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Performance Analysis of UWB Systems in the Presence of
Timing Jitter

İsmail Güvenç and Hüseyin Arslan

Abstract: In this paper, performances of different ultra-wideband
(UWB) modulation schemes in the presence of timing jitter are
evaluated and compared. Static and Rayleigh fading channels are
considered. For fading channels, flat and dispersive channels are
assumed. First, bit error rate (BER) performances for each case
are derived for a fixed value of timing jitter. Later, a uniform dis-
tribution of jitter is assumed to evaluate the performance of the
system, and the theoretical results are verified by computer simu-
lations. Finger estimation error is treated as timing jitter and an
appropriate model is generated. Furthermore, a worst case distri-
bution that provides an upper bound on the system performance is
presented and compared with other distributions. Effects of tim-
ing jitter on systems employing different pulse shapes are analyzed
to show the dependency of UWB performance on pulse shape. Al-
though our analysis assumes uniform timing jitter, our framework
can be used to evaluate the BER performance for any given proba-
bility distribution function of the jitter.

Index Terms: Maximal ratio combining, multiband UWB, perfor-
mance analysis, Rake receivers, timing jitter, ultra-wideband.

I. INTRODUCTION

Although the idea was known long ago, ultra-wideband
(UWB) technology has recently become popular after the re-
lease of Federal Communications Commission’s (FCC) Part 15
Rules. These rules allow UWB devices to operate between
��� and ���� GHz with transmission power levels up to ���
dBm/MHz. UWB is an attractive technology since it is capa-
ble of offering very high data rates achieved by the transmis-
sion of short duration pulses. UWB transceivers are low cost
and simple compared with the other narrowband transceivers.
UWB systems operate at very low power levels due to their
high fractional bandwidths1, causing very low interference to
other technologies. Since its bandwidth is much larger than the
coherence bandwidth of the channel and any deep fades effect
only a small portion of the total bandwidth, robustness against
channel fading is obtained without the need for multiple antenna
transceivers. Its usage for positioning technologies with a poten-
tial of sub-decimeter accuracy; its suitability for wireless sensor
networks due to its simple, low-cost, low-power transceiver cir-
cuitry; robustness to eavesdropping due to used time-hopping
pseudo-noise (TH-PN) sequences; and easier material penetra-
tion because of the wide frequency range are some other advan-
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�Fractional bandwidth is defined as the ratio of the system’s bandwidth to

central frequency. For a UWB system, either the fractional bandwidth has to be
larger than 20%, or the system bandwidth has to be larger than 500 MHz.

tages to note.
Due to extremely short duration of pulses used, UWB sys-

tems require high sensitivity against timing errors for proper de-
modulation of the received signal. Ideally, transmitted pulses in
a digital communication system arrive at the receiver at integer
multiples of sampling times. In real systems, pulses are received
at times that are different from integer multiples of sampling
times, which is named as timing jitter [1]. The traditional way
to measure the timing jitter is using the eye pattern observed in
an oscilloscope, which is the synchronized and superimposed
possible realizations of the received signal viewed within a par-
ticular signaling interval [2]. The thickness of the eye edges
gives an idea about the range of the timing jitter.

According to the sources of timing jitter, it can be examined
in two categories: Random jitter and deterministic jitter [3]–
[5]. Random jitter is assumed to be Gaussian in nature, and is
caused by the accumulation of thermal noise sources [5]. Gen-
erally, deterministic jitter is bounded and non-Gaussian. Some
examples for deterministic jitter are duty-cycle distortion, e.g.,
from asymmetric rise/fall times; inter-symbol interference, e.g.,
from channel dispersion or filtering; sinusoidal, e.g., from power
supply feed-through; and uncorrelated, e.g., crosstalk by other
signals [5]. The total jitter thus can have both random and deter-
ministic components, and its PDF can be obtained by the con-
volution of the PDFs of the random jitter and the deterministic
jitter [4]. Deterministic jitter can be reduced or eliminated once
its source is determined [3]. Using the eye pattern technique,
or the histogram technique in an oscilloscope, it is possible to
distinguish between the random and deterministic components
of the total jitter.

