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Spectral-Encoded UWB Communication
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Abstract—This paper considers a particular implementation of
an ultra-wideband communication system that uses spectral en-
coding as both the multiple-access scheme and the interference-
suppression technique. The main advantage of this technique is
that the transmitted signal spectrum can be conveniently shaped
to suppress narrowband interference and to not cause noticeable
interference to overlaid systems. An extensive analysis of a pos-
sible implementation of this system by using surface acoustic-wave
models is presented, and general expressions for the system per-
formance are obtained. Numerical results show that a significant
improvement in the system performance is obtained when the pro-
posed interference-suppression method is used.

Index Terms—Narrowband interference (NBI) suppres-
sion, spectral encoding, surface acoustic wave (SAW) devices,
ultra-wideband (UWB).

1. INTRODUCTION

IMING for more efficient spectrum use, the FCC allocated
Ain early 2002 a 7.5-GHz bandwidth for ultra-wideband
(UWB) communication systems that, as opposed to conven-
tional systems, forces its coexistence with narrowband systems
[1]. This spectrum allocation is a significant breakthrough from
traditional exclusive-based allocation policies that have been the
norm since the genesis of wireless communication systems, and
is one of the main reasons for the high interest of both academic
and industry groups in UWB systems [2]. Spectral overlay is
possible, at least in principle, due to the negligible level of in-
terference that very low power spectral density (PSD) UWB sig-
nals would cause to overlaid narrowband systems.

The low PSD is only one of the many desirable character-
istics of UWB signals. UWB communication systems were
originally based upon impulse-radio technology! [3]-[5]. In
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IThere is some confusion in the literature between the definitions of UWB and
impulse radio. The FCC defines UWB as any wireless transmission technique
that occupies more than 500 MHz of absolute bandwidth, or 20% of its center
frequency [1]. Impulse radio, together with technologies such as code-division
multiple access and orthogonal frequency-division multiplexing, are possible
technologies for implementing UWB systems.

this technology, baseband pulses of very short time duration,
typically on the order of a nanosecond, are transmitted. This
is very attractive for both communication and positioning
systems because of its low cost of implementation, since it
is a carrierless radio, and lack of significant fading [6], [7],
due to its fine multipath resolution. However, when UWB
transitioned from a research topic to actual consideration for
commercial communications applications, the technologies of
choice for UWB systems were more conventional carrier-based
transmission schemes, rather than the impulse radio [8]. The
main reason for this shift is that the power mask defined by the
FCC limits the UWB transmission to the 3.1-10.6 GHz region,
forcing (baseband) impulse-radio devices to employ some sort
of additional transmit filtering [9]. For example, the IEEE
802.15.3 standardization group, which began by considering
different modulation formats, including impulse radio, nar-
rowed down its choices to either code-division multiple access
(CDMA) [10] or orthogonal frequency-division multiplexing
(OFDM) [11] technologies. Some examples of recent trends
in UWB communication systems can be found in [12], and a
UWB network study can be found in [13].

Independent of the transmission technique used, an important
concern in UWB system design is the minimization of the pos-
sible interference to and from narrowband systems that are over-
laid by UWB signals. Different techniques have been proposed
to overcome this problem; for example, minimum mean-square
error (MMSE)-based receivers were considered in [14] and [15]
for impulse-radio-based systems, and an OFDM system was
proposed in [16]. In this paper, we consider an alternative, car-
rier-based, modulation scheme for UWB systems based on the
spectral-encoded technology. In this system, spectral encoding
is used as both the multiple-access scheme and the narrowband
interference (NBI)-suppression method. The main contributions
of this paper are: 1) the extension of spectral-encoded systems
to a UWB environment with a RAKE configuration; 2) anal-
ysis of a possible real-time implementation of spectral-encoded
systems with the use of surface acoustic devices; and 3) perfor-
mance analysis in the presence of NBI with and without inter-
ference suppression.

The remaining parts of this paper are organized as follows. The
spectral-encoded concept is introduced in Section II. A real-time
implementation of the transmitter and receiver are presented and
analyzed in Sections III and IV, respectively. A formulation of
the noise and interference components is presented in Section V.
In Section VI, numerical results of the system performance are
presented, and conclusions are drawn in Section VII.
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Fig. 1.
binary (1) encoding sequence. (c) Spectrum of the transmitted signal.

II. SPECTRAL-ENCODED UWB COMMUNICATION SYSTEMS

The spectral-encoding concept was first proposed in an op-
tical-communication context [17], [18], and was then extended
to a wireless-communications scenario in [19] and [20]. In this
technique, a conventional signal is multiplied by a spreading
sequence in the frequency domain. As a result, the signal
spreads in time. Consequently, the spectral-encoding technique
can be considered as the frequency-domain counterpart to a
conventional direct-sequence (DS)/CDMA spread-spectrum
system. Multiple-access capability is achieved by assigning
distinct spreading sequences to different users.

