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Abstract In this paper, we present an analysis of the BER performance of an ultra-wideband
(UWB) system with pulse position modulation (PPM) for data modulation and direct se-
quence (DS) spreading for multiple access over indoor lognormal fading channels. A rake
receiver is used to combine a subset of the resolvable multipath components using the maxi-
mal ratio combining technique. Inter-path and multiple-access interferences are modeled and
incorporated into the bit-error-rate expressions. The analytical and simulation results allow
one to quantify many critical aspects of a DS-PPM UWB system such as the gain of the
optimally spaced signaling scheme over the orthogonal signaling scheme, the potential error
floor given a specific channel multipath delay spread and the number of interfering users,
tolerance of the system to timing jitter, and impact of user codes.

Keywords Ultra-wideband system · Multiple access · Direct sequence spreading ·
Pulse position modulation · Multipath fading

1 Introduction

Ultra-wideband (UWB) techniques are attractive for high-rate, low-power communications
over short distances. Pulsed UWB systems use short-duration pulses to transmit informa-
tion. The ultra-wide bandwidth makes the channel highly frequency selective, resulting in
a large number of resolvable multipath components at the receiver. The received power is
distributed over all these paths, which makes diversity reception a necessity for a reliable
communication. Multiple-access communication employing pulsed UWB technologies has
drawn significant research interest. Time hopping (TH) multiple access schemes with pulse
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position modulation (PPM) and pulse amplitude modulation (PAM) have been reported in
literature [1, 2, 4]. Various modulation options for TH UWB systems in terms of their spectral
characteristics and hardware complexities have been discussed in [5]. Error performances of
TH-PPM UWB systems have been studied in [6, 7], and jam resistance of TH-PPM systems
was analyzed in [8]. Direct sequence (DS) spreading is also an attractive method for multiple
access in UWB systems. Since pulsed ultra-wideband systems are inherently spread spectrum
systems, the use of spreading codes is solely for accommodating multiple users. Performance
of a DS-PAM UWB system was analyzed in [3]. In [4, 9], performances of TH-PPM and
TH/DS-PAM systems have been compared.

Direct sequence can also be used for multiple access in a PPM UWB system. PPM sig-
naling is attractive because of its ease of implementation. However, spectral lines may be
generated by PPM signals. In a DS-PPM system, each symbol is represented by a series of
pulses that are pulse-amplitude-modulated by a chip sequence. The chip sequence not only
facilitates symbol synchronization of different users’ signals in the receiver, but also helps
to smooth the discrete spectral lines in a PPM system. Input symbols in DS PPM systems
are modulated onto the relative positions of each sequence of pulses. For binary signaling,
bits ‘0’ and ‘1’ are transmitted by a sequence of pulses with and without a short time-shift
relative to the time reference, respectively. Since a series of pulses are used to represent one
symbol, many multipath components are received within the observation window of a partic-
ular symbol, causing inter-chip interference. Thus, each symbol at the input of the combiner
is corrupted by preceding and following symbols, which eventually limits the performance.
Another major factor governing the performance of this system, like any other PPM-based
system, is the time-shifts used to represent different symbols. The most commonly used
PPM scheme is the orthogonal signaling scheme for which the UWB pulse is orthogonal to
its time-shifted version. For any M-ary PPM scheme, there also exists a set of optimal time
shifts for which the pulse and its time shifted version reach the minimum correlation value.

The purpose of this paper is to present a semi-analytical method for performance analy-
sis of binary DS-PPM UWB systems over indoor lognormal fading channels. Through this
analysis, we will quantify critical system performance metrics including the relative per-
formance of the optimally spaced PPM signaling and the commonly used orthogonal PPM
signaling when a traditional rake receiver structure is employed, the potential error floors
under different channel multipath delay spread values and number of interfering users, the
tolerance of the system to timing jitter, and the impact of different choices of user codes will
be established through computer simulation. This paper is organized as follows. Section 2
describes the transmitter, the channel, and the receiver models. Error performance analysis
based on a semi-analytical approach is given in Sect. 3. Numerical results are obtained and
discussed in Sect. 4, followed by concluding remarks in Sect. 5.

