of the UWB pulses), the r.v.

of the captured channel energy by either a Coxian, gamma- h takes the following value:

mixture or lognormal distribution based on a least square fiting \T:/T,) 1 |15 /Ty ) —1

criterion. The proposed approximations lend themselves tsimple h— Z 2 A Z [Z 3; ‘]2 ©)
mathematical analysis and turn out to be useful in evaluatig the - n= it
performance, in terms of average bit-error-rate (BER) and aitage =0 =0 €l

probability, over the IEEE 802.15.3a channels. whereZ is the set given byZ; = {i | IT, < 7 < (I+1)T,}.
Index Terms— Ultra-Wideband, UWB, IEEE 802.15.3a, per- Note that eq. (3) models the case of IPI singecorresponds
formance analysis, Inter-Pulse-Interference. to a linear combination of the MPCs arriving in the interval
[T, (I+1)T,]. Note that the no-IPI case follows from the IPI
I. INTRODUCTION AND PROBLEM FORMULATION case by assuming a very high temporal resolutigni 1. In
A widely accepted model for ultra-wideband (UWB) chanthis case;;, — fi; and eq. (3) boils down to eq. (2).
nels was developed by the IEEE 802.15.3a standards body [1]In this paper, we propose a framework for analyzing the
According to this model, the impulse response of the UwBerformance of UWB systems by first approximating the r.v.

channel can be expressed mathematically as: h by a convenient distribution. Despite the fact that the path
Lous1 gains follow the lognormal distribution, the problem under
g(t) = Z Beud(t — 1) 1) consid(_eratic_)n differs significantly from the_ Iognormahs_u
= approximation (LSA) problem that was considered extemgive

. . in the literature [2]-[6]. This problem corresponds to apq
where §(t) stands.for the Dirac de_I'Fa function. The paramr'nating the distribution of the sum of lognormal r.v.s, tisanot
eterﬁl. < {#1} with equal probability modgls the randomknown in closed form, by another distribution. The proposed
pulge inversion that can occur due to refle_ct|on_s. The rand Mutions are either based on the lognormal approximagipn [
var!ables (r.\_/.s)rl and o, stand fof the arrival time and the[3] or they might resort to non-lognormal approximations{4
fading _amplltude Of. thei-th multipath compenent (MPC) I[6]. The adopted approximating techniques can be classified
respectively. According to [1]n encompasses the Clusteinto many categories including the Moment Matching Approx-

arrival time and the arrival time of the MPC within its cluste . . - .
. imation (MMA) [7], the Moment Generating Function (MGF-
On the other handy; is modeled as a lognormal r.v. whos ( ) [7] g ( )

) ! ) $ased matching [8] and the Least-Squares (LS) approach [9].
paramete_rs depend on the arrival timg according to an The main reasons that render the problem of approximating
exponentla_l-decay power law. In &q. (1ma. corresponds the r.v.h (in eq. (2) or eq. (3)) very different from the well
o the maximum number of MPCs. known LSA problem are as follows. (i): While the number of

A major pa_rt|cu|ar|ty of the .IEEE 802_.15.3a model thaEummands in the LSA problem is fixed (and known prior to
distinguishes it from other multi-path fading channel mede

) . _ o performing the approximation), the number of summands in
resides in the fact that the different arriving MPCs can kager either (2) or (3) is not constant and it depends on the specific

