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Abstract—In this paper we study the performance of
Spectrally-Encoded Spread-Time (SE/ST) technique when applied to ultrawideband (UWB) signals in the context of wireless
code-division multiple-access (CDMA) communication. In this
technique UWB pulses are spectrally encoded with pseudorandom codes that are assigned uniquely to each user. We
shall show that the SE/ST ultrawideband system provides an
appropriate multi-user capacity in realistic UWB channels, along
with the ability of narrowband interference (NBI) suppression. To
this end, after obtaining a suitable statistical model for spectrallyencoded spread-time signals, we investigate the performance of
the system in the presence of multiple-access and narrowband
interferers, and simple and accurate approximations will also be
developed which are in good agreement with simulation results.
Furthermore, the effect of variations of the main system parameters and some of the relevant trade-offs will be numerically
demonstrated.
Index Terms—Spread-time, code-division multiple-access, ultrawideband, multiple-access interference, narrowband interference.

I. I NTRODUCTION

E

VER since the approval for the deployment of ultrawideband (UWB) on an unlicensed basis by Federal Communications Commission (FCC), it is emerging as a solution
for low-complexity high data rate wireless communications
in a short range environment. To allow multiple users share
this invaluable resource in an asynchronous and decentralized
manner, the use of code-division multiple-access (CDMA)
techniques seems to be a viable approach [1]-[3].
Besides the conventional CDMA techniques, such as timehopping (TH) or direct-sequence (DS), spectrally-encoded
spread-time (SE/ST) CDMA technique could also be considered as a promising alternative for impulse radio UWB
communications [4]-[6]. This technique can be thought of as
the time-frequency dual of direct-sequence spread-spectrum
technique; multiplying a PN sequence to the spectrum of an
ultrawideband pulse spreads the energy of the pulse in time
domain, just as applying a PN sequence to a pulse in time
domain spreads its energy in frequency domain. The inherent
flexibility in spectral shaping and spectrum management in
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SE/ST is an efficient solution in alleviating narrowband interferences (NBI) which can severely deteriorate the performance
of UWB communication systems [7],[8].
The concept of spectral coding of ultrawideband pulses
was first proposed in the context of optical CDMA communications systems [9] and then was extended to wireless
CDMA communications systems [10]. The performance of
this technique has been studied in some special cases before.
In [10] the performance of the multiple access system in
an AWGN channel is evaluated. In [4] a fading channel is
assumed, but only the average signal to interference plus noise
ratio is evaluated which clearly is not a suitable criterion for
digital communication systems. Finally, in [6] the authors have
examined the performance in a single user UWB scenario in
the presence of narrowband interference.
In this paper we shall investigate the performance of an
UWB SE/ST system in the presence of multi-user and narrowband interferences. It turns out that the exact evaluation
of probability of error cannot be performed analytically and
instead we obtain simple accurate approximations for the
performance and justify them numerically through MonteCarlo simulations.
The rest of this paper is organized as follows. In section
II we briefly describe SE/ST UWB CDMA and study the
statistical characteristics of the spectrally encoded signals. In
section III its multiple-access performance in UWB channels
is studied. Narrowband interference mitigation capability of
spectrally-encoded spread-time UWB CDMA is treated in
section IV, and in section V some numerical results are
presented. Section VI concludes the paper.
II. S PECTRALLY-E NCODED S PREAD -T IME UWB CDMA
A. System Description
Fig. 1 and Fig. 2 show simplified block diagrams of a
transmitter and receiver pair of a SE/ST UWB system. The
ultrawideband data modulated pulses to be transmitted are
spectrally encoded by a pseudo-random sequence which is
uniquely assigned to each user, and as a result of this spectral
slicing and encoding, the input pulses are spread in time. At
the receiver by applying the complex conjugate of the same
spectral code to the time spread signal the original ultrashort
pulse will be recovered, while signals of other users -which are
spread by different pseudo-random codes- will remain spread
in time.
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(a) SE/ST-UWB transmitter, and (b) SE/ST-UWB receiver
Fig. 3.