2 System Model

2.1 Transmitter Model

For binary DS PPM systems, information bit ‘1’ is represented by a frame of pulses without
any delay and information bit ‘0’ is represented by the same frame of pulses but with a delay
τ relative to the time reference. Let us assume that there are U users in the system and the user
with index u = 1 is the desired user. The transmitted UWB signal of the uth (u = 1, . . . , U )
user is represented by
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su(t) = √Es

∞∑

i =−∞

Nc−1∑

n=0

au,nw
{

t−iTr −nTc− τ

2

(
1−bu,i

)}
(1)

where Es is the symbol energy (assumed to be same for all users), w(t) is the UWB pulse
assumed to have a nonzero value only for a time period Tp, au,n ∈ {±1} is the nth chip of
the uth user, Tr is the symbol repetition period, Tc is the chip duration, Nc is the number of
chips used to represent one symbol, bu,i ∈ {±1} is the i th information bit of the uth user,
and τ is the time-shift used in PPM. It is also assumed that Tc = ε Tp , where ε is a positive
integer. Except for the spreading code, which is unique for each user, and users’ information
bits, all other parameters defined above are the same for all users.1

To ensure that inter-symbol interference (ISI) is negligible, the guard interval, Tr − NcTc,
between adjacent symbols must be large enough for the range of delay spread values encoun-
tered. Let the sequence of pulses used to represent a symbol of the uth user be

Su,1(t) =
Nc−1∑

n=0

au,nw {t − nTc} (2a)

Su,0(t) = Su,1(t − τ) (2b)

where Su,1(t) and Su,0(t) have unit energy, i.e.,
∫∞
−∞ S2

u, j (t)dt = 1, j = 0, 1. For the orthog-

onal signaling scheme, τortho is chosen to be such that
∫∞
−∞ Su,1(t)Su,1(t − τortho)dt = 0. In

the case of direct sequence spread symbols, the orthogonality condition is met for a number
of choices of τ (0 < τ < Tr ), and the minimum of those values is chosen as the time shift.
For optimally spaced signaling, the time shift τ is chosen in the range 0 ≤ τ ≤ Tp such that
the cross correlation between the two symbols is minimized. Thus, τopt is determined as2

τopt � arg min
︸ ︷︷ ︸
0≤τ≤Tp

∞∫

−∞
Su,1(t)Su,1(t − τ)dt. (3)

2.2 Channel Model

Pulsed UWB signaling gives rise to highly frequency-selective channels. Multipath compo-
nents tend to arrive in clusters [10–12] and fading for each cluster as well as each ray within
the cluster is independent. Although a newer UWB channel model has been recently devel-
oped [22], it is very complex to use it to derive analytical results, which is one of our main
objectives in this paper. Hence, here we use a modified version of the propagation model
adopted by the IEEE802.15.3a committee [10], which is described by

hc(t) = X
Lc−1∑

lc=0

Lr −1∑

lr =0

αlc,lr δ(t − Tlc − τlc,lr ) (4)

where X is the lognormal shadowing, {αlr ,lc } are the multipath gain coefficients, Tlc is the
delay of the lcth cluster, τlr ,lc is the delay of the lr th multipath component relative to the lcth

1 Because of the different pseudo-random codes used for multiple access, the optimal or the orthogonal time-
shifts for all users might be slightly different. Such a difference, however, disappears when the code length is
large (e.g., greater than 30). For simplicity, the time-shift τ is also assumed to be the same for all users.
2 Note this choice of the time-shift is optimum in a Guassian channel. It may not be optimum when multiple-
access interference cannot be approximated as additional Gaussian noise. It is still of interest to see if this
design choice improve the performance over the orthogonal signaling scheme.
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cluster arrival time Tlc , and δ(t) is the Dirac delta function. This model can be simplified as
hc(t) =∑L−1

l=0 αlδ(t − τl), where l = lc Lr + lr , L = Lc Lr , and τl = Tlc + τlc,lr .
Note that the aforementioned model generates continuous time arrival and amplitude val-