in time thus resulting in what is referred to as intra-puls annel realization. (ii): While the parameters of the lognal
interference (IPI). If IPI is neglected, the signal-toseratio ummands in the LSA problem are the same (and fixed), the
(SNR) at Fh? output O.f a receiver that_combine§ all the MP Arameters of the summands/irare not constant since théy
arrving W'th_'n a duratloriFi_g TLmaz—1 is proportional to the depend on the clusters arrival times and on the MPCs arrival
random variable (r.v.j. defined as: times (within their clusters) that both vary from one chdnne
L1 realization to another.
h = 20412 ) Despite the fact that IPl is a well recognized problem
1=0 in the UWB context, most previous contributions neglect
where L corresponds to the number of MPCs in the intervahis phenomenon only for the sake of simplicity [10]. Other
0T;):m <T;forl=0,...,L —1. contributions adopt simplistic tap-delay line channel wisd
o . _ (with no IPI) that exclude any clustering phenomenon and
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cantly simplifies the problem and directly links it to the LSAdistribution to those of the exact distribution, our apmtoés
problem. For example, [11] evaluates the performance of UWiased on a least-squares fitting technique for minimizirg th
systems by approximating the lognormal-sum#.tay another Mean Square Error (MSE) between the exact pdf and one of
lognormal r.v. based on the technique proposed in [2]. the proposed approximating pdfs. A similar approach for-min

The performance of UWB systems over the IEEE 802.15.8aizing the MSE between the cdfs was proposed in [6] in the
model is more challenging to analyze theoretically if 1Pl isontext of the lognormal-sum approximation problem. Diespi
to be taken into consideration. Hence, most of the previotie fact that the adopted approach is computation-demgndin
studies were based on Monte-Carlo methods (refer to [13] aitds simple, straight-forward and results in tractableuits
the references therein). Recently, an analytical framkvimr The adoption of this approach is further motivated by the
evaluating the performance of UWB systems in the preserfeet that non of the existing approximation techniques (MMA
or absence of IPlI was proposed in [14]. In this referencBIGF, LS ...) in [7]-[9] (in the LSA context) is unquestiongbl
the type-IV Pearson distribution, that was initially prggd better than the other, and each one of these techniques can
to approximate the lognormal-sum distribution in [4], wabe seen as achieving different levels of compromise between
adopted for approximating the r.y. in the no-IPl and IPI complexity and accuracy.
cases. Despite the breakthrough made in [14], the limitatio
of the type-1V Pearson approximation are as follows: (i) the
approximating pdf and cdf expressions are complicated and
do not lend themselves to simple mathematical analysjs. (i 1) Preliminaries. In this paper, we evaluate the BER and
The complexity of the approximating pdf (eq. (14) in [14]butage probability of UWB systems with BPSK. The average
results in complicated and non-intuitive expressions @& tBER is given by:
bit-error-rate (BER) and outage probability. For instanite

. . +oo

average BER does not admit a closed-form solution and was P, = / NR. x) fn(z)dz ()
thus evaluated using the Gauss-Legendre method. Moreover,
the BER can not be upper bounded by any simple closed-fo
bounds. (iii) The approach proposed in [14] corresponds toWﬂere /n() corresponds to the pdf of the ry. and the

: . 1 [ 42/2
tap-delay channel model where the time axis is divided In{elilr;(lzltjlggncg(trzelsage:;n?gt::yBQE(R) behﬁd‘l’lz can bedtu Foerr_
time bins. The implication of this model is that it resultsan g ymp PP

constant number of summands in eq. (3) which is not the cabs%unded by:

for the IEEE 802.15.3a model where the number of summands +oo B
deper_1ds on the spe_cific channe_l realizatic_m. Recently, the P < \/%/o \/me
technique proposed in [14] was improved in [15] where a
MMA in the logarithmic domain was used to determine thghare this bound follows sinc@(z) < T - /2_
parameters of the approximating type-1V Pearson distiobut The outage probability is defined as [14 ]
in a simpler way. However, this simplification does not chaing
the resulting pdf, cdf, BER, and outage probabilities that hen
remain the same as in [14]. Pour = Prob(h < hep) = fu(@)de = Fi(hin)  (6)

