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Abstract—In an ultra wideband (UWB) impulse radio (IR) pulses to be used in the demodulation are transmitted to the
system, a number of pulses, each transmitted in an interval called receiver, such a system is calledransmitted-referencéTR)
a “frame”, is employed to represent one information symbol. system [4]. In a TR system, there is no need for channel

Conventionally, a single type of UWB pulse is used in all frames - . ;
of all users. |nythis pa%er, 3,’,2 systems wFi)th multiple types of UWB estimation since the reference and the data pulses are effected

pulses are considered, where different types of pulses can be used®y the same channel, assuming that the channel is constant
in different frames by different users. Both stored-reference (SR) for a sufficiently long time interval, which is usually the case
and transmitted-reference (TR) systems are considered. First, for UWB systems. On the other hand, a lower throughput is
the spectral properties of a multi-pulse IR system with polarity  aynected since half of the energy is used for non-information

randomization is investigated. It is shown that the average power : . - .
spectral density is the average of the spectral contents of different €2fy'ng pulses. Also since the transmitted reference is used

pulse shapes. Then, approximate closed-form expressions for the@S @ noisy template at the receiver, more effective noise terms
bit error probability of a multi-pulse SR-IR system are derived are generated.
for RAKE receivers in asynchronous multiuser environments. Considering a conventional SR-IR system, a single type
The effects of both inter-frame interference (IFI) and multiple- ¢ J\wB pulse is transmitted in all frames of all users [1].
gﬁﬁls;iéﬂt?ggﬂigcienéi'\cﬁgle) t%gst gg"’fll}gesdysty;% ttt;l%?rztrlgalmgpg In asynchronous multiuser environments, the autocorrelation
robust against IFI and MAI than a “conventional” SR-IR system  function of the pulse becomes an important factor in determin-
can be designed with multiple types of ultra-wideband pulses. ing the effects of inter-frame interference (IFI) and multiple-
glna"yé gXtenSlonS to multi-pulse TR-IR systems are briefly access interference (MAI) [6]. In order to reduce those effects,
escribea. UWB pulses with fast decaying autocorrelation functions are
Index Terms—Ultra-wideband (UWB), multi-pulse impulse : : -
radio (IR), stored-reference (SR), transmitted-reference (TR), deswabl_e. Howe\{er, such an autoc.:orrelatlon'funct!on also
performance analysis. results in a considerable decrease in the desired signal part
of the receiver output in the presence of timing jitter [7].
Moreover, when there is an exact overlap between a pulse and

I. INTRODUCTION an interfering pulse, the interference is usually very significant.

Ultra-wideband (UWB) technology holds great promisgience,there is not much flexibility in choosing the pulse shape
for a variety of applications such as short-range high-spe order to combat against interference effects. However, in
data transmission and precise location estimation. Commony3|R systems with multiple types of UWB pulses, the effects
impulse radio (IR) systems, which transmit very short puls interference can be mitigated by using d|fferer_1t types Qf
with a low duty cycle, are employed to implement UW B pulses with good cross-correlation properties. Multi-
systems ([1]-[4]). In an IR system, a numba¥; of pulses pulse SR-IR systems have recen;ly been prqposed in [8]. How-
are transmitted per symbol, and information is usually carriéy€"> there has been no theoretical analysis of such systems,
by the polarity of the pulses in a coherent system, or by tijg ©rms of their spectral properties and bit error probability
difference in the polarity of the pulses in a differentially{SEP) performance, and no quantitative investigation of the
modulated system. In the former case, it is assumed &S that can be obtained by multiple types of UWB pulses.

received pulse structure is known at the receiver and chanfieithis paper, we consider this problem in an asynchronous

estimation can be performed; hence, RAKE receivers can Biltiuser environment and analyze the BEP performance of
: X generic RAKE receiver over frequency-selective channels.

