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Abstract—This paper evaluates the performance of wideband
communication systems in the presence of narrowband interfer-
ence (NBI). In particular, we derive closed-form bit-error proba-
bility expressions for spread-spectrum systems by approximating
narrowband interferers as independent asynchronous tone inter-
ferers. The scenarios considered include additive white Gaussian
noise channels, flat-fading channels, and frequency-selective mul-
tipath fading channels. For multipath fading channels, we develop
a new analytical framework based on perturbation theory to ana-
lyze the performance of a Rake receiver in Nakagami-m channels.
Simulation results for NBI such as GSM and Bluetooth are in good
agreement with our analytical results, showing the approach devel-
oped is useful for investigating the coexistence of ultrawide band-
width systems with existing wireless systems.

Index Terms—Code-division multiple-access (CDMA) systems,
direct sequence (DS), matched filter (MF), narrowband interfer-
ence (NBI), Rake reception, time-hopping (TH), ultrawide band-
width (UWB) systems.

1. INTRODUCTION

HERE has been an emerging interest in transmission sys-

tems with large bandwidth for both commercial and mil-
itary applications [1]-[13]. For example, ultrawide bandwidth
(UWB) systems communicate with time-hopping (TH) or di-
rect-sequence (DS) spread-spectrum (SS) signals using a train
of extremely short pulses, thereby spreading the energy of the
signal very thinly over several gigahertz [1]-[5].

The potential strength of UWB systems lies in its use of ex-
tremely wide transmission bandwidths, resulting in desirable ca-
pabilities, including: 1) accurate position location and ranging,
and lack of significant multipath fading due to fine delay reso-
lution; 2) multiple access due to wide transmission bandwidths;
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3) covert communications due to low transmission power oper-
ation; and 4) possible easier material penetration due to low-fre-
quency components.

The use of large transmission bandwidths, on the other
hand, introduces new challenges. In particular, the successful
deployment of UWB systems requires that they coexist and
contend with a variety of interfering signals. For example,
unlicensed commercial systems are currently envisioned to
operate with low power spectral levels over already-populated
frequency bands under United States Federal Communication
Commission (FCC) Part 15 rules [14]. Intentional jammers
are invariably present in many military scenarios, and UWB
systems must be robust against jamming. Such systems must
also minimize the probability of detection and interception
by nonintended users. This again requires robust transmission
with low power spectral levels in the presence of intentional
jammers. Although the specific goals of commercial and
military UWB systems may be different, it is apparent that a
thorough performance analysis of these systems in the presence
of narrowband (NB) interferers is essential for their efficient
design and successful operation. This paper focuses on the
analysis of the effect of NB interference (NBI) on wideband
wireless communications systems.!

Previous work on performance analysis of transmission
schemes in the presence of NB or tone interferers has been
largely focused on additive white Gaussian noise (AWGN)
channels. For the case of single tone interferer, the bit-error
probability (BEP) of DS-SS systems is derived in [15] and
[16] for AWGN channels, and the comparison of several mul-
tiple-access techniques is made in [17] by ignoring the effects
of additive noise. For the case of multiple tone interferers, an
upper bound on the BEP was derived using the Chernoff bound
in [18] and [19] for AWGN channels. The performance of
UWB TH-SS systems is analyzed without additive noise in the
presence of a single Gaussian interferer in [13] and with mul-
tiple tone interferers by means of the Gaussian approximation
in [20]. By assuming that multiple access and a single-tone
interference are both Gaussian, their effect on UWB TH-SS
is investigated in [21] for AWGN channels, and in [22] for
multipath fading channels. The effects of global systems for
mobile communications (GSM) and universal mobile telecom-
munications (UMTS)/wideband code-division multiple-access
(WCDMA) systems on UWB DS-SS and TH-SS systems in
AWGN channels is investigated via simulation in [5]-[7].
Methods for selecting parameters to improve the anti-jam
capability of UWB radios in AWGN are developed in [23] and

I'The effects of wideband interference on the performance of NB systems are
not considered.
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Fig. 1. System with multiple tone interferers and additive noise.

[24]. The use of notch filters to mitigate the effect of NBI is
investigated in [25] and [26] for CDMA overlay, and in [27]
for UWB systems. However, in the literature, there are no ana-
Iytical results for both DS and TH systems with multiple tone
interferers. Furthermore, BEP expressions for Rake reception in
frequency-selective multipath fading channels in the presence
of a tone interferer are absent from the literature.

In this paper, we analyze the performance of binary SS sys-
tems in the presence of NBI. In particular, we derive closed-form
expressions for the BEP of a general binary coherent system
with matched-filter (MF) reception. We approximate NB inter-
ferers as independent asynchronous tone interferers with arbi-
trary frequencies. A new analytical framework based on pertur-
bation theory is developed to analyze Rake reception in realistic
Nakagami-m channels.2 The approach is general and enables
the performance evaluation of several SS systems, not only in
AWGN channels, but also in the presence of fading. Using this
methodology, we investigate the performance of a UWB system
in the presence of Bluetooth-like and GSM-like signals. Simula-
tion results confirm the validity of our analytical methodology.