The objective of this paper is to evaluate the performance 0
of UWB systems over the IEEE 802.15.3a model withowwhere Fy(.) stands for the cumulative distribution function
resorting to typical simplifications in system assumptiditss ~(cdf) of the r.v.h.
was achieved by approximating the ri.(that models the 2) Least-Squares Fitting: No exact closed-form solution
energy captured over the UWB channels) by either a Coxida, the distribution ofh is available in the literature. In this
gamma-mixture or lognormal distribution depending on theaper, we propose to approximate the exact fdfr) by an
severeness of fading. The advantages of the proposed appf®proximate pdffaps(z) based on a minimum mean-square-
imation approach are as follows: (i) they are suitable fahboerror (MSE) criterion:MSE = 0+°°[fh(x) - fapp(:c)]2 dz.
the no-IPI and IPI cases. (ii) The proposed approximatioiifie degree of fading was captured by the coefficient of
are accurate for different channel profiles and over theentvariation of the r.v.h defined asc, = Zh wherepu, andoy,
range of integration times. (iii) The approximating clofedn stand for the mean and standard deviatiorhpfespectively.
pdfs are simple. (iv) The proposed approximations provideNote thatc, depends of;, T, and the channel profile (LOS
satisfactory accuracy for estimating both the BER and thie owr NLOS propagation). We investigated the Coxian, gamma-
age probability. (v) The resulting BER and outage probshbilimixture and lognormal approximations and found out that the
expressions are simple and are thus suitable for analyhimg €oxian distribution is best adapted to the case of “severe”
achievable diversity orders over the IEEE 802.15.3a chlanndading ¢, > 1) while the gamma-mixture and lognormal
The proposed approach outperforms [14] by its simplicity (idistributions can approximatg,(z) with a higher accuracy
terms of pdf, cdf, BER and outage probability expressioni) the cases of “normal” fading0@8 < ¢, < 1) and “non-
and by its suitability to the IEEE 802.15.3a model. Howevesgevere” fading ¢, < 0.8), respectively.
this comes at the expense of a reduced accuracy. Note thafhe solution to the above least-squares nonlinear curve
while [14] is based on a MGF-based matching approach ffitting problem can be obtained numerically using the Gauss-
fitting the parameters of the approximating Pearson type-Newton numerical algorithm for example.

Il. PERFORMANCEANALYSIS

(x)dz  (5)




3) Coxian Distribution: Whene¢, is larger thanl, a two- where ~(s, :c) corresponds to the lower incomplete gamma
component Coxian distribution was found suitable for thinction: y(s f ts~le tdt.
case of “severe” fading where the captured signal energy is5) Lognormal Digtribution: In the case of “non-severe”
characterized by large variations near zero. The correlpgn fading (, <0.8), we found that the best approximating distri-

pdf is given by §; > 0 and )y > 0): bution is the lognormal distribution. The pdf of a lognormal
o D distribution with parameterg ando is given by:
feox(m) =phie™ M + (L —p)hae™™* ; >0 (7) P R 789 Y
2
When the exact pdf,(«) is replaced by the approximating fin(z) = 1 exp | — (In(z) — ) >0 (14)
pdf fcox(z) in eq. (5), direct calculations show that the V2rox 202 N

corresponding upper-bound can be written as: i ,
A closed-form solution for eq. (5) is unfortunately not

P, < p _ 4+ 1- . available whenf;, (z) is replaced byf;y(z). On the other
(28N Y3 (1 + lSNR)7 (28N} (1 n ;SiVR) hand, using the looser bour@(z) < 1e~% implies thatP.
2 8) in eq. (4) can be upper-bounded by:

For sufficiently large values of the SNR, eq. (8) can be +o00 Y-
written aspP, = ”AIJ;(N;R”M implying that P. scales asymp- P, < = / exp [— SNR':C] 1 exp [—M} dz
totically as SNR~! implying that the diversity order of the 0 2 Vinox 20

UWB system in the case of “severe” fading is equal to 1. . . ) (15)
Based on the Coxian approximation, eq. (6) reduces to: | "€ above equation can be written as:
Pyt =1 —pe™ 1M — (1 — p)e=22hin ) P. < %Fr< SNRe!+ 0 —> (16)