used to collect energy from different multipath component it id f bit b £ UWB oul
Since the incoming signal structure is correlated by a localfy'® "€SU'lS ar€ vaiia for arbitrary numbers o puise
s, and hence cover the single-pulse system as a special

stored reference (template) signal in this case, such a syste X . ; |
called astored-referenc¢SR) system [5]. In the latter case, oufase. Moreover, we also briefly describe possible extensions of
of the Ny pulses transmitted per information symbol, half ofnulti-pulse approgch tto TR-IR sl_ys_ttertUS. However, no detailed
them are used as reference pulses, whereas the remaining HffYS'S IS given due to space iimitations.

are used as data pulses. The relative polarity of the referenc taddit:ﬁn to the performance atnalhésis O.I thgg[l;lti-?ulse IR
and the data pulses carries the information. Since the refereﬁ&%l ems, the average power spectral density (PSD) of a generic
multi-pulse IR signal is derived and a simple relationship
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results are given in Section VI. The concluding remarks ar
made and possible extensions are discusses in the last sectit:
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Il. TRANSMITTED SIGNAL MODEL . «—‘Mﬁ ‘
o . . i e
The transmitted signal from theth user in a multi-pulse
UWB-IR system can be eXpressed as Fig. 1. Transmitted signal from a multi-pulse TR-IR system, whée= 12,
N. =4, T,Sk‘) = AT, forn =0,1,2 with A = 12, and the TH sequence is
(k) {3,2,0,3,2,0,1,1,2,1,1, 2} For simplici}ty, no polarity codes are shown
Z Z i n @) (that is,d; ) =1 vj), andb( ) =1and bék; =—1.
i=—o0 n=0 >

whereN; is the number of pulses transmitted per information

symbol, NV, is the number of different pulse types, asﬁﬁ {0,1,..., N,—1} with N, < N.. In this case, different values
represents the UWB pulses of typetransmitted for thath from the set{N, T}, (N, + 1)T — N,T.] can be chosen for

information symbol of usek. Note that the signal model in ifferent users and/or different pulse types in order to provide
(1) can also represent cases in which the number of pu

; . . ra robustness against the effects of interference.
types is less thamV,, by using the same pulses for differen
pulse indices. AIso drfferent users can have different orderi
of the pulses in one period, which can be useful for reduci

Also each reference-data pulse pair has the same TH
Whd polarity codes in order to facilitate simple delay and
rhgrultlphcatlon operation at the recelver In other words,

the effects of MAI. The number of pulses per symbaly, 40 ) d _ (k)
is assumed to be an even multiple df, for simplicity of 2N, +n = %(2jr1N,4nr AN C2J‘Np+n = C@j+1)N,+n
notation ande(-k) (t) is expressed as follows: Borlj :J\Z]Nf/?Np)’ 2o (0 N/ 2Np) = 1, ¥ iy n =
) g ey p - .
* (1) 357 -1 ) ) . _ [1l. PSD OF MULTI-PULSEUWB-IR SYSTEMS
Sin () = o Z { b dajn, s P (¢ = (25N, + )Ty In order to evaluate the spectral properties of the transmitted
7=iNy/(2Np) signal, the (average) PSD of the signal must be calculated.
(k) (k) (k) k . . . .
— N T.) + b} AN, in s )(t — (2§N, + n)Ty 'Sl'(r;()araego]crgl,lo\\/lvv;frrst calculate the autocorrelation function of
_ k) (R) } '
T =g, enTe) f- @ bttty = E{s<t+7> (1))

In (2), pﬁf) (t) is the UWB pulse of type: for userk, T} o Npl

is the frame intervalT, is the chip interval, and’\*) is the N Z Z E{sin(t+7)sin(t)}, (3)
distance between the two pulses in a pair of tyger the kth i=—o0 n=0

user, considering the pulses from a given type being groupetiere we employ the fact that the polarity codes are i.i.d. for
into pairs as shown in Figure 1. The time-hopping (TH) coddifferent bit and pulse indices.