 (k)
Specifically, let n an g(t − nT ) be the input signal to the
spectral encoder of the kth user, in which g(t) is the UWB
(k)
pulse and {an } is the data sequence. In the following a BPSK
modulation will be assumed. From Fig. 1 the output of the
spectral encoder can be written as

(k)
s(k) (t) =
a(k)
(t − nT ),
(1)
n p
n

(k)

where p (t) = g(t)∗pn (t), with pn(k) (t) being the inverse
Fourier transform of the spectral code P N (k) (f ).
Let 2W denote the total signal bandwidth, and assume
P N (k) (f ) has the same frequency support as the ultrawideband pulse, and consists of chips that are Ω Hz wide (Fig. 3),
and let N0 = 2W
Ω , therefore
P N (k) (f ) =

(k)

N0 /2−1



c(k)
m rΩ (f − fL − mΩ), f > 0

(2)

m=0
(k)

with {ci } being the pseudo-random spectral code of user
1 0<f <Ω
k, rΩ (f ) =
, and P N (k) (−f ) = P N (k)∗ (f )
0
o.w.
to render the signal real. fL is the lower cutoff frequency of
the UWB pulse, and for simplicity is taken to be zero in the
following. So, the transmitted spectrally coded pulse will be,
⎞
⎛
N0 /2−1

sin πΩt
j2πΩ(m+1/2)t ⎠
p(k) (t) = g(t) ∗ ⎝
c(k)
.
m e
πt
m=−N0 /2

pn(k) (t)

(3)
The temporal width of the term in the parenthesis is deterπΩt
, and approximately equals
mined by its envelope, i.e., sinπt
N0
2
1
=
.
As
the
duration
of
g(t)
is on the order of W
, for
Ω
W
(k)
0
N0  1 the time duration of p (t) is approximately N
W ,
from which the resulting time spreading is clear. Also, from
(3) it is seen that the coded pulse is of infinite duration, and
thus it must be truncated by a proper time window w(t). It is
shown in [11] that windowing has a negligible effect on the
performance, so for simplicity we consider w(t) = 1, ∀t, in
our analysis.
B. Statistical Analysis of the Encoded Signal
In this subsection we study and analyze the statistical
properties of the encoded, or equivalently, incorrectly decoded

An example of a spectral pseudo-random code

signals which constitute the multiple access interference at the
receiver.
The statistics of single spectrally coded pulses has already
been analyzed in the context of the optical counterpart of the
SE/ST-CDMA technique [9], and the results can be reproduced
here with minor modifications. However, as we shall see, our
desired model should consider the spread-time pulse train as
a whole and such a model has not been developed before.
If (pseudo) random, zero mean spectral codes of sufficiently large length are assumed (N0  1), then by invoking the multivariate central-limit theorem ([9],[13]) one
can easily show that p(k) (t) is a zero mean nonstationary
Gaussian random process [c.f. (3)]. Therefore, the pulse train
 (k) (k)
(t − nT ) will also be a zero mean Gaussian
n an p
random process. In Appendix A the autocorrelation function
(k)
of this process is derived, and it is shown that if {an } are
(k)
equiprobable ±1, and if ci = ejni π/2 , where ni takes on
values 0, 1, 2 or 3 with equal probability, then we have
E{s(k) (t)s(k) (t + τ )} =

1
T

|G(f )|2 e−j2πf τ df

T Ω
2πn
1 
τ
cos[
(t + )].
T n=1
T
2


n
sin(Ω − n/T )πτ sin N0 Ωπτ
n
)G(f −
)} ∗
Fτ−1 {G(f +
2T
2T
πτ
sin Ωπτ
(4)