Effects of timing jitter on the performances of different tech-
nologies have been investigated in the past [6]–[8], and various
methods are proposed to model the jitter distribution [4], [9]–
[11]. Effect of timing jitter on the signal power spectral density
(PSD) in a multipath environment has been analyzed in [12].
Surveys and books have been written to clarify the relation-
ships between different jitter aspects and measurement tech-
niques [1], [13], [14].

New UWB radios are capable of precisely positioning the
sub-nanosecond pulses with a Gaussian distributed root-mean-
squared (RMS) jitter of �� ps and within a �� ns time win-
dow [15]. Even if the transceiver clocks are very stable and
introduce very little jitter, other issues such as timing tracking
and relative velocities between transmitter and receiver intro-
duce additional degradation in synchronization [16].

Although timing jitter has a significant effect on the BER per-
formance of UWB systems, theoretical performance analyses
for UWB systems in the presence of timing jitter have not been
done to the best knowledge of the authors. Especially, accurate
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mathematical modeling and theoretical BER analysis of the ef-
fect of timing jitter is required. Performance analysis of UWB
modulation schemes in ideal conditions [17] and in other prac-
tical scenarios such as multipath [18], multiple access interfer-
ence [19] and narrowband interference [20] have been done in
the past. The effect of timing jitter on the PSD of UWB signals
has been analyzed in [21]–[23] and it was concluded that jitter
in fact helped to smooth the PSD due to the introduced random-
ness. The effect of uniformly distributed timing jitter on the
UWB performance were simulated in [24] for optimum pulse
position modulation (PPM) and in [25] for Hermite polynomial
pulses. Lovelace et al. analyze the performance degradation in
the multiple access capability of the UWB system in the pres-
ence of Gaussian distributed timing jitter for binary and � -ary
PPM schemes [16].

The focus of this paper is the theoretical performance anay-
sis of UWB systems in the presence of timing jitter. The ef-
fects of timing jitter on the performances of orthogonal-PPM,
optimum-PPM, on-off keying (OOK), and binary phase shift
keying (BPSK) modulations are investigated. Theoretical BER
equations for static and Rayleigh fading channels in the presence
of timing jitter are derived and compared with simulations. For
Rayleigh fading channels, flat and dispersive channel models are
used. Based on [6], a worst case jitter distribution that can serve
as an upper bound on the system performance is presented, and
the effect of the pulse shape is analyzed.

The paper is organized as follows. Section II gives a generic
UWB system model for PPM and BPSK modulations. BER for-
mulations under timing jitter are presented and compared with
simulations in Section III. In Section IV, the effect of timing
jitter PDF on system performance is analyzed, and the PDF for
jitter due to finger estimation error is presented. Section V an-
alyzes the effect of pulse shape on system performance when
there is jitter, and the last section concludes the paper.

II. SYSTEM MODEL

A. Signal Model

For UWB systems, generic transmitted signal ������� and re-
ceived signal ������� by desired user �� � �� in a single-path,
and multi-user environment can be written as
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where �� �, and � are the user, bit, and frame numbers, respec-
tively, �� is the nominal interval between two pulses, 
� is the
number of pulses per symbol, and Æ is the modulation index if
the modulation is PPM. �� is the chip duration which is equal to
pulse width �
 for antipodal modulation schemes and Æ larger
than �
 for PPM. Decimal codes ����� � are pseudo-random

codes unique to user �, and are used to implement time hopping
(TH) UWB as the multiple access scheme. The timing jitter for
the �th pulse, �� , is a zero-mean random variable, and 
� ��� is
the delay of each user in an asynchronous system. Pulse ampli-
tude is represented by

�
�, and 
���� is the additive white Gaus-

sian noise (AWGN) with double-sided spectrum of ��

� . With
������� changing the amplitudes of the pulses (OOK, BPSK) or
Æ������� varying the time positions of the pulses (PPM), UWB
signals can be modulated in different ways as shown in Table 1.