for user k is denoted byc§ ). which is an integer taking From (2), Esin(t+7)s:(t)} can be calculated, after some
values in the sef0, 1, ..., N.—1}, with N, being the number Manipulation, as
of chips per frame, WhICh prevents catastrophic collisions

between different users. The polarity, or the spreading, code (Zﬂ)ifl .
d" € {~1,+1}, changes the polarity of the pulses, whiclE{sin (t + T)sin(t)} = Z E{pn (t+7 = (N +n)Ty
smoothes the PSD of the transmitted signal [9] and provides j=iNg/Np

robustness agalnst MAI [10]. The information is represented _ T ; N,
— CiN,+n n(t — +n)Tr —cin,4nde) ¢ 4
by b(k) and b2 ) which carry the same information for an SR penTe) o (= 5 s = cinyt >} “)
system and carry the information in the difference betweenFrom (3) and (4), it is observed tha{t) is not wide-

their values for a TR system. sense stationary (WSS) since the autocorrelation function is

The general signal model in (2) can represent SR and T8t independent of. However, note thas(t) is a zero mean
systems as special cases: cyclostationary process sinegs(t + 7,t) is periodic with

a period of N,Tf [11]. Therefore, we can obtain the time-

A. Stored Reference Impulse Radio average autocorrelation function as

For the SR systenb{") = b3") = b(p;\, N ] TP = N, T} - Y ‘o 1\
Vn, k, and each frame has mdependent TH and poIar|ty codes Pss(7) = N, Tf Pss(t+7:t)
B. Transmitted Reference Impulse Radio (t tydt, (5

ol S - T 3 [ pult + Tpa(t)dt,  (5)
For the TR system);; = 1 andb,; = b In n=0

2Npj/Ny

other words, the first pulse in (2) is the referenc/e rJ)uIse atite Fourier transform of which gives the average PSD as
the second one is the data pulse. As shown in Figure 1, tfilows:
results in a structure in which the firs¥, pulses are the LN
reference pulses, the nekf, pulses are the data pulses, and _ 2
which follows this alternfﬁ%tg structure. os(f) = N,Ts Z WalF)I, ®6)

Note that7\") can be chosen to be larger than), T’y for
the TR system if the TH sequence is constrained to a setwe drop the user indek in this section, for notational convenience.




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

Note from (6) that the average PSD of the signal is the aver- L—1
age value of the squares of the Fourier transforms of the pulses. Uél)(t) — Z ﬂle(»l)(t _ Tl(l))7 (12)
The dependence on the pulse spectra only is a consequence
of the pulse-based polarity randomization, as considered folg‘1 - -
impulse radio systems in [9] and [12]. Moreover, we note th¥{here 5 denotes the RAKlE combining ]i:oefnment for the
the multi-pulse system can have more flexibility in shapingh path. We assume that”) = 0, and 7" e [0, N;Ty),

=0

the PSD by proper choice of the UWB pulses. or k=2,..., K, again without loss of generality. Note that
for a partial or selective RAKE receiver [13], the combining
IV. CHANNEL MODEL AND RECEIVED SIGNAL coefficients for those paths that are not used are set to zero.

We assume that the delay spreads of the channels are not

larger than one frame interval, thatité’“_)1 < T}, Vk. In other
L-1 words, the frame interval is chosen to be sufficiently large so

) () = Z ozl(k)é(t - rl(k)), (7) that the pulses in one frame can interfere only with those in
1=0 the adjacent frames.

*) (k) ) ) . Using (10) and (11), the decision variable for detecting the
whereo,”’ and r;"’ are, respectively, the fading coefficientyih pit of userl can be obtained as:

and the delay of théth path for userk. Nyt
Using the channel model in (7) and the transmitted signal 1 | Er
in (1), the received signal can be expressed as Y =by N, > Sy, (0) + 1+ M+ N, (13)
7=0

