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Abstract This paper deals with the effect of the
Doppler spread in a mobile communication system.
The Doppler effect in a moving mobile is com-
puted by predicting the mobile velocity via parti-
cle filtering, an instance of Sequential Monte Carlo
(SMC) filtering. By calculating the Doppler spread
in the receiver and adjusting the transmitter in the
appropriate frequency, the performance of com-
munication systems, such as Orthogonal frequency
division multiplexing (OFDM) which suffer from
loss of orthogonality due to frequency offset, can
be improved. Moreover, it is shown that, via per-
formance comparison of OFDM between the com-
pensated and un-compensated for Doppler shift
cases, a substantial improvement (O(1071)) can
be achieved in terms of Bit-Error-Rate (BER) for
expectedly large values of Signal to Noise Ratio
(SNR).
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1 Introduction

Orthogonal frequency division multiplexing
(OFDM) is emerging as the preferred modulation
scheme in modern high data rate wireless com-
munication systems. OFDM has been adopted in
the European digital audio and video broadcast
radio system and is being investigated for broad-
band indoor wireless communications. Standards
such as HIPERLAN2 (High-Performance Local
Area Network), IEEE 802.11 a and IEEE 802.11g
have emerged to support Internet Protocol (IP)-
based services. Such systems are based on OFDM
and are designed to operate in the 5 GHz band.

The OFDM is a special case of multi-carrier
modulation. Multi-carrier modulation is the con-
cept of splitting a signal into a number of signals,
modulating each of these new signals to several
frequency channels, and combining the data rec-
eived on the multiple channels at the receiver. In
OFDM, the multiple frequency channels, known
as sub-carriers, are orthogonal to each other.

A well known problem of OFDM, however, is
its sensitivity to frequency offset between the trans-
mitted and received signals, which may be caused
by Doppler shift in the channel, or by the difference
between the transmitter and receiver local oscilla-
tor frequencies. This carrier frequency offset causes
loss of orthogonality between sub-carriers and the
signals transmitted on each carrier are not inde-
pendent of each other, thus leading to inter-carrier

@ Springer



646

A. Palamides, A. Maras

N < 5
g 7 :
WA w8 4 O
3 40 v

Fig.1 Mobile moving in one dimension

interference (ICI). In this paper, we investigate the
frequency offset induced by the movement of the
mobile and propose a combat method based on a
sequential Monte Carlo methodology named parti-
clefiltering [3]. It should be noted that the proposed
Sequential Monte Carlo (SMC) algorithm combats
the ICI caused by the mobile movement only and
not by the frequency offset due to other reasons
(e.g., oscillator drifts). The rest of the paper is orga-
nized as follows. In Sect. 2, a model of the Doppler
shift due to a moving mobile is derived. In Sect.
3, the ICI level is deduced and in Sect. 4 the pro-
posed SMC algorithm which is used to estimate the
frequency offset is explicitly described. Section 5
presents the simulation model, while Sect. 6 gives
the results obtained from simulation. Moreover, in
order to clearly demonstrate the improvement of
a mobile OFDM system when offset correction is
implemented, Bit-Error Rate (BER) curves are also
given. Finally, in Sect. 7 the main results of the
paper are briefly discussed.

2 The model

First we examine the simplest form, that is, the
case of LOS (line of sight), which consists of one
propagation path and one mobile moving in one
dimension as shown in Fig. 1.

The Doppler frequency offset f; is, at time ¢,
given by

fa@) = v(0) (]%) cos a(t), 1)
where f. is the frequency of the transmitted sig-

nal, ¢ the speed of light, v the actual speed of the
mobile, and a is the angle of the signal arrival.
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Fig. 2 Mobile moving in two dimensions

If & is the height of the antenna and d the dis-
tance of the mobile from the antenna at time fo,
then at time #; the angle of arrival will be

h
do — v(to)(ty — to)

We let 11 — t, = At become small enough so that
the velocity will be considered constant at t = At.
Then, at time ¢ = ¢;, the Doppler frequency offset
is given by:

(e h
Ja =v® (F) °°S<ar°ta“<d(i —H—vi- 1)<At)))'
3)

