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Abstract— An approximation for the Average Error Probabil-
ity (AEP) of the Pulse Amplitude Modulation (PAM) Impulse
Radio Ultra Wide Band (IR-UWB) systems in the presence of
Multi-User Interference (MUI) is derived assuming that the
spreading codes are fixed in time. The comparison of the
proposed theoretical expression and the empirical resulttows
the accuracy of our approximation for both Direct-SequenceDS)
and Time-Hopping (TH) multiple access techniques. From ths
approximation, we deduce criterion that enable us to selecthe
set of codes optimizing the performance in terms of the AEP.

simulations, we validate our GGD based approximation and
we inspect also the impact of the codes choice on the perfor-
mance. We show the AEP significantly decreases when codes
are selected as suggested in Section IV. Conclusions aga giv
in Section VI.

Il. SIGNAL MODEL

We consider a PAM IR-UWB system with either TH or DS
as a code division multiple access technique. Ngtbe the

number of active users in the network. Each user transmits
information asynchronously through a multipath channee T
The exact Average Error Probability (AEP) has been efansmitted signal from user can be expressed similarly for
pressed in [8] for TH IR-UWB system. Their derivationdoth DS and TH access techniques as follows:

I. INTRODUCTION

are based on characteristic function. The obtained AEP is
obviously accurate but the obtained expression is still too
much complex and does not provide any highlight about the
influence of design parameters (such as the multi-user tode
Actually if we would like to obtain a simple AEP closed-from”
expression, we need to carefully approximate the multi-use °
interference (MUI) distribution. In [1], it was shown thatet .
Generalized Gaussian Distribution (GGD) is a relevant@hoi °
to describe the MUI distribution. Assuming that the MUI is *
Generalized-Gaussian distributed, we derive an acculeged  °
form expression for the AEP in function of the multiple acces
codes for both TH and DS multiple access techniques. Frome
the obtained AEP approximation, we are able to exhibit the
criterion that the multiple access codes have to minimize
in order to optimize the AEP for both access techniques.
Minimizing such a criterion leads the optimal multiple asgse °
to satisfy some constraints that are characterized in typep
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ere

N, is the number of chips per symbol,

T. is the duration of one chip,

T, is the symbol time,

w(t) is the normalized impulse of duratidh, < T,

d,(i) € {—1,1} are the information symbols of user,
assumed to be independent and identically distributed,
{cn(j)} =gt is the multiple access code, with, (j) €
{-1,1} for DS scheme and,(j) € {0,1} is the
Developed Time Hopping (DTH) code [3], associated
with usern,

0, denotes the time asynchronism, assumed to be uni-
formly distributed random variable withif), 7],

The obtained results can be easily extended to the Puldee receiver input signal is the sum of the attenuated and

Position Modulation (PPM) TH IR-UWB system.

delayed transmitted signals from the different users. s e

This paper is organized as follows. In Section II, we introgpression is given by

duce the transmitted signal model for both TH and DS PAM
IR-UWB systems, the channel model and the rake receiver
structure. In Section Ill, we assume the codes to be fixed,
and we derive the AEP in closed-form for the two analyzed

N, N,
r(t) =3 VP [ Y Abs,t—7h) | +0t) ()
n=1 k=1

systems using the Generalized Gaussian (GG) approximatignere A% and 7% are the amplitude and the delay of the
whose parameters are evaluated as well in terms of the rieultipath between the user and the receiver)V,, is the number
access codes. In Section IV, we present the criterion tleat thf paths, assumed to be the same for all the usBgsijs
codes have to satisfy in order to improve the performandbe received power, and(t) is an additive zero-mean white
Section V is devoted to numerical illustrations. By emlic Gaussian noise.