The paper is organized as follows. Section II presents the
system model for general MF reception. The performance in an
AWGN channel is derived in Section III, while the effect of mul-
tiple tone interferers in a flat-fading channel scenario is derived
in Section IV. Section V addresses the analysis of a Rake re-
ceiver with a tone interferer. Some useful examples of relevant
systems that can be studied are reported in Section VI. Numer-
ical results follow in Section VII, and concluding remarks are
given in Section VIII.

II. SYSTEM MODEL

We consider a binary communication system with MF recep-
tion. To highlight the effect of NBI, we consider the reception
of a wideband signal in a single-user scenario. A block diagram
of the system is depicted in Fig. 1. The transmitted signal is
written, in general, as

s(t) =By »_b(t—iTh;di), di €{0,1} (1)

where b(t; d;) is a unit-energy waveform used to transmit the ith
information bit d;, Fy, is the energy per transmitted bit, and 73,

2Such a model has been validated recently by UWB propagation experiments
[28].

Ty =10 + ka

is the bit duration. Specifically, b(¢; 0) and b(¢; 1) are the wide-
bandwidth waveforms used to transmit bits O and 1, respectively.
We assume that data bits d; are independent and equiprobable.
We consider a generic linear time-invariant channel, with
impulse response hp(t) for the desired signal, and hr, (),
, ..., N1 for the interferers. We start with the case where
hp(t) is frequency-flat, and then extend the analysis to the
case of frequency-selective multipath channels. The overall
received signal r(t) due to the desired signal, Ny independent
interferers, and the additive noise is then given by

Ny
r(t) = VE, Y ot —iThidi) + Y VI, (8) + v(t) ()

where v(t) is the AWGN with two-sided power spectral density
No/2, and I, is the transmitted power of the nth interferer. De-
noting the continuous convolution by
mb(t;di) = hp(t) * b(t; d;)

r1, (t) = hr, (t) * i, (t) 3)
represent the response of the channels to the transmitted wave-
form b(¢; d;) and unit-power transmitted signal 4,,(¢), from the
nth NB interferers. Note that to study both carrier-based and car-
rierless systems, the baseband-equivalent notation is not used.
Therefore, the signals in (2) are all real-valued.

For NB interferers, it is reasonable to assume that they ex-
perience a frequency-flat fading, i.e., hy, (¢t) = a1, 6(t — 1),
n = 1,..., N1, where g, are the channel gains, 7, is the time
shift, and 4(-) is the Dirac delta function. Since we model the
NB interferers as tones, the received signal 1, (¢) due to the nth
tone interferer becomes

r, (1) = ai, V2 cos 27 fru(t — ) + )

with frequency f,, and phase ¢,,.

We model both a1, and ¢, as independent identically dis-
tributed (i.i.d.) random variables (r.v.s), and in particular, we
consider ¢,, to be uniformly distributed over the interval [0, 27).
Without loss of generality, we also assume that the channel im-
pulse response (CIR) Ap(¢) and the interferer channel gains «,
are normalized, so that E{a}} = 1 with o, = [7°_h} (t)dt,
and E{af } = 1,n = 1,..., N1.3 Therefore, in the following,
we denote by F}, and I,, the average received energy per bit and
the average received power for the nth interferer, respectively.

“

3The notation E{-} denotes the expectation operator.
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The received signal in (2) is affected by AWGN and interfer-
ence. If only AWGN is present, the optimum receiver consists
of a filter, matched to the difference 1,(¢; 0) — r, (¢; 1) or, equiv-
alently, a correlator followed by a sampler (see Fig. 1). The tem-
plate waveform v(t) of the correlator is given by

o(t) = rp(t;0) — rp(t; 1). (%)

Note that in the presence of multipath, this adaptive MF is re-
alized as the well-known Rake receiver. We now consider the
detection of dy, and we assume that pulses satisfy the Nyquist
criterion, or introduce, in any case, negligible intersymbol in-
terference (ISI). Considering perfect synchronization with the
desired signal, the MF output w(¢) at the appropriate sampling
instant £y can be written as

Ny
u(to) = s0 + Z ar, v 2In |H(fn)|cos ¢n +mg  (6)
n=1

where s is the desired signal

to
%zv@;/mM%wmﬁ ™

H(f) is the transfer function of the MF, and ng is
the noise sample with zero mean and variance o2 =
(No/2) [ v*(t)dt. Note that the integration range is deter-
mined by the support of the template function v(¢). With a slight
abuse of notation, the phase term arg{ H(f)} + 27 fn(to — ™)
is absorbed by the random phase ¢,, in (6).

The MF is matched to the received waveform, so its transfer

function can be easily evaluated as

H(f)=F Z"b(to—t;())—rh(tg—t; 12 8)

='U(t0—t)

where F{-} denotes the Fourier transform. In particular

[H(f)I = [Ho(f)] - 1F {hp(D)}| ©

where Ho(f) = F{b(t;0) — b(t;1)}. Note that (9) is com-
posed of two factors. The first (| Ho(f)|) depends on the wave-
forms used, while the second depends on the CIR for the desired
signal. We remark that Hy( f) is the transfer function of the MF
for AWGN and flat-fading scenarios.