The transmitted mono-cycle is represented by 	 ��. Due to
the differentiation effects of the antennas, received pulse 	 �	 is
modeled as the derivative of the mono-cycle
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where � is directly proportional with the pulse width, �
. The
autocorrelation function of the received pulse, the energy of the
received pulse, and the total energy per bit are respectively ex-
pressed as
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At the receiver, the received signal is correlated with a tem-
plate and a decision is made based on the detection algorithm.
The correlator template used for PPM is given by

���� � 	�	���� 	�	��� Æ� � (7)

Note that Æ is larger than �
 for orthogonal PPM and smaller
than �
 for overlapped PPM. Optimum PPM is achieved by se-
lecting Æ that minimizes ��Æ�, or maximizes � � ��Æ�. For
BPSK and OOK, 	�	 itself is used as the template. Templates
used for BPSK and optimum PPM, and the received pulse with
jitter when transmitting zero are depicted in Fig. 1.

Output of the correlator is found by multiplying and integrat-
ing the received pulse with the receiver template

� �
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������������� � (8)

This value can then be used to make a binary decision for BPSK
and PPM as follows

� �

�
�� if � � �
�� if � � �

� (9)

where � denotes the detected bit. For OOK, � is compared with
a threshold � to make a decision

� �

�
�� if � � �

�� if � � �
� (10)

Normalized correlation functions of the received pulse with the
templates used in BPSK and optimum PPM schemes are de-
picted in Fig. 2. Notice that correlation functions, and therefore
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Table 1. UWB modulation options and BER performances.

Modulation Scheme ������� Æ������� BER
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Fig. 1. Templates used at the correlator for BPSK and optimum PPM,
and the received pulse with jitter (� � ����� ns).

the SNRs after the correlator become zero when the timing jitter
is around �� ps, which determines a jitter budget for a typical
UWB system employing the pulse shape in Fig. 1.

B. BER Performance Analysis

In order to evaluate the BER performances, it is required to
analyze the correlator outputs of signal and noise separately.
When PPM is used, correlation of the received pulse with the
template, ��, and the variance of the correlation of the noise
with the template, ��
���, can be respectively evaluated as fol-
lows [26]
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Fig. 2. Correlation functions of the received pulse with the templates
used for BPSK and optimum PPM (� � ����� ns).

The SNR after the correlator considering the pulse amplitude
and the processing gain is calculated as

SNR �
�
�

�
����

�


���
���
� (13)

Using (11) and (12) in (13),

SNR �

����


�
�����Æ�� � (14)

Following a similar approach for other modulation schemes
and using the standard techniques [17], [27], [28], BER perfor-
mances for the four binary modulation schemes can be derived
as shown in Table 1.

III. EFFECT OF TIMING JITTER ON BER
PERFORMANCES

When there is timing jitter in the UWB signals, a deviation
from its ideal timing position is observed in the received sig-
nal. This degrades the performance since jitter decreases ��,
the correlation of the received pulse with the receiver template.
This section will cover the theoretical performance evaluation
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Table 2. BER performances of UWB modulation schemes in AWGN channel and in the presence of timing jitter.
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of different modulation schemes in the presence of timing jitter
assuming that PDF of timing jitter is known. Uniform timing jit-
ter is assumed throughout the section for simulation purposes 2,
and the next section compares the performances for different
distributions that have the same variance. BER performances in
AWGN, single-tap Rayleigh fading, and dispersive channels are
derived initially for a fixed value of the timing jitter, and aver-
aged over the PDF of timing jitter to find the expected perfor-
mance. Obtained theoretical findings are then verified by simu-
lation results.