ues. Thus, it is very difficult to even provide simulation results if the cluster and path delays
are left to be continuous in time, as the received signal waveform must be sampled with an
infinitely high frequency in the convolution process. Thus, methods and procedures to dis-
cretize the continuous-time model to the desired time resolution without losing the essence
of the multipath model are provided in [10]. In the discretized model, both cluster arrival
times and ray arrival times are rounded to integer multiples of the desired resolution. This
effectively yields a tapped-delay-line [11] model expressed as

h(t) =
L−1∑

l=0

αlδ(t − l�τ) (5)

where L is the total number of resolvable multipath components, �τ is the multipath res-
olution, and αl = λlβl is the fading coefficient corresponding to the lth path. Parameter
λl takes on the values of 1 and −1 with equal probability and accounts for random pulse
inversions that could occur due to reflections [12]. For indoor channels, the magnitude term
βl is lognormally distributed [10, 13]. The minimum multipath resolution in this model is
equal to the pulse width Tp .

2.3 Receiver Model

After passing through the channel, each user’s signal arrives at the receiver as multiple inde-
pendently faded copies. The received signal with U users in the system, neglecting shadowing
effects, is expressed as

r(t) =
U∑

u=1

L−1∑

l=0

αu,l su(t − l�τ) + η(t)

=
L−1∑

l=0

α1,l s1(t − l�τ) +
U∑

u=2

L−1∑

l=0

αu,l su(t − l�τ) + η(t) (6)

where η(t) is the additive white Gaussian noise process with a two-sided power spectral den-
sity (PSD) of N0/2 and αu,l represents the channel coefficient of the lth path experienced by
the uth user’s signal. Since the large guard interval between adjacent symbols as mentioned
in Sect. 2.1 results in negligible ISI, the received signals can be processed separately for
each symbol. Therefore, the ensuing analysis applies to both synchronous and asynchronous
reception by simply applying the correct cross-correlation values among the asynchronous
user codes in calculating multiple-access interference (MAI). If user 1 is the desired user,
the second term on the right-hand side of Eq. (6) is the MAI from U − 1 interfering users.

The optimal receiver for the single-user PPM system is a correlation receiver with a
template waveform [14]

�u(t) = Su,1(t) − Su,0(t). (7)

Although this receiver is not optimum when MAI is present, it is adopted in this paper
because of its simplicity. A rake receiver, a uniform tapped-delay-line demodulator [11, 15]
with maximal ratio combining, is applied to capture energy contained in resolvable multipath
components.
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3 Error Performance Analysis

We focus on the detection of the first bit of the desired user (u = 1). Without loss of gen-
erality, we assume that the transmitted bit is a ‘1’, i.e., s1(t) = √Es S1,1(t) during the time
interval 0 ≤ t ≤ Tr . With the large guard interval between adjacent symbols as mentioned
in Sect. 2.1, there is no ISI. The interfering users’ signal is assumed to have similar charac-
teristics to the desired user’s signal with respect to symbol period, length of spreading code,
pulse width, and chip period.

For simplicity of notation, the index for the desired user (u = 1) will be omitted for some
variables. Let the autocorrelation function of Su,1(t) be

γu(v) �
∞∫

−∞
Su,1(t)Su,1(t − v)dt. (8)

and let

fu, j (t, l) � Su, j (t − l�τ)�
(k)
1 (t),

where �
(k)
1 (t) = �1(t − k�τ) is the template waveform corresponding to the kth finger of

the desired user.
Assuming knowledge of the desired user’s channel coefficients, i.e.,

α1 = [α1,0 α1,1 · · · α1,L−1
]′

,

then, the observed signal at the output of the kth finger of the user of interest (user 1) receiver
is the sum of the signal, inter-path interference (self-noise), MAI, and additive noise compo-
nents, i.e.