One important consequence of (6) is that the performance
of MF receivers depends on the product of the tone-interferer
power and the MF transfer function in (9) at the frequencies of
the interferers. Based on this result, in the following, we will
examine the performance of specific wideband systems in dif-
ferent scenarios.

III. PERFORMANCE IN AWGN

In this section, we derive the exact expression for the BEP
of an MF receiver in the presence of Ny tone interferers and
AWGN. In this case, hp(t) = 6(t) and gy, = 1,n=1,...,Np.
Noting that r,(¢;d;) = b(t; d;), from (5) and (7), the desired
signal can be written as

so = /Eu(1 - p)

(10)
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where p is the correlation coefficient between the two wave-
forms b(t; 0) and b(£; 1), i.e., p = [ b(t; 0)b(t; 1)dt.+

Note that p € [—1, 1], where p = 0 corresponds to orthogonal
signaling. The values p € (0,1] and p € [—1, 0) correspond, re-
spectively, to modulation schemes that are inferior and superior
to orthogonal modulation, and finally, p = —1 corresponds to
the antipodal modulation. For the performance evaluation, we
assume, without loss of generality, that dy = 0.

Now, starting from (6), the BEP can be written as

P, :P{S()-l-C-l-’l’Lo <0|d0 :O}ZF/@(—S()) (11D
where ¢ 2 ij‘zl V21,|Ho( fr)| cos ¢y, and Fi,(z) is the cu-
mulative distribution function (CDF) of ¢ 2 ( + ng.5 Using the
fact that the interferers and noise are independent, the charac-
teristic function (CF) of ¢ is given by
w?o?
2

where @ (w) is the CF of the interference ¢, and 02 = Np(1 —
p)

O, (w) = E{e/“?} = D¢ (w) - exp (— (12)

A formula for the error probability (11) can be obtained di-
rectly from the CF @, (w) using the inversion theorem [29]. By
observing that ¢ is an even r.v., the BEP can be written as

1 1 T w \ sinw w? o2
P=-——[®|— > ——— | dw. (13
2 7r/ C(s(]) w exp( 25%) w. (13
0

Since all the r.v.s ¢,, are i.i.d. with uniform distribution over
[0, 27), the CF of the r.v. ¢ can be evaluated in closed form as

O¢(w) =F {exp (jw EI: V21, [Ho(f)] COS%) }

J\TI

:H%@|mﬁﬁﬁ)

n=1

(14)

where .Jy(w) is the zeroth-order Bessel function of the first kind.
Substituting (14) into (13), the exact BEP expression can be
written as a function of the signal-to-noise ratio (SNR) Ey, /Ny,
and the signal-to-interference ratios (SIRs) C'/I,,, as

0 N 2
11 Ly |Ho(f)> 2
Po=-—- J -
T W/Il° ”Vc T, (1-p)?
0o "=

sin w w2 Ny 1
- ——\d 15
X exp( 5 Ebl—p) w (15)
where C' = E}, /T, denotes the useful received power. Note

that in the absence of interference, we have ( = 0, and then
¢ (w) = 1, therefore, from (11) with ¢ = 0, the BEP can be
evaluated easily as P. = Q(y/s2/02, where Q(-) is the well-

“Distortions, e.g., caused by antennas in UWB systems can be taken into ac-
count by considering b(%; d; ) as the received waveform. This will be illustrated
clearly in Section VI.

5The notation P{X|Y} denotes the probability of X given Y.
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known Gaussian Q-function. Furthermore, (13) with ®(w) =
1 implies that

2 1 TFsi 2 2
Q( s—g)+—/smwexp<—w— 2>dw:— (16)
o s w
0
Therefore, (15) can be rewritten as
Ey,
P, = —(1 —
Q (\/ No( p))
® Ni 2
1 I [Ho(fo)l” 2
- 1— J n
+7r/ 1_[1 ’ w\/C T,  (1-p)
0 n=
sin w w? Ny 1
_—— = 17
X exp< 5 Ebl—p>w W)

This formula gives the exact BEP expression for a coherent
detection of binary signals in the presence of N tone interferers,
with arbitrary amplitudes and frequencies, and AWGN. More-
over, the right side of (17) is composed of two terms: the first is
the BEP for the binary system in AWGN only, and the second is
the increase in BEP due to the presence of Ny interferers. Note
also that (17) is numerically more stable than (15) for small
values of P.. In fact, in (15), the BEP is evaluated as a differ-
ence of values that are close to 0.5, hence, it is more sensitive to
errors due to numerical evaluation of the integral.

IV. PERFORMANCE IN FLAT-FADING CHANNELS

In this section, we evaluate the performance of MF systems in
the presence of independent Rayleigh fading on the multiple in-
terferers and AWGN. We first consider the scenario in which the
desired signal is unfaded, and then follow up with the scenario in
which the desired signal undergoes Nakagami-m fading. These
scenarios describe a common situation encountered in practice,
when a wideband system, such as a wireless personal area net-
work (WPAN), operates in an indoor environment.¢ In both sce-
narios, NB interferers originate from other sources such as mo-
bile phones, which could be affected by Rayleigh fading.

