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Abstract—In this paper, we consider the effect of mobility Il. SYSTEM MODEL
on an ultra-wideband (UWB) direct sequence spread spectrum oo
communication system(. Bas)ed on a uqniform rirrl)g of scgtterers A. Transmit Signal
model, we determine that the wideband scattering function The wideband DSSS waveform is
has a “bathtub-shaped” scale spectrum. We compare the the ) No—1
erformances of ascale-lag Rake and afrequency-lag Rake, each .
Eapable of leveraging thg diversity thaﬁesu(lzt)g fr%m mobility. (t) = \/ﬁ Z cip(t —iT,), @)
The scale-lag Rake receiver, whose scale- and lag-shifted basis P =0
functions are matched to the dilation-delay dynamics of the where{c;} is the lengthA,, PN chip sequencet) is the unit-
wideband char_me_l, exploits greater diversity. Finally, we suggest energy chip waveform, arifl, is the chip duration. The symbol
a low-complexity implementation of the scale-lag Rake receiver. duration isT, — N,T, seconds and the system bandwidth
is defined to belW’ = 1/T,. A PN sequence chosen from
a ternary alphabe{—1,0,1} may be used to model time-
hopping [4] or episodic signaling [5] without affecting the
analysis. In this paper, we consider only baseband siggalin
thus, all signals and parameters are real valued. We linearl
Ultra wideband (UWB) communication systems are defingfiodulate the DSSS waveform(t) with a sequence ofV,
by a ratio of single-sided bandwidth to center frequency Bymbols{b;} to obtain the transmitted signal.
excess of 0.25. We point out that the combined effects of
multipath and mobility in UWB systems should be modeleB. Wideband Channel Kernel

differently than in narrowband systems. For example, in UWB Analogous to the spreading function in narrowband sig-

systems with a dense ring of scatterers surrounding the Feiling, the wideband signal input-output relationship &en

ceiver, mobility imparts a spreading of thene-supportof ,54eled by the linear transformatiof(t) = L£{z(t)} [1]
the signal, calledscale spreading By scale spreading, we defined by:

mean that several copies of the transmitted signal combine

at the receiver, each with a different dilation of the time y(t) = //E(a,T)i m(t_T) da dr, 2)

support of the original signal. In addition, each copy may be Va a

temporally delayed by a different amount. For UWB direciwherez(t) is the channel input and (a, 7) is the wideband

sequence spread spectrum (DSSS) signaling, we stedgle-  channel kernelNote that the wideband channel transformation

lag Rake receivethat exploits this diversity. is not shift-invariant; hence, sinusoids anet eigenfunctions.
The organization of the paper is as follows: Section The wideband channel kerndl (a,7) quantifies the scale-

introduces the wideband system model, and in Section ll4g spreading produced by the channel—the variableor-

we derive the wideband scattering function for a uniformesponds to the dilation introduced by the channel, and the

ring of scatterers and see that the scale-spreading inducesriabler corresponds to the propagation delay.

“bathtub-shaped” scale spectrum. In Section IV, we compare

the performance of the scale-lag Rake with a frequency-lag Received Signal

Rake .[2] and show -that the scale-lag Rake exploits greaterWe assume the symbol duratidhy is much larger than

diversity from the wideband channel. Finally, we propose

low complexity implementation of th le-lau Rake reepiv e delay spread,,.,; hence, we can ignore inter-symbol
ow compiexity impiementation ot the scale-lag Rake reeew o ference (ISl) and without loss of generality assume-on

The analysis can be applied to underwater acoustic systegpgt transmission. Let(t) be linearly modulated by a data
[3] as well as to radio frequency UWB systems [4]. symbolb with energyE;,. The received signal(t) in additive
white Gaussian noisev(t) with two-sided power spectral
density of N, /2 is

I. INTRODUCTION

This work was supported in part by the Ohio Space Grant Ctinsor

INote that scale-spreading is actually a general concepappies to both _
narrowband and UWB systems. For example, changing the time etale r(t) o E{bz(t)} T w(t), (3)
sinusoidal signal is equivalent to shifting the signal iadfuency. = by(t) + w(t). 4

2The possibility of a scale-lag receiver was mentioned intii},no details . ) )
were developed. wherey(t) is defined in (5).