+

where x is the integer part of x and Fτ−1 {.} denotes the
inverse Fourier transform with τ as the argument. Thus, if the
product of the width of the frequency chip and the bit period
is less than one (T Ω < 1), that is, when adjacent coded pulses
have a considerable amount of overlapping (T < Tcp /2, with
Tcp ≈ N0 /W being the duration of the coded pulse), the
encoded (or incorrectly decoded) signal becomes a stationary
process. Moreover, it is not difficult to verify that the right
1
and hence
hand side of (4) becomes negligible for τ  W
samples of the coded signal which are apart by more than this
value are nearly uncorrelated.
III. M ULTIPLE -ACCESS P ERFORMANCE OF
S PECTRALLY-E NCODED S PREAD -T IME UWB CDMA
In this section we analyze the performance of a general
spectrally-encoded spread-time multi-user system taking into
account the indoor channel model for UWB communications.
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A. Multipath Channel Model and Rake Receiver
The channel that we use here is the widely used indoor
UWB channel model, in which the multipath channel is
modeled as a finite impulse response filter
h(t) =

Lp


αi δ(t − τi )

(5)

i=1

where Lp is the number of multipath components, and αi
and τi are the amplitude and delay of the ith path, respectively [14]-[16]. With the common assumption of resolvable
multipath components, that is |τl − τl−1 |  Tp , where Tp
is the time width of the pulse, the delays can be written as
τi = τ1 + (i − 1)Tp . The arrival time of the first multipath
component is assumed to have a uniform distribution in [0, T ].
Also, the multipath gains can be expressed as αi = bi |αi |,
with bi being equiprobable ±1 to account for the signal
inversion due to reflections, and |αi | is modeled as a Nakagami
random variable with an exponential power decay profile [14][16].
If we neglect the effect of the antenna on the pulse shape,
the signal at the input of the spectral decoder of the desired
user’s receiver, e.g., user 1, can be written as
r

(1)

(t) =


n

+

L(1)
p

a(1)
n


i=1

K 

j=2 n

(1)
αi p(1) (t

− nT −

z

(t) =



a(j)
n


i=1

n

+


i=1

K 

j=2 n

Let y(t) denote the output of the PRake receiver with MRC,
assuming perfect synchronization and channel estimation. Its
sample at t = mT is the statistics on which the decision
regarding am is based [18]
y(mT ) = a(1)
m E0

L

l=1

+



an

n,n=m

(1)
p
L L



l=1 i=1

+

K 
p
L 

j=2 n l=1 i=1

L(j)
p

L(1)
p

a(1)
n

B. Performance Analysis

(j)
αi p(j) (t

− nT −

(j)
τi )

+ n(t)

a(j)
n

(1)


i=1

(1) (1)

(1)

αl αi (g ∗ g)((m − n)T + τl

(1)

− τi )

+

L

l=1

(1)

(j)

(1)

(j)
a(j)
((m − n)T + τl
n αl αi p̃

(j)

− τi )

(1)

αl ñml
(8)

(6)

(1)

αi (g ∗ g)(t − nT − τi )
L(j)
p

(1)

(αl )2

L(j)

(1)
τi )

K is the number of active users, n(t) is an AWGN with two
(j)
(j)
(j)
sided power spectral density η/2, and Lp , αp and τp are
the parameters of the channel between the transmitter of user
j and the receiver of user 1.
The signal in (6) after passing through the spectral decoder
and matched filter can be expressed as [c.f. Fig. 1.(b)]
(1)

combines the first L paths has a comparable performance with
an SRake receive in realistic UWB channels, but with much
less complexity [20],[21].
So in our analysis we choose a PRake receiver with the
optimal combining scheme, i.e., maximal ratio combining
(MRC) [18]. This receiver can be implemented simply by
passing the output of the matched filter [eq. (7)] through a
tapped delay line with delays and tap coefficients being equal
to the corresponding estimated delays and coefficients from
the channel, and then combining them together.

