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Abstract—In order to boost the data-rate in Impulse Radio Thus, the main purpose of this paper is to obtain a closed-
UWB systems (which is necessary in some applications such aform expression of the multicode interference (MCI) vadan

video stream), we propose to allocate more than one time-hpIng 4t the output of a rake receiver in the context of Time-Hogpin
code to the same user. In the case of a rake receiver, a new kind . .
Impulse Radio Ultrawide Band.

of interference associated with extra codes allocated to éhuser of - ) ) ) .
interest is induced. Consequently the impact of these extraodes The paper is organized as follows: in Section Il, we intro-
on the data rate is not straightforward. In order to evaluate duce the TH-IR-UWB based system as well as the propagation

the benefit of our proposition, we derive a closed-form for t® channel model. In Section IlI, we provide the original clbse

multicode interference variance in the context of a time-hpping form expression of the MCI variance. Section IV is devoted
ultra wideband impulse radio based system. This enables udt imulati C luSi d S Section V
theoretically analyze the influence of the number of additinal 0 Simulations. Conclusions are drawn In Section V.

codes on the real achievable data rate.
Il. SYSTEM MODEL

. INTRODUCTION h ke of simplici ider the sinal
For several years, Time-Hopping Ultra WideBand Impuls& For the sake of simplicity, we consider the single user case.

Radio (TH UWB-IR) based communication systems have quse Amplitude Modulation (PAM) format is hereafter
.considered. Nevertheless, an extension of the proposekl wor

received great attgntlc_m, especially for short range agh hlto pulse position modulation (PPM) can be done similarly.
data rate communication schemes [1], [2]. . SO .

As a low-complexity and low-cost terminal is recom- '.A‘S a mu_Itlcode based commgmgaﬂon IS c9n3|dered for the
mended, it is common to consider a rake receiver structu‘l;’é"qu‘.e active user, the transmit signal of this user takes th
Consequently, the performance is quite poor and the daga rélt"OWIng form
is thus limited. One way to increase the data rate is to peovid (t) = Z 2 (t)
several channels of communication to the same user. Therefo "
we propose to allocate several time-hopping codes to the use
who requires high data rate. If rake reception is carrieq ostherez, (t) corresponds to the signal associated withstHe
these additional codes will unfortunately generate ieterice code. So, we have
disturbing the data detection of the user of interest. Tloeee oo NoNj—1
the data rate will not increase linearly with the number of _ . . . o
allocated codes. In order to analyze the influence of the () = Z () Z en(gult = iN/Ty = JTc)
number of additional codes on the data rate, we first suggest
to derive the variance of the multicode interference in §here N. is the number of chips of duratioff,, Ny is
closed-form expression. Thanks to the analytical evaduati the number of frames of duratiof; := N.Tc, w(t) is the
the variance, we secondly provide a data rate approximatidwlse of durationT,, < Tt [1]. The transmitted symbols
with respect to the number of additional time-hopping code®: (i) € {—1,1} are assumed to be independent and identically
Moreover, the provided closed-form expression of the vamga distributed {.i.d.). The so-called developed time-hopping code

1=—00 7=0

of the multicode interference can then be studied with m!spdcn(j)};&évlf_l is defined as followsz,(j) is non-null if
to either the number of pulses per symbol, or the statisticahd only if the j** chip associated with the'* way of
parameters of the propagation channel. communication is occupied by a pulse [3].

Thus, after propagation through the multipath channel, the
received signal can be expressed as follows:
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on the other hand. k=1



where A, and;, are the amplitude and the delay of the' with Q"¢ = [(A7mwe)/N;T], = [(Amhe —
path respectively, and whe®, is the number of paths andQ**NT})/T.| and the remamdea”“’ € [ ,T¢). Notice that
n(t) is a zero-mean white Gaussmn noise. |«] is the integer-floor of:.
The channel model considered here is the conventional on&he termz can be split into two terms = z, + zp,¢; With
established for UWB personal area networks [5], [6], witle on N,
cluster. The amplitudes are zero-mean random variablesngiv o
by Ai, = ay - e~ /27 with ~ the ray decay factor, and, = T z;%; ArAeyie1
pr - B wherepy, € {—1,+1} is an equi-likely binary random B
sequence and wherg; is a log-normal random variable. o
The delaysr, are independent Poisson random variables with et ;é;m&yk’g’"'
parameter\ and as a consequence, the difference betweeﬂ
two consecutive delays obeys an exponential distributigh w € termsz, andzn.; can be interpreted as follows
parameten. We defines2 := IE,[a2], and the fourth-moment  * Zu correspon_ds to th_e S|gna_l as_somated Wlth_ the code of
= E,[a}]. We also putly, := E,[A2] = 02 - e~ /7, interest. In this term, it remains inter-symbol, interra,
We consider a rake receiver that selects any sulséetf and inter-pulse interferences which can be analysed and
the L, paths (withL, < N,). Without loss of generality, the treated according to [7] and [8].
recelver wishes to retrieve the first symbol of the first way, * #mci iS the multicode interference (MCI) which is a