DC component [6]. Hence, we defing, as the minimum
(a)‘ t resolvable dilation Equivalently,~, := a, — 1 is the scale

T, resolutionof the wideband DSSS signalt). We havey, =
T,/Ts = 1/TsW = 1/N,, i.e., the scale resolution is the
¢% x(ai) “To- inverse of the time-bandwidth product.
(b)‘ Ny A useful quantity is thenormalized scale spread™ze=
i ao}Tg which can be written in terms of the velocity, speed of

signal propagation, and the time-bandwidth prodl?i’et'L =

Fig. 1. (a) Transmitted wideband signal. (b) Signal dilatedday ~ ¢ sW. Note the similarity to the narrowband normalized
Doppler frequency spread [7}yTs = “=e=T, f., where f. is
the carrier frequency.

D. Wideband Scale-Lag Canonical Model Representation

L Il. SCATTERING FUNCTION
Balan et al. [1], inspired by the narrowband frequency- . i .

lag canonical model of [2], derived a powerful time-scale In the following, we compute the wideband scattering func-

canonical model for the wideband transformation (2). THiPN assuming the wideband channel kernel can be modeled

output is simply written as a weighted sum of delayed arftf @ Sum ofV discrete paths

dilated versions of the input:

t —nTyal
=2 Cmn m/2 ( a;n ) (5)

m,n

Z glla aTL TIL)? (9)

where then!” path has real-valued gaif,, dilation a,,, and

where the canonical coefficients, ,, are given by, lag 7,,. A sirnilar ass_umption is used to derive the channel
N - autocorrelation function in the narrowband setting [8].
. / " / " L(a,n) In order to proceed with the derivation, we make the
m,n . . . . .
Amin following assumptions on the statistics of the widebanah&ker
1 o L
sine s n(a) m ) dadr. (6) (A1) The paths are i.i.d., i.e., they have the same jointitiens
aTO In(a,) between the gaid,,, dilation a,,, and lagr,.

¢ (A2) The paths have zero mean.

This canonical representation (5) motivates the study afoa (A3) The dilationa,, is independent of the amplitude and

dimensionalscale-lagRake receiver.

lag 7,.
o (A4) The amplitude/,, is correlated with the lag;,.
E. Definitions Assumption (A4) is often the case in wireless communication

In a practice, the wideband channel kerd€h, 7) has finite channels where propagation losses manifest as an exponen-
support:{(a,7) : amin < @ < Qmaz, 0 < T < Tmaz}, Where tially decaying function of increasing lag [9].
min AN @pqe are the minimum and maximum dilation, From assumptions (A1) and (A2) we write
respectively, and,,,.. is the delay spread. By convention, the E[L(d,7)L(a",7")] = E[6(d — a)8(a" — a)
time delay of the shortest path is zero lag. 0l "

If we consider a system composed of a mobile receiver, NIEFS(r" = 7)d(r" = 7)] (10)
fixed reflectors, and a fixed transmitter, the minimum dilatiOFor convenience, we have dropped the Subscmjpﬂ:rom
and maximum dilation are@,,i, = 1 — vyas/c andamae: = assumption (A3), we break the expectation in (10) into two

1+ Vmaz/c, respectively, where, ... is the maximum mobile parts: an expectation over dilatian and an expectation over
velocity. However, we note that the wideband kernel can Rge joint distribution of the gaidf and lagr.

used to model any dynamic geometry between the transmitterrirst, the expectation over dilation is,
scatters, and receiver, e.g., a turbulent underwater@mwient

with rings of scatters moving at different speeds. (a' —a)d(a" —a)] =
An important system vparameter is the widebasrr:iale /5 (a' — a)d(a" — a)pe(a)da,
spread g, = Mmergtming = 4,4, /C = Gmax — 1, Which
defines the maximum deviation from unit temporal dilation. a')é(a’ —a"), (11)
Consider the inner product of(t) with z(t) dilated bya:  \yhere p,(a) is the probability distribution of the dilation
1 t variablea
<37(t)7 Va “f’(a)> : (@) Second, the expectation over the joint distribution betwee
] o ] ) ] dgain and lag is,
Let a = a, result in a dilation by one chip period, (illustrate
by Fig. 1) or in other words, let, satisfy the relation E[N|(26(r" = 1)d(r" —7)] =
W T, =T, e =1t 1N, ®) N [ [1epse = ms o)
The expected value of the inner product (7) evaluated at pe,r (€, T)drdl

a = a, vanishes if and only if the pulse-shape has zero = f(ré(r" —7") 12)



where we define We project the received signalt) onto basis{z,, . (¢)}:
7) i= Np(7) [ 6P 01t (13) rmn = ma(0), 7)) (19)
= bym,n + Wm,n, (20)

The function f(r) is essentially the average received enerGyherey, . . = (x...,.(1),y(t)) are the signal coefficients and
density as a function of lag. Thus, a decaying energy profile,, . — (z,. .(t),w(t)) are the noise coefficients.