(j)

(j)

αi p̃(j) (t − nT − τi ) + ñ(t)
(7)

where p̃(j) (t) is the response of the receiver’s spectral decoder and matched filter to p(j) (t), that is, P̃ (j) (f ) =
2
P N (j) (f )P N (1)∗ (f ) |G(f )| , and ñ(t) is the filtered noise
2
with power spectral density η2 |G(f )| . It is clear from (7)
that the transmitted energy is dispersed over many multipath
components, so a Rake receiver is needed to boost the output
SNR [18]. Since the number of resolvable paths is usually
high, a Selective Rake (SRake) receiver which trades off complexity against performance may be used [19]. This receiver
diversity combines the strongest L paths and is optimum
among all Rake receivers that have only L fingers. An SRake
receiver, however, needs a selection mechanism that estimates
the power of all paths and selects the strongest ones. It
can be shown that a Partially Rake (PRake) receiver which

with the decision rule: y(mT )

am =−1

≶

am =+1

0. In (8) ñml is the
(1)

sample of the filtered noise at t = mT + τl , and E0 =
2
(g ∗ g)(0) = |G(f )| df .
The terms in (8) correspond to the desired signal, intersymbol interference (ISI), multiple access interference (MAI),
and additive noise, respectively. The amount of ISI in an
SE/ST-UWB system in which only one pulse per symbol is
transmitted and the interpulse interval is much larger than the
pulse width can be very small. Hence in the following we will
neglect the ISI terms. However, in severe channel conditions
and/or very high data rates, where ISI becomes an important
limiting factor, a post-Rake equalizer can be used to remove
the introduced ISI [18]. So by dispensing with ISI terms, the
decision statistics reduces to
y(mT ) = a(1)
m sm + i m + n m
(1) 2
= a(1)
 +
m E0 α
(1)T

+α

K 

j=2 n

T

(1)
(j)
P̃(j)
a(j)
(9)
n α
m,n α

ñm
(1)

(1)

(j)

(j)

where α(1) = [α1 . . . αL ]T , α(j) = [α1 . . . α
(j)

(j)

(j)

Lp

]T ,

ñm = [ñm1 . . . ñmL ]T , and P̃m,n is an L × Lp matrix with
(j)
(1)
(j)
norm of a vector
[P̃m,n ]l,i = p̃(j) ((m−n)T +τl −τi ). The
T
α = [α1 . . . αN ] is defined as α =
α21 + ... + α2N .
It should be noted that in general channel parameters may
vary with time. Nonetheless, for applications at pedestrian
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speeds or slower -which are typical of indoor applicationsthe time variations of the channel are very slow [17], and the
multipath parameters will stay unchanged for many symbol
periods (quasi-stationary approximation).
To evaluate the performance of the system, we first obtain
the probability distribution of the second and third terms in
(9), conditioned on channel parameters. The third term is a
weighted sum of samples of the filtered noise, which by the
assumption of sufficiently separated samples, i.e., resolvable
multipath components, will remain uncorrelated. So it is a
zero mean Gaussian random
variable with a variance σn2 =

η
(1) 2 2
(1) 2
α  σñ = 2 α  |G(f )|2 df .
Following the discussion in II.B, the MAI term im in (9) is a
summation of zero mean Gaussian random variables and it will
also be a zero mean Gaussian random variable. Noting that
(j) (k)
E{am an } = δmn δjk , its variance conditioned on channel
parameters can be written as
K 

(1)T (j)
σi2  E{i2m |α, τ } = E{(
P̃m,n α(j) )2 |α, τ }
a(j)
n α
j=2 n

=

K 

j=2 n

T

(j) 2
E{(α(1) P̃(j)
m,n α ) |α, τ }
L(j)

=

L(j)

p
p
K 
L 
L 



j=2 l=1 i=1 l =1 i =1

E{



(1) (j) (1)

(1)

p̃(j) ((m − n)T + τl

n
(j)

p̃

(j)

αl αi αl αi

(1)

(j)

− τi )
(j)

((m − n)T + τl − τi )|τ }
T

(10)