In this case, hp(t) = apd(t) and therefore, starting from (2),
the received signal can be expressed as

r(t) = apV/Ey »_ b(t — iTy; d;)

Ni
+ Z ar, /21, cos 2m fr(t — Tn) + ¢n) + v(t) (18)

n=1

where Ej, is the average received energy per bit, a1, are inde-
pendent Rayleigh distributed r.v.s with unit power, and I,, is the
average received power of the nth interferer.

A. Unfaded/Faded Scenario

Let us first consider the scenario in which the amplitude of
the desired signal remains constant (ap = 1) and the inter-
ferers have Rayleigh-distributed amplitudes. This represents

6The former scenario represents short-range communication with fixed
line-of-sight propagation, whereas the latter corresponds to communication
between slowly moving terminal with nonline-of-sight propagation.
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the case of short-range transmissions, often characterized by
line-of-sight propagation with fixed positions for both the
transmitter and receiver.

Analyzing the MF output u(t) at the appropriate sam-
pling instant ¢y, each term ag, cos¢, is a zero-mean
Gaussian r.v. with variance 1/2. Therefore, the interferer term
2 M ap, 21, |Ho(fn)| cos ¢y, at the output of the MF is
zero-mean Gaussian with power ag = 25;1 L,|Ho(fn)|?, im-
plying that the total disturbance ¢ + ng is Gaussian-distributed
with power af« + 0. Since the total disturbance is distributed
as Gaussian, the BEP can be written as P, = Q(1/27), where

N1 2\ 7!
Ny 2 2 Iy [Ho(fn
n= 0 + : | O(f )| (19)
Eb 1- P (1 - p) C Tb

n=1

is the average signal-to-interference-plus-noise ratio (SINR) as
a function of the SNR F}, /Ny and the average SIRs C'/I,, cor-
responding to the nth interferer. This formula gives the exact
BEP expression for the coherent receiver in the presence of Ny
Rayleigh-faded tone interferers, with arbitrary amplitudes and
frequencies, and AWGN.

B. Faded/Faded Scenario

This represents a scenario in which the desired signal and
interferers are all affected by fading, for example, due to non-
line-of-sight propagation. It is well known that Rake receivers
are typically used for wideband transmission systems in a multi-
path fading channel, to exploit multipath diversity. The detailed
analysis of this scenario is carried out in Section V. Here, we
would like to point out that a single correlator receiver, although
not optimum, can be a potential solution for low-cost transmis-
sion systems. This is the case of wireless sensor networks, where
each node has energy and space constraints that necessitate the
use of simple devices. In this scenario, a single correlator re-
ceiver is able to capture energy only from one of the many re-
solvable paths. In accordance with the channel model presented
in [28], which suggests the use of the Nakagami-m distribution
for path amplitudes, we derive the BEP for a correlator receiver
in a multipath fading scenario.

We assume that the desired user’s fading amplitude ap
follows the Nakagami-m distribution with probability density
function given by [30]

2 m\™ o 1 mr? >0

oy () e (1)
(20)

where @ = E{a}} = 1 and m > 0.5 is the fading param-
eter that controls the severity of the fading conditions. In the
worst case, m = 0.5, the fading distribution follows a one-
sided Gaussian distribution and . = 1 corresponds to Rayleigh
fading, while the best case, when m approaches infinity, corre-
sponds to an unfaded channel.

Starting with (19), the BEP conditioned on the instantaneous
normalized fading can be written as P.,, = Q(apy/27),
where 7) has the same expression (19). By averaging P,|,,, with

fan (T) =
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respect to the r.v. ap, i.e., P. = Eop{Pejap}, We obtain the

lap
average BEP as [31]
F(mtl) (m\™ 1 m
Pe = N 27 — F - 1’ -
2y/ml'(m +1) (n) o (m’m+ 2 77)
(21)
where o Fy (-, -; ;) is the Gauss hypergeometric function [32,

eq. 9.14]. Note that for integer values of m, (21) can be simpli-
fied as

J
1 .2

[N
+
DN | =
7N
—
+
3|3
N——
I\J‘h—‘

V. PERFORMANCE IN FREQUENCY-
SELECTIVE FADING CHANNELS

In this section, we derive a closed-form BEP expression for
a Rake receiver in the presence of a tone interferer and AWGN.
Our approach is based on perturbation theory, and is valid for
a broad range of signaling schemes such as DS and TH, which
have been under consideration for UWB systems.

We consider a frequency-selective multipath fading channel
for the desired signal with impulse response

L
ho(t) =Y hid(t — tr) (23)
k=1

where h;, = ay - e/ for k = 1,2,..., L are statistically in-
dependent r.v.s describing the L path gains, and ?j, is the delay
of the kth path. In particular, the parameter «, represents the
fading amplitude, while 6, € {0, 7} with equal probability ac-
counts for the random phase inversion that can occur due to re-
flections.