In the case of a two-dimensional movement, which
is shown in Fig. 2, the velocity at time ¢ that affects
the Doppler shift is the projection of the mobile’s
velocity on the axis drawn between the antenna
and the mobile, i.e.,

a(t])— arctan

@)

v(t) = v(t) cos(p(1)). 4)

The angle of arrival a at time # is then given by
h

= arctan —. 5
ay = arctan 5)

Working in the triangle OAB, from the cosine
law we get

OB = \/d% + V(Z)Atz — 2dgvo At cos(¢o). (6)
At time t; the Doppler offset is given by

Ja(@) = v(i) cos(¢ (i) (]%) cos(a(i)), (7)

where
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a(i) = arctan(

We therefore have achieved to express the
Doppler frequency offset at time ¢ in terms of the
mobile velocity and its position in the two-dimen-
sional space. Attime ¢ the maximum Doppler offset
will be

fe

fd_max(t) = V(t);- (9)

Thus, the Doppler offset will lie within the fol-
lowing upper and lower bounds:

Je—fa_max <fa <fe+fimax - (10)

3 Derivation of the inter-carrier interference
(ICI) level

We will assume a two path model, where the two
paths have different amplitudes and Doppler fre-
quencies. Moreover, in such channels each path
has a different time delay, but we need not be con-
cerned with this effect as long as all the signals ar-
rive within the guard interval employed in OFDM.

In the case of infinite sub-carriers [9], we get
the ICI component for one path k onto the central
sub-carrier to be

Lk = @®)2[1 — sin E(f ). (11)
The total ICI energy N; in the central carrier is
given by the sum

Ne=>" Li(k). (12)
k

If we are given a statistical distribution for the
Doppler frequency p(f;) and note that L (k) is
proportional to (a®¥))2, then N; can be written as

follows:
o0

N, =a* / Li(fa)p(fa)dfa. (13)
—00

The useful signal energy N¥ contributed by one
path with Doppler frequency f; is then given by
NP = @®)? sinc((f5)T). (14)
Thus, the signal energies from each path are uncor-
related so the total useful energy P, is easily shown
to be given by

P,=> NP. (15)
k

i ) ®)
VPG =1) 2 — DAL — 2d(i — v — Ditcos(@l— 1))

3.1 The two-path discrete model

For a two-path discrete model the pdf of the
Doppler frequency is modeled as

pfa) = A =pD)s(fa — fi) +p28(fa — (fi + AF)).

(16)
As it is shown in ref. [8], the useful signal energy
for a two-path discrete model is

P, = (1 - p2)sin cz(fln) + p2 sin cz(Af + fim),
(17)
where f; is the Doppler frequency of the path with
energy 1 — p2, Af is the difference between the
frequencies of the two paths and p2 is the second

path’s energy. For an infinite number of sub-carri-
ers the ICI energy is

Ni = (1-p2)[1 —sin?(fim)]
+p2 [1 —sin (A + fim)]. (18)

3.2 Uniform spectrum

The uniform distribution of the Doppler spread
applies to a number of physically interesting cases.
It has been shown in ref. [9] that for scattering envi-
ronments the pdf of the Doppler frequency follows
the uniform distribution. In this case the ICI level
is given by
COS(and_max) + Z”fd_maxSi(zﬂfd_max)
2(7de_ max)2
(=1 = 2((7fa_max)*)
Z(ﬂfd_ max)2 ’

where Si(.) is the sine integral function.

Moreover, the signal energy takes the following
form:
P, = OS2 fi_max) + 27 fd_max SI2Tfq_max) — 1 .

2rfa_ max)?

N; =

(19)

(20)
3.3 Classical spectrum

The classical Doppler spectrum is along-term aver-
age. It results from uniformly distributed angles of
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arrival at the receiver antenna. From [7] we get
that the first-order pdf in this case is

1

7defmax\/ 1- (%)2

In practice we can approximate the Doppler
spread through the discrete two-path model with
p2 #05.

