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Abstract—In an ultra wideband (UWB) impulse radio (IR)
system, a number of pulses, each transmitted in an intervaladled
a “frame”, is employed to represent one information symbol.
Conventionally, a single type of UWB pulse is used in all frares
of all users. In this paper, IR systems with multiple types ofUwWB
pulses are considered, where different types of pulses car used
in different frames by different users. Both stored-reference (SR)
and transmitted-reference (TR) systems are considered. fEit,
the spectral properties of a multi-pulse IR system with polaity
randomization is investigated. It is shown that the averaggpower
spectral density is the average of the spectral contents offterent
pulse shapes. Then, approximate closed-form expressiora fthe
bit error probability of a multi-pulse SR-IR system are derived
for RAKE receivers in asynchronous multiuser environments
The effects of both inter-frame interference (IFI) and multiple-
access interference (MAI) are analyzed. The theoretical ah
simulation results indicate that SR-IR systems that are moe
robust against IFl and MAI than a “conventional” SR-IR system
can be designed with multiple types of ultra-wideband pulse.
Finally, extensions to multi-pulse TR-IR systems are brief}
described.

Index Terms—Ultra-wideband (UWB), multi-pulse impulse
radio (IR), stored-reference (SR), transmitted-referene (TR),
performance analysis.

I. INTRODUCTION

Ultra-wideband (UWB) technology holds great promis
for a variety of applications such as short-range high-dp
data transmission and precise location estimation. Coriyno
impulse radio (IR) systems, which transmit very short psils
with a low duty cycle, are employed to implement UW

systems [[1]{4]). In an IR system, a numbaf; of pulses

are transmitted per symbol, and information is usuallyiedrr
by the polarity of the pulses in a coherent system, or by t
difference in the polarity of the pulses in a differentially
modulated system. In the former case, it is assumed t
received pulse structure is known at the receiver and chan
estimation can be performed; hence, RAKE receivers can Q
used to collect energy from different multipath components
Since the incoming signal structure is correlated by a I;zjcalt

stored reference (template) signal in this case, such amyist

called astored-reference (SR) system(]5]. In the latter case, ou
of the Ny pulses transmitted per information symbol, half o
them are used as reference pulses, whereas the remaining
are used as data pulses. The relative polarity of the refere

and the data pulses carries the information. Since theemder
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pulses to be used in the demodulation are transmitted to the
receiver, such a system is calledransmitted-reference (TR)
system [4]. In a TR system, there is no need for channel
estimation since the reference and the data pulses ardesffec
by the same channel, assuming that the channel is constant
for a sufficiently long time interval, which is usually thesea

for UWB systems. On the other hand, a lower throughput is
expected since half of the energy is used for non-informmatio
carrying pulses. Also since the transmitted reference &l us
as a noisy template at the receiver, more effective noisaester
are generated.

Considering a conventional SR-IR system, a single type
of UWB pulse is transmitted in all frames of all usefs$ [1].
In asynchronous multiuser environments, the autocoroglat
function of the pulse becomes an important factor in determi
ing the effects of inter-frame interference (IFl) and nplé
access interference (MAIYI[6]. In order to reduce thoseatffe
UWB pulses with fast decaying autocorrelation functions ar
desirable. However, such an autocorrelation function also
results in a considerable decrease in the desired signal par
of the receiver output in the presence of timing jittEl [7].
Moreover, when there is an exact overlap between a pulse and
an interfering pulse, the interference is usually very iigant.
Hence, there is not much flexibility in choosing the pulsepgha
fh order to combat against interference effects. However, i
R-IR systems with multiple types of UWB pulses, the effects
f interference can be mitigated by using different types of

©ws pulses with good cross-correlation properties. Multi-
Bpulse SR-IR systems have recently been proposeéd in [8]. How-

ever, there has been no theoretical analysis of such systems
in terms of their spectral properties and bit error prohghil

tagEP) performance, and no quantitative investigation @& th

ﬁf%ms that can be obtained by multiple types of UWB pulses.
[

this paper, we consider this problem in an asynchronous

Hiultiuser environment and analyze the BEP performance of
egeneric RAKE receiver over frequency-selective channels
he results are valid for arbitrary numbers of UWB pulse
ypes, and hence cover the single-pulse system as a special
ase. Moreover, we also briefly describe possible exteagibn
ulti-pulse approach to TR-IR systems. However, no detaile
nilysis is given due to space limitations.