We consider the following channel model for uger

Ny

EK: = i Nil S YT
r(t) = — { b1 dajn, 4ntn (t= '
o VN S =iy SR ¢, (x) = /ugk)(t—x)vﬁl)(t)du (14)
=32Np vl
9N T, — *) T, — (k)Y 4 plk) 4(k) (k) (+—where the first term in (13) is the desired signal part of the
(2N +1)T5 = ey, enTe =707 ) + 025 digjiayn, yntin ( output, I is the IFI, M is the MAI, andN is the output noise.
. . k k imolici i it indi
(2jN, + n)Ty — Tk — CEQJ)'+1)Np+nTC _ Té ))} + on(t), For simplicity of notation, bit indices are not shown.
(8) A. Inter-frame Interference
with The IFI occurs when a pulse of the desired user, lisar a
L-1 given frame spills over to an adjacent frame due to multipath
ulP (t) = Z %(k)wq(xk)(t _ Tl(k) + Ték)% (9) and consequently interferes with the pulse in that frame. The
’ =0 ’ IFI for the Oth symbol can be expressed, using (10), (11) and

%) (14), as the sum of the IFI to each frame of the template signal:
wherew! (t) is the received UWB pulse of typefor userk, Nol1
E). determines the received energy from ukeandn(¢) is a 4

B, )
zero mean white Gaussian process with unit spectral density. I'= N, Z I, (15)

V. ANALYSIS OF RAKE RECEIVERS FORMULTI-PULSE where
SR-IR P 1 M 1) ()
1, =d:; d:/ b o 1 o (mTy+ (), —c ' )1Ie).
; k k k i=a E , G+mO| jim | Pull) o j+m
_ Since bgj) = béj) = b(szpj/N”, and each frame has ! melil} ! [%fJ Jtm ( ' ’ )
independent TH and polarity codes for the SR-IR system, the (16)

received signal in (8) can be expressed, after some manip

tion. as Lﬂﬁ)‘te that due to the assumption on the delay spreads of the

channels, the IFI occurs only between adjacent frames.
K [p & The asymptotic distribution of the IFI in (15) is given by
r(t) = Z Zk Z b(L’;)/N_J dgk) ugk) (t —jTy the following proposition:
e Ny =0 ! Proposition 5.1: Consider a random TH SR-IR system with
(k) (k) pulse-based polarity randomization, which empladys > 1
—¢; ' Te — 7 ) +on(t), (10) different UWB pulses. Then, the IFI at the output of the RAKE

. ) . o receiver, expressed by (13), is asymptotically distributed as
with ;™ (t) given by (9). For the indices of the pulse types,

such as in (9), thenodulo N,, operation is implicitly assumed. g !
In other words, for anyn € {0,1,...,N, — 1}, w,(t) = I~N 1|0, Nijlw > loteri(n) +207m2(m)] |, (A7)
wnikn, (t) for all integersk. prle p=o

We consider a generic RAKE receiver that can represent N,
different combining schemes, such as equal gain or maxin® x, — o, where
ratio combining. It can be expressed as the correlation of the N
received signal in (8) with the following template signal, where > e 2 2 B
we consider théth bit of userl without loss of generality: oipra(n) = ;l %;ﬁluﬁ})(m) + qbu;?jlv;l)( iTe) ),

NC

1 1 1 . 1

Stemp(®) = D VN iTr = IT), (@) ohm) =Y om0 (T)6,m 0 (T, (18)
j=0 =1



Proof: See Appendix A. For a given value of—ék), the distribution of the MAI from
Due to the FCCs regulation on peak to average ratio (PARIser £ can be obtained approximately from the following
Ny cannot be chosen very small in practice. Since we transrpioposition:
a certain amount of energy in a constant symbol interval, asProposition 5.2: Consider a random TH SR-IR system with
N; gets smaller, the signal becomes peakier [7]. Therefogjlse-based polarity randomization, which emplaysdiffer-
the approximation for larg&v; /N, can be quite accurate forent types of UWB pulses. Then, the MAI from uggri (%),
real systems depending on the number of pulse types and gfeen ) is asymptotically distributed as follows
other system parameters. N
From Proposition 5.1, the following result for a double- P
pulse systerﬁ can be obtained. ’ M® |~ N o, % > k) | (22)