In this paper, we extend the spectral-encoding concept to also
achieve NBI suppression via the spectral encoding. When inter-
ference suppression? is desired, a spreading sequence is used
which has a spectral null where the NBI is located. A graphical
representation of the encoding process and interference suppres-
sion is shown in Fig. 1. It can be seen in this figure that the trans-
mitted spectral encoded signal does not have spectral compo-
nents over a range of frequencies where the NBI is the strongest.
In addition, the NBI is “notched out” at the receiver when the
received signal spectrum is multiplied by the conjugate of the
transmitted signal spectrum (despreading operation).

Although spectral-encoded systems have a greater im-
plementation complexity than conventional techniques, this
system does not need additional circuitry to perform spec-
tral-shaping/NBI suppression. In contrast, UWB systems based
on either impulse radio or CDMA transmission techniques, for
example, may need to employ notch filters or MMSE receivers
to diminish the spectral overlay effects.

2The idea of considering spectral-encoded systems in a UWB scenario to
achieve NBI suppression was presented by the authors at the “An Ultra-Wide-
band Technology Workshop: From Research to Reality,” held at the University
of Southern California, Los Angeles, October 2002.

Graphical representation of the encoding process and interference suppression. (a) Spectrum of the conventional signal and interference. (b) Spectral

Morerecently [21], [22], Shayesteh et al. extended the analysis
presented in [19] and [20] to consider fading channels. It is
pointed out in [22] that the spectral-encoding technique can
be advantageous for UWB systems, because the spreading in
time resulting from the encoding process reduces the effective
instantaneous power of the transmitted signal. Based on a
detailed analysis of the multiple-access interference, general
expressions for the signal-to-interference-plus-noise ratio (SIR)
for both spectral-encoded CDMA and DS/CDMA are derived in
[19]-[22]. It is shown that, in the absence of thermal noise, the
performance of the spectral-encoded CDMA system is equal
to or better than that of a DS/CDMA system. It is important to
note that the system to be considered in this paper is a particular
case of the systems described in [19]-[22]. As opposed to
[19]-[22], this paper is interested with the performance analysis,
in terms of bit-error rate (BER), of spectral-encoded systems
in the presence of NBI and its implementation using real-time
devices.

III. TRANSMITTER DESIGN

A schematic of the transmitter can be found in Fig. 2. The
transmitter consists of the following stages: generation of a
conventional waveform, modulation, real-time Fourier trans-
formation, multiplication by a spreading sequence, real-time
inverse Fourier transformation, and lowpass filtering. The
real-time Fourier-transform stages are based upon the use of
surface acoustic wave (SAW) devices, and correspond to the
models proposed in [23]. Specifically, the Fourier transform is
based on a well-established implementation (see, e.g., [23, refs.
[1]-[4]]), which corresponds to the multiplication and convolu-
tion of the desired signal by chirp (linear FM) waveforms. SAW
devices have evolved to the GHz range and “currently, sub-
micron manufacturing and material techniques are improving
greatly and encompassing even higher frequencies of up to 10
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Fig. 2. Transmitter model using SAW devices.

GHz” [24]. In addition, “(SAW devices) can perform real-time
correlation of signals with absolute bandwidths up to a few
hundred MHz easily” [25].

In Fig. 2, the function i(t) is defined as

T
(1-aa,-T)

where d[k] is the data to be transmitted, composed of a +1 se-
quence with period Ts. The conventional waveform f(¢), gen-
erated by the impulse response of the filter F'(w), is assumed to
be nonzero only in ¢ € [-T'/2,T/2]. To ignore intersymbol in-
terference, we assume 1’y > T'+T,,, where T},, is the multipath
spread. Let us consider, without loss of generality, the receiver
during the transmission of the nth symbol. In this case, as can
be seen in Fig. 2, the output of the Fourier-transform stage, de-
noted by f1 ,(t), is given by

i(t) = i d[k] 6 1)

k=—oc0

nTs+T

fin(t)=2d[n] / f(T—nTs—§>COS<%<T_”TS_%))

nTy

2
X €08 (wa (T_nTs_ %) _/[3(T—HTS_§> )

x cos (wo(t —7) + B(t — 7)%) dr )

where the parameters w, and (3 are, respectively, the center fre-
quency and half-slope of the chirp signals, and w, is the carrier
frequency. Simplifying, f1.(t) yields

fl,n(t):%FR (2/3 <t —nT, — g))
2
><cos<w(L <t—nTs—§> +ﬂ<t_nTS_g> )
— %F] <2,[3 (t—nTS — g))
2
XSin<wa<t_nTs_g>+/8<t—nTs_§> ) (3)

where a double-frequency term has been ignored. The functions
Fr(26(t — nTs —T/2)) and Fr(26(t — nTs — T/2)) are, re-

inverse Fourier transform

spectively, the real and imaginary components of the Fourier
transform of the modulated f (), i.e., they are given by

7))

:2d[n]/f(£)008(wc€)

FR <2[)) <t — TLTS

N

X COS <2[3 (t —nTy — g) E) d¢ “4)
Fy <2@ <t T - %))
— 2] [ (€) cos(et)
X sin <25 <t — T, — %) g) de. )

Note from (4) and (5) that the angular frequency evolves in real
time according to w = 26(t —nTs —T'/2). We assume, for sim-
plicity of presentation, that the real signal f(¢) is even. There-
fore, Fy(-), given by (5), is equal to zero.

