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Abstract

In time hopping impulse radio, Nf pulses of duration Tc are transmitted for each symbol. This
gives rise to two types of processing gain: (i) pulse combining gain, which is a factor Nf, and (ii)
pulse spreading gain, which is Nc = Tf/Tc, where Tf is the mean interval between two subsequent
pulses. This paper investigates the trade-off between these two types of processing gain with and
without random polarity codes in the presence of timing jitter. Approximate expressions for bit
error probability are derived for both coded and uncoded systems over additive white Gaussian
noise channels and are used as the criterion to choose optimal Nf and Nc values. The effects of
timing jitter and multiple access interference on the selection of optimal system parameters are
explained through theoretical analysis. Simulation studies support the theoretical results.
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Abstract—In time hopping impulse radio, Ny pulses of dura-
tion T, are transmitted for each symbol. This gives rise to two
types of processing gain: (i) pulse combining gain, which is a |!
factor Ny, and (ii) pulse spreading gain, which isN, = T /T,
where T} is the mean interval between two subsequent pulses.
This paper investigates the trade-off between these two types
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error probability are derived for both coded and uncoded systems
over additive white Gaussian noise channels and are used as th
criterion to choose optimal Ny and N. values. The effects of
timing jitter and multiple access interference on the selection
of optimal system parameters are explained through theoretical
analysis. Simulation studies support the theoretical results.

Fig. 1. Two different cases for an uncoded BPSK-modulated TH-IR system
when N = 24. For the first caseN. = 8, Ny = 3, pulse energy i /3
and for the second cad¥. = 4, Ny = 6, pulse energy is£/6.

[. INTRODUCTION

Recently, communication systems that employ ultr&ulS€ positions are determined by the TH sequefié, 3}.
wideband (UWB) signals have drawn considerable attentidd} Pinary information bit of +1 is shown in the figure. A
UWB systems occupy a bandwidth larger than 500 MHz; ddnary mformatlon bit of—1 c_orrgsponds to the case where
to the large spreading factors and low power spectral densitife polarity of all the pulses is flipped.) . .
they can coexist with incumbent systems in the same frequency! € number of pulses that are sent for each information
range. Recent Federal Communications Commission (FC®jnbol is denoted byV,. At the receiver end, thes&/y
rulings [6, 7] specify the regulations for UWB communicatioffU!S€s are properly combined to improve signal-to-noise ratio
systems in the US. Similar rulings are expected in the nd&NR). This type of processing gain is called the pulse
future for Europe and Japan. combining gain. The second type of processing gainis

Commonly, impulse radio (IR) systems, which transmit Ve?ihe pulse spreading gain and is defined as the ratio of average
short pulses with a low duty cycle, are employed to implemeHf€ between two consecutive transmissions and the actual
UWB systems ([1]-][2]). In an IR system, a train of pulses igansmission time, that isV. = Tj/T.. The total processing
sent and information is usually conveyed by the position Rin is defined asV = N.N; and assumed to be a large
the polarity of the pulses, which correspond to Pulse Positi§Rnstant number [5]. The aim of this paper is to investigate
Modulation (PPM) and Binary Phase Shift Keying (BPSK)the trade-off between the two types of processing gainand
respectively. Also, in order to prevent catastrophic collisior¥s: and to find an optimalV.. (Ny) value such that the bit
among different users and thus provide robustness agai@dPr Probability (BEP) of the system is minimizedn other
multiple access interference, each information symbol is ref§ords, the problem is to decide whether or not sending more
resented not by one pulse but by a sequence of pulses, andyses each with less energy is more desirable in terms of BEP
location of the pulses within the sequence is determined byPgrformance than sending fewer pulses each with more energy
pseudo-random time-hopping (TH) sequence [1]. For exampfEigure 1). _ _
the first signal in Figure 1 is an uncodeBPSK-modulated ~ The trade-offs between these two types of processing gain

TH-IR signal where three pulses represent one bit and tW@s originally investigated in [5], where it was concluded that
in multiuser flat fading channels, the system performance is

1This research is supported in part by the National Science Foundatimdependent of the pulse combining gain for a coded system

under grant CCR-99-79361, and in part by the New Jersey CenterforWireleaﬁd it is in favor of smaller pulse combining gain for an
Telecommunications.