4) Mixture of Gamma Distributions. In the case where the
coefficient of variationc, is not much smaller than 1 (in Where Ffa,0;b) is the lognormal density frustration function

particular,0.8 < ¢, < 1), we found (based on a numerica@iven by [16]

analysis) that a mixture of gamma distributions approx@sat 400 (In(z) + b%)?

the exact distribution of with the highest accuracy. The pdf of Fr(a, 0; b) :/ Worees exp(—aa:z) exp [— T] dz

a N-component mixture of gamma distributions can be written 0 V2mbix (17)

as: B A closed-form evaluation of the frustration function does
z/6 -1

Z % nat c 2 >0 (10) notexist. Consequently, the lognormal approximation duss
result in a closed-form expression of the asymptotlc BERmwhe

Q(z) is upper-bounded by elthe\/ie or 5 %,

In what follows, we will show that an |nf|n|te dlversny order

can be achieved in the case of “non-severe” fading. Since

whereznz1 v» = 1. The parameterk, and®, are positive

for all values ofn andI'(z) = 0+°° e~ 't*~1dt corresponds

to the Gamma functionz(> 0). oo ooy 1

Replacingf,(z) by f,(z) in eq. (5) results in: exp (—ax?) = ( n=0 %) < —Z_ Vn € N, then

eq. (17) can be upper-bounded by:
P, < L 27 F(kn_%) + ( ( ) 2)2
e n 1 _1 ! > 1 In(z) +0b
2 2 2 BuSNR ) Fn =3 Fr(a,0;b) < n_/ z " ex {—7} dz
VAT iS5 T(ky) (0,SNR)? (1 + 2SNR) an (a,0;0) < — ; s P 202
which, for sufficiently large values of the SNR, can be writte = "_flE [272"] = l:l exp (2(n? + n)b?) (18)
as: a a
Tk, — 1) where the mean [B in the last equation is evaluated over

(HHSNR)”“" (12) a lognormal distribution with parametersh? andb. Finally,

1 k
Pe ~ § n2kn71 n 2
NZs — ¥ (k) . . .
n=1 replacing eqg. (18) in eq. (16) results in:

Equation (12) shows that the dominant term that has the gn—1p 52
major influence on the asymptotic-BER is the smallest term P, < SN P <n27 — nu) VneN (29)
amongky, ..., ky. In this case,P, scales asymptotically as

(emSNR)_’“m where m £ argmin,—;..y(k,). In other Since the above bound holds for all integer values,dghen,

words, the diversity order in this case of “normal” fading i$n particular, it holds for very large values afimplying that

equal tok,,. Interestingly, the numerical results show thaf the P.(SNR) curve is infinitely steep at high SNRs implying

is an increasing function of;. In the same wayk,, takes that the UWB system profits from an infinite diversity order

larger values in LOS conditions (for example, CM1) compared this case of “non-severe” fading.

to NLOS conditions (for example, CM2). Based on the lognormal approximation, the outage proba-
Replacing eq. (10) in eq. (6) results in: bility takes the following value:

N
_ Y (kn, hin/0n) _ okt 1n(hth))
Fot = 2 ) = =0 (5= @0



TABLE |
BESTAPPROXIMATING DISTRIBUTIONS FORCM1 AND CM2 IN THE ABSENCE OFIPI

[ T3 ] 1ns 2 ns 3 ns 5ns 7ns 10 ns 20 ns 30 ns tmaz |
CM1: ¢, 1.071 0.9458 0.8847 0.8336 0.8136 0.7992 0.7815 0.7782 78.77
CM1: dist. GM-3 GM-3 GM-3 GM-3 GM-3 GM-3 lognormal lognormal lognormal
CM1: MSE 1.665 103  9.135 10~° 2.978 10~° 2.98510~° 2.777 10~° 3.693 10> 4.293 10~° 2.902 10~°> 3.133 10~°
CM2: ¢, 1.3383 1.1804 1.0774 0.9561 0.8831 0.8289 0.7828 0.7776 760.7
CM2: dist. Coxian Coxian GM-3 GM-3 GM-3 GM-3 lognormal lognormal lognaal
CM2: MSE 1.673 103 3221077 1.357 103 7.97310~° 1.47410~° 2426 10~° 2.374 10°° 2.41910~° 2.539 10~ °

GM-3: 3-component gamma-mixturé;,.: maximum delay-spread of the channel.