The multipath channel model we employ is that proposethere,
generally for UWB systems. The amplitudé® is usually . :; is the Useful part of userl signal, and is given by

assumed to be dependent on the delayas AX = aF f(7F), 20 = VP Y e (AD)Y0,0,1(0)
wherea? are independent zero-mean random variables (V). :; is the Inter-symbol interference from usér and is
which account for the amplitude statistics afid) is a func- given byz; = VP>, . Al ch";ezl Abyp01(0)

tion which indicates the variation of the amplitude accogdi , -, is the Multi-user interference, and is given by, =
to the delay. For sake of simplicity, we also consider that th S rer Af ZN“Q /P, ZkNpl ARy 00 (6,)
n—= = ey

i i i Ny (kN2 _ _ . .
channel impulse response is normalized, €,,2,(47)° = Unlike z; and 2y, the useful party and the filtered noise
1. The information about random received powers is provideg not depend on the multiple access codes. Fortunatehg if t

by the set{P,},=i .., The rvr; are assumed t0 be nannel is short enough compared to symbol period, the term

independent between users but are usually correlated fot acan pe neglected by inserting a guard time [7]. However,
given user. The distribution of the variable§ and aj; are e MU can only be mitigated by a judicious choice of the

provided in the IEEE 802.15.3a standard [9]. When only ongytiple access codes. In the sequel, for sake of simplicity
cluster is considered (which is not restrictive as mentibng, the one hand, we assume that= 0, and on the other

in [10]), the delayr}; follows a Poisson distribution. The hang we consider the set of received powers fixed, i.e., the

attenuation;, = py, - 3, wherepy, € {1} are equiprobable opained closed-form expression will depend on the retiaa
and 3} are log-normal rv. The functiorf(-) is defined by ¢ (P Yne1 N,

f(rk) = e~™2/7, where~ is the path power-decay time.
Without loss of generality, the user of interest is assumed !!ll. AEP APPROXIMATION BASED ON GENERALIZED
to be the userl. We consider the rake receiver of uskr GAUSSIAN DISTRIBUTION
commonly used for multipath channel systems, with< N, The first works dealing with the performance of UWB sys-
fingers. We also assume that the receiver is synchronized, items assumed that the MUl was a Gaussian distributed random

0, = 0. Thus, the rake receiver output is given by variable. Later, it has been proved in [5], [6] that the Gé&arss
T approximation is not valid in many cases. Recently, it hanbe
2=y A{/ r(t+7f) v (t)dt (3) proposed to use the GGD to describe the MUI distribution in
0

ter TH IR-UWB system [1] in AWGN context. By simulation,
No—1 . . . . we remarked that the MUI can still be well modeled by

Where.vl (t) - Zj:o ‘1 (j)uf(t —JTc) is the template S|gna_l GGD when IEEE 802.15.3a standard based multipath channels

associated with userand. is the selected subset paths W't%described in Section Il) are implemented. We remind that th

GD writes as follows [4]:
_ T.(3/a)
20/Tc(1/a)T.(1 4 1/a)

whereo? = [E[z?] is the varianceq > 0 is the so-called shape

Card(C)=L,. Using Egs. (2)-(3), the rake receiver output i
equal to

| V/TeGim x'“
o/Te(l/a)

p(x)

, Ny Np ) (9)
z = Z Af Z \/Fnz Ay en(n) +1 (4)
k=1

el n=1

wherep = Y, Al fOTS n(t + vy (t)dt is the filtered Parameter, and: — I'c(z) is the Gamma function. Remark
Gaussian noise, and that whena = 2, p(z) corresponds to a Gaussian distribution.
Bl Tt et et In the sequel, given the set of received powers, we derive the
Yren(On) = du(=Qu") [CF, (a7 )r(en) AEP when the MUI is assumed to be GG distributed.
+ (kL ko
+ Clvn(an ;r 1) r(en kj;c)] L A. AEP approximation based on GGD
+ da(=Qp" = 1) [Crn (g )r(en™) First of all, notice that the useful signa}, in Eq. (8) is

+ Cr gyt + (et = Tu)], (5) equal tozy; = d;(0)y/PiNs whereN; is the repetition factor
Ns = N, for DS-UWB system;N, = N, for TH-UWB
; kot _ k0 kot _ E_ 0 (Vs c > Vs f -
W'}EQ Qr = L(Hvat_zn Tl)/j;éj' B _kLgen + o Tﬁ o system whereV, is the number of frame). Then, since the
|Ci2"7 I.)/T], an Enl' =On+ 1 =71 = Qu'Ts — " Which  56p g symmetric and the PAM modulation is equilikely, the
ies in [0,T.]. We also put AEP is given by:
q—1 +00