Corollary 5.1: Consider a random TH SR-IR system with Nyl n=0
pulse-based polarity randomization, where the UWB pulses .
wo(t) andws (¢), which are both even functions, are transmitdS ¥, — ©¢, where
ted alternately. For this system, the IFl in (13) is approximately N1
distributed as follows for largeV: k N
9% Rans(nm )=y Y (Ne— i)
N,
B, & 2 meA |=—(N.—1)
I~N(0, =) —IT, IT. .
( N2 ; |:¢uél)v§l)( )+ ¢uél)v§1>( )} « (biﬁk)v(l) (((m )N, + )T, + Ték)) . (23)
P : (19) (k) (k)
The distribution of the IFI for the case where a single UWRjith 4 — ! |, — 2+ L _ 7o n42-L T _
pulsew(t) is used in all the frames is given by [14] Ne Ty Ne Ty
Proof: The proof is similar to that of Proposition 5.1, and

B & is omitted due to space limitations.
I~N{0, N2 l[%glmgw(*m) +¢u[()1)vél)(lTC)} : Note that the Gaussian approximation in Proposition 5.2
€ i=1 is different from the standard Gaussian approximation (SGA)
(20) ysed in analyzing a system with many users ([17]-[19]).
Note that in an IFl-limited scenario, the autocorrelatioRroposition 5.2 states that when the numbepulesper in-
function of the UWB pulse is the determining factor foformation symbol is large compared to the number of different
a single-pulse system. However, for the system using m@ulse types, the MAI from an interfering user is approximately
tiple types of UWB pulses, the IFI is determined by thdistributed as a Gaussian random variable. This idea is similar
cross-correlations of different pulses. Note that it is possibie the improved Gaussian approximation approach in [16],
to design the pulses so that they are orthogonal and thefiere the large processing gain of a CDMA system leads
cross-correlations decay quickly, e.g. modified Hermite pulst normally distributed MAI conditioned on some systems
(MHPs) [15]. However, the autocorrelation function alwaygarameters.
causes large values when there is an exact overlap of théenote the amount of asynchronism between usend
multipath components. Also a rapidly decaying autocorrelatiarser 1 aSTék) = Lrék)/TCJTC + €, Wheree, € [0,T.). When
function, which is good for combatting the IFI, may not ba single type of UWB pulse is employed in the system, it can
very desirable since small timing jitter in the system coulde shown from Proposition 5.2 that the distribution \af*)
result in a significant loss in the desired signal part of thie given by the following result:
decision variable. Therefore, the multi-pulse IR system is Corollary 5.2: Consider a random TH SR-IR system with
expected to have better IFI rejection capability than the singlgulse-based polarity randomization, where the UWB pulse
pulse system. For example, for a system witly = 20, w(¢) is employed in all frames of all users. Then, the
N, = 30 and L = 20, the power of the IFI is reduced byconditional distribution of the MAI from usek is given by
about30% by using the4th and5th order MHPs instead of

N.—1
using the4th order MHP only. ; Ep <
g y M®E A7 <o, ﬁ’“ > ¢igk>vgl>(m + ek)> L
¢l=—N,
B. Multiple-Access Interference Note from Corollary 5.2 that the distribution af/(*)

: : L depends ofy, instead Ofrék), for a single-pulse system. This
Consider the MAI term) in (13), which is the sum of 5 hecause the probability that a given pulse of the desired user
the{mter{grence terms(kgron(]K — 1) users; that 'S(% = collides with the pulses of usér is the same for all delays
Yp—p M"Y, where M®™) can be expressed a8/ = 7" with identical ¢, values, due to the random TH codes,

ﬁ—’; Z;\;’gl M;k), with M;k) denoting the MAI from user and the same amount of average interference occurs when the

k to the jth frame of the first user. From (10), (11) and (14)$@me pulses are used in all frames.
k) Denoter = [7¥ ... 7). Then, givenr, the distribution
M;™ can be expressed as 0 0 I 9 ,

of the total MAI M in (13) can be approximated by
(k) _ (1) k)7, (k) ) 3
M =dit dfn)btm/zm%;m;n ((m — )Ty N e *)
m=—00 Ml ~N {0, WZ Z Ej, UMAI,k(anO )|
Prlc p_o p—
Hel) - T+ 1), (20) b=t