The Fourier transform of f(¢), given by (3), is only valid
during the interval of time that f(¢) is fully contained in the
filter labeled cos(w,t + (3t?) in Fig. 2. Assuming that the im-
pulse response of this filter is T3 s long, with T' < T4, fi ,(t)
isonly valid in ¢t € [nTs + T, nTs + 11]. In the same way, the
inverse Fourier transform is only valid when its input is fully
contained in the filter labeled cos(w,t — 3t?). Therefore, the en-
coded symbol also has duration 7', and the nth symbol is only
valid in ¢t € [nTs + T1,nTs + T1 + T]. As a consequence,
the output of the transmitter is, in fact, a time-truncated ver-
sion of the desired signal. As previously observed, the multipli-
cation by a spreading sequence in the frequency domain leads
to a spreading in the time domain; therefore, T" must be large
enough to contain most of the spread signal energy. It is shown
in Section IV that f(¢) is a lowpass signal with bandwidth W
Hz, thus it has infinite duration. Since 7" is assumed to contain
most of the spread signal energy, it is reasonable to disregard
the time-truncation effects in f1 ,,(¢). However, the time trunca-
tion in the transmitted signal cannot be ignored, and the system
performance is a function of this truncation.
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Fig. 3. Receiver model using SAW devices.

Asw = 203(t—nT,—T/2), and since f1 ,,(t) is only valid for
t € [nTs + T, nTs + Ty], the range over which (3) yields a true
Fourier transform is w € [207/2,25(Ty — T/2)]. Therefore,
0 and T} must be chosen such that 267/2 = w. — #W and
26(Ty —T/2) = we +7W.

It is desired to multiply f1.,(¢) by a spreading sequence
given by PN(w) = PNg(w) + jPN;(w), where PN (w) is,
in general, a complex waveform, bandlimited to |f| < W/2.
PNpg(w) and PNy(w) consist of a sequence of £1’s (and zeros,
when interference suppression is considered). The function
Fpn(26(t — nTs — T/2)) in Fig. 2 is related to PN (w) by

)
0 o (o (1 - )
X COS <25 <t — T, — g) T1>
)
1))

By using an analysis similar to the one developed for the for-
ward Fourier transformation, the transmitted signal s, () corre-
sponding to the nth symbol can be written as

we.+7TW

[ryon (o (1~ £ 1)
RSO O (R G ) P

In (7),w = 28(7 —nTs —T/2),and R(w) and I(w) are defined
as

R(w) = Fr(w)PNg(w)

X sin <2[)’ <t —nT (6)

and I(w) = Fgr(w)PNr(w) (8)

i.e., R(w) and I(w) correspond, respectively, to the real and
imaginary parts of the transmitted signal. It is important to recall
that s,,(¢) is valid only in t € [nTs + 11, nTs + 11 + T7.

® cos (wat + B,t?) H>= - - -
cos (wq(t — to) — Br(t — t0)?)
@ r decision
NI+ T+,
> LPF fnTs+T11+TiT,n variable

IV. RECEIVER DESIGN

It is assumed that the transmitted signal passes through a fre-
quency-selective fading channel with (lowpass-equivalent) im-
pulse response given by

L-1
h(t) =Y ay(t)e D5t —7)
1=0
where L is the number of resolvable paths, and «; () and ¢; (%)
are, respectively, the amplitude and phase of the [th multipath
component.? The phases ¢;(¢),l = 0,..., L — 1, are assumed
to be independent and uniformly distributed in [0, 27). The
channel is assumed to be slowly varying, thus the time depen-
dency in a;(t)e~7%®) is dropped. Since the band occupancy of
the complex envelope of the transmitted signal considered in
this paper is equal to | f| < W/2, it is assumed that a resolution
equal to 1/W is achieved in the multipath delay profile [29].
Therefore, 7, = [/W. Assume, without loss of generality, the
detection of the nth symbol. Also, assume d[n] = 1. By using
(7) and (9), the received signal r(t) is given by

L1 wetTW
1 T
r(t)= Zm; [R(w)cos(w(t—nTs—§—T1_Tl>_¢l>
=0 o

e

©)

—I(w)sin <w <t—nTs—%—T1—Tl> —qﬁl)] dw. (10)

A receiver for the proposed system is shown in Fig. 3, and
consists of a real-time Fourier transformation device, a RAKE
stage, a lowpass filter (LPF), and an integrate-and-dump. In ad-
dition to the desired signal, it is assumed that additive thermal
noise n,,(t) and interference 7(¢) are present at the receiver’s
input. The noise and interference are considered in Section V.

The interaction time 77 and the half-slope [ of the receiver’s
Fourier transform device are denoted by 77" and [3,., respectively.