C;m,n(q) = em(k)en(k —q) (6) P, = Prob(v > \/P1Ny) = / pu(z)dx (20)
k=0 VP1N;
Ne—1 wherev = z); + n is the term disturbing the decision and
Crn(a) = cm(k)en(k —q) (7) wherep, (z) is its distribution.
k=q As z); is assumed to be GG distributed and asis

Gaussian distributed, i.e., GG distributed, we know thas
also well approximated by a GGD. Indeed, in [2], one has
been mentioned that the sum of two GG distributed variables
z=zu+zr+zm+n (8) can be approximated by a GG distributed variable as well.

andr(s) = [7>" w(t)w(t —s)dt. Notice that the rake receiver
output given by Eq. (4) can be decomposed as [3]:



Consequently, the distribution af is described by Eq. 2) Closed-form expression dDi, = E, 40.-[23,]: the
(9) whose the shape parameter and varianceca@nd o> MUI can be decomposed as; = 25;2 Zm . Wherezyy, =
respectively. Note that the expressionscofindo? in terms /B, Zg; Ak yr 0.0(0,,) is the interference associated with
of multiple access codes will be calculated in Section lB¥  uyser n. Since the symbolsi,, and d> are zero-mean, the

replacingp, (z) in Eq. (10) with its expression in Eq. (9) andexpectation ofz4, over the amplitude:z and the symboll
by doing tedious but straightforward algebraic manipolagi is given by

we get N N
B _ 1 r 1 No\/T(3/a) “ (11) Ea-,d[zjlw] = ZEa,d[Z?w,n] +6 Z Ea,d[ZJQM,n]Ea,d[ZJQM,m]
T 2al(1+1/a) "o’ \ oyT.(1/a) =2 =g
where T;[., ] is the so-called incomplete Gamma functiof®S the time-support of-(-) is much less thari:, we have
defined byl';[a, 2] = f;oo t= exp(—t)dt. rP(e)ri(e — T.) = 0, ¥p, q. Consequently, we get

B. GGD parameters vs the multiple access codes

NP
Ea 2’4, :P2 JZJk C+4 k4 + C—4 k4 7,4 ek’,e
In the sequel, we denote by, ando?, the shape parameter alehra) =Fn ; ta (Claan®) + Crala) (o)

and variance of signat,, respectively. Termsy, = 2 and :4“ Lt Y Y
o} stand for the shape parameter and variance of ngise +(Cinlayt +1) +Crplayt +1)) r (e = To)
respectively. Let us now focus on the derivation «of and +6Cfi(q§’e)Cf5(q§’e)r4(eﬁ’e)

a. As z); andn are zero mean, we have o, &
S +6C2 (g5 + 1)CT2(gh + 1)t (b — 1))

with J* = E,[(AF)4].
As mentioned [1], the shape parameterof a GGD is The expectation oiEmd[z;th] over the uniform variable

o? =03 + 0727. (12)

related to thet'" and2'" order moment as follows 0, is obtained byE, aolzi;,.] = & [ Eaalzi;,]do. By
1) D4 writing the integral ovef0, 75 as a sum of integrals over the
a=F (g) (13) subintervall0, 7], and by taking into account the periodicity

. ) of the multiple access codes, we find
where D* = E[v!], and whereF(=!)(.) is the reciprocal

function of & — F(a) = Ie(5/a)0e(1/a)/T2(3/2). Let ., 5, Al L
D}, = E[z},] and notice thaff[;'] = 30,. Like the 2" a.d.0 (20 n] T, nZ 19n
order moment, the*” order moment ofv can be expressed ;
in function of those ofz); andn as Ni*:l [ » . - ) }
D* = Dy + 30, 4 603,07 (14) pr ’ ’ ’
In order to determine perfectly the statistics:ofn terms  jith ~, = [t (t)dt.
0f4th? multiple access codes, we only need to desijeand  Finally, using previous equalities, averagiiiy,q.0[2}; ]
D3y 2|n terms40f the multiple access codes. In [1], the averagger the delayst® — 7{, and reminding thato?, =
of 0%, and D3, over all the TH r_nultlple access ches Wer(zﬁfi2 Ea.00.-[22,,] leads to the following expression for the
evaluated. In our work, we remind that the multiple acce$sr orqer moment
codes are fixed since we would to select them according to N
the minimization of the obtained AEP approximation. Notice pio_2 z“: P2g [3(Nu — 2)04
that the expectation for deriving t¢" and4'" order moments M = — " "L N, -1 M
is achieved over the channel amplituefg the symbold,,, the Nool
asynchronisn#,, and the delayr, according to this order. + ‘ C4(a) + C4(q) + 6CF2()C2 16
1) Closed-form expression ofi; := E, 4.0,-[23,]: in [3] q;) (@) ¥ €1n(9) tn(@Cra(@)] (16)
dedicated to TH-UWB system, we have