Yk|“1”,α1
= Ys,k|“1”,α1

+ Ysn,k|“1”,α1
+ Ymai,k|α1 + Yη,k|α1 . (9)

where

Ys,k|“1”,α1
= α2

1,k

√
Es

Tr∫

0

f1,1(t, k)dt

= α2
1,k

√
Es
[
1 − γ1(τ )

]
(10a)

Ysn,k|“1”,α1
= √

Esα1,k

L−1∑

l=0
l �=k

α1,l

Tr∫

0

f1,1(t, l)dt (10b)

Ymai,k,|α1 = √
Esα1,k

U∑

u=2

L−1∑

l=0

αu,l

Tr∫

0

fu, j (t, l)dt (10c)

Yη,k,|α1 = α1,k

Tr∫

0

η(t)�(k)
1 (t)dt (10d)

where j = 0 or 1 corresponds to the symbol transmitted by the uth user. The inter-path
interference as shown in (10b) has (L − 1) terms. Since Su,1(t) given in (2a) consists of Nc

pulses (pulse width Tp < Tc) that are Tc apart, the autocorrelation function γu(v) is non-zero
only for certain values of the argument v. Non-zero values of γu(v) are centered around the
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(a)

(b)

(c)

Fig. 1 Illustration of inter-path interference

local minima’s and maxima’s of γu(v) that are Tc apart. Hence, inter-path interference is
caused by multipath components which are spaced at integer multiples of Tc from paths that
arrives before and after the kth path. This scenario is illustrated in Fig. 1.

The error performance analysis becomes mathematically tractable if the number of paths
combined by the rake is less than the ratio ε = Tc/Tp . This ensures that interference is caused
only by the min

{
Nc−1,

⌊ L−k
ε

⌋}
paths arriving at integer multiples of Tc after the kth path,

where �·	 denotes the integer part of the argument. Considering implementation complexity,
the rake receiver in practical systems is unlikely able to combine more than ε (e.g., ε = 13)
fingers. Thus, even with this condition, the analysis results still have practical values. Under
this condition, the conditional inter-path interference term, Ysn,k|“1”,α1

, can be simplified as

Ysn,k|“1”, α1=√Esα1,kα1,k
′γ 1 (11)

where {·}′ denotes transpose and

α1,k = [
α1,k+ε, α1,k+2ε, . . . , α1,k+(Nc−1)ε

]′

γ 1 =

⎡

⎢
⎢
⎢
⎣

γ1 (Tc) − γ1 (Tc − τ)

γ1 (2Tc) − γ1 (2Tc − τ)
...

γ1 ([Nc − 1] Tc) − γ1 ([Nc − 1] Tc − τ)

⎤

⎥
⎥
⎥
⎦

(12)

are (Nc − 1) × 1 vectors.
The codes of interfering users are assumed to be independent of each other. MAI can

be modeled in a way similar to the modeling of inter-path interference. The additive noise
component is still a zero-mean Gaussian RV whose variance depends on α1,k . The kth path to
the combiner is expressed as Yk|“1”,α1

= Ys,k|“1”,α1
+ Ysn,k|“1”,α1

+ Ymai,k|α1 + Yη,k|α1 and
is a random variable. Variables Ysn,k|“1”,α1

, Ymai,k|α1 and Yη,k|α1 are zero-mean independent
RVs, i.e., E{Ysn,k|“1”,α1

} = E{Ymai,k|α1} = E{Yη,k|α1} = 0 and E{Ysn,k|“1”,α1
Yη,k|α1} =

0, E{Ysn,k|“1”,α1
Ymai,k|α1} = 0, E{Ymai,k|α1Yη,k|α1

= 0, where E{·} denotes statistical
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expectation. Taking the expectation with respect to α1, the mean and variance of Yk|“1”,α1
can be determined as

E
{

Yk|“1”,α1

}
= Ys,k|“1” = E

{
α2

1,k

}√Es
[
1 − γ1(τ )

]
(13)

V ar
{

Yk|“1”,α1

}
= V ar

{
Ys,k|“1”,α1

}
+ V ar

{
Ysn,k|“1”,α1

}

+ V ar
{
Ymai,k|α1

}+ V ar
{
Yη,k|α1

}
. (14)

The variance of the signal component is found to be

V ar
{

Ys,k|“1”,α1

}
= [E {α4

1,k

}− (Eα2
1,k})2] Es

[
1 − γ1(τ )

]2 (15)

The variance of the self-noise term is found by squaring Ysn,k|“1”,α1
and taking its expected

value. Now, Y 2
sn,k|“1”,α1

is a function of α1,iα1, j . Since the multipath components are assumed

to be independent, E{α1,iα1, j } = 0 for i �= j . Hence, the variance of the self-noise term
simplifies to