can be modgled. . ~ Next, the coefficients(r,,, ,}, =M < m < M and0 <

We substitute the expectation outcomes (11) and (12) info< N, are stacked into a vecter = by + w and linearly
(10) to obtain combined to form the bit estimate

E[L(a,7)L(a’, )] = pa(a)f(r)d(a—a’)o(r —7')(14) b= cr (21)

:=V(a,r) = bcTy + cTw (22)

where ¥(a, ) is the scattering function where ¢ is the combining vector. The valugd and N are

Now that the form of the scattering function has beef10S€n so that a significant portion of the energy is contine
determined, we investigate the density function of thetigite. " the coefficients. Several possible criteria exist forasing
Pa(a). An often studied channel geometry for the narrowbarfy ©-9- Maximal-ratio combining, equal-gain combining, or
channel is a fixed transmitter and dense ring of scatter§&ection combining. In this paper, we assume the projec-
surrounding the mobile receiver. In this case, the relatidipn coefficientsy are perfectly known to the receiver, and

between the angle-of-arrival relative to the directionraiel Maximal-ratio combining: =y is used to minimize BER.
0 and dilationa is The BER expression, given the coefficients fade according

to a real-valued Gaussian distribution, i.g.~ A(0,X), is

a = 1= Ymaz cos(6). (15) [11]
/2 k—1 —1/2
where v, = “2e= is the scale-spread. Given the angle of P, = l/ . (QEb)‘l 1) / o,  (23)
arrival distributionpy(6), it is a simple matter to compute the TJo g \ Vo sin? @ ’
dilation distributionp,(a), =020 —1/2
1 w1 < 3 11 ~ 1 : (24)
pata) = —py (<21), (16) o \ Mo
Jmaz Jmaz wherex = (2M + 1)(N + 1), and {)\;} are the eigenvalues
whereY = cos(f) and of the correlation matrix[yy’] = .
py(y) = po(cos™ () + po(— 005_1(@/)). (17) A. Scale-Lag Rake Receiver
V1i-y? Motivated by (5), and to match the scale-lag spreading of the
If the angle of arrivalg is distributed uniformly on(—r, ], wideband channel, it is natural to choose as basis functiens
then we have set of dilated-delayed versions of the DSSS transmitteabsig
1 1 (t - naZ’TO)
_ Tmon(t) = T , , (25)
py (y) ppy lyl <1, (18) (t) e o

where a,, is the minimum resolvable dilation anfl, is the

chip duration. Together, the scale-lag resolution pragert

(defined in Section II-E) of the basis signals imply that

(@mn(t), Tm.5(t)) = dm—mdn_n, Wheres, is the Kroneker

IV. TwO-DIMENSIONAL RAKE RECEIVER delta function. Hence, the noise coefficients are approtdiya

" refers to projecting thgnporrelated. In [6], we showeq that the scale-lag Rakg re-
iver outperforms the conventional lag-only Raker rezgiv

which is a familiar “bathtub shape” [10]. We call the functio
pa(a)l,—,, thescale spectrum

The term “two-dimensional Rake
received signal onto a basis of frequency-lag or scale-15§" hi dilati in the ch |
shifted waveforms. The definition will become clear whel 'C" Ignores llation components in the channel.

we define the scale-lag and frequency-lag Rake receivees. ThTIheI coef|f|C|ents{rn;{n} are ISﬁe(;['VzIYI_ alsampl|ng of the .
motivation for applying a two-dimensional Rake is to exploisca.e' ag plane, as shown in Fg. <. aylors series approxi
mation aroundi, = 1 givesay' ~ 1+m(ag—1) = 14+m~,;

a mechanism of diversity in addition to fagiversity. i g in th le d . i ;
The two-dimensional Rake can be divided into two part ence, a uniform spacing In the scale domain sufices for
ical values of dilation (i.e.q¢ ~ 1).

first, the projection of the received signal onto a basis, a For the unit-energy second-derivative Gaussian pulse¥12]
second, the combining of the projection coefficients to form ay pulse

the bit estimate. In the following, we clarify these two gart (t) = V[0 V327 [1 o f(t—T /2))2]
and state the average bit error rate (BER) expression for a V3 ° °

coherent maximal-ratio combining receiver. exp (—(mfo(t — To/g))2) ’ (26)

SLag diversity is sometimes called multipath diversity andesrishen the 4We wish to point out that other zero-DC component signals maysiee,
receiver is able to resolve signals arriving at differenaye. such as the modified duobinary pulse [7].
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Fig. 3. Eigenvalues of (a) frequency-lag Rake, (b) scale-lag Rake.
where, for f, = 2/T,, we have The curves are indexed by the normalized scale spread =
1 1 0.1, 0.01, and 0.001. The normalized delay spreaa?.ésr£ =1A
X(6,7) = — Z wk/ xke_zﬂzw”’“)zdx, (28) “bathtub-shaped” scale spectrum (18) is assumed.