The received waveform can be written using (3) and (23) as’

L
ru(tido) = Y hab(t — tr; do).

k=1

(24)

The template waveform corresponding to an ideal Rake receiver
(i.e., the waveform to which the Rake is matched) can then be
written as

o(t) = S hi bt — £ 0) — b(t — tis )] (25)

M=

k=1

According to (9), (25) implies that the Rake receiver can be
represented in the frequency domain as a filter with transfer
function

[H(f)| = [Ho(f)| - |[Hp(f, ], t)] (26)

TWe assume that distortions, if present, are the same for all waveforms re-
ceived through the multiple paths.
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where

L
HD(f7h7t) = f{hD(t)} = the_jzﬂ'ftk (7)

k=1
with random vectors (R.V.s) h = (hy,ho,...,hy) and t =
(t1,t2,...,tr) denoting instantaneous path gains and delays,

respectively.
Substituting (24) and (25) into (7), the desired signal sg can
be written as

so = /En(1 - p)of (28)
where o (h) = Zi:l h? and p is the correlation co-
efficient.8 The contribution from the tone interferer is
arV2I|H(f1)| cos ¢, where ap is the Rayleigh-distributed
amplitude, [ is the average power, fi is the frequency, and ¢ is
the random phase uniformly distributed over [0, 27). The noise
power at the output of the Rake combiner can be evaluated as

o® = No(1 — p)ad,. (29)

Note from (26) that |H(f1)| is a r.v. which depends on the
instantaneous CIR hp(¢) through h and t. When conditioned
on the r.v. |H(f1)], the interferer term ayv/2I|H(fr)|cos ¢ is
conditionally Gaussian with variance I|H ( f1)|?. Therefore, the
total disturbance due to interference plus noise is also condi-
tionally Gaussian with variance I|Ho(f1)|? - |Hp(f1,h,t)|? +
No(1 — p)ad. The conditional BEP, conditioned on the instan-

taneous CIR, can then be written as P ¢ = Q(1/27(h,t)),
where

2
- . ap(h)
M) = S T A GoP EeGanE OO
Ey, 1—p C Ty(1—p)? (y%(h)

The next step is to perform expectations of P,y ¢ over R.V.s h
and t, in order to obtain the average performance over all the
possible CIRs hp(t).

The contribution of the interference in (30) depends on the
instantaneous CIR of the desired signal, making it cumbersome
and difficult to evaluate the expectation Ey, ¢{ P ¢} in closed
form. However, we can proceed with two steps: first we perform
the average over the time delays t for fixed path gains h, and
then we average over h, i.e., P. = En{E¢{Pen,¢}}. In this
case, the inner expectation involves only the R.V. t through the
function | Hp ( f1, h, t)|?; therefore, without loss of generality, in
the following, we define ar.v. ¢ = |[Hp(f1, h, t)|? that depends
on R.V. t with fixed, but arbitrary, h. Hence, P.j, = E¢{P(£)},

where P(¢) £ Q(1/2i(€)) with

ap
No 2 I2[Ho(f)l> € °

B T-p T CTa(i=p)” aj

(&) = 31

The expectation of (31) over the r.v. ¢ can be conveniently ap-
proximated by means of perturbation theory [33], [34] without
requiring integration. In fact, by expanding P () about p1 in

8n deriving (28), we made the standard assumption that the transmitted wave-
forms possess ideal correlation properties, and that the Rake paths are resolv-
able. This implies that ISI, as well as self-interference, are negligible.
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terms of central differences up to the third order and taking the
expectation, we obtain

Pon=E¢{Pejn e }

~ Pl + M2 Ppa+2)— 27’(N1)+'P0J1—)
+%.’P(/11+2z) 2m1+z):2m1—) Plus —29)
(32)
where
i (0) =E¢ {Hn(fi.b, )}
) =Ec{ [l O - ia(w)] )
) =€ { [l 0 = @] b 63

are the first-, second-, and third-order central moments, respec-
tively, of the r.v. |[Hp(f1,h,t)|%. In the Appendix, the central
moments in (33) are evaluated using approximations that en-
able further averaging over the path amplitudes h. In general,
the constant z is an arbitrary parameter, and z = /32 is chosen
in [33] to minimize the error due to truncation of the expansion.

One shortcoming of the expansion (32) is that z 3o
can be greater than y; under some conditions. This results in an
imaginary argument of the (Q-function that cannot be evaluated
[35]. However, the terms P(u; — z) and P(p1 — 22) can be re-
placed by P(0) to avoid numerical problems without affecting
the accuracy of the results [36, eq. (23)]. Using the above anal-
ysis in conjunction with the approximations discussed in the Ap-
pendix, (32) can be written in the form

e|h — va

where p; and ¢; are weights, while N is the number of terms
in the expansion (32). For the third-order expansion consid-
ered, we have N = 4 terms, with the weights p = (1/6 +
b,2/3,1/6 —2b,b) and q = (0,1,14/3a,1+2v/3a). The pa-
rametersa = 1—Fand b = (1-36+2x)/(18V/3(1—)3/?) are
functions of 3 and « that depend only on the normalized power
dispersion profile (PDP) of the channel, i.e., § = Z,le Q2 and
K= Zle 2. For an exponential PDP with path gains

qan (34)

— (35)
1—e"
where ¢ is a decay constant which controls the multipath dis-
persion [15], [28], the constants 3 and x can be evaluated as
functions of L and e, i.e.,