A. BER Performances in Static Channel

For a fixed value of the timing jitter, there is �� amount of
timing difference between the actual and the ideal positions of
the receiver template. Correlation values with the signal and the
noise for PPM with a fixed value of timing jitter are calculated
as
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Plugging (15) and (16) in (13), SNR for PPM for a fixed value
of timing jitter is evaluated as follows
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Note that in order to multiply the SNR with the processing gain

�, it is assumed that all 
� pulses are subject to same amount
of timing jitter. For orthogonal PPM, ��Æ� becomes zero and
the above equation reduces to

SNR �
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�Recall that although random jitter is assumed to be Gaussian, the total jit-
ter, which is the sum of the random jitter and the deterministic jitter, can have
different distributions.

For BPSK, using 	��
 as the receiver template and proceeding
with a similar analysis yields

SNR �
�
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�
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Note that the effect of timing jitter on the system performance
is the attenuation of the SNR with the corresponding correlation
terms that depend on the employed pulse shape and modulation
scheme.

For OOK modulation, reception of zeros are not affected by
timing jitter since no pulse is sent for the transmission of zeros.
Reception of ones will be degraded severely due to employed
detection algorithm that compares the correlator output with a
certain threshold. The resulting BER equation can be evaluated
to be the sum of the false alarm rate and the missed detection
rate using standard tools, which is shown in Table 2 together
with performances of other modulation schemes. The value of
� in Table 1 is taken as

�
� to make the average transmitted

energy of OOK identical with the other modulation schemes.
Equations for BPSK and orthogonal PPM imply that SNRs in
both schemes decrease in equal proportions, conserving the � dB
power efficiency of the former scheme to the latter irrespective
of the timing jitter.

Knowing the PDF of timing jitter, the calculated BER expres-
sions can be integrated over all possible jitter values to evaluate
the average performance. Assuming that timing jitter is uni-
formly distributed between ����� ��� the BER performance can
be evaluated as follows

 ������ ��� �

� ��

���

 ��� ���!������� � (20)

where � denotes the SNR of the received signal,  ������ de-
notes the average BER corresponding to a certain jitter distri-
bution at a certain SNR,  ��� ��� denotes the BER at a certain
SNR and a fixed value of timing jitter as given in Table 2, and
!���� is the probability density function of jitter, which is for
uniform distribution given by

!���� �
�

���
� (21)

The integral in (20) can be evaluated semi-analytically to aver-
age the BER performance over all possible jitter values. Theo-
retical and simulation results for BPSK in AWGN channel are
depicted in Fig. 3 for a fixed value of timing jitter and in Fig. 4
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Fig. 3. BER performance of BPSK with constant jitter in AWGN channel
(�� � �� � ��� ns, �� � �).
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Fig. 4. BER performance of BPSK with uniform distributed jitter in AWGN
channel (�� � �� � ��� ns, �� � �).

for jitter uniformly distributed between ���. Note that when
the fixed value of jitter is �� ps, accuracy of the detection is
close to ��� since the SNR after the correlator output becomes
very close to zero. Fig. 5 compares the performances of the
four modulation schemes when jitter is uniformly distributed
between ���, where it is seen that the gap between OOK and
orthogonal PPM increases for larger values of timing jitter.

B. BER Performances in One-Tap Rayleigh Fading Channel

In one-tap Rayleigh fading channels, the received signal has
a complex amplitude "� that has a Rayleigh distribution. In such
environments, the probability of error is found by integrating the
BER over all possible instantaneous SNR values [27]
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where " is the instantaneous SNR of the received signal given
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Fig. 5. Effect of the fixed value of timing jitter on the BER performances
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probability at a certain average SNR, and !�"� is the PDF of the
instantaneous SNR values characterized by a chi-square distri-
bution with two degrees of freedom which can be written as
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Plugging the error probabilities for different modulation
schemes from Table 1 in (22), the closed form solution for the
BER in Rayleigh fading channel is evaluated as
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where �� � � for orthogonal PPM, �� � �� for BPSK, and
�� � ������Æ�� for optimum PPM. For a fixed value of timing
jitter, the SNR values will be multiplied with the corresponding
autocorrelation values as summarized in Table 3.