N, Noe1 where ®, = 3, . E.[J{] Y0, E.[J*] and whereo?, is
o2 = % an\pn Z [Ciz(Q) +C;r,721(q)] (15) 9given by Eq. (15).
¥ n=2 q=0 IV. MULTIPLE ACCESS CODES MINIMIZING THEAEP

whereyy = [r2(t)dt, U, =, E;[I{] SN B, [IF] with Given N, and the receiver powers, the AEP (see Eq. (11))
IF = E,[(AF)2]. depends only o and 2. For a giveno?, one can remark
that P, decreases whem increases at high SINR. Therefore,
Thanks to Eq. (1), one can see that the MUI can be similarly order to minimize the performance, i.e., the AEP, we have
represented for TH-UWB and DS-UWB when employingo select the codes that minimize and then maximize.
PAM modulation. Consequently the variance given by Eq. (13hanks to Eq. (13) and the monotonic decreasing property
remains valid for DS-UWB system. of F(=1(.), maximizing o is equivalent to minimizingD*



when o2 is fixed. Notice that the high SINR assumption  Proof: Given Egs. (6)-(7), we show that,, ,(¢) and
is not restrictive since we would like to improve the errof;gjn(q) consist ofg and N, — g terms respectively. Each term
floor occuring in the Rake receiver. Thanks to Egs. (12pelongs to{£1}. When N, is odd, ¢ and N. — ¢ does not
(14) and thanks to the independenceo&]f with respect to have the same parity. Consequently, wlgeis even,C,, ,.(q)
the multiple access codes codes, minimizirigand D* with is lower-bounded by) and C}f, ,,(¢) is lower-bounded byl
respect to the multiple access boils down to minimizirig ~ which implies thaC;}2, (¢) +C,,%,(¢) is lower-bounded byt.
and D}, with respect to the multiple access codes. Unlike th&henq is odd, we just have to permute the roldfo;{ (¢) and
previous sections of this paper, we need hereafter disitihguc+ ,.(¢). Then we deduce immediately th@ *1c+2 * (q)+
the multiple access codes selection for TH-UWB and D%-—2 ' (q) is lower bounded byV.. the number of terms in the
UWB systems since the codes belong{th 1} and {—1,1} sum. WhenN., is even, similar proof can be done. m
in TH and DS case respectively. Proposition 3: Let(cl,cn) be a pair of Direct Sequence
code satisfying ., " Ci%(q) + C1 2 (q) = N
« In the case of eveiV.: |C}, (¢)] = |CT,,.(q)| = 0if ¢ is
even; andC;, (¢)| = |C1,.(¢)| = 1 if ¢ is odd.
« In the case of oddV.: |C,(q)] = 1 and [C,,(¢)| =0
if ¢ is odd; and|C},,(¢)] = 0 and |C],,(¢)| = 1 if ¢ is

A. Optimal Developed Time Hopping codes

Before going further, we introduce the following propasiti
for which we omit the proof due to the lack of space. Proof
can be done similarly to the proof of Theorem 1 in [3].