_tanh ()
ﬂ(L’E)_m
L inh2 (L
n(L,e):1+2COSh(E) sinh (26) 36)

1+ 2cosh (%) ' sinh? (%) '

Note that the expression in (34) is a function of h through
the term %), and hence, the outer expectation P, = Ep{ P.n}
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can be written as the expectation of (34) with respect to o).
The distribution of o depends on the type of channel. For
UWRB channels, it has been shown recently that the amplitude
distribution of the resolved multipaths can be modeled by the
Nakagami-m distribution [28]. Accordingly, we consider inde-
pendent Nakagami-distributed paths, «y, with average power
Q. = E{h?} = E{a?} and Nakagami parameter my,. Using
the alternative expression for the Gaussian Q-function [37], one
can derive the expectation of (34) over h as

) QO —mk
<—7(qﬁ;) LA 1) o (7
sin“f  my

-1
No 2 2
n(a) = (E—Z — q _xp)z) (38)

is the mean SINR as a function of the average SNR FE}, /Ny and
the average SIR C/1.

Note that the approximation developed above is more accu-
rate than the standard Gaussian approximation for the interferer,
which would be equivalent to considering only the first term of
the expansion in (32). Furthermore, for L. = 1, we have £ = a2D
and P,|p, ¢ can be averaged over h in closed form; therefore, (37)
with N = 1,p; = 1, and ¢; = 1 gives an alternative exact BEP
expression for the flat-fading scenario derived in Section IV-B
with Ny = 1.

1 |Ho(f0)?
c T

VI. EXAMPLES

Using the general approach developed in previous sections,
we can now evaluate the BEP for some important SS systems,
such as TH-pulse position moduation (PPM), TH-pulse am-
plitude modulation (PAM), and DS-binary phase-shift keying
(BPSK).

A. TH With PPM and PAM

Here, we consider binary TH-PPM and TH-PAM systems
which are the most popular UWB transmission schemes [2],
[21]. Using the bit waveforms b(t; d;) 2 b(t — d;6) for PPM
and b(t; d;) 2 d;b(t) for PAM, the transmitted TH signal can
be written as

=E, Z (t —iN,I; — d;6) (TH-PPM)

=VE, Z dib(t —iN,Ty) (TH-PAM) (39)
with the unit-energy waveform for each bit given by
N,—1
b(t) = Y w(t—jTr — c;T0) (40)
7=0

where Ny is the number of pulses required to transmit a single
information bit d;, belonging to the set {0, 1} for TH-PPM or
the set {—1, 1} (through a simple mapping) for TH-PAM. The
parameter ¢ is the pulse-position offset, w(t) is the signal pulse
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with energy 1/Ng, and F, is the received bit energy. The pulse-
repetition time (frame length) 7% and the bit duration T;, are
related by 73, = N,T%. Finally, {c;} is the TH sequence, and
T. is the TH chip width.

The transfer function Hy( f) in (9) for both cases can be easily
derived as

[Ho(f)| =2 W (f)| |sin(x f6)]
Ns—1

% Z ej27ff(ka+Cch)
k=0

[Ho(f)] =2 W (f)

Ns—1

% Z ed27 (KTt Te)

k=0

(TH-PPM)

(TH-PAM)  (41)

where W ( f) is the Fourier transform of the pulse w(t).
The received pulse w(t) can be modeled as the second deriva-
tive of a Gaussian monocycle with energy 1/Njs as [1]

1 t 2 t \2
w(t) =\ |14 (7) ‘|e_2”(ﬁ)

where E,, = 37,,/8 and 7,, is related to the pulse duration. The
Fourier transform of w(t) is

(42)

— L 7 30 5522
“VNE e T

Therefore, the BEP for TH-PPM and TH-PAM in the var-
ious scenarios considered in previous sections are given by (17),
(19), (21), and (37), together with (41). Recall from (6) that the
effect of the 7th interferer depends on its frequency, and thus on
the system parameters through |Ho(f)| in (41).

W(f)

(43)

B. DS With BPSK
The transmitted DS-BPSK signal is given by

s(t) =By »_ dib(t — iT},)

(44)

where Fj, is the bit energy, d; € {—1,+1}, and Ty, is the bit
duration. The unit-energy bit waveform can be written as

5 M-l .
b(t) = M—E’g jgo cig(t — jTc) cos(2m fot + )  (45)

where fj is the carrier frequency, ¢ is the arbitrary phase of the
carrier, and T is the chip duration. The pulse g(t) represents the
chip waveform with energy F,, while {c; J]-\igl is the desired
user’s spreading sequence of length M with ¢; € {—1,+1}.
For the sake of simplicity, we consider Ty, = MT, i.e., the
entire spreading sequence is transmitted during a bit.

The template waveform v(t), matched to the sequence of M
chips, is given by v(t) = b(¢;0) — b(t; 1) = 2b(t). Therefore,
the transfer function is

2
ME,

[Ho(f)| = |S(f = fo)e™ % + S(f + fo)e™| (46)
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where S(f) is the Fourier transform of the spreading waveform
M—1 . ,
Y=o cig(t = jTe), ie.,

M-1

S(f)=G(f)- Z Ck67j27‘_fch

k=0

(47)

with G( f) denoting the Fourier transform of the chip waveform
g(1).