3Note that the UWB channel models presented in [26] and [27] do not con-
sider phase shifts. This is because these models assume the transmission of car-
rierless baseband pulses. In our case, the system has a carrier, and therefore, it
makes sense to include a carrier shift. In the IEEE 802.15 channel model [28],
the multipath coefficients are multiplied by an equiprobable +1 variable, to ac-
count for signal inversion due to reflections, which can be seen as phase varia-
tions equal to {0, 7}.
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Since the channel has a multipath spread equal to 7,,,, the time
window that the Fourier transform device must consider is 7" +
T,, long; therefore, recalling that the transmitter’s output for the
nth symbol is valid only in the range [nTs + 11, nTs + T4 + T,
the time window [nTs + Ty, nTs + Ty + T + T,,] must be used.
Ignoring temporarily the noise and interference at the receiver’s
input, the function f{ (¢) at point 1 in Fig. 3 is equal to
nTo+Ti+T+T,,

fi@) = r(T) cos (wa(T —to) — Br(T — t0)2)

nTs+T)
x cos (wo(t —7) + Br(t — 7)) dr  (11)

where tg is defined as to = nTs + T1 + T/2, and r(7) is given
by (10). Substituting 7(¢) in (11), f7(¢) can be simplified to

fr(t) = % cos (wa(t — to) + Br(t — t9)?)

L-1

X <Z o F, (26, (t — to),l))
=0

to) + B, (t — to)*)

L—-1
X <Z o F, (28,(t — tO)J))

=0

— % sin (wa(t —
(12)

where a double-frequency component has been ignored, and
F.(206,(t—to),1) and F5(20,(t —to),1) are defined as follows:

Fe (26, (t = ), 1)
Lin
_ / 21(€) cos (26, (t — t)€) dé (13)
—%"'FTI
F, (2/[37'(1; - tO)? l)
§+Tl
- / 2i(&)sin (26,(t — to)6) de (14)
—%+‘Fz
and z;(§) is defined as
) we W
n©=1 [ Rweos(wle—m) - )
we—1W
—I(w)sin(w(§ — 1) — ¢1) dw. (15)

Note that (13) and (14) correspond, respectively, to the real and
imaginary components of the time-truncated Fourier transform
of the /th multipath component of the received signal. It is im-
portant to note from (13) and (14) that the angular frequency
now evolves in time according to w = 25,.(t — to).

The function Y% (26, (t —t9)), k = 0,..., L —1inthe RAKE
stage is given by

Yi (26, (t — to)) = 8% cos (wq(t — to) + Br(t — t0)?)
X gile (26:(t — to), k)
86 sin (wq(t — to) + Br(t — to)?)
X gkAs (26,(t — to), k) (16)
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where the following functions were defined:

=
BN
€
N
Il

R(w) cos(wry + ¢i) + I(w)si
As(w, k) = I(w) cos(wTg, + ¢r) — R(w) sin

n(wre + ¢r) (17)
(WTk + ¢r). (18)

In (17) and (18), the relation w = 20,.(t — to) is used, and the
functions R(w) and I(w) are given by (8).

As the number of multipath components is high, the
channel-estimation process necessary in maximal ratio com-
bining (MRC) can be burdensome. For example, it is shown
in [7] and [30] that it might be necessary to combine approx-
imately 50 multipath components to achieve a good tradeoff
between energy capture and diversity in dense multipath en-
vironments. As a consequence, we also consider suboptimum
schemes, like equal gain combining (EGC), as well as gen-
eralized selection-combining techniques [31], whereby the
latter schemes are based upon MRC and EGC (denoted by
SC/MRC and SC/EGC, respectively). The analysis presented
here corresponds to the MRC technique, and can be extended
to the suboptimum schemes. It is important to note that in the
EGC case, the gains gy, in (16) would be unitary (no amplitude
estimation is performed), and in the generalized schemes,
the gains corresponding to multipath components with small
absolute values are set to zero. As shown in this paper, when
nonideal time-truncated Fourier transforms are considered,
there is self-interference between the multipath components,
and the noise components in the “RAKE fingers” are correlated.
This fact, together with the presence of NBI, implies that MRC
in this case is not the optimum maximum-likelihood (ML)
detector. However, it can be shown that the system performance
when NBI is suppressed by using spectral encoding closely
approximates that of an optimum ML detector [32].

The function f5 (¢) at point 2 in Fig. 3 is given by

_ 26

fa(t) [Z o F. (26,(t — to), )]
x[}j%m@@@—m»m]
p:mF2mt—m)ﬂ

L-1
X lz gels (26,(t — to), k)]

k=0

2,[3,,

19)

where it is assumed that double-frequency terms of the form
2w, (t — tg) + 28, (t — to)? are filtered out by the LPF. The
decision variable is obtained by integrating the sum of all the
RAKE finger outputs. Letting w = 20,.(t — tp), the information
component of the decision variable is given by

L—11—1 wetmW
E:E:mm Fe(w,DAc(w, k)
1=0 k=0 o W

+Fs(w,)As(w, k)) dw. (20)
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Consider now the effects of the truncation in time. We first
consider a theoretical system where the Fourier transforms are
not time-truncated (which corresponds to 7' — o), and then
consider the real-time implementation (7' assuming a finite
value).