4h addition to the performance analysis of the multi-puRe |
r§ystems, the average power spectral density (PSD) of aigener
multi-pulse IR signal is derived and a simple relationship
between the Fourier transforms of the UWB pulses and the
average PSD of the transmitted signal is obtained.

The remainder of the paper is organized as follows. Section

Il describes a generic transmitted signal model, which cedu

to SR- and TR-IR systems as special cases. Then, Section
[Il analyzes the spectral properties of this generic IR algn
structure. After describing the received signal in Sectign

the performance of multi-pulse SR-IR systems employing
RAKE receivers is analyzed in Section V and simulation
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results are given in Section VI. Th ludi k A0 B0 e O OO e
given in Section VI. The concluding remarks ar_ ™’ oy oo ) | n BT ACIEACIEO

made and possible extensions are discusses in the lagirsecti=————g—j—— R R ﬂufr 0 -
L. I 1 ER P T N I
— fﬁ ‘ | *To(k)‘ : i i ' ' : T'(@ ; ;
Il. TRANSMITTED SIGNAL MODEL et e e ;
i . i . ‘%T(k) N p Tz(k) 9
The transmitted signal from theth user in a multi-pulse
UWB-IR system can be expressed as Fig. 1
TRANSMITTED SIGNAL FROM A MULTI-PULSETR-IR SYSTEM, WHERE
(k) Z Z (k) (1) Ny=12,Nc=4, T — AT. FORR = 0,1,2WITH A = 12, AND THE

TH SEQUENCE 1{3, 2,0, 3,2,0,1,1,2,1,1,2}. FOR SIMPLICITY, NO
N(THAT IS, d§k) = 1Vj), AND bgkj) =1AND
(k) _
by =—L

i=—o0 n=0
whereN; is the number of pulses transmitted per informatioR®-AR'TY COPES ARE SHOW

symbol, N, is the number of different pulse types, afﬁ
represents the UWB pulses of typetransmitted for thath
information symbol of usek. Note that the signal model in
@ can also represent cases in which the number of pulse
types is less thamV,, by using the same pulses for differen%
pulse indices. Also different users can have different ongde 0,1,
of the pulses in one period, which can be useful for reduci
the effects of MAI. The number of pulses per symbdly,
is assumed to be an even multiple &f, for simplicity of

notation ands(.k) (t) is expressed as follows:

, N,—1} with N, < N... In this case, different values
rg@rm the set[N, Ty, (N, + 1)Ty — NiT¢] can be chosen for
erent users and/or different pulse types in order tovjgt®
extra robustness against the effects of interference.
Also each reference-data pulse pair has the same TH
and polarity codes in order to facilitate simple delay and
multiplication operation at the receiver. In other words,

(k) (4 _ (Hl)_il (k) (k) k - dék‘gv +n = d(g)‘ )N, 4ne @Nd Cék‘gv +n = (g) 1)Np+n
sinl) = b {b Aoy, P (8= 23Ny +m) Ty (7 z'Nf/((ﬁv;)), "G+ DN 2N — 1( T
J=iNy/(2Np) 0,1,...,N, — 1.
- C;]JC;V +n ) + b(k) dE§;+1)Np+n p%k) (t - (2-]NP + n)Tf
T(k) 523+1)N +nTc) } ) I1l. PSD OF MULTI-PULSEUWB-IR SYSTEMS