Now, the term S(f + fo) can be neglected, since it represents
a high-frequency term, and we obtain

M-1
2 .
H, — G(f — —j27(f—fo)kTe ]
[Ho(f)] = MEg| (f = fo)l g:o cre

(48)
For example, for a unit-amplitude rectangular pulse with energy
E, = T.|G(f)| = T, |sinc(fT.)|, and the performance in
the scenarios considered are given by (17), (19), (21), and (37),
together with (48). In particular, note that (17) with (48) gives
an exact result, whereas prior results in [18] and [19] give only
an upper bound.
As a special case of the DS-BPSK analyzed above with M =
1, we are able to evaluate the performances of a BPSK system
with transmitted signal s(t) = v/Ey, Y, d;b(t — iT},), and the
unit-energy bit waveform expressed as

b(t) = \/Ezgoe) cos(27 fot + )

where ¢(t) is the bit waveform, and f; and ¢ are the frequency
and phase of the carrier. In this case, the transfer function Hy( f)

becomes
2
H = ,./—|G(f — .
|Ho(f)] ”Eg| (f = fo)l

Equation (17) together with (50) gives the exact BEP ex-
pression for BPSK in the presence of multiple tone interferers
with arbitrary frequencies and AWGN. The special case of this,
where there are multiple cochannel interferers having the same
frequency as the desired carrier frequency, can be found in [38].

For SS systems, note that BEP expressions (17), (19), (21),
and (37) depend on the sequence (for TH or DS) {c;} of the
desired user through H(f). Therefore, in a multiple-access
system, different users experience different BEP degradation
with respect to the same tone interferer. Average performance
must be obtained by averaging over the sequences of all the
users. From the system design point of view, this suggests the
construction of sequences that reduce the effect of NBI, intro-
ducing, for example, notch frequencies where the interferers op-
erate [1], [23], [24].

Furthermore, looking at the transfer function of the MF, it is
interesting to compare the performance of TH and DS schemes
affected by NBI [20], [39]. For example, considering the transfer
function of a TH system, there are frequencies at which the Vg
terms in the summation of (41) are all equal to one, so that they
add coherently, yielding the worst BEP. In fact, in this case, (41)
with (43) imply that for a fixed Tj,, the power of the interferer at
the output of the MF is proportional to the length of the sequence

(49)

(50)
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Fig. 2. Normalized transfer function of the MF around f; = 2.412 GHz for
different values of N, and different TH sequences.

Ng; therefore, BEP performance degrades as Ny increases. In
contrast, the presence of the spreading code in (46) avoids this
problem in a DS system, so the effect of an NB interferer in the
worst case is independent of the length M.

VII. RESULTS

In this section, we evaluate the performance of a TH-PPM
system using the analytical approach developed in previous sec-
tions. We consider a second derivative Gaussian received pulse
in (42) with 7,, = 0.5 ns, a frame length T} 100 ns, a
pulse-position offset 6 = 0.3 ns, and N, = 2 pulses per bit. The
resulting correlation parameter p is —0.587. Furthermore, we
consider a user with a TH sequence of all zeros, i.e.,co = ¢; = 0
and 7. = 1.5 ns. The tone interferer has frequency fi = 2.412
GHz.

To better understand the behavior of the MF as a function
of Ns and the TH sequence of the desired user, Fig. 2 shows
the normalized transfer function Ho(f) = Ho(f)/+/Ty, around
f1 using (41). For the TH-PPM system considered, the transfer
function (41) is composed of two terms, the first related to
the spectrum of the pulse which has a large bandwidth, while
the second | Zg;gl ¢I27f(KTi+enTe)| has an oscillatory be-
havior which results in a frequency selectivity, as depicted
in Fig. 2. This selectivity is roughly Af = ((Ng — 1)Ty)71,
which approaches infinity for N 1 and approximately
Af =~ (N,Tt)~' = Ry, for N, > 1. Therefore, a simple rule of
thumb to assess the validity of the tone approximation consists
of verifying that the bandwidth of the interferer is less than the
bit rate of the desired signal.

In the following, we evaluate the performance of TH-PPM
scheme in the presence of a NB interferer and AWGN. In partic-
ular, we consider a NB interferer with a bit rate of 1 Mb/s, BPSK
modulation, rectangular pulse shape, and carrier frequency fi.
Fig. 3 shows the simulated BEP as a function of F3, /Ny for dif-
ferent values of the SIR C/I. Also shown in the figure are BEP
results using the analytical expression in (17) based on tone in-
terference. Note that the theoretical performance for the tone
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Fig. 3. BEP for the TH-PPM system considered in the unfaded/unfaded

scenario with a single tone interferer. Analytical results are also compared with
the simulation for a 1 Mb/s BPSK interferer.
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Fig. 4. BEP for the TH-PPM system considered in the unfaded/faded scenario
with a single tone interferer. Analytical results are also compared with the
simulation for a 1 Mb/s BPSK interferer.

interferer and simulated performance for the 1 Mb/s BPSK in-
terferer are within 0.25 dB at P, = 1073.