A. Ideal Fourier Transform Device

The non-time-truncated versions of F.(w,n) and Fs(w,n)
are obtained by letting 7' — o¢ in the integral limits of (13)
and (14), respectively. In this case, we obtain

IS
£
Il

R(w) cos(wr; + ¢y) + I(w) sin(wr + ¢)
Fi(w,l) =I(w) cos(wr + ¢;) — R(w) sin(wr; + ¢y).

2
(22)

It should be noticed that F,.(w,!) and F,(w, [) are valid only for
we — W < w < w, + 7W. The decision variable is obtained
by substituting the functions F.(w,!), Fs(w,l), Ac(w, k), and
As(w, k) given, respectively, by (21), (22), (17), and (18), in
(20). The result is

L1t wetTW
A = — Z Z Gk / (RQ(OJ) + 12(w))
" 1=0 k=0 we—mW

X €Os (w('rl — Tk) + ¢y — (,ZS]J dw. (23)
Note that R*(w) + I*(w) = F3(w)PNi(w) + F3(w)
PN?(w) = 2F3(w), as both PNp(w) and PNj(w) are
sequences of +1’s, when no interference suppression is consid-
ered. Recalling that f(¢) is assumed to be even, it is important
wetTW 159
to observe that (1/m) [ " F(w) cos(w(m — ))dw cor-
responds to the inverse Fourier transform of F%(w) evaluated
att = 7, — 7, = (I — k)/W. If the inverse Fourier transform
of F3(w) is equal to zero for [ # k, but is different from zero
when | = k, the decision variable reduces to

we+mW
1
A= |-

7r .
we—1W

-1
(R*(w) + I*(w)) dw Z of (24)
1=0
when no interference suppression is used, and assuming MRC.
Observe that the term in brackets in the last equation is
equal to the energy of the transmitted signal. A signal f(¥)
with bandwidth W that is equal to zero for ¢t = k/W,
for any nonzero integer k, is f(t) = Wsinc(Wt), where
sinc(x) = sin(nz)/(7z). Therefore, in this ideal case, there
is no self-interference between the multipath components,
independent of the spreading sequence used. In contrast, it is
well known that in conventional spread-spectrum systems, the
self-interference among the multipath components only goes to
zero when the processing gain goes to infinity.

B. Time-Truncated Case

In this case, the information component of the decision vari-
able is composed of a desired information component D and a

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 53, NO. 8, AUGUST 2005

self-interference component S. Therefore, we can rewrite (20)
as

A=D+S. (25)

By substituting (13) and (14) in (20), the desired information
component is given by

we+TW

=
D= — Z g R(w) cos(wé — ¢ér)
1=0 B

s S~

We ;TK'"’V

—I(w)sin(wé — ¢;)dw)* d¢  (26)

and the self-interference component is given by

L-1L-1

SZ%ZZM%

1=0 k=0
1k

we W
R(w) cos(w&—¢y) —I(w) sin(wé — ¢y )dw
we —'TK'W

X
\wl%

w3

we+TW
X < / R(w)cos (w(€ — 1 +71) — ¢x)

we—mW

—I(w)sin(w(§ =, +7) — dx) dw) dé. 27

V. NOISE AND INTERFERENCE ANALYSIS

The noise and interference components in the decision vari-
able are considered in this section. The noise 7., (¢) is modeled
as a zero-mean additive white Gaussian process, with autocorre-
lation function equal to R,,(7) = Ny/2 §(7). The interference is
modeled as a zero-mean wide-sense stationary (WSS) Gaussian
process with PSD Sy (w).

Since the receiver is linear, the information, noise, and in-
terference can be treated separately. Denoting either the noise
or the interference by y(t), and assuming that y(¢) is the only
signal at the receiver’s input, the signal y; (¢) at point 1 in Fig. 3
is obtained using a procedure similar to the one in Section IV,
and is given by

y1(t) =2 % coS (wa(t —to) + Bt — to)z)

T+
X Y(€ + to) cos (28, (t — t0)§) d€
+ % sin (wa(t — to) + Br(t — t0)?)
T+

(28)
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After y; (¢) passes through the RAKE receiver and LPF, yo(t) is
generated and is equal to

T4T,
25,
() =2 (E +to) cos (26, (1 — 0)€) e
L-1 -
X g\ (28,-(t — t9), k)
k=0
T4+Tm
2[3

/ y(€ + to) sin (26, (t — to)€) de

s

z

X i: gkAs (2/87‘(t - t0)7 k)

k=0

(29)

where A.(w, k) and Ag(w, k) were defined in (17) and (18),
respectively. Therefore, the component Y corresponding to y(t)
in the decision variable is obtained by integrating y» () over the

frequency interval over which this function is valid, and is given
by

wetmW L +Tm,

y(& +to)

—

L-1
1

= = E 9k
™
k=0, Zaw T

X (cos(w&)Ac(w, k) — sin(wé)As(w, k)) dédw  (30)

where the relation w = 20, (¢t — o) is used.