2Department of Electrical Engineering, Princeton University, PrincéJnCOded system. H.OW€V€.I‘, no_ timing jitt.er_waﬁ considered in
ton 08544, USA, Tel: (609) 258-2798, Fax: (609)258-2158, emaithat work. As we will see in this paper, timing jitter can have

{Sg&?tid'E?Sﬁ§2;vp(;9@£ri”°et°r’]‘-Ledgj 201 Broaduay. Cambridae. Ma 0a1c2 Sidnificant effect on the trade-off between the processing
itsubishi Electric Research Labs, roadway, Cambridge, : . I .
USA and Department of Electroscience, Lund University, Box 118, SE-2§‘amS' which modifies the dependency of the BEP expressions
00 Lund, Sweden, e-mail: Andreas.Molisch@ieee.org

4In coded systems, the polarity of all pulses are determined by a randon?The FCC also imposes restriction on peak-to-average ratio (PAR), which
polarity code sequence and a binary information bit, as will be explained latisr.not considered in this paper.



on processing gain parameters. Thus, in this paper, the tradin is to obtain the optimaV,. (V) value that minimizes the
off between two types of processing gain is investigated in tiBEP of the system.

presence of timing jitter and approximate expressions for BEPThq received signal over an additive white Gaussian noise

are derived for both coded and uncoded systems. (AWGN) channel in anV,-user system can be expressed as
The remainder of this paper is organized as follows. Section

Il describes the transmitted signal model and components of B o By & (k) . (k)
the received signal at the output of a matched filter (MF) r(t) = Z Ff Z d; bLj/NfJ

receiver. The BEP expressions for coded and uncoded systems =1

are derived in Sections Ill and 1V, respectively and the trade- X Weo(t — jTy — T, — ) pon(t),  (2)
off between the processing gains is investigated. Sectionv%

. . . ) re w., is the received UWB pulse with unit energy
presents some simulation studies and numerical examples gﬂg n(t) is a zero mean white Gaussian noise with unit
finally Section VI concludes the paper.

spectral density. Even though this channel model is not very
realistic for UWB systems, it is an important first step towards
understanding of a real system since the main ideas in the
Consider a BPSK random time-hopping impulse-radio (THwnalysis can be extended to multipath scenarios, which are not
IR) system where the transmitted signal from ugein an considered here due to space limitations (see [4] for extensions

j=—oc0

Il. SIGNAL MODEL

N,-user setting is represented by the following model: to multipath channels).
B & For analytical tractability, we assume that users are symbol-
sE’;) (t) = N—k Z dgk) b(L’;)/N”wtm(t—ij—c§k)Tc—e§-k)), synchronized. In fact, for coded systems, the system perfor-
R S— ' mance is the same whether symbol synchronization or chip

1) synchronization is assumed (see [3]). Generally, assuming
wherew, is the transmitted UWB pulse; is the bit energy synchronization among different users in a random TH-IR
of userk, 65“ is the timing jitter atjth pulse of thekth system increases the effect of MAI and serves as a worst-case
user,T is the average pulse repetition time (also called thgenario, as studied in [4] and [3].

“frame” time), N is the number of pulses representing one

information symbol, which is called the pulse combining gain Considering a MF receiver, the template signal at the

andb(L’;)/]\,fJ € {+1, —1} is the information symbol transmitted receiver can be expressed as follows:
by userk. In order to allow the channel to be exploited by p HLNs-L
: . - Do)y = —— dPw,o(t — 5T; — VT, (3)
many users and avoid catastrophic collisions, a TH sequenc@emy(t) N > W (t = Ty — ¢ Ty,
7

{cg.k)} is assigned to each user, Wheg@ €{0,1,...,N.—1} j=iNy

with uniform probability, and:](k’) andcz(.l) are independent for where, without loss of generality, user 1 is assumed to be
(k,j) # %Li). This TH sequence provides an additional timéhe user of interest and the multiplication by,/N; is used
shift of cjk)Tc seconds to thgth pulse of thekth user where just for scaling purposes, which, of course, does not affect the
T, is the chip interval and is chosen to satigfy< 7y /N. in BEP expression. Also note that no timing jitter is considered
order to prevent the pulses from overlapping. Without loss & the template signal since the jitter model in the received
generality, 7y = N,T. is assumed throughout the paper. ~ signal account for that jitter as well.