In order to evaluate the spectral properties of the trarschit
In @), p\(t) is the UWB pulse of typen for userk, Ty signal, the (average) PSD of the signal must be calculated.
is the frame intervall, is the chip interval, ana;gk) is the Therefore, we first calculate the autocorrelation functadn
distance between the two pulses in a pair of tyder the kth ~ s(t) as follows":
user, considering the pulses from a given type being grouped _
into pairs as shown in Figu(kl) 1. The time-hopping (TH) code solt +7,8) = E{S(t * T) (t )}
for user k is denoted byc:”’, which is an integer taking
values in the sef0, 1,. N, —1}, with N, being the number Z Z Efsin(t +7)sin ()},
of chips per frame, which prevents catastrophic collisions
between different users. The polarity, or the spreadingeco where we employ the fact that the polarity codes are i.i.d. fo
d§.k e {—1,+1}, changes the polarity of the pulses, whictglifferent bit and pulse indices.
smoothes the PSD of the transmitted sigial [9] and providestrom @), Es;, (i47)s:»(t)} can be calculated, after some
robustness against MALTLO]. The information is represénténanipulation, as

by b(k) and bgk)., which carry the same information for an SR

®)

i=—o0 n=0

(H—l)f—l

system and carry the information in the difference between )

their values for a TR system. E{sin(t+7)sin(t)} = Z E{Pn (t+7— Ny +n)T¢
The general signal model ifll(2) can represent SR and TR j=iNy/Np

systems as special cases: .

y p — ¢jn, 0 Te)pn (t — (N + )Ty — ein, 1aTe) } (4)

A. Stored Reference Impulse Radio From [3) and [[Y), it is observed tha(t) is not wide-
For the SR systerrb (k) _ b(’“) p) TR — = N,T, sense stationary (WSS) since the autocorrelation fundtion

= Y2N,i/N; |

Vn, k, and each frame has mdependent 'TH and polarrty cod@Qt independent of. However, note tha({) is a zero mean
cyclostationary process sincg(t + 7,t) is periodic with

a period of N, T [A1]. Therefore, we can obtain the time-

B. Transmitted Reference Impulse Radio average autocorrelation function as

For the TR systemb =1 and bgkj) = b(k) . In 1 N,T;
other words, the first pulse ifd(2) is the reference pulse and ¢, (1) = / Oss(t + 7, t)dt
the second one is the data pulse. As shown in Fifllire 1, this NpTy
results in a structure in which the firs¥, pulses are the 1
reference pulses, the nexi, pulses are the data pulses, and . —— Z / Pn(t + T)pn(t)dt,  (5)
which follows th|s alternating structure. NpTyNy 0o

Note that7;*) can be chosen to be larger thaf) T for
the TR system if the TH sequence is constrained to a setwe drop the user indek in this section, for notational convenience.



the Fourier transform of which gives the average PSD asceived signal if{8) with the following template signaheve
follows: we consider théth bit of userl without loss of generality:

ﬁ::MLg§;|WMﬁP, (6) st §:dl>“> —jTy = V), (1)

whereW,,(f) is the Fourier transform of,, (t). with

Note from [®) that the average PSD of the signal is the aver- I
age value of the squares of the Fourier transforms of thepuls D) (1) (1)
The dependence on the pulse spectra only is a consequence v (1) Zﬂlw‘ )
of the pulse-based polarity randomization, as consideoed f
impulse radio systems ihl[9] and]12]. Moreover, we note thathere 3, denotes the RAKE comblmng coefﬁment for the

(I)ss(

(12)

the multi-pulse system can have more flexibility in shapingh path. We assume thaél) 0, and To € [0, N;Ty),
the PSD by proper choice of the UWB pulses. for k = 2,..., K, again without loss of generality. Note that
for a partial or selective RAKE receivelr [13], the combining
IV. CHANNEL MODEL AND RECEIVED SIGNAL coefficients for those paths that are not used are set to zero.
We consider the following channel model for uger We assume that the delay spreadks of the channels are not
L larger than one frame interval, thatité]l < Ty, Vk. In other
(k) (k) words, the frame interval is chosen to be sufficiently large s
= Z ap ot =7 @) that the pulses in one frame can interfere only with those in

the adjacent frames.
where o/ and =" are, respectively, the fading coefficient Using [I0) and[(ll1), the decision variable for detecting the

and the delay Of théth path for uset. Oth bit of userl can be obtained as:
Using the channel model ifd(7) and the transmitted signal Nf 1
in (@), the received signal can be expressed as / Z ¢, 2 (1) )+ 1+ M+ N, (13)
K E 50 N -1 (Z+1)—71 ] h
- Zk (k) (k) (k) (4_ Wit
=D N; Z > > {bla Ay, 4ntin’ (¢ " o
SV e L b0 a) = [Pt -ap 0 e