A. Noise

Since the noise is Gaussian, the noise component of the de-
cision variable is Gaussian, conditioned on the channel coeffi-
cients and phases. It can be seen from (30) that the mean value
of the noise component is equal to zero, and its variance o2 is
equal to

L—-1L-1
2 _ Mo
Jn - 27[_2 gkgk'
k=0 k’'=0
T+,

— I(w)sin (w(§ — 1) — o) dw)
wetTW

R(w) cos (w(€ — 7o) -

we—mW

—I(w)sin (w(§—7x ) —drr) dw) dé|.

brr)

3D

Note in (31) that the noise components of different RAKE fin-
gers are correlated (the noise-term variance 1s a function of

Zk’ Jgrgk', as opposed to the form Zk 0 g,%).
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The noise variance is obtained for the ideal Fourier transform
case by letting " — oo in the integral limits of (31). In this case,
assuming MRC, 0,% reduces to

we+TW
=== R? I*(w
== |- (R*w) +

we—1W

) dw Zak (32)

where it is assumed that the inverse Fourier transform of F'3(w)
is equal to zero for k # k', as discussed in Section I'V. Note that
in this ideal case, the noise components for different multipath
components are independent. In a conventional DS/CDMA
system, the noise components in different RAKE fingers are
uncorrelated when the processing gain goes to infinity. It should
be observed that the term in brackets in (32) is the transmitted
signal energy. Therefore, it can be seen from (24) and (32)
that this system functions as an ideal binary phase-shift keying
(BPSK) system with MRC when the Fourier transform operates
over all time.

B. Gaussian Interference

As in the additive white Gaussian noise (AWGN) case, it can
be seen in (30) that conditioned on the channel coefficients and
phases, the interference component is a zero-mean Gaussian
variable with variance equal to

L—1L-1

%: ZZZ%%'

k=0 k'=

oo

X [% / S1(B)

— 00

wetTW L 4+Tm

x< || E@eseE-n) -

— I(w)sin(w(€ — 1) — qﬁk))ejﬂgdfdw)

wlS s

we+TW % +T0m

x( [ ] @rcosele - n) - o)

—I(w)sin(w(f—rk')—m/))eJ”ffdﬁdw>dﬁ]. (33)

B

Due to the finite observation time of the Fourier transform de-
vice, it is possible that NBI spectral leakage occurs.* To reduce
this phenomenon, the following techniques could be used: time
windowing, continuous processing, and increasing the excision
bandwidth. Time windowing was considered in combination
with the use of SAW devices in [33], assuming a spread-spec-
trum system. In this paper, we assume knowledge of the NBI fre-
quency occupancy. Since the proposed system is frequency-do-
main based, spectral-encoded systems can more easily detect

“4Recall that the time truncation of the Fourier transform device corresponds
to the convolution of the desired spectrum by the Fourier transform of the time
window. In our case, the time window is a rectangular function, which has a sinc-
like spectrum. The sinc function has sidelobes that are relatively high, and decay
very slowly. Therefore, when real-time Fourier transform devices are used, the
PSD of the NBI leaks to adjacent frequencies.
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the presence of NBI and estimate its frequency occupancy. For
example, a received signal-strength indicator can be used.

When ideal Fourier transform devices are considered, U% re-
duces to

L-1L-1 1 wetmTW
of=> > aow— | Siw) (B(w)+ )
k=0 k/'=0 . W

X €Os (w(’i’k — Tkl) + o — qﬁk/) dw. ((34)

In the derivations of (33) and (34), we used the spectral repre-
sentation of random processes derived in [34, Sec. 11-4].

VI. NUMERICAL RESULTS

The conditional probability of error, assuming equally likely
symbols, is given by

D+ S
_— 35
2(0%4—0%)) 33)

where D is the information component, S is the self-interfer-
ence, afl is the noise variance, and O’% is the Gaussian interfer-
ence variance, given by (26), (27), (31), and (33), respectively,
when a time-truncated Fourier transform device is used. When
ideal Fourier transform devices are considered, the self-inter-
ference component S is zero, and D, a;i, and (7% are given by
(24), (32), and (34), respectively. It is important to note that
the “RAKE fingers” in the proposed receiver are correlated, due
to the Fourier transform time-truncation and to the presence of
NBI. Therefore, (35) is a function of Zf:_ol Zf,_:lo Jrgk, -
stead of Zf;ol g:. This fact greatly increases the difficulty in
obtaining a closed-form solution for the unconditional proba-
bility of error, and analyses such as the ones in [35] and [36],
for example, do not directly apply.