wo = 12 — 967272 + 647t
wy = 25671738 — 1927276, C. Performance Comparison

_ 4~2¢2 2¢2
wy = 24 (1677707 — 47%57) | In this section, we compare the diversity exploited by the

wg = 2567763, scale-lag basis with the diversity exploited by the redied
wy = 64716t frequency-lag basis (similar to the complex-valued basis i
[2]). The scale-lag basis is expected to exploit greatezrdity
B. Frequency-lag Rake Receiver in wideband channels since it is more closely matched to the

The frequency-lag basis functions are uniform frequencyhannel dynamics.
and time-shifted versions of the DSSS waveform: Eigenvalue profiles of the scale-lag and frequency-lag Rake
receivers are shown in Fig. 3, given that the chip pulse

Fonn(t) = {ﬁcos (%) z(t —nT,) m# 0(29) shapep(t) is a second-derivative Gaussian pulse (26). The
’ x(t — nT,) m =0 normalized delay spread i8,,../7, = 1 chip, and the
ower profile f(7) is assumed to be constant; furthermore,
e assume a uniform ring of scatterers and use the “bathtub”
<f‘ale spectrum specified in Section Ill. The number of basis

?uncnons for each basis is set byl = V'"“J + 1 and

In [2], it is shown that the complex-valued extension of th
frequency-lag basis (29) is approximately orthonormalicivh
motivated using the frequency-lag Rake receiver to expl
diversity in doubly-spread narrowband channels.

For the frequency-lag basis (29) employing unit energy — Tzez | 4 1 in order to capture a significant portion
second derivative pulses (26), it can be showhmat for large of the recelved energy.
», the autocorrelation can be approximated by The normalized scale spread%# — Umax [T, = 0.001

Tgan pamas ~ would be common in practical RE systems; for example, in

EYm,n¥m,n) / / Sz = Y00, 715) an RF system with mobile velocity of 10 km/hr, data rate of

10 kbps, and bandwidth of 1 GHz, or likewise in an RF system

Ry (6, T)Rm 7(6,7)dédT, (30) " with velocity of 100 km/hr, data rate of 1 Mbps, and bandwidth

where of 10 GHz. A normalized scale spread of 0.1 would occur in

1 a practical underwater acoustic telemetry system with faobi
Rin(6,7) = / V2cos(2rmz)R,((6x — n + 7)T,)dz(31) velocity of 15 km/hr, data rate of 1000 bps, and bandwidth of
0

36 kHz.
and R,,(7) is the autocorrelation It is easy to see by comparing the third and fourth eigen-
R B i values of the profile that the scale-lag Rake will outperform
p(7) = [ p(t)p(t —T)dt, the frequency-lag Rake. This is verified by Fig. 4, which

1 . ) (7 fo7) shows the BER performances of the two receivers. Note the
=3 ((WfoT) —6(mfor)” + 3) €xp (—2> - large diversity advantage of the scale-lag Rake receiMeose
basis functions are more closely matched to the dilatidayde
5Contact the authors for derivation details. dynamics of the wideband channel.
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We derived the wideband scattering function for a uniform
ring of scatterers and found that the scale-spreading ewluc
a ‘“bathtub-shaped” scale spectrum. We compared the
D. Scale-Lag Projection Implementation performance of the scale-lag Rake with a frequency-lag
. . . Rake [2] and showed that the scale-lag Rake exploits greater
I th'? section, we construct a Iow-complexny scale-lag-pr diversity since its dilated-delayed basis waveforms are
Jection implementation centered on feeding the output of ﬂE)etter matched to the wideband channel scale-lag spreading
chip matched filter into a bank (.)f samplers with frequg_ncieﬁna”y’ we proposed a low complexity implementation of the
1/a:’nT".’ m < .{_M’ " "M.}' This can be seen by writing scale-lag Rake receiver based on applying a bank of samplers
the projection in the following form: to the output of the pulse matched filter.

Fig. 4. Same system setup as Fig. 3.

Tmn = /x"“”(t)r(t)dt’ Future work will concentrate on characterizing the
1 t —nT,a™ time variations of the scale-lag projection coefficientd an
= e dt i i i i
/ 2 < o ) r(t)dt, developing estimation and tracking schemes.
0 o
Np—1 .
_ 1 Z & /p (t —nT,a™ — zToaT) r(t)dt,
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