. k k k
(2jNp +n)Ty — Cé;%v nTe =) + 05 dEQ;H)Nﬁn *) (t—where the first term in[{13) is the desired signal part of the

, (k) _ 0 (k) output,/ is the IFI, M is the MAI, andN is the output noise.
(2jNp +n)Ty =Ty C(2j+1)N, inTe=To )} +on(t), For simplicity of notation, bit indices are not shown.
€
with
L1 A. Inter-frame Interference
E) (1) — (k). (k (k) (k) . .
ufP () =Y o wP (=" + 7", () The IFI occurs when a pulse of the desired user, Usér a
=0 given frame spills over to an adjacent frame due to multipath

wherew" (t) is the received UWB pulse of typefor userk,

E), determines the received energy from ukeandn(t) is a
zero mean white Gaussian process with unit spectral dens

and consequently interferes with the pulse in that frame Th
IFI for the Oth symbol can be expressed, usihgl (10}] (11) and
@), as the sum of the IFI to each frame of the template signal

E
V. ANALYSIS OF RAKE RECEIVERS FORMULTI-PULSE I== Z (15)
SR-IR

Since bgj) = b§; = b(ﬂv PN and each frame haswhere
independent TH and polarity codes for the SR-IR system, the (1) po) b‘l)
received signal in[§8) can be expressed, after some manipula™ Z j+m {

J¢ (1) (1) (mTf + (0527n - Cgl))TC) .
t|0n as

(16)

me{+1} Ny
Z Ly Z p(k PO ( (t T, Note that due to the assumption on the delay spreads of the
LJ/NfJ g IS channels, the IFI occurs only between adjacent frames.
Fi==oo The asymptotic distribution of the IFI ifC{lL5) is given by
- cgk)TC - ré’“)) +on(t), (10) the following proposition:
' Proposition 5.1: Consider a random TH SR-IR system with
with u ( ) given by [@). For the indices of the pulse typespulse-based polarity randomization, which emplays > 1
such as in[9), thewodulo N, operatlon is implicitly assumed. different UWB pulses. Then, the IFI at the output of the RAKE

In other words, for anyn € {0,1,...,N, — 1}, w,(t) = receiver, expressed bl {13), is asymptotically distriduie
wny kN, (t) for all integersk N1

We consider a generic RAKE receiver that can represent B 2 2
different combining schemes, such as equal gain or maximaf ~ Nchz ZO [C’IFI,l(”) + 20’1F1,z("ﬂ , (A7)

ratio combining. It can be expressed as the correlation ®f th



as]NV—i — 00, where M;k) can be expressed as
N, oo
- or(k) _ (1) (k) 7. (k) o
UIQFI,I(n) = E l (¢z(]ilv(1)(ch) + ¢z<1>1v<1>(—ch)) ) M;™ = d; Z i bLm/NfJ¢u55)v§l) ((m Ty
=1 " " n—1om m=—o0o

N, (W — o, +T<’“>), 21
UIQFI,Q(n) = Zl¢u(1) oD (ch)gﬁu(nl)v(l) (=IT.). (18) ( ! ) 0 =)
= " wherefék) denotes the amount of asynchronism between user
Ert?gft:ostﬁs Iéggingﬁétion on peak to average ratio (PARk) and the user of interest, usey since we assumqgl) —0
s . k . .