d1(0) (which is assumed to be equal 1. Then, the signal disturbing term when a decision is needed for data carried
at the output of the rake receiver can be written as by the code of interest.
NsT; The main purpose of this paper is to derive the averaged
z= Z Ag/ y(t + 1o)v1 (t)dt (2) variance of the MCI denoted by
ey

N:N¢—1 . . V= EadT[mcz]
where v (t) = Y7207 ei(f)w(t — jTe) is the receiver losed-f
template associated with the first way of communicatios, ( in closed-form expression.

associated with the first time-hopping code). By putting EqJ|. CLOSED-FORM EXPRESSION FOR THEMCI VARIANCE

(1) into Eq. (2), after straightforward algebraic manifigias, The derivation of the MCI variance is split into three main

we obtain steps: first of all, we average the terd),; over the amplitudes
K N ar, given the symbolsd, (i) and the delaySrk. Since the
Z Z ZAéAkpk,fz,n +n amplitudesa;, are zero-mean and independent, we get
n=1/¢€ ¥ k=1 N
K
where 2 1 P SN
NN Eolzpe] =Y Y (K Yetmteenstd T Yk by U ons
+o0 Ny ni,ne=2 (L k=1

Pkyn = Zdn(l)z c1(3)en () (AT e+ (j—5") Te+iNsTy)
i=—o0  4,j'=0
with r(s) := fj—:oo w(t)w(t — s)dt, Aty := 1, — 70, @aNd7n
the filtered noise due ta(t) contribution.
Moreover, according to [3] and [4], the term ¢ ,, can be
simplified as follows:

+  Ykko Yetns ke + Ykt Yok Lrer])  (3)

wherel,c & is equal tol whenk € £ and0 otherwise, and
wherex! = Cum(Ag, Ag, Ag, Ag).

Secondly, we average Eq. (3) over the symhb)&) given
the delaysry. As the symbolsl, (i) arei.i.d., we obtain

Pren = d(-@EAG ) Budlitad = 3033 e
+ Ci.g P4 )Rt - T0)] ’ Yy yu
+ dn(— Qk £1) [Cl n( qk 4 )r(e W) + bk_’[I’Q(Ek"Z —T.) + cxer?(0)] 4)
+ Cr (@ + )M - T0)] where
where are = I'I* [Cffi( k€)+cln( o)
Cff ( ) — Ncgf: 1 q) + 5Qk,e,OCIn( kz)c;f, ( mt )1ke£
" k=g + 6Qk’£+l,ocin(qk7é)cn,1(q ' )1ke£}
= bre = I'IF[CIT(¢M +1) +Ca(d™ +1)
Gnl@ = 2 albenlk-a) + 0guaCha(d + DCH (@ + Dlice
and where the difference between two delays can be decom- + ‘SQ’“'““L()CI_-,n(qlM + 1)0;1(‘116’[ + Dlgec]

posed as follows ke = (K0k1 +IT" 1) (CF2(0) + C12(0))
ATy = QMEN{Ty + ¢F' T, + andd,, ., is the so-called Kronecker index.



We thirdly average Eq. (4) over the delays From now following probability density functions
on, we only consider the partial rake receivee, . = Akt
{1,2,---,L,}. Notice that the partial rake receiver fingers par(t) = 7—F——
are associated with the first successive delays and not with (k—€—1)t
the most powerful delays as done for the so-called selectivet ¢ := A7y, Q; = Q", ¢, = ¢"* ande; = £#*. By split-
rake receiver. Unlike the selective rake receiver, the @hoiting the interval[0, +00) into an infinite number of intervals
of the partial rake receiver enables us to derive a closesf-length 7. and by using the fact tha®, = Q.n,7, = Q
form expression for the statistics of the encountered delalpr ¢ € [QN;Ty,(Q + 1)N;Ty) and ¢; = g1, = ¢ for
and consequently, faE, 4 - [22,.;]. t € [qTe, (¢ + 1)T.) with Q andq two integers, one can see