V ar
(

Ysn,k|“1”,α1

)
= Es E{α2

1,k}E α
(2)
1,k

′}�1 (16)

where (Nc − 1) × 1 vectors α
(2)
1,k and �1 are given as

α
(2)
1,k =

[
α2

1,k+ε, α2
1,k+2ε, . . . , α2

1,k+(Nc−1)ε

]′

�1 =

⎡

⎢
⎢
⎢
⎣

{γ1 (Tc) − γ1 (Tc − τ)}2

{γ1 (2Tc) − γ1 (2Tc − τ)}2

...

{γ1 ([Nc − 1] Tc) − γ1 ([Nc − 1] Tc − τ)}2

⎤

⎥
⎥
⎥
⎦

. (17)

It should be mentioned that in Eqs. (12) and (17) the autocorrelation values do not depend on
k, the index of the path combined by the receiver. Following a similar procedure, the variance
of MAI can also be obtained. Let the cross-correlation function of S1,1(t) and Su, j (t), where
j = 0, 1 depending on the symbol transmitted by the uth user, be

γ̃u(v) �
∞∫

−∞
S1,1(t)Su, j (t − v)dt. (18)

Clearly, the cross-correlation function is dependent on the code of the interfering user and
the symbol transmitted by that user. Hence, the cross correlation function must be averaged
over user codes as well as transmitted symbols of interfering users. The variance of the MAI
term is of the form

V ar
(
Ymai,k|α1

) = Es E
{
α2

1,k

} U∑

u=2

E
{
α̃

(2)′
u,k

}
�̃u (19)
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where Nc × 1 vectors α̃
(2)
u,k and �̃u are given as

α̃
(2)
u,k =

[
α2

u,k, α2
u,k+ε, . . . , α2

u,k+(Nc−1)ε

]′

�̃u =

⎡

⎢
⎢
⎢
⎢
⎣

{γ̃u (0) − γ̃u (τ )}2

{γ̃u (Tc) − γ̃u (Tc − τ)}2

...

{γ̃u ([Nc − 1] Tc) − γ̃u ([Nc − 1] Tc − τ)}2

⎤

⎥
⎥
⎥
⎥
⎦

. (20)

Vector �̃u represents the cross-correlation vector of the interfering users’ signal with the
desired user’s signal. Since the channel statistics are the same for all users, the sum in
Eq. (19) can be replaced by a multiplicative factor (U − 1) when the autocorrelation vector
is averaged over many user codes and transmitted bits. This implies that the variance of the
MAI components from all users are the same. The variance of the zero-mean additive noise

term can be obtained as V ar
(
Yη,k|α1

) = E{α2
1,k}E

{∫∫ Tr
0 η(t)�(k)

1 (t)η(q)�
(k)
1 (q)dtdq

}
.

By interchanging the order of the two linear operators and applying E{η(t)η(q)} =
N0
2 δ(t − q), we obtain the variance of the noise term as

V ar
(
Yη,k|α1

) = E
{
α2

1,k

}
N0
[
1 − γ1 (τ )

]
. (21)

Using the propagation model presented in [12] and modifying it appropriately, 20 log10
(αu,k) is Gaussian with mean μu,k and variance σ 2 given by

μu,k = 10 ln(�0) − 10τu,k/γ

ln(10)
− (σ 2

1 + σ 2
2 ) ln(10)

20

σ 2 = σ 2
1 + σ 2

2 .

Moreover,

E
{
α2

u,k

} = �0e−τu,k/γ (22)

E
{
α4

u,k

} = e

(
ln(10)

10 σ
)2 (

E
{
α2

u,k

})2
, (23)

where �0 is the mean energy of the first path and γ is the ray decay factor.
Assuming K (K < ε) out of L resolvable paths are combined by the rake receiver, the

decision statistic at the output of the combiner is expressed as

Z |“1”,α1
=

K−1∑

k=0

Yk|“1”,α1

=
K−1∑

k=0

Ys,k|“1”,α1
+

K−1∑

k=0

Ysn,k|“1”,α1
+

K−1∑

k=0

Ymai,k|α1 +
K−1∑

k=0

Yη,k|α1 .