T

in which α
=
{α(1) , ..., α(K) } and τ
=
(1) (2)
(K)
{τ1 , τ1 , ..., τ1 }.
Since p̃(j) (t) is the output of a matched filter with frequency
response P N (1)∗ (f )G∗ (f ) for the input p(j) (t), and since
the product P N (j) (f )P N (1)∗ (f ) is another pseudo-random
spectral code, the expectation in the right hand side of (10)
can be readily obtained from (4) [c.f. (27)], in which G(f ) is
2
replaced by |G(f )| :

p̃(j) (t − nT )p̃(j)∗ (t + τ − nT )} =
E{
1
T

n
4

|G(f )| e−j2πf τ df +

T Ω
2 
τ
2πn
(t + )]
cos[
T n=1
T
2
N0 /2−1



k=−N0 /2

rΩ− Tn (f −


n 2 (11)
n

)G(f −
)
G(f +
2T
2T

n
− kΩ) e−j2πτ f df
2T

Therefore the conditional probability of error for BPSK
modulation with equiprobable data is given by Pe|α,τ =
√
s2m
Q( SIN R), SIN R = σ2 +σ
2 , and the probability of error
n
i
is obtained by averaging Pe|α,τ over α, τ :
√
(12)
Pe = Eα,τ {Q( SIN R)}
The above expectation cannot be put into simple analytical
forms and should be evaluated using semi-analytical proce-
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dures, i.e., averaging Pe|α,τ over many channel realizations
via simulation [22]. However, in the next subsection we obtain
a simple and accurate approximation to this expression which
is in good agreement with simulation results presented in
section V.
C. Performance Approximation
The expectation in (12) is encountered quite often in the
performance analysis of CDMA communication systems and
since almost always it cannot be dealt with analytically, a
number of techniques have been so far developed to obtain
accurate approximations for the performance. One of the
most simple and accurate of these methods is the following
approximation for the expected value of a function p(.) of a
random variable x [24]-[26]:
√
√
2
1
1
E{p(x)} ≈ p(μx )+ p(μx + 3σx )+ p(μx − 3σx ) (13)
3
6
6
where μx and σx2 are the mean and variance of the random
variable x. With the assumption of a slowly time-varying
channel and a perfect power control mechanism, we can
neglect the effect of variations of the received
 signal energy on
s2
the performance. Hence, with p(x) = Q( xm ), x = σi2 + σn2 ,
from (12) and (13) we have



s2m
2  s2m  1 
√
+ Q
Pe ≈ Q
3
μx
6
μx + 3σx

(14)

1 
s2m
√
+ Q
6
max{μx − 3σx , 0}
where μx and σx2 are given by (Appendix B)
μx = E{α(1) 2 }

K


E{α(j) 2 }γ1 + E{α(1) 2 }σñ2 (15)

j=2

σx2

(j)

K L
p


(1)
(1)
(j)
(j)
=2
E{|αl |2 |αl |2 }
E{|αi |2 |αi+l −l |2 }γ22
j=2 i=1
l,l =1,l =l
L