From Eq. (4), after tedious but easy algebraic manipulationhat X% takes the following form
we deduce that

tk—é—le—ktltzol

NeNj—1 400
IR Xt = Gm(Q.9)
Eo,d,r 250 = Z (KaMbj1 + oy My 1) (k—t-1) qzo Z_:
n:22e:1 k=1 , . x e~ AFL/M(QNsTi+qTe)
X (CI 7 (0) 4+ C1 1 (0))r*(0) + o My T. et O e
« (C;ri(o) + C;Z(O) + Cin(o)c:zr,l(o))”z(o) X /0 (QNfo +qT. + E) e Ve (a)da.
K L L . . . .
N Merging the previous equation and Eqg. (6) into Eq. (5) leads
4
+oa ) (Y7 +277) to the final result
n=2 (=1 k=(+1 L
K L. Ny . +2 -2
+ot Z (YQk,e " Zg’l) ) V= Z (; ; (KaMibp1+ 0 M, k)(Clyn(O) + C1,n(0))
e vt (C12(0) +C12(0) + €1, (0)C;4(0)) ) 2(0)
with at\L1n 1,n 1,n n,l
400 NeNj—1
Vi =B oG Qg () oD 3 CH@ e+ a0
Zrlil,f :]ET [e—(Tg-l—Tk)/'me(Qk,f’ qk,f),r,Q(Ek,f _ Tc) )
and +Cl,n( ) + 26Q7ocl,n( )Cn,l(Q))q)l(Q7 q)
oo NeNj—1
G1(Q%,¢") = Cii(@™) +C (") + ¢ ™) +o, Z Z (Cin(@) +Cia(@)¥1(Q,q)
T+ CT2(¢M) + 20que o, (6 (6) o
_ ) 5
G2(Qk’laqk’l) = Ci’:i(qk E)"'Cl 721( k,e) _|_04 Z Z q_|_1 _|_Cn1(q_|_1) C+2(q+1)
N(@QM,¢") = R+ D)+ +1)
+ Cl,n( M) +Cad™ + ) +Cl.,n(q + 1) +200,0C1 (g + 1)C,1 1 (g +1))P2(Q, q)
+ 20k 0CT (¢ + 1CE (¢ + 1) oo Nelly 1
ok +o, Ci2(g+ 1) +Cia(qg+1)V
BQMLGH) = CEA )+ C M + 1), a2, 2, D+ )@

We also haves, = cum(ay,ar, ag, ar), My = B [e~27/7], with

and My ;, = |, [e~(7e+7)/7]. Notice that closed-form expres- L. ) L, N
sions can be obtained fad, and M, , which are omitted due ®1(Q,q)=0(Q,q) - - -
to the lack of space. = (A+2/7) k; (k—€—-1)
In the sequel, we only focus on the derivationgdf¢ (with T. O ,
k > ¢). The other terms can be derived in a similar way. By ></ (QNsTy + qT. +e)F e A2 (g)de
0

noticing thatr;, + 7, = 27, + A ¢ and thatr, is independent . N
T P

of A7, as soon ag > ¢, we get AP
e ° 2(Q; Z /\+2/) 2 k—f—1)
YR = M Xk (6) =1 REAr '
T,
with ></ (QN;Ty + qT. + &)F = te=OFUMep2 () de
0
X5 = Ean, e (QM, M) O Ak
2 Ak Ak Y ‘1’1(Q,Q):¢(Q7Q)Z ) Z —i—1)
x 12 (ATke — QY NgTy — ¢"7Te)). (A +2/7)" o (k==
We would like to find a closed-form expression fofk.*. Te b1 — (A1 /7)e, 2
Before going further, one can easily check that, , has the X/O (QN¢Ty + 4T +¢) ¢ V(e — Te)de



o r P parameters, as a function of the number of allocated codes. F

V2(Q,9)= Z (A + 2/7 Z (k—€—1)! each point of the curve0, 000 trials are run for the empirical
=1 k=Lr+1 values of the MCI variance. The statistical parameternd

X/T(CQNfo 4 qT, + o)l /M2 (o _)de Y Were chosen to match those of [5] and [6].
0

40

T
N 10; N,73 lambda=! OZns garrma 20 - Monte Carlo
N 10; N=3; Iantda—OZns gamma=20 ns - analytical

Nc 12; N=3; lambda=2.1 ns ™ gamrra-43ns Monte Carlo
Ne=12; Ne=3; lambda=2.1ns gamrm—43ns analytical

N =11, N=4; Iarrina—ZSns gamra—lz ns MonIeCarlo
=11 Ng=4; lambda=2.5 ns;gamma=

and

bromoe

#(Q,q) = e~ AL/ (@NTs+qTe)