Ny cannot be chosen very small in practice. Since we transmit';?'/;acg'xegeva(l)g?a?:é d)’athrg;zmgg:;nfgr;h(teh'\ém%l)lflr(?v:/?n 9
a certain amount of energy in a constant symbol interval, L
Ny gets smaller, the signal becomes peakigr [7] Therefo%’%ﬁgsg;%ndn 5.2: Consider a random TH SR-IR system with

the approximation for largév;/N,, can be quite accurate for . e . ;
real systems depending on the number of pulse types and RiiSe-based polarity randomization, which emplogsdiffer-

other system parameters ent typ?s), of UWB pulses. Then, the MAI from useri (%),
From Propositior5l1, the following result for a double9Ve€N7y ', is asymptotically distributed as follows
pulse system can be obtained. N, -1
Corollary 5.1: Consider a random TH SR-IR system with 77|70 _ A [0 ii, Z oZanm SN, (22)
pulse-based polarity randomization, where the UWB pulses N, N¢ s '

wo(t) andw (), which are both even functions, are transmit-
ted alternately. For this system, the IFIIDK13) is appraadialy as % — 0o, Where

distributed as follows for largev: Y
N.—1
N, 2 (k)
Ey 2 onaLk(nT ) = (Ne — 1)
I~ N (o, 7 ;z {%g;)vg” (=1T2) + &,00,00 (zTC)} ) , Mark(7:To n; l_%l)
o (19 X 62w ) (((m —n)Ne +1)Te +T(§k)) . (23)
The distribution of the IFI for the case where a single UWB thm U
I t)i d in all the f is gi 14 ) Q)
pulsewy(t) is used in all the frames is given by [14] with A — [”_24'1\}_T%_fw""’{"+2_1\%_7%fJ _
N . .
B - ? Proof: T f is similar to that of P itidi$.1, and
I~N(0, 2L%7y —IT,) + IT. . Proof: The proof is similar to that of Propositi A, an
( Nz P [d)“él)”él)( ) d)“él)”él)( )} is omitted due to space limitations.

(20) Note that the Gaussian approximation in Proposifiod 5.2
is different from the standard Gaussian approximation (PGA
Note that in an IFI-limited scenario, the autocorrelationsed in analyzing a system with many usedS1([17]-[19]).
function of the UWB pulse is the determining factor fopropositiof 5P states that when the numbepuges per in-
a single-pulse system. However, for the system using mgrmation symbol is large compared to the number of differen
tiple types of UWB pulses, the IFI is determined by theulse types, the MAI from an interfering user is approximate
cross-correlations of different pulses. Note that it issfioie distributed as a Gaussian random variable. This idea idagimi
to design the pulses so that they are orthogonal and thgjrthe improved Gaussian approximation approach[if [16],
cross-correlations decay quickly, e.g. modified Hermitis@si where the large processing gain of a CDMA system leads
(MHPs) [15]. However, the autocorrelation function alwaygo normally distributed MAI conditioned on some systems
causes large values when there is an exact overlap of ggameters.
multipath components. Also a rapidly decaying autocoti®ta ~ Denote the amount of asynchronism between usemd
function, which is good for combatting the IFI, may not b‘gserl asTék) _ LTo(k)/TcJTc + e, Wheree, € [0,7.). When
very desirable since small timing jitter in the system coul single type of UWB pulse is employed in the system, it can

result in a significant loss in the desired signal part of t shown from Propositiofi3.2 that the distribution f*)
decision variable. Therefore, the multi-pulse IR system js given by the following resuit:

eX||oected tto havg better IFI lreje;ction cap?bility t]:'f;m thgzlgi- Corollary 5.2: Consider a random TH SR-IR system with
pulse system. For example, for a system with = 20, ) i izati
N, — 30 and L — 20, the power of the IFI is reduced bypulse based polarity randomization, where the UWB pulse

: : wo(t) is employed in all frames of all users. Then, the
33?\‘;i’ﬁgtﬁyot’;gglwtn??n@nd 5th order MHPs instead of .,hditional distribution of the MAI from usek is given by

N.—1
g, N
MO0 o p (o, Fk > P, m T+ ek)> . (24)
c I=_N. o Yo

B. Multiple-Access Interference Note from Corollary[BR that the distribution af/(*)

. k . .