+ E{α(1) 4 } − E2 {α(1) 2 } ·


K
σñ4 + 2σñ2
E{α(j) 2 }γ1
j=2

In the above expressions γ1 =
2
η
|G(f )| df , and
2
γ22

1
T



(16)
4

|G(f )| df , σñ2 =

T Ω
1
2 
4
2
=(
|G(f )| df ) + 2
T
T n=1
⎛
⎞2
n 
N0 /2−1

(k+1)Ω− 2T

2
n  ⎠
n

⎝
.
)G(f −
) df
G(f +
n
2T
2T
kΩ+ 2T
k=−N0 /2

It also should be noted that the accuracy of the approximation
in (13) is very high if x has a normal distribution [27]. Indeed,
by using a generalized version of the central-limit theorem
for m-dependent random variables [28] it can be shown that
for sufficiently large L, σi2 as defined in (10) approaches a
Gaussian random variable in distribution, hence improving the
validity of (13). Moreover, the simulation results in section V
justify the accuracy of this approximation.
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IV. NARROW-BAND I NTERFERENCE M ITIGATION
Coexistence with other narrowband systems is one of the
major challenges of UWB technology. Although the imposed
power spectral density (PSD) mask for UWB transmissions by
FCC guarantees intangible interference from UWB devices to
other narrowband systems [23], the interference from nearby
narrowband systems on UWB devices could degrade their
performance severely [7],[8]. The usual low duty cycle of
UWB transmissions brings a processing gain on the order of
T /Tp , where T is the period of transmission and Tp is the
pulse width. But in many high data rate applications, when
nearby interferers or intended jammers also exist, the above
processing gain cannot be relied on. Furthermore, multipleaccess techniques like TH or DS essentially cannot improve
the processing gain beyond the processing gain given to
achieve multiple-access capability.
The flexibility in spectrum shaping in spectrally-encoded ST
technique makes it possible to dynamically suppress strong
narrowband interferences when they are sensed. When this
is the case in some frequency chips, the amplitude of their
spectral code can be set to zero.
In this section we examine the capability of spectrallyencoded spread-time UWB CDMA in combating narrowband
interferences. This feature of ST technique has been previously
demonstrated in [6] for a single user system semi-analytically.
Consider a multi-user system in which a zero mean stationary Gaussian partial band jammer J(t) with power spectral
density SJ (f ) is present. The output of the PRake receiver
with MRC at time t = mT will be [c.f. (9)]
y(mT ) = sm + im + jm + nm

(17)

sm , im , and nm are as in (9), and the narrowband interference
term is given by
jm =

L

l=1

(1) ˜
− τl )
αl J(mT

(18)

˜ is the filtered NBI [c.f. (7)]. Thus the BER with
where J(t)
the interference being present will be

 

s2m
Pe1 = Eα,τ Q
(19)
2 |α(1) } + σ 2 + σ 2
E{jm
n
i
2

With RJ˜(τ ) = Fτ−1 {SJ (f ) |G(f )| } being the autocorrelation
˜
function of J(t),
the interference power can be expressed as
2
E{jm
|α(1) } =

L
L 

l=1 l =1

(1)

(1)

αl αl RJ˜(τl − τl )

(20)

After interference suppression by assigning the level zero to
the interfered chips, the BER becomes

 
ŝ2m 
(21)
Pe2 = Eα,τ Q
2
σ̂i + σ̂n2
where ‘ ˆ ’ denotes the removal of the contaminated spectral
chips in the evaluation of the desired
 value, i.e., ŝm =

2 ∞
2
2
α
|G(f
)|
df
−
|G(f
)|
df
, etc., with A being
−∞
A
the frequency support of SJ (f ).

As was the case in section III.B, the exact evaluation of
(19) and (21) is not tractable. Nevertheless, along the same
lines of the previous section and by using the approximation
(13), Pe1 and Pe2could be easily estimated. In the case of
2
Pe1 , p(x1 ) = Q( s2m /x1 ), x1 = E{jm
|α(1) } + σi2 + σn2 .
Therefore, μx1 = μx + E{α(1) 2 }σJ2˜ with μx as in (15) and
σJ2˜ = RJ˜(0). With σx2 as in (16), we have (Appendix B)


2
σx1
= σx2 + σJ2˜ E{α(1) 4 } − E2 {α(1) 2 } ·


K
E{α(j) 2 } · γ1 + σñ2
σJ2˜ + 2
j=2
(22)
L

(1)
(1)
E{|αl |2 |αl |2 }RJ2˜(τl − τl )
+2
l,l =1,l =l


For Pe2 , p(x2 ) = Q( ŝ2m /x2 ), x2 = σ̂i2 + σ̂n2 , and it easily
2
= σ̂x2 .
follows that μx2 = μ̂x and σx2
The simulation results in the next section confirm the
accuracy of the above approximations and manifest this NBI
suppression capability of SE/ST-CDMA. Some of the related
trade-offs are also investigate.
V. N UMERICAL R ESULTS
The conditional BER expressions attained in sections III and
IV are evaluated in this section by semi-analytical methods
(Monte-Carlo simulations) to assess an estimate of the system
performance in different scenarios, and also to demonstrate
the accuracy of the invoked approximations. To this end,
we consider the channel model (5), in which |αi | has a
Nakagami distribution with parameter mi and average power
E{α2i }, and due to the exponential power decay model
E{α2i } = E{α21 }e−ε(τi −τ1 ) . The power decay constant ε and
the parameter mi are in general random variables, but to
simplify the analysis and simulation were kept fixed to their
mean value [16], [21]. The average
total channel gain is also