B

The rigorous analysis of the closed-form expressidn ©
versus various parameters (time-hopping code, channafrpar
eters, number of fingers) is not easy. Nevertheless conmgputin = =
this theoretical (but complicated) expression is muchefast
than computing the empirical multicode variance of a coneple r B
UWB system via Monte-Carlo simulation. Therefore, even if T
this expression does not highlight the influence of the wario . ) e

10

above-mentioned parameters, it is of great interest. e B S

In the case of a full rake receivek{ = N,), one can remark . T
that ®,(Q, ¢) and ¥»(Q, ¢) vanish, so the final expression of v s
V' simplifies accordingly. owi L 3 - : - : - - .
The expression oV can be further simplified by averaging K (rumber ofcodesallocted per )

it over the time-hopping codes. We can assume that eadhg. 1. Empirical and theoretical MCI variance versus numitfecodes.
vectore, (j) is the realization of ani.d. random vector whose

components admit, each, the following distributiptr) = Now, with the analytical expression of the MCI variance in
((Ne—1)8(c)+6(c—1))/N.. According to such a distribution, hand, we can easily study its behavior with respect to differ
we obtain that parameters of the system and the propagation channel.

Figs. 2 and 3 we show various curves figr versusy and

)2 _)(N2 —
(NelNy = a)” + (NeNy = @)(Ne = 1)y respectively. We seV; = 3, N, = 10 and, since we know

E[C{ 7 (g)] =

4
) (V1) N that V' varies linearlyK, we fix this value to 2.
_ q° +q(N; —
EclCr 2 (@) = T 4

q2

EclCrn(@)Cr1 (@] =7 * s :
N;(N.N;—1)+N>Ny -0 * = e
EelCi o (@)C1 (@] =3 v, “~ 1 e
- ]\;cél q#0. '
whenn # 1. Although these above closed-form expressionsdo ~ °[ " et -
not take into account the frame structure of the UWB signal, ., -
they are numerically in agreement with their empirical eslu ‘
when the frame structure of the UWB signal is considered. ! g
Let U := K, ,4[22] denote the energy of the useful part el .

of the received signal at the rake receiver outf@itcan be . T T Séﬁi
deduced fromV by removing the sum om and by putting 0(; ’ I
n=1. gamma

Fig. 2. V versusn.
IV. NUMERICAL ILLUSTRATIONS

The UWB-IR system is obtained by settifig = 3, N, = 3, As we can remark from Figs. 2 and 3, the MCI variance
and7. = 5 ns. The other parameters vary accordingly to thacreases with\ and~. These parameters are associated with
analysis we want to show. Their value will be given whedelay density and channel length, respectively. In othedsjo
necessary. The pulse(t) is designed such that its spectruntong channels that decay slowly and channels with high delay
fits well the shape of the FCC spectral mask [9]. For practicdénsities lead to important multicode interferences. Véo al
purposes, the pulse (with unitary energy) is truncated Wigh note that the interference is more sensible to variatiorthén
duration7,, = 1 ns. For the sake of simplicty, we choosehannel’s statistics for small parameters values, esihecia
L, = N,, i.e. a full rake receiver. In Fig. 4, we show the influence of the UWB signal structure

In order to validate our approach, we display in Fig. 1 an the MCI. For this, we fix the length of the signal and vary
comparison between a set of different Monte Carlo simutatio N. and N individually. As expected, ad/; increases and/.
and their equivalent analytical expressions, for difféers of decreases, the MCI becomes more important, with a steeper



o
o

o

[ 5 10 15
lambda

Fig. 3. V versusA.

inclination at each step itVs. This can be explained by the
fact that the codes are not orthogonal and,Nasbecomes
smaller, the number of collisions becomes bigger.
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Fig. 4. V versusN;.
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9; N=3; lambda=2.1 ns'l; gamma= 12 ns - approximated
3 ; lambda=2.1ns,; gamma= 12 ns - Monte Carlo
4; lambda=5 ns’,; gamma=20 ns - approximated

=4; lambda=5 ns~; gamma=20 ns - Monte Carlo
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1
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K (number of codes allocated per user)

Fig. 5. Maximum data rate versus.

V. CONCLUSION

In this paper, we derived a closed form expression for the
multicode interference variance in an IR-UWB system, that
allowed us to highlight the influence of the different chdnne
and system parameters. We were also able to provide a rough
estimate of the achievable data rates of the system. Future
investigations may include a more accurate analysis of the
expression ofl’, a comparative study with respect to time-
hopping codes and an introduction of multicodes detection t
improve performance, at the expense of complexity.
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