Two different IR systems are considered dependinglgéh From (2) and (3), the MF output for user 1 can be expressed
Complying with the terminology established in [5], the systeras follows:
will be called “uncoded” ifd'™ = 1, V&, j, and it will be (1N —1
i n o (k?) H 1 1 — El (1) . (1)
called “coded” if d;’ are binary random variables taking Y1 = b; Z R(ej )+a+n, 4)

values +1 with equal probability and are independent for Ny
(k,j) # (l’,i)',The first type of system is the original propo;a\INhere the first term is the signal part of the output, with
for transmission over UWB channels ([1], [8]) while a versmrh(x) = [* wyu(t)w(t — 2)dt being the autocorrelation

of the second type ;i)proposed in [9]. _ function of the UWB pulseq is the multiple access inter-
in (1) mainly represents the inacCuerence (MAI) due to other users andis the output noise,

j=iNy

The timing jitter ¢;
racies of the local pulse generators at the transmitters and, N(0, 02)
’ n

are modelled as being independent and identically distributed_l_h MA b q £ interf
(i.i.d.) among the pulses of a given user. That dgi) for N term can be expressed as a sum of interference

.. ie — S~ NVu VEE (k)
j=....—1,0,1,... form an i.i.d. sequence for eadh Also (erms from each user, that is=3_, ", *x-a""), where each
the jitter is assumed to be smaller than the chip intefal interference term is in turn the summation of interference term

that is,n;%x\e§k)| < T, which is usually the case for practical
VB

situations.
. . 6The self-interference term due to timing jitter is ignored since it becomes
The parameterN = N.Ny is defined to be the total negligible for large N. and/or small ER2(T. — |¢(})])} values, where

processing gain. Assuming a large and consféntalue, the R(z) = [ wra(t)wra(t — z)dt.



each of which affects one pulse of the template signal: ~ tems separately at this point.

o (z+1)ZNf1 al(k)7 ) I1l. CODED SYSTEMS
1=iN; Using the expressions in (5)-(9), the distribution of the
MAI term from userk can be approximated as shown in the
where following lemma:
o — g /wm(t 11y - VT Lemma 3.1: ASN — cc and 3£ — ¢ > 0, a®) in (5)
is asymptotically normally distributed as
(oo}
x 3 dPHE et — Ty — EPT+ ) a®) ~ N0, 1Ny /), (10)
J=7ee (k) _

(6) Wherev,” = E{R*(e®))} + E{R*(T. — "))}
Proof: See [4].
As can be seen from (6)z,l(k) determines the interference From (4) and (10), the BEP of the coded IR system

from userk to thelth pulse of the template signal. conditioned on the timing jitter of usdrcan be approximated
Let pl(l) denote the position of thih pulse of the template as follows:
signal in thelth frame @(1) =1,...,N;)forl=iNg, ..., (i + [Ey ~(i+1)N;—1 (1)
IR} IR} La T R(e'
1)N; —1. Similarly, Wl’itepl(k) for the position of thdth pulse P ~Q Ny 2i=iny (5) (11)
e Ei )

of the received signal from usér Then,al(k) can be expressed \/Ni 22[12 Ek’yék) + Nyo2
( T

for p{*) =2,..., N. — 1 as follows:
(k) _ () g0 ) [ (B) wheree;") = [e[y -1y, )
ap” = by dy T [R(e) o ooy For large values of Ny, it follows from the Cen-
' Fi 1 (i+1)Ny—1 My _
+ R(T, - €z(k))I{p§1>_p§’“>:1}l{e§k>>0} tral Limit Theorem (CLT) thatm > min, | [R(e7)