For uniformly distributed timing jitter, BER in Rayleigh fad-
ing channel can be evaluated by a numerical integration of ex-
pressions in Table 3 over all possible jitter values as
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Performance results for BPSK in Rayleigh fading channel for
a fixed value of jitter and for uniformly distributed jitter are de-
picted in Figs. 6 and 7. Similar comments as in AWGN channel
can be repeated, together with an observation of overall perfor-
mance degradation for all jitter scenarios due to fading.

C. BER Performances in Dispersive Channel

Due to reflection, diffraction, and scattering effects, the trans-
mitted signal arrives at the receiver through multiple paths with
different delays. The received signal from an
 -tap channel can
be written as follows
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Table 3. BER performances of UWB modulation schemes in Rayleigh fading channel and in the presence of timing jitter.
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Fig. 6. BER performance of BPSK with constant jitter in Rayleigh fading
channel (�� � �� � ��� ns, �� � �).

where "� is the tap attenuation for the #th tap arriving at time � �
and ������� is the transmitted signal from (1).

By using Rake receivers, it is possible to collect the energy
at the delayed taps. All-Rake, selective Rake, or partial Rake
receivers are all feasible approaches to collect all, strongest, or
first arriving resolvable multipath components respectively [29].
Optimal combining of the multipath components is achieved by
maximal ratio combining (MRC) in white noise, where the fin-
ger weights are designed based on the channel tap weights to
maximize the output SNR. A reduced complexity combining
technique that does not require the estimates of the fading am-
plitudes is equal gain combining (EGC), where all the multipath
components are weighted equally.

The PDF of the instantaneous SNR when using MRC is given
by [27]
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where �� is the average SNR for the �th tap. Knowing the PDF
of the SNR, BER equation for AWGN can be conditioned on
the instantaneous SNR and the average BER performance can
be evaluated through integration over all possible SNR values.
For example for BPSK, average performance using MRC in the
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Fig. 7. BER performance of BPSK with uniform distributed jitter in
Rayleigh fading channel (�� � �� � ��� ns, �� � �).

presence of fixed timing jitter is given by
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where it is assumed that all multipath taps are subject to same
amount of timing jitter. This formulation can again be integrated
over the PDF of timing jitter to find the average performance in
the presence of uniformly distributed jitter
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Performance results for BPSK using MRC Rake receivers for
a fixed value of jitter and for uniformly distributed jitter are
shown in Figs. 8 and 9. A four tap Rayleigh fading channel
profile with exponentially distributed average tap weights is as-
sumed, and a Rake receiver with four fingers is employed, which
assumes a perfect knowledge of the channel. Notice how the
performance is improved compared to one-tap Rayleigh fading
channel when using maximal ratio diversity combining. Dif-
ferent channel models (such as the channel measurements pre-
sented in [30], or IEEE 802.15 channel model [31]) can be easily
integrated to the formulation outlined above, since the perfor-
mance is a function of average tap weights.
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Fig. 8. BER performance of BPSK with constant jitter in 4-tap multipath
fading channel (exponential power delay profile) using MRC Rake
receiver (�� � �� � ��� ns, �� � �).
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Fig. 9. BER performance of BPSK with uniform distributed jitter in 4-
tap multipath fading channel (exponential power delay profile) using
MRC Rake receiver (�� � �� � ��� ns, �� � �).