It is seen in (27), (31), and (33) that the self-interference
term, the correlation of the noise components, and the corre-
lation of the NBI terms in the time-truncated Fourier transform
case are a function of the time-truncation window 7'. This pa-
rameter should be made as large as possible, to minimize the
previously mentioned effects, but is limited by Fourier trans-
form real-time implementations, which are a function, among
others, of the signal bandwidth. The performance of the pro-
posed system as a function of the truncation window 7’ is shown
in Fig. 4. It is seen, as expected, that the shorter the trunca-
tion window, the worse the system performance. This is due
to both the self-interference and the mismatch between the re-
ceived signal and the receiver template. It can be seen that the
system performance closely approaches that of a system using
ideal Fourier transform devices for T" = 80 ns. To reduce the ef-
fects of the time-truncated Fourier transformation, i.e., to reduce
the self-interference component and the NBI spectral leakage,
we use 7" = 200 ns in the numerical results that follow.

In this section, we assume two well-known UWB channel
models. The first model to be considered [26] is a conventional
tapped delay line, which allows for a theoretical analysis. In this
case, the unconditional probability of error is obtained by av-
eraging the conditional probability of error (35) over the joint
probability density function (pdf) of the channel coefficients and
phases. Due to the very large number of multipath coefficients,

1
Ps|{alv¢l}lL=_01 = 5 erfc <
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Fig.4. BER for different observation intervals of the Fourier transform devices
in the absence of NBI. The channel model presented in [26] is used. T = 10
(dotted line), 20 (dash-dot), 40 (dashed), and 80 ns (solid).

the complexity of this procedure can become prohibitive, and
the averaging is performed by using Lepage’s numerical inte-
gration algorithm [37]. In the channel model proposed in [26],
the multipath coefficients are independent Nakagami variables,
with random fading parameters and second moments. In the nu-
merical results that follow, using an approach similar to the one
taken in [38], these parameters are fixed to their mean values.

The second channel model to be considered is the one pro-
posed by the IEEE 802.15 Channel Modeling subcommittee
[28]. In this model, the multipaths are assumed to arrive in clus-
ters, and the multipath amplitudes follow a lognormal fading
distribution. Due to the complexity of this model, the uncon-
ditional probability is obtained via simulation by averaging the
conditional probability of error over 107 different channel real-
izations. When using the IEEE model, we use a set of input pa-
rameters that corresponds to an LOS situation with range equal
to 0—4 m [28].

The signal f(t) is taken tobe f(t) = Wsinc(Wt), with W =
500 MHz. Therefore, for both channel models, it is assumed that
a time resolution equal to 2 ns is achieved in the multipath delay
profile. The transmitted signal occupies the range 3.1-3.6 GHz.
The spreading sequence is considered to be purely real and given
by -1, -1, -1,-1,1,1,1, -1, 1, 1, -1, =1, 1, —1, 1, with
each chip having bandwidth equal to 500 MHz/15 chips =~ 33
MHz. The PSD Sj(w) of the Gaussian interference is assumed
to be given by

N
Si(w) = { N we—7BW < |w| < we + TBW

36
0, otherwise (36)

where the bandwidth BW is equal to 25 MHz, and centered
around f. = 3.35 GHz. When interference suppression is con-
sidered, the eighth chip is set to zero.

The system performance when the first channel model is used
is shown in Fig. 5, assuming MRC. It is seen in this figure that
the system performance is severely affected by the NBI when
no suppression is used. It can also be observed that the system
performance significantly improves when interference suppres-
sion is used independent of the SIR value. It should be noted that
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Fig. 5. BER assuming the channel model presented in [26] and MRC. (I)
Absence of NBI. (II) No NBI suppression. (IIT) NBI suppression. SIR is equal
to —5 (dashed lines), — 10 (dash-dot), and —15 dB (dotted).

the small difference in performance for the three different SIR
cases, when NBI suppression is used, is due to the NBI spec-
tral leakage resulting from the Fourier transform’s time trunca-
tion. It is also seen that there is a gap in the system performance
when only thermal noise is present and when NBI suppression
is used. This is expected, because when the suppression scheme
notches out the frequency components where the interference is
located, desired signal energy is also lost. To obtain the curve
corresponding to ideal Fourier transform devices, we used the
pdf of ¢ Z) a2 derived in [39].

Consider now the IEEE channel model. The system perfor-
mance for this model, using either MRC or EGC reception con-
sidering the first 30 received multipath components, is shown in
Fig. 6. It can be seen, for both combining techniques, that the
NBI-suppression technique greatly improves the system perfor-
mance, and, in this case, the system performance closely approx-
imates that of no NBI being present. It is also seen that the dif-
ference in performance between MRC and EGC is significant. As
previously observed in [40], for aNakagami environment, the dif-
ference in performance between EGC and MRC increases with
the increase in the order of diversity (in this case, the order of di-
versity is very high, 30). Also, the difference between EGC and
MRC is more accentuated for an exponential multipath intense
profile, which is assumed for both channel models under consid-
eration, when compared with a uniform intensity profile.