(1) . . . . )
+R(Tc+GI(k))I{pg’@7p§1>:1}l{6§’°><o}]7 ) E{R(e; ")}] is approximately Gaussian. Then, using the re

lation E{Q(X)} = Q (ﬁ) for X ~ N (i, 52) [10], the

for I = iNy,...(i + 1)Ny — 1, where I, is the indicator ,,congitional BEP can be expressed approximately as follows:

function taking valuel in set A and0 outside. In obtaining

(7), the following observation is employed: There occurs VEL i
interference from usek to thelth pulse of the template signal Per~Q TR ™ S| (12)
if user k has itsith pulse at the same position as titie pulse N T W Yisa Ervy + o

of the template signal or it has if¢h pulse at a neighboring &) ) &
position tolth pulse of the template signal and there is a parti4inere# = E{R(ec; )} ando® = Var{R(e; )}.
overlap due to the effect of timing jitter. From the Ifist expression, it is observed that_ the BEP de-
reases ad/; increases. In other words, the BEP is smaller for
arger number of pulses per information symbol. We observe
from (12) that the second term in the denominator, which is
due to the MAI, depends oV, and Ny only through their
productN = N.N¢. Therefore, the MAI has no effect on the
trade-off between processing gains for a fixed total processing
. 8) gain N. The only term that depends on the distribution/f
Py =Ne} betweenN, and N is the first term in the denominator, which
for l =iNy+1,...,(i+1)N; — 1. Note that forl = iN;, we reflects the effect of timing jitter. This effect is mitigated by
just need to replace!”’ in the third term byb(*), since the choosing smallN., or large Ny, which means sending more

For pl(l) = 1, we also consider the interference from th
previous frame of the signal received from usger

k k 1 k k
al® = pMaM dM R ))I{pl(’c)=1}

k
R+ 60y I o)

+ 0 ) R(T — 7)1 1

{el®) >0}

previous bit will be in effect in that case. pulses per information bit. Therefore, for a coded system,
Similarly, for Pz(l) — N, keeping Ny large helps to reduce BEP. Also note that in the
absence of timing jitter, (12) reduces to

R G
+ R(T. — el(k))

M, o_
{pz =N} VE
I I ] Pe=Q| T=x 1(k) ; 13)
{pM =N, -1} {M >0} N Do Eryy 02

k k k . . . . .
+ b )dl(l)d§+)1R(Tc + El(+)1)I{Pfﬂ:l}l{éf?ﬁo}’ (9) in which case there is no effect of processing gain parameters
. to BEP performance, as stated in [5].
for I = iNy, ..., (i + 1)Ny — 2. Forl = (i+ 1)Ny — 1, 8{*) in

the third term is replaced fﬁl. IV. UNCODED SYSTEMS
Our aim is to obtain the probability distribution of*) = For uncoded systems, the following lemma approximates

Zfiii@jvf’l a{®. We will consider coded and uncoded systhe conditional probability distribution af*) in (5):



Lemma 4.1: As N — oo and 3£ — ¢ > 0, a(?), given
the information bitbgk), is approximately distributed as
a(k)|b§k) ~

k k k
(N oo Np [ G872 s
Nt PN | N. N N

T T
— - UWB Pulse
— Autocorrelation

Amplitude

where
W = E{R(e®)} + E{R(T. — [eW])},
1 = E{R*(e®))} + E{R}(T. — [¢)])},
) = 2E{R(T. — |€® ) R(e)} — 2(E{R(T. — |eP])})?

0
+4 / R(T. + e®)p(e®))de®
—00

X /°° R(T, — e®)p(e®)de®),
0
) = 2(E(R(T. — |€P])})2. (15)

Proof: See [4].
Note that for systems with largév,, the distribution of can be expressed approximately as
a®) given the information symbdil(.k) can be approximately

-0.8 Il Il Il Il Il Il Il Il Il
-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
Time (ns)

Fig. 2. UWB pulse and the autocorrelation function fdr = 0.25ns.

expressed as P~ Q VE 1
N e~ - - ;
AW ~ A (N T - (). BN (=0 (3 + 3 - ) + 2
16) (19)

First consider a two-user system. For equiprobable informa- ) , ) (%)
tion symbols=1, the BEP conditioned on the timing jitter of Where the user indek is dropped fromy;™ and~," due to

the first user can be shown to be theC|der.1(tj|ca.I|ty. o), it - el a
1) N s —1 L 5 onsidering , it is seen that for relatively sm
P~ EQ @ §;ri]\)[ff R(6§' )+ ‘{\?'yp values, the second term in the denominator, which is the
ele = 3 Eyr (2) (2)\2 5 term due to MAI, can become large and cause an increase
whe" = ()N +on in the BEP. Similarly, whenV, is large, the first term in the
1 {VE ;g%vf_l R(egl)) - {V—Eiyf) denominator can become significant and the BEP can become
+ 5 Q ! > > = . large again. Therefore, we expect to have an optivavalue.
%[”/é ) (V2N + 02 Intuitively, for small N, values, the number of pulses per bit,