Consider the MAI term) in (@3), which is the sum of depends o, instead .O.fré ', for a single-pulse system. This
the interference terms fronik — 1)’ users: that isM — IS because the probability that a given pulse of the desised u

K (k) (k) ' (k) collides with the pulses of usér is the same for all delays
Y o M, where M) can be expressed as/'®) = Ty .

e N1 8 ith 1® d ] h ; 7o~ with identical ¢, values, due to the random TH codes,

D=0 Mj, with M;™ denoting the MAI from user and the same amount of average interference occurs when the
k to the jth frame of the first user. FronlL{1l0[{11) aldl(14)same pulses are used in all frames.



Denoter = [7-(52) . -réK)]. Then, givenr, the distribution bol interval. Hence, the unconditional BEP can be obtained b
of the total MAI M in {I3) can be approximated by

s 1 T T
| K N pasyne = W/ / Po(r)dr$? . dr§™. (29)
~ 2 (k) S 0 0
Mir ~ N\ 0, N,N2 ps nz:;) Bronar(n107) |+ Due to the periodicity of the pulse structure, we can show tha

it is enough to average over an interval of lengiil’y instead
of NyT. Hence,P2¥*¢ can be expressed as

for large N;/N,, whereo? ;. (n,7\") is as in [ZB). Note 1 N, T N, T¢ ) .
: PV = / e / P, (‘l’)dTé ). dTé )
(NpT¥) 0 0

(25)

that it is not necessary to have a large number of users, at eqli; =
energy interferers (perfect power control), for the expi@s 30
in 9) to be accurate. The only requirement is to have a large (30)
ratio between the number of pulses per symbol and the numbein order to calculaté’2sy*<, numerical techniques or Monte-
of pulse types. Carlo simulations can be used. For example, by generafing
When the delays of the interferers are unknown and/or &actors according to the uniform distribution[th N, 7)1,
average performance measure is to be obtained, then eaehcan approximate®**¥"¢ by Monte-Carlo simulations as
interferer is assumed to have a uniformly distributed delgy2syne = L Zf\];{ P.(7;), whereT; denotes théth random

with respect to the desired user; that 1ék) ~ [0,NyTy), vector of interferer delays.

VEk. In this case, the performance measure, such as the BEMote that the BEP expression [0]30) becomes more accurate

expression, needs to be averaged over the distributian of as Ny/N, gets larger, without the need for large number of
users or equal energy interferers, which are needed foratecu
BEP using the SGA. The SGA directly calculates the average

C. Output Noise value of the variance of the total MAI instead of averaging

Th tout ise N i is distributed over a conditional BEP expression i1126). In other words,
N Oe 209|p?1) r;‘)’;f;’t Ulgin aIt:i])e IeSX reI:srilorL]J einl]lﬁ) P2syne is approximated by the expression[inl(26) with the only
( 0 Pstemp ) ¢ P change of usingy"+ fONpr 02ar (078 dr¥) instead of

for sélznp(t), we can approximate the distribution a¥ o o '

i i i OMALK reot - i
for an SR-IR system with a single UWB pulse(t) as than the expression if.{B0), especially when there is a large

N ~ N(O, NfUQQbU[()l)(O)), for large values ofN;, where number of users. Therefore, in such a case, the SGA might
. *)p (k) - . be preferred if the users’ power levels are not very differen
(bv;“ (x) = Ju"(t — 2)v;"(t)dt is the autocorrelation But for systems with small numbers of interferers, such as an
function ofvﬁk) (t). IEEE 802.15.3a personal area network (PAN), the expression
Similarly, for an SR-IR system employing/, types of in (E0) is not very difficult to evaluate and can result in more
pulses, we obtain the approximate distributionMfas N ~ acﬁlurate BE_'; eVﬁIuations_. Hich & singl ¢ UWE oul
2 Ny - Np—1 ' ow consider the case in which a single type o pulse
N (O’ TR, Lno ¢, (0) ), for large Ny /Ny. wo(t) is employed for all users. The BEP expression for this
scenario can be obtained froli13L1(2@).1(24), and Section