Using the generalized hyper-geometric function
with p = 1 and g = 2, the ICI level is

p(fa) = (21)

13
N=1-1F (z, 522; —(fdmaxﬂ)z) (22)
and the useful energy is
13
P,=1F (E;E;z;_(fd_maxn)z)- (23)

In any case, the carrier-to-interference ratio
(C/T) ratio is computed by dividing the useful signal
energy by the ICI energy. So far we have expressed
the ICI energy and the signal energy as functions of
the maximum Doppler frequency offset. In the first
part, we have derived the equation for evaluating
the Doppler shift in terms of the mobile velocity. If
we are able to estimate at time ¢ the mobile’s veloc-
ity, then we will be able to calculate at any given
time the ICI energy and thus be able to optimally
align the receiver’s oscillator.

4 Particle filtering for target tracking

To define the problem of tracking, the evolution of
the state sequence {0y, k € N"¢} of a target is firstly
given by

Ok = fiOr—1, Wi), (24)

where f; is a possibly non-linear function of the
state 6;_1 and Wy is an i.i.d. process known as
noise sequence. The goal of tracking is to recur-
sively estimate 6y from the measurements

2k = hi O, vi), (25)

where /iy is a possibly non-linear function of the
state 6 and vy is an i.i.d. measurement noise seq-
uence. From the Bayesian perspective, the prob-
lem is to determine at time k the state 6 given the
observation zy.x up to time k. Thus, it is required
to construct the pdf p(6x/z1:4)-
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We assume that the prior pdf of the state vector
is given by

P (Bo/20) = p(60), (26)

where z, is the set of no measurements. Then
p(Or/z1:) 1s obtained in two steps: first, predic-
tion and then update. Suppose at time k-1 that
P (Or_1/71:k—1) 1s available.

In the prediction step, at time k, we obtain, via
the Chapman-Kolmogorov equation,

POk/Z1k-1) = /P(9k/9k—1)1?(9k—1/z1:k—1)d9k—1-
(27)

During the update step, a new measurement zj
becomes available and by applying Bayes’ rule we
update (27) via:

P21 /0)p Ok /21:6-1)
J Pk /6)p O/ z1:4—1)dO)

This recursive propagation of the posterior den-
sity forms the basis for the optimal Bayesian solu-
tion, but is only a conceptual solution and generally
cannot be determined analytically.

It should be noted that many schemes have been
proposed over the past years for solving the prob-
lem of estimating the unknown parameters of a
moving target (i.e., position and velocity). Kalman
(1960) was the first who proposed an optimal solu-
tion through his well-known Kalman filter. More-
over, another grid-based method was proposed.
These two methods proved to be optimal only
when some strict conditions hold, that is, when
the state space is linear and the noise measure-
ment is Gaussian. In a non-linear, non-Gaussian
environment the Kalman filter does not seem to
work because it diverges. Alternate schemes were
then proposed such as the extended Kalman fil-
ter, which performs a local linearization over the
non-linear equations that describe the state space,
the Gaussian sum filter or the mixture Kalman fil-
ters. Moreover, over the past few years some new
techniques have been reinvented known as Monte
Carlo methods.

Most Monte Carlo techniques fall into one of
the following categories: (a) Markov Chain Monte
Carlo (MCMC) methods for batch data processing
and (b) SMC methods for adaptive data process-
ing. The basic idea behind the MCMC algorithms

POk/z1:) = (28)
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is that one can sample from the target distribution
p(.) by running a Markov chain whose equilibrium
distribution is p(0). The two basic MCMC algo-
rithms are the Gibbs Sampler and the Metropo-
lis—Hasting algorithm. The SMC methodology can
be loosely defined as a family of methods that use
Monte Carlo simulation to solve on-line estimation
problems in dynamic systems. By recursively gen-
erating Monte Carlo samples of the state variables
or some latent variables, these methods can easily
adapt to the dynamics of the underlying stochas-
tic systems. The SMC methodology is often named
particle filtering.

There are many particle-filtering algorithms that
can be used to solve the problem of on-line estima-
tion of a moving target. These include the Sequen-
tial importance sampling algorithm (SIS), the
Sampling importance resampling filter (SIR), the
Auxiliary sampling importance-resampling filter
(ASIR) or the Regularized particle filter (RPF).
Our choice will be the SIR filter because the impor-
tance weights used in this filter are easily evaluated
and moreover, due to the fact that the importance
density can be easily sampled.