As mentioned earlier, under the assumption that {α1,0, α1,1, . . . , α1,K−1} is known at the
receiver, the first term of Z |“1”,α1

is the signal component, the second and third terms are,
respectively, the self-noise and MAI components from all the paths. The self-noise and MAI
terms for the kth path combined by the rake (Ysn,k|“1”,α1

and Ymai,k|α1 ) are sums of RVs
whose magnitude is lognormal with random pulse inversions.
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It is well known that for TH-PPM systems the approximation of MAI as a Gaussian RV
based on the central limit argument could lead to very poor performance results (e.g., see
[16–18]), especially when the number of users is small. However, the DS-PPM system being
addressed in this paper is different from the TH-PPM system in that each bit is represented
by Nc chips. Thus, both Ysn,k|“1”,α1

and Ymai,k|α1 are the sum of a large number of nearly

independent and identically distributed (i.i.d.) terms.3 Therefore, it is appropriate to apply
the central limit theorem to approximate the statistics of Ysn,k|“1”,α1

and Ymai,k|α1 . To justify
this claim, Fig. 2 shows the probability density function (PDF) of a sum of lognormal random
variables with random pulse inversions, for n = 1, 2, 4 and 6 elements in the sum. Because
multipath components are independent of one another, the PDF was obtained by convolving
the PDFs of the individual elements in the sum. Clearly, the Gaussian approximation to the
sum of lognormal random variables with random pulse inversions is justified when the num-
ber of elements in the sum is at least 6. In practical scenarios and the analysis in this paper,
the number of elements in the sum for the MAI term is much greater than 6, thus justifying
the Gaussian approximation of the self-noise and MAI terms. The fourth term, which is the
additive noise component, is a zero mean Gaussian RV. Different paths to the combiner are
mutually independent because noise and interference in different paths are also independent
of each other. Hence Z |“1”,α1

is a Gaussian RV with a mean and variance that are equal to
the sum of the means and variances of all the paths. Thus, mean and variance of Z |“1”,α1

are
given by

μZ |“1”,α1
= √

Es
[
1 − γ1(τ )

]K−1∑

k=0

E{α2
1,k} (24)

σ 2
Z |“1”,α1

=
K−1∑

k=0

V ar
{

Yk|“1”,α1

}

=
K−1∑

k=0

[
V ar

{
Ys,k|“1”,α1

}
+ V ar

{
Ysn,k|“1”,α1

}
(25)

+V ar
{
Ymai,k|α1

}+ V ar
{
Yη,k|α1

} ]
. (26)

Figure 3 shows the theoretical (obtained by convolution) and the approximated PDFs of
the self-noise with different number of rake fingers.

When the value of the combiner output Z |“1”,α1
is less than 0, a wrong decision is made.

The probability of error can be obtained as Q
(
μZ |“1”,α1

/
√

σ 2
Z |“1”,α1

)
where Q(·) is the

Q-function defined as Q (x) = ∫∞
x

1√
2π

e−x2/2dx . Specifically, Pe|“1” is expressed as

Pe|“1” = Q

⎛

⎝

√√
√
√ Es

[
1 − γ1 (τ )

]2
ϕ1

2

∑K−1
k=0 V ar{Yk|“1”,α1

}

⎞

⎠ (27)

where ϕ1 =∑K−1
k=0 E

{
α2

1,k

}
.

Typically it is impossible to find the exact closed-form expression for the characteris-
tic function of the MAI. Thus, in the study of a TH-PPM system in [16] an approximate

3 The reason for these terms being only nearly i.i.d. is that the channel coefficients for the K paths may have
slightly different average powers.
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Fig. 2 Gaussian approximation to a sum of random variables whose magnitude is lognormal with random
pulse inversions
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Fig. 3 Approximated and theoretical PDFs of self-noise for different K

characteristic function for the MAI term in the absence of multipath fading was given. For
the problem being addressed, the self-noise term, the MAI term, and frequency-selective
lognormal fading must be dealt with simultaneously.
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4 Numerical Results and Discussion

Numerical results are provided in this section to quantify critical performance metrics of
DS-PPM UWB systems in lognormal fading environments. Specifically, error performances
with different system parameters, error performances under different channel parameters,
and tolerance of the system to timing jitters will be evaluated using the model and analysis
given in Sect. 3. Waveform based simulation results are obtained to verify the accuracy of
the semi-analytical results derived in this paper.