D. Bit Error Probability =0 as
Using the results in the previous sections, we can obtain an

(n, Ték)). Of course, this expression is easier to evaluate

VEi$,0,0(0)

approximate BEP expression for the multi-pulse SR-IR syste ~ Pe(€) =~ Q ;o (31
as follows: \/afFI + oZar(e) + o%¢, (0)
{%Zfﬁgl $,m,(0) for large Ny /N,, where
Pe(‘l') ~ Q N 1 ’ E N. 9
\/Znio [0'12F1(n) +odar(n,T) + U2¢v5l1) (0)} O'IQFI = ﬁ Zl |:¢u(1)v(1) (=IT.) + ¢u(1)v(1> (T.)| ,
(26) c =1 0 0] 0 0]
for large Ny /N,, where 1 L Ned
' By orar(€) = N Z Z Ek(biémvél)(ch + k), (32)
UIQFI(n) = W[UIQFLI(”) + 20121«“1,2(”)]7 (27) k=21=—N.
¢ x and e = [e2- - ex] characterizes the asynchronism between
9 (n,7) = 1 ZE 9 (n (k)) 28) the interfering users and the desired usernidulo T,
IMAI\TL T) = N.N kOMALE\T: To )5 arithmetic. Similar to the multi-pulse case, the uncoodil
k=2 BEP is given byPs™c = P,(0), with P,(€) being as in[[31),

=[P 7], N = N.N; is the total processing gainfor the synchronous case, and by
of the system,of;(n) and ofy;,(n) are as in [(1B) and . 1 T. T. ) .
oZarp(n. ") is as in [2B). P & F/o /O P.(r)dr? .. .dr§™), (33)

If we consider a synchronous scenario, whe@@ = 0, for the asynchronous case.
for k =1,2,..., K, then the unconditional BEP is given by From the closed-form BEP expressions for multi-pulse and
Pee = P (0), with F(7) being given by[(26). single-pulse systems, we can observe that the IFl and MAI

For an asynchronous system, we assumerﬂ‘?é,t...,rém terms depend on the autocorrelation function of a single
are i.i.d. distributed a&|0, T,), whereT, = N1 is the sym- pulse for single-pulse systems, whereas they depend also on
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TRIPLE-PULSESR-IRSYSTEMS

the cross-correlations of different pulse types for mpitlse

systems, which suggests that more flexibility in combattirey VII. CONCLUSIONS ANDEXTENSIONS
effects of the IFI and MAI is present in multi-pulse systems.
In other words, by design of UWB pulses with good cross- | this paper, we have considered multi-pulse IR systems.
correlation properties, it is possible to mitigate the IRida First, we have introduced a generic model for an IR signal,
MAI to a larger extent, as will be investigated in the nexjhich can represent an SR or a TR signal as special cases.
section. Using this model, we have investigated the average PSD of the
transmitted signal, which is important considering the pow
limitations imposed by the FCC. Then, we have provided
a detailed BEP analysis for a multi-pulse SR-IR system,
In this section, we compare the BEP performance of singlesnsidering the effects of both the IFI and the MAI, and
pulse, double-pulse and a triple-pulse SR-IR systems. én tberformed simulation studies to verify the theory.
triple-pulse system, each user transmits 3n@, 4th and5th The multi-pulse approach can be extended to TR-IR systems
order MHPs [[8] alternately, whereas the double-pulse systeis well in order to mitigate the effects of interference.Hist
employs the3rd and 4th order MHPs. For the single-pulsecase, different pulse types can be transmitted next to eeh o
system, th&rd order MHP is transmitted in all the frames (se@s shown in FigurEl1. If the same delay between the reference
Figure[2). The system parameters dfe= 5 users,N; = 18 and data pulses is used for all pulse types, then a convettion
frames per symbol)N. = 30 chips per frame, and. = 1 TR receiver can be employed [4]. If different delays between
ns. We consider an MAI-limited scenario, where the receivedference and data pulses are employed for different pulse
energy of each interferer i$8.75dB more than that of the types, the receiver needs to perfork), parallel delay-and-
user of interest. All the channels have= 20 taps, which multiply operations and combine the outputs of different
are generated independently according to a channel mopginches. Theoretical and simulation studies are negessar

with exponentially decaying (Ba|*} = Qoe~ ) log-normal  quantify the possible improvements by the use of multiple
fading (ou| ~ LN (1, 02)) channel amplitudes, random signsywB pulses.