normalized to unity, i.e., E{ α2i } = 1. Generalizations to
more realistic channel conditions are straightforward.
In all the following numerical examples we have chosen
L = 25, ε = 0.3, and m = 3. The pulse shape is considered

to be a Gaussian monocycle G(f ) = Af 2 exp(−f 2 σ 2 ) with
a −10 dB bandwidth W and SNR = E0 /η is set at 15 dB.
A. Multiple Access Performance
The main parameters affecting the multi-access performance
of the system are the code length N0 and the bit time to pulse
width ratio (or the product T W ). Fig. 4 shows the performance
for some different values of T W and the spectral code length
(or equivalently T Ω), versus the number of simultaneous users
K, with the assumption of identical channel parameters for
all users. Both the analytical evaluation using approximation
(14) and simulation results are presented, whence the high
accuracy of the approximation, for K not being too small
(i.e., K  4), is evident. For T W = 16 only the results
of N0 = 32 are plotted, as the Gaussian assumption for the
multi-user interference may not have the sufficient accuracy
for N0 < 32. We also note that, as in any other CDMA system,
given a bandwidth W there exists a trade-off between the
multi-user capacity and the bit rate. Moreover, we observe
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that although an increase in N0 improves the performance to
some extent, it may not counterbalance the added complexity
to the spectral encoder and decoder, especially as K gets large.
If the code length is increased, the pulse temporally spreads
in a longer duration and as a result, we may expect that the
level of the multi-access interference would be lowered. With
T W held fixed, however, the above statement is true unless
contiguous pulses do not overlap significantly after the spectral
encoding. This overlapping, on the other hand, would raise
the interference power, and increasing N0 beyond a certain
limit does not improve the performance anymore. In Fig. 5
we demonstrate how variations of N0 and T W have different
effects on the system performance for a fixed number of
simultaneous users (K = 8). We note that while increasing
the bit period-bandwidth product continuously improves the
performance, the matter is not the same for N0 . In fact the
increase in N0 will reduce the interference power unless
T Ω < 1.
B. Performance of Spectrally-Encoded Spread-Time UWB
CDMA in the Presence of NBI
To demonstrate the narrowband interferences suppression
ability of spectrally-encoded ST-CDMA, we consider a multiuser system in which a single zero mean stationary Gaussian
partial band jammer with power spectral density SJ (f ) =

NJ /2 |f ± fJ |  WJ /2
is present.
0
o.w.
Fig. 6 shows the multi-user performance of the system
both in the presence of NBI and after its cancellation, for
ρ  WJ /Ω equal to 1 and 10, and for two different values
/T
of SIR = NEJ0W
. The worst case condition that jammer’s
J
central frequency fJ is located at the spectral peak of the
signal (fm ) is assumed. The good agreement between the
simulation results and the approximations, especially as K
gets large is apparent. We also notice the well pronounced
dependence of the performance on the NBI bandwidth after
its suppression. When the jammer is present the performance

TW

128

Fig. 5. Performance of the SE/ST CDMA technique versus time-bandwidth
product and spectral code lengths for K = 8, based on the approximation
(14).
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Fig. 4.
Performance of the SE/ST CDMA technique versus number of
simultaneous users for different time-bandwidth products and spectral code
lengths. Solid lines: Monte-Carlo simulation, dotted lines: approximation
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Fig. 6. Multi-user performance of the SE/ST CDMA technique in the presence and after the cancellation of NBI. Solid lines: Monte-Carlo simulation,
dotted lines: approximation, dashed line: no interference present.