J

(25)

WhEI'ETék) denotes the amount of asynchronism between uggf |arge Ny /N, Whereo—l%/[AIk(n’T(gk)) is as in (23). Note
k and the user of interest, usér since we assumq§1) =0. thatitis not necessary to have a large number of users, or equal



energy interferers (perfect power control), for the expressionin order to calculatd’2s¥*<, numerical techniques or Monte-
in (25) to be accurate. The only requirement is to have a lar@arlo simulations can be used. For example, by generafing
ratio between the number of pulses per symbol and the numbectors according to the uniform distribution[th N, 7)% 1,
of pulse types. we can approximateP?sy*¢ py Monte-Carlo simulations as

When the delays of the interferers are unknown and/or grsyne — _L SNm P.(7:), wherer; denotes theth random
average performance measure is to be obtained, then egs&or of interferer delays.
interferer is assumed to have a uniformly distributed delay Note that the BEP expression in (30) becomes more accurate
with respect to the desired user; that 1~ék ~ [0,N;T}), asNy/N, gets larger, without the need for large number of
Vk. In this case, the performance measure, such as the Blgers or equal energy interferers, which are needed for accurate
expression, needs to be averaged over the distributian of BEP using the SGA. The SGA directly calculates the average

value of the variance of the total MAI instead of averaging
C. Output Noise over a conditional BEP expression in (26). In other words,
. . . . P2syre s gpproximated by the expression in (26) with the only
The output noise N in (13) is distributed as cﬁange of usina-_L prTf o2 (n T(k))dT(k) instead of
N (O, o2 [ |sgiﬂnp(t)|2dt). Using the expression in (11) " W, 17 Jo ALk (770070
1 . o ovark(n. 7o ). Of course, this expression is easier to evaluate

for siemp(t), we can approximate the distribution a¥ than the expression in (30), especially when there is a large
for an SR-IR system with a single UWB pulsey(f) as number of users. Therefore, in such a case, the SGA might

N ~ N (0, Nfgngv(l)(o) , for large values ofN;, where be preferred if the users’ power levels are not very different.

") (k) , . But for systems with small numbers of interferers, such as an
¢v;k>($) = Ju;(t — x)v; 7 (t)dt s the autocorrelation \EEg g02.15.3a personal area network (PAN), the expression
function Ofv(-k)(t). in (30) is not very difficult to evaluate and can result in more

Similarly, for an SR-IR system employing/, types of accurate BEP evaluations. .
pulses, we obtain the approximate distribution/éfas N ~ Now consider the case in which a single type of UWB pulse

N —N,p—1 w(t) is employed for all users. The BEP expression for this
N(O, UQNT{ 2 nZo ¢v&?>(0))’ for large Ny /Np. scenario can be obtained from (13), (20), (24), and Section

V-C as
D. B|_t Error Probabl_llty _ _ _ Evb o o(0)
Using the results in the previous sections, we can obtain an p,(e) ~ Q %o Y% . (3
approximate BEP expression for the multi-pulse SR-IR system \/02 +02,,(€) + 0261 (0)
as follows: IFL " TMAL vy
_ for large N /N,,, where
% 27]:720 1 qugll)UELl) (0) g f/ p
Pe (T) ~ Q ~ s ) El N. 2
\/Znig I:OIQFI(n) + ofiar(n, ) + 02¢U5L1>(0)} T NN ! [qug%g“(*lTC) +o,0,00T)|
(26) =1
1 K N.—1
for large Ny/N,, where o3iar(€) = v Z Z Ek¢igk>vgl>(m +er), (32)
E k=21=—N,
2 1 2 2
opr(n) = —=l|o n) + 20 n)], 27 . .
tei () NCN[ trr1 (1) GG ande = [ez - ex] characterizes the asynchronism between
1 X the interfering users and the desired userniwdulo T,
oiar(n, T) = —— ZEkaﬁmLk(n,Té@), (28) arithmetic. Similar to the multi-pulse case, the unconditional
NeN = BEP is given byPs¥"¢ = P,(0), with P.(e) being as in (31),
@) (K) . ) _ for the synchronous case, and by
T =[rg" -7 ], N = NNy is the total processing gain - .
of the systim,afFLl(n) and ofg; ,(n) are as in (18) and prsyne ]}_1/ / P(r)dr® ...ar®, (33)
oﬁlALk(n,Té )) is as in (23). T: 0 0