(A7) Ny, is large. Therefore, we can have high BEP due to a large
Th for | N | in invoke th CI__I_amount of MAIL. As N, becomes large, the MAI becomes
en, for largelV, values, we can again invoke the more negligible. However, makiny. very large again causes

(i+1)Ny—1 1) i . . . h g
for ({%f > j=in,  [R(g;") — u] and approximate the un-an increase in BEP sinc¥, becomes small, in which case the
con

N

itional BEP as effect of timing jitter becomes more significant. The optimal
N, (N¢) value can be approximated by using (19).
L EQ Fint JE#) (Ny) pp y using (19)
©72 \/ElaQ By (2 _ (22 >
N, + 32 - N+ o2
N Nz = ()% /N V. SIMULATION RESULTS
2
P VEip — 2y ®
2 - L (2 2 ’ In this section, the BEP performance of coded and uncoded
\/El 2]\%4—%[75)—(’75))2/2\70}4‘0% p

18 systems is evaluated by conducting simulations for different

(18) values of the processing gains and the results are compared to
For the multiuser case, assume that all interfering users hakie theoretical results. The UWB pulsand the normalized

the same energ¥ and that their jitter sequences are i.i.d. fronfutocorrelation function used in the simulations are as follows

user to user. Then, the total MAI can be approximated by a

zero mean Gaussian random \_/ar_iable for a sqﬁiciently larger,, . 1) = w(t)/ By with E, = [*°_w?(t)dt is used as the received

number of usersy,,, and, after similar manipulation, the BEPUWB pulse with unit energy.
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on the probability of error is fixed for a given value of total
processing gain and the effect of timing jitter is reduced by
sending more pulses. In an uncoded system, there is a trade-off
betweenN, and Ny, which reflects the effects of timing jitter
and MAI. Optimal processing gains can be found by using an
approximate closed form expression for the BEP. Current work
focuses on the extension of the results to frequency selective

o
o
=4
[

Probability of Error

0.01 - [1]
1 [2

0.009

0.008

0.007 1 1 1 1 1 1 1 I [3]
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Fig. 3. BEP versus\V; for coded and uncoded systems with uniform jitter
U[—25ps, 25ps], where N = 630, Ny, = 10, 02 = 0.1 and Ej, = 1 Vk. [4]
(5]
[11]:
47Tt2 2.2 [6]
)y = (1——-)e2t/7 20) 7]
wi) = (1= ) e @
At 472 At ¢
R(At) = [1 —dn(—)* + ;f(ﬂ e T3 (21)
T T

. 9
wherer = 0.125ns is used. el

The timing jitter is modelled by the uniform distribution
U[—25ps, 25ps] and T, is chosen to be).25ns. The total [10]
processing gainV = N.N; is taken to be630. Also all 10
users {V,, = 10) are assumed to be sending unit energy pér]
symbol E, =1 Vk) ando? = 0.1.

Figure 3 shows the BEP of the coded and the uncoded
system for differentN; values. It is seen that theoretical
values match quite closely with the simulation results, espe-
cially when N; gets larger, since the Gaussian approximation
becomes better ad/; increases. For the coded system, the
BEP decreases &% increases. Since the MAI has no effect
on the BEP for a given value a¥, only the effect of timing
jitter needs to be considered. Because the effect of timing jitter
is reduced for largeVy, the plots for coded system show a
decrease in BEP ad/; increases. For the uncoded system,
there is an optimal value of the processing gain that minimizes
the BEP of the system. In this case, there are both the effect of
timing jitter and the effect of MAI. The effect of timing jitter
is mitigated by using largeéV; while that of MAI is reduced
by small Ny. The optimal value of the processing gains can
be approximately calculated using (19).

VI. CONCLUSION

The trade-off between the two types of processing gain
has been investigated in the presence of timing jitter. It is
concluded that in an AWGN channel sending more pulses per
bit decreases the BEP in a coded system since effect of MAI

channels [4].
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