4.1 Setup for Numerical Examples

For all numerical examples, the channel is assumed to have an exponentially decaying mul-
tipath intensity profile and the receiver is assumed to have perfect knowledge of the channel
coefficients (only those to be combined by the rake) of the desired user. The total number
of resolvable paths (L) and the power decay factor (ρ) are obtained using the channel root-
mean-square (RMS) delay spread as described in [19]. For a typical indoor environment,
the channel standard deviation σ is in the range of 3–5 dB. All paths whose average power
is within 15 dB of that of the strongest path are considered. For an RMS delay spread of
20 ns and Tp = 0.5 ns, the total number of resolvable paths was obtained to be L = 179
with a corresponding power decay factor ρ = 0.019. A truncated Gaussian monocycle [8] is
applied in simulations and all users (desired and interfering users) have the same bit energy.
The sum of power of all paths that are combined by the rake is normalized to unity. Thus, for a
given signal-to-noise ratio (SNR), the variance of AWGN is obtained as N0/2 = 10−SNR/10.
User codes of length 32, ε = 13, data rate of 2.4 Mbps per user (includes a guard interval of
208 ns), channel RMS delay spread of τrms = 20 ns, and σ =3 dB are adopted in all examples
unless explicitly specified otherwise. Unless specified explicitly, the pseudo-random gener-
ator provided by MATLAB with its default seed is used to generate the spreading code for
the desired user.

4.2 The Impact of System Parameters

Analytical (solid lines with marks) and simulated (dotted lines without marks) error perfor-
mance curves for a single-user and a multiple-user system with optimally spaced signaling
are shown in Fig. 4. For the two sets of system parameters chosen, simulation results match
very well with the analytical results.4 It is also observed that an error floor appears at high
Eb/N0 values because of the inter-path interference. The analytical curves shown are for
a system with a low diversity order (K = 2 and 3). Although the method presented can
be applied to analyze the receiver performance with any diversity order, obtaining analyti-
cal curves for higher diversity orders (K > 3) becomes computationally intensive since it
involves numerical integration of many orders. In the rest of this section, BER curves with
more than K = 3 fingers will not be accompanied by their corresponding analytical curves.

To assess the performance improvement of the optimally spaced scheme over that of the
orthogonal signaling scheme, we plotted SNR versus BER curves for a single-user system
with different K in Fig. 5. It is observed that with the set of system parameters and channel
parameters chosen, the optimally spaced scheme performs approximately 2 dB better than
the orthogonal scheme at a BER of 10−4.

4 The simulated and analytical curves basically overlap with each other, and are not distinguishable in Fig. 4.
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Fig. 4 Comparison of analytical and simulated BER performance with optimally spaced signaling, single
and multiple user scenarios
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Fig. 5 BER Performance comparison of the optimal (dashed lines) and the orthogonal signalling (solid lines)
schemes (simulation results are plotted with markers, U = 1)

From the analysis given in Sect. 3, it is clear that the performance of such a system depends
on the auto-correlation properties of the user code, which determines the amount of self-noise,
just like in a conventional direct-sequence code-division multiple-access (CDMA) system.
The MAI component is not only determined by the number of interferers, but also by the
cross-correlation properties between the interfering users’ signals and the desired user’s sig-
nal expressed in (20). To avoid the dependency of system performance on specific interfering
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Fig. 6 BER Performance as a function of number of users in a multi-user system at fixed SNR (SNR = 15 dB)

users’ codes, the cross-correlation vector given in Eq. (20) is obtained by averaging over a
number of random user codes and transmitted symbols of interfering users. The effect of MAI
on the error performance of a multi-user system is shown in Fig. 6. BER curves as a function
of the number of interfering users (U −1) are given for an SNR of 15 dB and K = 2 and 3.
When the number of interfering users is in the range of 0–20, performance degradation is
mild with an increase in U . When the number of interfering users are further increased (e.g.,
greater than 20), BER deteriorates significantly as the number of interfering users increases.