If we consider a synchronous scenario, whefé = 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

Pne — P.(0), with P,(7) being given by (26). single-pulse systems, we can observe that the IFl and MAI

For an asynchronous system, we assume &...,TSK) terms depend on the autocorrelation function of a single

are i.i.d. distributed a&/[0, 7,), whereT, = N, T} is the sym- pulse for single-pulse systems, whereas they depend also on

bol interval. Hence, the unconditional BEP can be obtained H} Cross-correlations of different pulse types for multi-pulse
' systems, which suggests that more flexibility in combatting the

wn 1 T T @) (K) effects of the IFI and MAI is present in multi-pulse systems.
Pene = TR—1 /O /0 Pe(T)dry™ ...drg". (29) | other words, by design of UWB pulses with good cross-
° correlation properties, it is possible to mitigate the IFI and

Due to the periodicity of the pulse structure, we can show thgda| 1o a larger extent, as will be investigated in the next
it is enough to average over an interval of lengthil’; instead ggction.

of N;Ty. Hence,P2*¥*¢ can be expressed as

pasync 1 NoTy NPTfP PO VI. SIMULATION RESULTS
e (Npr)K—lfo /0 e(m)dr™ Ao i section, we compare the BEP performance of single-

(30) pulse, double-pulse and a triple-pulse SR-IR systems. In the



quite good agreement. From the figure, the effects of multiple
pulse types on reducing the interference, hence the BEP, are
observed. As the number of pulse types increases, more gain
is obtained. Further gains can be obtained by using a larger
number of UWB pulse types and/or MHPs that are several
orders apart [8]. Also, the theoretical results are more accurate
for smaller number of pulse typesV,, since the asymptotic
results in Section V assume largé; /N,, values.

Amplitude
o

VIlI. CONCLUSIONS ANDEXTENSIONS

In this paper, we have considered multi-pulse IR systems.
First, we have introduced a generic model for an IR signal,

15l which can represent an SR or a TR signal as special cases.

3rd order MHP Using this model, we have investigated the average PSD of the

—2r T phorder e ] transmitted signal, which is important considering the power
25 ‘ limitations imposed by the FCC. Then, we have provided
05 Timg(ns) 05 a detailed BEP analysis for a multi-pulse SR-IR system,

considering the effects of both the IFI and the MAI, and
performed simulation studies to verify the theory.

The multi-pulse approach can be extended to TR-IR systems
as well in order to mitigate the effects of interference. In this
case, different pulse types can be transmitted next to each other

Fig. 2. The3rd, 4th and5th order modified Hermite pulses (MHPSs).

10° ; ‘ ‘ , as shown in Figure 1. If the same delay between the reference
A —o6— Single-Pulse, Theoretical and data pulses is used for all pulse types, then a conventional
s S I lohae TR receiver can be employed [4]. If different delays between
10 \...| —=— single-Pulse, Simulation | reference and data pulses are employed for different pulse
¢ —+— Double—Pulse, Simulation i - -
Tiple s, Smuaton types, the receiver needs to perfoti), parallel delay-and

multiply operations and combine the outputs of different
branches. Theoretical and simulation studies are necessary to
guantify the possible improvements by the use of multiple
UWB pulses.