The performances of the generalized selection-combining
techniques are presented in Figs. 7-10. In Fig. 7, the perfor-
mances of SC/MRC and SC/EGC are evaluated in the absence
of NBI for different numbers of combined multipath compo-
nents. It is seen that for the SC/MRC technique, the larger
the number of multipaths combined, the better is the system
performance. However, after a certain number of multipath
components are combined, the system performance does not
significantly improve. In this figure, the curve corresponding
to MRC overlaps the curve corresponding to SC/MRC, in
which only the strongest 20 paths are combined. For SC/EGC,
however, an increase in the number of selected multipath
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Fig. 6. BER assuming the IEEE channel model. (I) Absence of NBI (MRC).
(IT) NBI suppression (MRC). (IIT) No NBI suppression (MRC). (IV) Absence
of NBI (EGC). (V) NBI suppression (EGC). (VI) No NBI suppression (EGC).
SIR is equal to —10 (dashed lines) and —15 dB (dash-dot).

Bit Error Rate
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Fig. 7. BER assuming the IEEE channel model in the absence of NBI. (I)
SC/MRC. (II) SC/EGC. Decision is made based on the 20 (solid lines), 10
(dashed), and 5 (dash-dot) components with largest absolute values, among the
first 30 received multipath components.

components does not imply better performance. It is seen that
the best performance is achieved when only five paths are com-
bined. In a nonoptimum combining scheme such as EGC, the
inclusion of the signal at one more finger may not be enough to
counterbalance the addition of the noise present at that finger.
In a UWB environment, where the multipath intensity profile is
exponential, the addition of low-signal-power fingers can actu-
ally lead to a worse performance. This fact can be analytically
seen in the BER expression for MRC and EGC, assuming or-
thogonal multipath components and a BPSK system. For MRC,

the BER is given by 0.5 erfc (\/Ep/No - y/ad + ...+ a2 _,).

It can be seen that the term /a2 + ...+ a%_; always in-
creases with the additional fingers. Consequently, the system
performance always improves with the addition of more
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Fig. 8. BER assuming the IEEE channel model. SC/MRC. SIR = —10 dB.

(I) NBI suppression. (II) No NBI suppression. Decision is made based on the 30
(solid lines), 20 (dashed), 10 (dash-dot), and 5 (dotted) multipath components
with largest absolute values, among the first 30 received multipath components.
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Fig. 9. BER assuming the IEEE channel model. SC/EGC. SIR = —10 dB. (I)
NBI suppression. (II) No NBI suppression. Decision is made based on the 30

(solid lines), 20 (dashed), 10 (dash-dot), and 5 (dotted) multipath components
with largest absolute values, among the first 30 received multipath components.

fingers. On the other hand, the BER expression for EGC is
0.5 erfc (\/Fy/No - (g + - .. + ar—1/VL)). In this case, the
increase in the numerator of the term (cg + ... + az_1/V/L)
may not counterbalance the increase in the denominator if the
signal power is too low. It should be noted that there is an
analytical framework which provides the theoretical basis for
deciding how many fingers should be included in the receiver
[41], [42]. However, due to the complexity of the analysis of
this system, the formulation presented in [41] and [42] could
not be extended to the system developed here.

The performance of the generalized selection-combining
techniques in the presence of NBI can be observed in Figs. 8
and 9. It can be seen that the performance of both SC/MRC
and SC/EGC when NBI is present, both with and without NBI
suppression, exhibits a similar behavior to when NBI is absent.
For the SC/MRC technique, the larger the number of multipaths
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Fig. 10. BER assuming the IEEE channel model as a function of the number
of multipath components combined. E, /N, = 10 dB and SIR = —10 dB.
(I) Absence of NBI (SC/MRC). (II) No NBI suppression (SC/MRC). (III)
NBI suppression (SC/MRC). (IV) Absence of NBI (SC/EGC). (V) No NBI
suppression (SC/EGC). (VI) NBI suppression (SC/EGC).

combined, the better is the system performance; while for the
SC/EGC, when considering 5, 10, 20, or 30 paths, the best
performance is achieved when only five multipath components
are combined. The behavior of the generalized combining
techniques as a function of the number of multipaths combined
can be better observed in Fig. 10. As previously seen, the
SC/MRC performance does not improve after a certain number
of multipaths are combined. Also, it can be seen that there is an
optimum number of multipath components that minimize the
SC/EGC BER.

VII. CONCLUSION

The concept of spectral-encoded systems was extended in
this paper to include NBI suppression via spectral shaping. The
system performance was assessed by means of a theoretical
analysis, and a detailed description of a possible implementa-
tion of this system using SAW devices was developed. It was
shown that NBI can severely affect the performance of UWB
systems, but a significant improvement in the system perfor-
mance is obtained when the interference-suppression method
described here is used. It was observed that the difference in
performance between EGC and MRC is significant in a UWB
environment, due to the large number of multipath components.
Also, it was seen that the performance of SC/MRC does not im-
prove after a certain number of multipath components are com-
bined, and that there is an optimum number of multipath com-
ponents that minimize the SC/EGC BER.
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