TABLE Il
BESTAPPROXIMATING DISTRIBUTIONS FORCM1 AND CM2 IN THE PRESENCE OHPI

[ T3 ] 1ns 2 ns 3ns 5ns 7ns 10 ns 20 ns 30 ns tmaz |
CM1: ¢, 1.537 1.236 1.104 0.984 0.932 0.893 0.831 0.815 0.809
CM1: dist. Coxian Coxian GM-3 GM-3 GM-3 GM-3 GM-3 lognormal lognormal
CM1: MSE 8.429 1073 6.869 10~3 9.01510~° 838210~ ° 7.36810°° 837310 ° 8.35910°° 7.45 10—° 7.041 10°°
CM2: ¢, 1.714 1.449 1.289 1.106 1.002 0.915 0.854 0.846 0.844
CM2: dist. Coxian Coxian Coxian GM-3 GM-3 GM-3 GM-3 GM-3 GM-3
CM2: MSE || 2.35 102 2.54 103 1.1310~° 1.536 10~* 6.958 10~° 8.269 10~° 8.346 10~ > 7.6537 10~° 8.029 10~ °

GM-3: 3-component gamma-mixtureé;,..: maximum delay-spread of the channel.
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Fig. 2. PDFs of the 3-component gamma-mixture approximatmver CM2
Fig. 1. PDFs of the Coxian-2 approximations over CM2 in theesice of in the presence of IPI.
IPI.

Fig. 1 compares the exact pdfs with their corresponding
Coxian approximations for different integration times ove

We performed an extensive numerical analysis that showe#12 when IPI is neglected. Results show the close match
that the proposed approximations are accurate for differdretween the exact and approximate pdfs. Similar resulte wer
channel profiles and integration times in the presence @bptained in Fig. 2 in the case of gamma-mixture approxinmatio
absence of IPl. Regarding the gamma-mixture approximever CM2 in the presence of IPI. This figure also shows the
tion, numerical results showed that increasing the numberlognormal approximations that are found to be far from the
components in the mixture\( in eq. (10)) beyond three re-exact pdfs in this case of “normal” fading. Finally, Fig. 3
sulted only in a marginal decrease in the MSE. Consequensifiows the accuracy of the lognormal approximation for the
throughout this paper, 3-component mixtures of gamma dison-severe” fading case over CM2 in the absence of IPI.
tributions are used for modeling the energy capture in theFig. 4 shows the BER performance over CM1 in the absence
case of “normal” fading. In what follows, the minimum UWBof IPI. The approximating distributions used for evalugtihe
channel multi-path separation is set to 10 ps. IPI is takém inexact BERs and their corresponding upper-bounds are given i
consideration by fixing the temporal resolution of the reeei table-l. Results show the suitability of the proposed appho
to 7}, = 0.5 ns. The best approximating distributions and thefor BER calculations. For the 3-component gamma-mixture
corresponding MSEs are given in table-l and table-Il for thepproximation, results also show that the proposed upper-
channel profiles CM1 and CM2 in the no-IPI and IPI casebpund given in eq. (12) turns out to be very close to the exact
respectively. Similar results were obtained for the prefildBER for SNRs that are not excessively very large. Moreover,
CM3 and CM4 and were not presented here for brevity. all the proposed bounds can be used to predict the diversity

IIl. NUMERICAL RESULTS
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order (related to the steepness of the BER curves that isesedevels of accuracy over the entire range of parameters.eThes
with the integration times). approximations are useful in evaluating the BER and outage
Figures 5 and 6 compare the exact outage probabilities wiRRrformance and they capture the diversity orders that ean b
the approximate expressions given in eq. (9), (13) and (2@)hleved over the IEEE 802.15.3a channel model.
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