We next consider the case in which the interferer goes through
fading while the desired signal is unfaded. Fig. 4 shows the BEP
evaluated using (19) and the simulated BEP in the presence of a
NB interferer and AWGN. It can be seen by comparing Figs. 3
and 4 that the presence of fading on the interferer severely de-
grades performance. This is expected, since fading causes power
fluctuations of the interferer, in which case, the instantaneous
power could be much greater than the mean power.

We now consider the situation where both desired and inter-
fering signals undergo fading. The BEP evaluated using (21) is
reported in Fig. 5 for different values of m. As expected, com-
paring the BEP with previous scenarios, the performance is se-
verely degraded by the presence of fading on the desired signal.
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Fig. 5. BEP for the TH-PPM system with a single tone interferer in the

faded/faded scenario, for different values of m and for the unfaded/faded case,
i.e.,, m = oo. Analytical results are compared with simulations for a 1 Mb/s
BPSK interferer.
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Fig. 6. BEP for the TH-PPM system considered with Rake reception and L =
8 paths. Analytical results are also compared with the simulation for a 1 Mb/s
BPSK interferer.

Finally, the performance with Rake reception in a multipath
fading scenario is considered. In particular, we consider a multi-
path channel with an exponential PDP (35) with L independent
Nakagami distributed paths having random delays and Nak-
agami parameters

mg = mie 1, R 5D
where ~y controls the decaying of the m-parameters. To validate
our methodology based on perturbation theory, the analytical
result of (37) is compared with signal-level simulations. In par-
ticular, Fig. 6 shows the BEP for the system with L. = 8 paths,
€ = 3,v = 4, and m; = 3, while Fig. 7 shows the same perfor-
mance in a more dispersive channel with I = 32 paths, ¢ = 10,
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Fig.7. BEP for the TH-PPM system considered with Rake reception and L =

32 paths. Analytical results are also compared with the simulation for a 1 Mb/s
BPSK interferer.

v = 18, and m; = 3. Despite the high number of paths (Rake
fingers), our analytical result (37) agrees with the simulation re-
sults based on a single tone interferer (stars) for a wide range
of SIRs, from —20 to 0 dB. Also for this scenario, the compar-
ison of our closed-form result (37) with simulation for the NB
interferer shows that the assumption of tone interferers is a good
approximation for NB interferers.

VIII. CONCLUSIONS

In this paper, we derived closed-form expressions for the BEP
of a general binary coherent system, based on MF reception with
tone interferers in different scenarios. In the frequency-selective
multipath fading scenario, Rake reception was considered, and
an approximation based on perturbation theory was derived. The
approach developed is general, and leads to performance eval-
uation of important SS systems, such as DS and TH. The anal-
ysis with the NB interferer suggests that, for example, wireless
systems such as Bluetooth (a standard for WPANSs) or GSM (a
second-generation cellular system) with bandwidths of 1 MHz
and 200 kHz, respectively, can be accurately represented by tone
approximation. It is shown that our analytical results are useful
for the evaluation of a possible coexistence between wideband
systems and existing NB wireless systems.

APPENDIX

Let us start by considering the r.v. ¢ = | Y F_, a9k |2,
where ©), = 2w fit), + 0) and 0, € {0,7} with equal prob-
ability. In general, the delays ¢; can be fixed or random with
tr € [0,T4), where Ty is a maximum excess delay. For a typ-
ical tone interferer with frequency f; higher than 100 MHz and
Ty for a typical indoor channel on the order of 200-300 ns, the
product fit; is much greater than unity. This suggests the as-
sumption of considering O as i.i.d. r.v.s uniformly distributed
over [0, 27).
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Given the rv. £ = Yr_ S5 e, e™#(©=97) and the
statistics of the random phases Oy, the moments 1, o, and p3
can be evaluated for a fixed h as

L
m(h) =" ai =ap
k=1
L
pa(h) =ap =Y ajf
k=1

L L L
ps(h) =208 — GZZa%ai +4Za2.
k=1

k=1n=1

(52)

Even when substituting these moments in (32), it is very cum-
bersome to obtain the expectation of (32) over h in closed form.
Therefore, we introduce another approximation, which consists
of evaluating these moments for a particular channel whose
random path amplitudes o, are r.v.s with unitary correlation
coefficient, i.e., ay a-VQ, k=1,...,L, with a an r.v.
representing the channel variability. Clearly, the actual channel
multipaths do not vary in unison; it is only a special case that
we choose as a representative channel. We stress that this ap-
proximation is used only for the computation of the interference
term & and not for the desired signal, which, on the contrary, is
sensitive to channel diversity, and takes advantage of the inde-
pendence of the paths. In this case, the moments simplify to

pi(h) = ad
pz(h) = (1) - ap

pa(h) = (2 - 60+ 4r) - af, (53)

where 8 = Z,le Q2 and k = 21€=1 2 are constants that
depend on the normalized PDP. Now, choosing the constant z =
/312 and substituting (53) into (32), we obtain po/2% = 1/3
and p3/z® = (2 — 608 + 4k)/(3v3(1 — 3)*/?). Hence, the
approximation (34) for the expectation over the time delays t is
obtained.
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