IV. EFFECT OF TIMING JITTER DISTRIBUTION ON
SYSTEM PERFORMANCE

In the previous section, it is assumed that timing jitter is uni-
formly distributed. Sources of timing jitter can be numerous,
and therefore jitter can have different distributions. Sometimes,
the timing jitter can be characterized by its range and RMS value
only, where an upper bound for system performance is helpful
to evaluate the worst case performance. In this section, first, jit-
ter due to finger estimation error is introduced and its PDF is
obtained using simulations. Later, effect of jitter PDF on system
performance is analyzed and a worst case distribution given the
variance and the range of the timing jitter is presented.
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Fig. 10. Probability densities of finger estimation errors (�� � �� � ���

ns).

A. Jitter due to Finger Estimation

Due to UWB delay resolution, Rake receivers have been
widely proposed in order to exploit time diversity in multipath
channels. Rake receiver requires the knowledge of the path de-
lays to be able to lock on each correlator (finger) and coherently
add the energy, increasing SNR. As explained in [32], finding
the path locations is not an easy task due to pulse shaping. For
each arriving path to the receiver, the pulse shape observed af-
ter correlation contains many components with non-zero energy.
Finger estimation maximizes this correlation function in order
to pick up the component with more energy. In the presence of
noise, autocorrelation function may be maximized at times other
than the actual position of the finger, which yields a finger esti-
mation error. The timing jitter due to such an impairment may
be on the order of the pulse width �
 and depends on the SNR
value.

Jitter due to transceiver impairments are commonly modeled
as Gaussian or uniform, but these models are no longer valid for
finger estimation error. In order to find the appropriate model,
finger estimation error is simulated for different SNR scenarios
to obtain a histogram of resulting timing jitter. PDFs for differ-
ent SNR values in Fig. 10 show that when SNR is low, the PDF
is similar to the autocorrelation function of the first derivative
of the monopulse, and finger locations are estimated between
zero and �
. For larger SNR, the PDF converges to an impulse
function located at the actual position of the finger.

B. Effect of Jitter PDF on the BER Performance

It is shown in the previous section that in order to estimate the
effect of timing jitter on the BER performance, PDF of timing
jitter has to be known. Note that obtaining PDF would be diffi-
cult in many cases, instead statistics like RMS value and range
(minimum and maximum jitter values) can be measured [6].
Given the variance, ��� , and the range, ��, of timing jitter, a worst
case distribution (WCD) that will cause the largest degradation
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Fig. 11. BER performance of BPSK for different jitter distributions in
AWGN channel (�� � �� � ��� ns, �� � �).
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Fig. 12. Histograms for the timing jitter used in the simulations and the
corresponding worst case distributions that have the same variance
and the range.

in system performance is given as [6], [7]
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(31)
where Æ� denotes the Dirac delta function. Given the range and
the variance of the timing jitter, this PDF yields an upper bound
for the system performance irrespective of the jitter distribution
that has the same range and variance. Note that one can easily
change the variance of the WCD without modifying its range.

In order to compare the BER performances using different
jitter distributions, random timing jitter are constructed using
the Beta probability distribution with different parameters, given

−2 0 2

x 10
−9

−1

−0.5

0

0.5

1

A
C

F

Jitter (sec)

ACF of Multiband Pulse in Band 1
ACF of Monopulse 1st Derrivative

0 1 2 3 4 5 6 7

x 10
−11

0

0.2

0.4

0.6

0.8

1

A
C

F

Jitter (sec)

ACF of Monopulse 1st derrivative
ACF of Multiband Pulse in Band 1
ACF of Multiband Pulse in Band 10

Fig. 13. Comparison of autocorrelation functions of derivative of mono-
cycle vs. pulse used in band 1 of multiband scheme, and compari-
son of the autocorrelations of the pulses used in all bands.