is solely determined by the total interference power and its
dependence on ρ is intangible. Furthermore, we observe that
when the multi-access noise increases if the interferer is not
very strong and if ρ is large, its cancellation may not be of
much an advantage.
The same concept is more clearly presented in Fig. 7.
In this figure the performance is plotted as a function of
the jammer central frequency for K = 8. The amount of
BER improvement after the interference suppression highly
depends on the jammer central frequency, jammer bandwidth,
and jammer power. As can be noticed from the figure, in
some cases (i.e., a quite wideband and weak jammer) the NBI
cancellation may even worsen the system performance as a
result of the significant reduction in the desired signal energy.
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As in [10], we choose ck = e
, where nk takes on the
values 0, 1, 2 or 3 with equal probability, so E{ck c∗k } = δkk
and E{ck ck } = 0, and with a use of Poisson’s sum formula,
(24) simplifies to
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Fig. 7. Performance of the SE/ST CDMA technique in the presence and
after the suppression of NBI vs. the jammer’s centeral frequency normalized
to fm , for different values of jammer’s bandwidth and power. Solid lines:
before cancellation, dashed lines: after cancellation.
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In this paper we studied the performance of spectrallyencoded spread-time CDMA in UWB multiple-access systems. After investigating the statistical properties of the encoded pulse train, we evaluated the multiple-access performance of this technique in realistic UWB channels, both
semi-analytically and through a simple approximation which
proved to be in good agreement with numerical results. We
also showed that the spectrally-encoded spread-time UWB
system can easily overcome one of the major challenges of
UWB technology, namely, coexistence with nearby narrowband interferers. The effect of variations of the main system
parameters and some of the relevant trade-offs were also
investigated by numerical results. The results of this paper
indicate the importance of the SE/ST modulation technique in
an UWB CDMA communications system.
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and if G(f ) is real, i.e., if g(t) is real and even, a change of
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A PPENDIX A
Let s(t) =


n

an p(t − nT ), where p(t) = g(t)∗ pn(t), with

N0 /2−1



pn(t) being the inverse Fourier transform of the spectral code
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i.i.d. ±1 data sequence, E{an am } = δmn , the right hand side
of (23) can be written as
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Using the Parseval’s theorem in the last integral and noting
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where Fτ−1 {.} denotes the inverse Fourier transform with τ
as the argument, yields (4).
A PPENDIX B
We first derive expressions for the mean and variance
of the random variable x = σi2 + σn2 . From the channel
model described in section III, the channel coefficients can
(j)
(j) (j)
(j)
be written as αl = bl |αl |. The bl ’s are equiprobable
±1 random variables which are independent for different
multipath components and different users. Hence
(j) (j) (j  ) (j  )
bi }

E{bl bl bi

= δll δii

(29)

for j = j  , and for j = j  , j = 1, ..., K, we have
⎧
1
l = l  , i = i
⎪
⎪
⎪
⎨1
l = i, l = i
(j) (j) (j) (j)
E{bl bl bi bi } =
⎪
1
l = i , l  = i
⎪
⎪
⎩
0
otherwise

(30)

From (10) and (29), and averaging over the delay of the first
multipath components (15) is easily obtained.
Noting that
σx2 = E{(σi2 )2 } + E{(σn2 )2 } + 2E{σi2 σn2 } − μ2x

(31)

to compute the variance of x we first find E{(σi2 )2 }. Squar(j)
ing (10), averaging over bl ’s using (29) and (30), applying the assumption of resolvable multipath components, i.e.,
(j)
(j)
|τl − τl |  Tp , l = l , and noting that Rs̃(j) (t1 , t2 ) is
negligible for |t1 − t2 | > Tp , gives
K

E{(σi2 )2 } = E{α(1) 4 }(
E{α(j) 2 })2
j=2

+2

L


K 
L


j=2 l=1 l =1,l =l
L(j)
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i=1

(j)

(1)
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E{|αl |2 |αl |2 }.

(j)

(1)

E{|αi |2 |αi+l −l |2 }Rs̃2(j) (τl

(j)

(1)

(j)

− τi , τl − τi )
(32)

whence after averaging out the delays and substitution in (31),
(16) is obtained. The same procedure, when applied to the
2
random variable x1 = E{jm
|α(1) } + σi2 + σn2 , gives (22).
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