Proposition 1: Let us consider a pair of DTH coge,,, ¢,,)

that satisfiesy” ", C;t2,(q) + C;u2,(q) = N2, then even. L
’ Due to the lack of space, the proof of Proposition 3 is omitted
supC,f, ,(q) =1 and supC,, ,(¢) =1 (17) Nevertheless the proof can be done in similar way of those of

roposition 2.

heorem 2: The AEP of user of interebtis minimum,
if and only if, the set of pair of DS cod€gci,c,), n =
., N, }, satisfies

We are then able to state Theo?em 1 which characterize t'ﬁ

Developed Time Hopping codes minimizing the AEP.
Theorem 1: The AEP of user of interestis minimum, if

and only if, the set of pair of DTH codefc1,c¢,), n =

2,...,N,}, satisfies N.—1 , ,
Neo1 > Cin@) +Cin(a) = N (20)
_ 2 =0
> (Cfa) + €)= N2 (8 ‘ -
o Unlike TH scheme, we also see that minimizing jointly the

variance and the shape parameter of MUI distribution is

Notice that, in [3], the authors suggest to select the DTHex0d ) LT . .
equivalent to minimizing the variance only, in DS scheme

minimizing the variance, i.e., satlsfymE o (C2(g) +

_ context.
C1,721(Q)) N2 which corresponds to a Iarger set of codes Proof: Due to lack of space, we only prove that
than the set of codes verifying Eq. (18). Z 716”( )+ Cf (q) = N, yields thato2, and D,

Proof: We aim to identify the pair of codes that
minimizes botho32, and D}, given by Egs. (15) and (16)

respectively. In [3], it has been already proven that a phir Be a set of pai L

pair of DS code satisfying Eqg. (20). Thanks
DTH codes minimizes, if and only if Z C+2( )+ Eg. (19), we have that the varianed, (given by Eq.
Cl‘i( ) = N2. Let us consider a pair of codes that satisfies th(iS)) is minimal. Let us now focus om?, given by Eq.
last condmon and let us prove tha, is minimal if and only 16). By means of Proposition 3, one can easily check that
if 30 ' € (a)Cr . (q) = 0. Using Eq. (17) and noting that s~Ne ¢4 (g) + €12 (q) is minimal and is equal toV... The

Cl,z(q>qcfr.,n( ¢) = 0, we can deduce thdf;";" €7 (q) + second term oD?,, given byY " €17 (¢)C; 1 (q), is equal
C1.n(q) is minimal as well and is equal /7. Hence,Dj; to N,/2 if N, is even and) otherW|se and thus identical for
is minimal if and onIy if Z ’1C+2( )C{2(q) = 0, or any code minimizing the variance. Therefore, Eq. (20) leads

1,n
equivalently, > €, (¢ )Cfn(Q) — 0 due to Eq. (17) to the joint minimization ofo3, a,d D},. m
for the DTH codes m|n|m|zing the variance and due to the
positivity of C; ,,(¢) andCffn(q). This concludes the prool

are minimal. The proof of the reverse implication can be
easily done by using Propositions 2 and 3. lét;,c,)}

V. NUMERICAL RESULTS
We consider an AWGN channel and a normalized Gaussian

B. Optimal Direct Sequence codes impulse
Before exhibiting the Optimal Direct Sequence codes in w(t) = A \/5cos(27rfc) — A
Theorem 2, we introduce two preliminary propositions. “Vor A

Proposition 2: Let(c,,, c,) be two Direct Sequence codesNIth A,

is a normalized factor such thdt" > w?(t)dt = 1,
of length N.. We have 9(_00 w(t)

f. =6.85 GHz and\ = 9.107 x 1072 ns.

Ne—1 In Figures (1) and (2) we compared the theoretical AEP
> Ch(a)+C2 () = N, (19) approximation given by Eq. (11) (displayed in dotted lines)
q=0 to the empirical Bit Error Rate (displayed in solid lines)thwi
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Fig. 1. Theoretical AEP and BER for PAM TH-UWB system with. = 16, Fig. 3. Performance wrt the codes properties for PAM TH-UWBtem
Ns =4, T. = 3 ns and random codes. with N. =24, Ny = 4, T. = 3 ns andN,, = 30.
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Nu=30 —— with respect to the random codes.
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VI. CONCLUSIONS
An accurate error probability approximation for both PAM

1E-01

%\( TH and DS IR-UWB systems has been derived assuming
§ e AN e the MUI distribution is well modeled by GGD for any set
\\Mm? of fixed multiple access codes. We then were able to select
\%\K . the multiple access codes minimizing the error probability
e Numerical results show significant gains while selecting th
0 Gasn s, appropriate codes in TH context.
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