=
o
,\‘,
T

H
O\
b
:

Bit Error Probability

APPENDIX
A. Proof of Proposition 5.1
Let Ny = N,N,. Then, (15) can be expressed As=

By \~Ne—1 7 P 1 Np—1 7 L
N 220 1j, wherel; = \/772"20 Iin,+n With I;

-5 i i i

10 s 0 5 10 15 20 25 being given by (16). It can be shown, from (16), that; } =
SNR (dB) 0, Vj due to the i.i.d. random polarity codes. Also from the
N, > 2 assumption in the proposition, it is straightforward to

Fig. 3. The BEP performance of the single-pulse, double-pulse, and tripghow thatE{INjfjH} =0 forl > 2, sincefj and INj_H include
pulse SR-IR systems. terms with polarity codes of different indices, which are

independent and zero mean by assumption. He{ﬁ;@é\’;gl

forms a zero mean-dependent sequerice

We employ the following central limit argument for depen-

triple-pulse system, each user transmits 3ne, 4th and 5th i A imate the distributi f the IFI-
order MHPs [8] alternately, whereas the double-pulse syst nhgggelﬁnf?ZSO]o ggﬁrs?é(gpaae staﬁiolr?arrl u dl-c:jneoen dint se-
employs the3rd and 4th order MHPs. For the single-pulse : y P

system, therd order MHP is transmitted in all the frames (segﬁgn]g% )?f‘g?ndgm Var;?b}S?XlLX2}(-'- :_V'th EJr{)%} The%
Figure 2). The system parameters #&e= 5 users,Ny =18 ‘g X[ 0. 02 o0 no hl o E 73'(2
frames per symbolN. = 30 chips per frame, and, =1 Vo (0,0%), @asn — oo, whereo” = E{X7} +
ns. We consider an MAI-limited scenario, where the receivénz‘,f:1 E{X1 X1}
energy of each interferer i$8.75dB more than that of the In order to apply the results of the theorem we first calculate
user of interest. All the channels have = 20 taps, which the variance off;:
are generated independently according to a channel model NI N1
with exponentially decaying (Ea;|?} = Qpe~*!) log-normal . 1 & o . .
fading (a;| ~ LN (u;,0?)) channel amplitudes, random signs E{[j} = A Z Z E{LjN, i LiN,+ns (34)
for channel taps, and exponential distribution for the path P n1=0 n2=0
arrivals with a meani. The channel parameters axe= 0.5, 1 et . .
0® =1, and i = 1.5 ns, andy can be calculated from = SOB{y b+ Y. E{linm v},
=05 [In(ll_*;%) — M —202|, fori=0,1,...,L - 1. P =0
Figure 3 shows the BEP performance of all-RAKE receiverss, . : : -

. . quence{ X, },cz is called aD-dependent sequence, if all finite
[%3] for thF S'g@l'ﬁ- dQUb:e and t”p||e'pU|Se ;yStemSh_Br?th th@nensional marginals)%il,...,Xm) and(Xm, , ..., Xm; ) are independent
theoretical and the simulation results are shown, which arevinenevern, —n; > D.

[n1—na|=1



where the second equality is obtained from (16) by using the!] S. Gezici, A. F. Molisch, H. V. Poor, and H. Kobayashi, “The trade-
fact that the polarity codes form an i.i.d. sequence. Then, after Off between processing gains of an impulse radio UWB system in

some manipulationE{ff} can be expressed as

1 &
B{L7} = 57 D 1

¢ i=1

[‘bi@lw (=) + dpn o () |
(35)
andE{I;I;,,} can be expressed as

N,
. 1 Qe
E{ljljn} = 53 Zl%gwgn(ch)¢u§1>U§1+>l(—ch)~ (36)

¢ =1

In obtaining (35) and (36), we have used the expression in (1[8]
and the facts that the polarity codes are randomly distributed

g

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

Now considering the correlation between the adjacent ter

of {I;}}+5", the following expression can be obtained:

- 1. .
Etljlj1} = - EllG+yn,—1lg+on, }- (37)
p

Theorem1 can be invoked fof ;} Y- ;"!, which results in
I~N (o B [B{I2} + 2E{ijij+1}]). Then, from (34)-(37),

the distribution off can be approximated as in (17),/ds —
Q0.
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