by [33]
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The PDFs for the three different Beta distributions character-
ized by the parameters �!� $� � ��� �� to represent a bounded
Gaussian-like distribution, �!� $� � ��� �� which corresponds
to the uniform distribution, and �!� $� � ����� ���� that has
largest probability at the edges of the distribution are depicted in
Fig. 12. All the three distributions are scaled so that the range of
the timing jitter is��� ps, which can be used as a typical margin
for UWB systems [16]. For each Beta distribution, a worst case
distribution with the same variance and range is evaluated, and
obtained jitter samples are used in computer simulations. Per-
formance results in Fig. 11 for BPSK show that WCD indeed
yields an upper bound for another distribution that has the same
variance and range. Beta distribution with �!� $� � ����� ����
yields the worst performance compared to other Beta distribu-
tions, since it resembles to the WCD with the peaks at the edges
of the distribution. Bounded Gaussian-like distribution has the
best performance, because as mentioned in the previous sec-
tion, performance degradation for small jitter values is negligi-
ble. Tightness of the worst case bound increases from the former
to the latter.

V. EFFECT OF TIMING JITTER ON THE
PERFORMANCE OF SYSTEMS WITH DIFFERENT

PULSE SHAPES

As shown in Section III (Tables 2 and 3), autocorrelation
function of the employed pulse shape for a certain jitter value
is a direct measure of the system performance. If the autocor-
relation function decays faster, UWB performance will be more
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affected from timing jitter. In this section, effect of timing jitter
on the performances of multiband [34] and modified Hermite
polynomial based [35] UWB schemes are investigated.

Multiband UWB scheme is achieved by dividing UWB spec-
trum into a number of frequency bands by using a different pulse
shape at each band. In order to adjust the central frequency of
each band, pulses used at higher order bands have larger fre-
quencies. This approach has a number of advantages, such as
mitigating interference by not transmitting at the band(s) that
are occupied by other technologies, or adjusting the data rate
by using desired number of bands. In spite of these advantages,
multiband scheme is more susceptible against timing jitter for
higher order bands since the autocorrelation function of pulses
used at these bands decay faster. In order to see the effect of tim-
ing jitter, a sample multiband scheme is constructed by dividing
the ���� ���� GHz band into ten bands of ��� MHz each. The
autocorrelation functions of the pulse used in band-1 (��������
GHz) of multiband scheme and the pulse in (3) which is used in
standard UWB scheme are compared in Fig. 13. It is seen that
since the central frequencies of both systems are close, similar
degradation will be observed in the performances. Fig. 13 also
compares the autocorrelation functions of the pulses used in dif-
ferent bands of the multiband scheme with respect to the fixed
timing jitter value that ranges from � to �� ps. It is observed that
degradation due to timing jitter when using multiband scheme
will be worse for higher order bands.

A similar analysis can be repeated for UWB schemes that em-
ploy modified Hermite polynomial based pulses [35]. Using
these polynomials, it is possible to construct a new pulse that
is orthogonal to the previous pulses by using certain transfor-
mations. Such higher order pulses have larger number of zero
crossings and their autocorrelation functions decay faster, im-
plying less robustness against timing jitter [25].

VI. CONCLUSION

In this paper, a framework that enables evaluation of the per-
formances of different UWB modulation schemes in the pres-
ence of timing jitter is presented. It is observed that the perfor-
mances of BPSK and PPM are degraded similarly, while OOK
yields biased decisions towards zero. The PDF of timing jitter
due to finger estimation error is presented using simulations. It
is shown that the PDF depends on the employed pulse shape
and the SNR. A worst case distribution that minimizes the sys-
tem performance is also given and compared with other distri-
butions that have the same variance and range. It is shown that
for a given jitter range and variance, the worst case distribution
provides an upper bound regardless of the jitter distribution. De-
pendency of the BER performance on the employed pulse shape
is analyzed, and it is concluded that if the autocorrelation func-
tion of the employed pulse decays faster, the UWB system is
more susceptible against timing jitter. Finally, the effect of tim-
ing jitter on the recently proposed multiband scheme is evalu-
ated, where the higher bands are observed to be more suscep-
tible against timing jitter as the pulses corresponding to those
bands have narrower main lobes. As a result, users have to use
time-frequency hopping codes so that every user benefits/suffers
equivalently from all the bands.
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