As seen from Eqs. (16) and (17), performance of this system also depends on the spread-
ing code of the desired user and its auto-correlation properties. The performances could be
largely different for different pseudo random codes applied. Figure 7 shows three different
analytical BER curves of the optimally spaced scheme with K = 3. These curves correspond
to performances with different user codes generated by pseudo-random generators with dif-
ferent initial seeds. The pseudo-random generator provided by MATLAB was used and the
seeds were 20024, 100, 24, corresponding approximately to the best, the medium, and the
worst cases, respectively. Examining the these codes, we found that the code obtained using
the first seed has very low off-peak auto-correlation values especially at near the correlation
peak, whereas the code obtained using the last seed has very high off-peak auto-correlation
values. As clearly seen from (17), the non-zero off-peak autocorrelation of user codes affects
the amount of self-noise, which in turn affects the system performance.

4.3 The Impact of Channel Parameters

Figure 8 illustrates the performance of a single-user system that combines 3 paths (K = 3)
with the optimally spaced scheme for different standard deviation values (σ ) of the channel.
The system reaches an error floor at high SNR values. A smaller σ results in a lower error
floor, and it is found that the impact of σ on the error performance is significant for the set of
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Fig. 7 Analytical BER performance curves produced by pseudo random user codes generated by different
seeds for the same set of system and channel parameters (K = 3, U = 1, optimally spaced signaling)
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Fig. 8 Analytical and simulated (with marker) BER performance of the optimally spaced scheme with
different channel standard deviation values (K = 3, U = 1)

system parameters chosen. This is easy to understand as a larger σ causes a higher amount
of self-noise, which is clearly seen from (16).

Figure 9 shows the impact of channel RMS delay spread τrms on the performance of a
single-user system (K = 3) with the optimally spaced signaling scheme. As expected, a
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Fig. 9 BER performance for different channel delay spread values (K = 3, U = 1, optimally spaced
signaling)

larger τrms value results in a higher BER under the same received SNR. At high SNR values,
a larger τrms results in a higher error floor.

4.4 The Impact of Timing Jitter

For all examples so far we have assumed perfect symbol timing information in the receiver.
Timing must be very accurate for pulsed UWB systems to achieve robust communications. In
practical scenarios, timing jitter is typically on the order of 10 ps [20, 21] and can be modeled
by a Gaussian or uniform distribution. We are interested in understanding how a DS-PPM
system performs in the presence of timing jitter. Simulated BER curves of the optimally
spaced scheme with K = 2 in the presence of different timing jitter values that are assumed
to be uniformly distributed within a certain range are shown in Fig. 10. For comparison
purposes, the error performance in the absence of timing jitter is also shown (solid line) in
the same figure. There is approximately a 3.5 dB performance degradation at a BER of 10−4

when the jitter is uniformly distributed in the range −50 to 50 ps. For typical jitter values
that are distributed in the range of −10 to 10 ps, the performance degradation is negligible
compared to the ideal case (no timing jitter).

5 Conclusion

Through the analytical BER expression derived for a PPM UWB system with DS spreading
for multiple access in a highly frequency-selective lognormal fading environment, we have
quantified many critical performance metrics of DS-PPM UWB signaling such as the perfor-
mance gain of optimally spaced signaling over orthogonal signaling, the impact of multipath
delay spread and number of interfering users, performance degradation due to timing jitter,
and the effect of different choices of user codes. With a typical set of system and channel
parameters (e.g., those applied in examples in Sect. 4), the optimally spaced scheme could
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Fig. 10 Simulated BER performance curves in the presence of timing jitter (K = 2, U = 1, optimally spaced
signaling)

outperform the orthogonal scheme by as much as 2 dB at a BER of 10−4. Channel delay
spread values have been found to significantly affect the BER performance. Timing jitters
within practical ranges only slightly degrade the BER performance. The off-peak autocorre-
lation values of user codes, especially the values around the correlation peak, have significant
impacts on the system performance as they determine the amount of self-noise.
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