for channel taps, and exponential distribution for the path
arrivals with a meani. The channel parameters axe= 0.5,
c? = 1, and = 1.5 ns, andy; can be calculated from
1 —O.5e{gn(11__e%)—)\l—202 forli=0,1,...,L—1.

Figurel3 shows the BEP performance of all-RAKE receivers. Proof of Proposition Bl
[L3] for the single, double and triple-pulse systems. Bbid t
theoretical and the simulation results are shown, whichirare Let Ny = N.N,. Then, [Ib) can be expressed hs=
quite good agreement. From the figure, the effects of meltip| / E. SN =1 . \where [, = —L_ f{lj.N . with T;
pulse types on reducing the interference, hence the BEP, réVT Z_J_O ! ! VAN 2o’ Ly !
observed. As the number of pulse types increases, more d2@ing given by[(T6). It can be shown, froldI16), thit/; } =
is obtained. Further gains can be obtained by using a largerv; due to the i.i.d. random polarity codes. Also from the
number of UWB pulse types and/or MHPs that are severd}, > 2 assumption in the proposition, it is straightforward to
orders apar{]8]. Also, the theoretical results are moreiate show thatts{/;1;,,} = 0 for [ > 2, sincel; andI;; include
for smaller number of pulse typedV,, since the asymptotic terms with polarity codes of different indices, which are

results in SectiofLV assume lar@é;/N,, values. independent and zero mean by assumption. Hehi;e}j;gl

VI. SIMULATION RESULTS

APPENDIX



forms a zero meam-dependent sequerice

We employ the following central limit argument for depen-

dent sequences to approximate the distribution of the IFI:

Theorem 1. [20] Consider a stationary d-dependent se-

quence of random variableX;, X,,... with E{X;} = 0
and E{|X1?} < oo. If S, = X3 + ... + X, then
2 — N(0,0%), asn — oo, whereo® = E{X{} +

250 E{X1 X114 ).

In order to apply the results of the theorem we first calculate

the variance of/;:

Np—1N,—1

~ 1 . -
B{I} =5 D > Blhnenilin,ins} (34)
p n1:0 77,2:0
Ny—1
1 < A N N
=N Z E{I;Np+n}+ Z E{Lin,+n, LiN,+ns )
p n=0 \nl—n2|:1

where the second equality is obtained frdml (16) by using the
fact that the polarity codes form an i.i.d. sequence. Thiear a (13

some manipulationE{.ff} can be expressed as

1 &
B{I}} = 5z D1

[(bi(‘”lv('” (=ITe) + ¢i(-1+)1v(-1) (Te) |,
¢ 14 j—173 J J

(35)

andE{I;I;,,} can be expressed as

N,

.. 1 &
E{[;Ij41} = Nz E l(bu;ir)lv;l)(ch)qsu;l)vﬁ)l(_lTC)' (36)

¢ 1=1

In obtaining [3b) and(36), we have used the expressidoin (467]
and the facts that the polarity codes are randomly distitbut

in {—1,41} and the TH codes if0,1,..., N, — 1}.

Now considering the correlation between the adjacent terms)

of {I;}15"", the following expression can be obtained:

. 1 . .
E{ljlj41} = N E{lj41yn,—1 111N, }- (37)
p

Theoreml can be invoked fof ;} "', which results in

I~N (O, E\[E{I?} + 2E{fjfj+1}]). Then, from [34)I37),
the distribution ofl can be approximated as [{17),8s —
Q0.
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