4.1 The sampling importance resampling (SIR)
algorithm

The SIR filter proposed in ref. [6] is a Monte Car-
lo method that can be applied to recursive Bayes-
ian filtering problems. The assumptions required to
use the SIR filter are very weak. The state dynam-
ics and measurement functions must be known.
Moreover, it is only required to be able to sample
realizations from the noise distribution and from
the prior. Finally, the likelihood function must be
available for pointwise evaluation (at least up to
proportionality).

In order to develop the details of the algorithm,
let {9& o w;'(}fi“l denote arandom measure that char-
acterizes the posterior pdf p(6p.x/z1.x), Ns is the
number of samples, {(90":,{}5.\;“1 is a set of support

points with associated weights {w,i}fvzs , and O =
{9]-}]].‘:1 is the set of all states up to time k. More-
over, the weights are normalized such that

Zl wh =1. (29)

It can then be shown that the posterior density
at time k can be approximated as follows:

N;
POox/z16) = D w80k — 6()- (30)

The weights are chosen using the principle of
importance sampling [1,3]. The first goal to achieve
is the proper choice of the importance density
q(0o:k/21:x)-We should note that the importance
density q(6o.x/z1:1)is used because it is difficult to
sample directly from the generally unknown pos-
terior p(0p.x/z21:x). The only assumption required
for the choice of the importance density is that it
must be constructed with its support proportional
to the posterior p(0p.x/21:x),1-€.,

qBo:x/z1:6) X pBo:kc/Z1:k)- (31)

The choice we make is to use the prior density
PO /Qli_l) as the importance density. The above
choice of the importance density implies that we
need samples from p (6 /Hli_l). A sample from the
importance density

6 ~ POk /61, (32)

can be easily generated by first generating a noise
sample

Wi ~ Pw(wi), (33)
where p,, is the pdf of wg, and then set
0F = i, w). (34)

Finally, at every time step we resample with
replacement the existing particles. The logic be-
hind this step is that for the N; particles, which we
have obtained from the importance sampling step,
we multiply or discard particles according to their
normalized weights in order that, at the end of this
step, to get new particles distributed according to a
non-weighted approximate empirical distribution.
Thus, during the selection step we discard “weak”
particles with small importance weights and mul-
tiply “strong” particles with larger weights (i.e.,
survival of the fittest) [2].

5 The state space (bearings only tracking) model
The system model that will be considered is the

one used in most of tracking models used in the lit-
erature (see, [4] and references therein). The state

@ Springer



650 A. Palamides, A. Maras

Fig. 3 The actual state of 350 ' ' ' ' T T ' ' '
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Time (sec)
vector at time f iS 6 = (Xk, Uy, Vi, uyk)T and or
represents the target position and velocity in Carte-
sian co-ordu.laFes. The times #1, 1, etc., .afe assumed O = feOr_1, W), (36)
to be at unit intervals and the velocities uy,, uy,
represent the average velocity in the unit interval b
[tx—1,t;]. Moreover, the acceleration is modeled where
as additive Gaussian noise. Therefore, the system
equation is 1100
Fo 0100
T 10011
Ok = FOr_1 + PWj (35) 0001
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Fig. 5 The state estimate 350 . . T . . T T . .
of the mobile (with red LI
stars) compared to the -
; 300 %0% 4 |
actual state (with green " ot
circles) moving in the 5 s .
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Fig. 6 The actual state of 300 T T T T T T r T T
the mobile moving in the
y-axis 250 - 7
150 /A
/
100} g
=
Q /
5 5 |
o
O — -
501 / i
100 il
150 et )
i 1 1 1 1 I 1 1 L 1
200 5 10 15 20 25 30 35 40 45 50
Time (sec)
and diag(olz, 022, 032, o}). On the other hand the
10 measurement process is given by the following
10 equation:
b =
01 Zi=Sk+ Vi (37)
01
or
The system noise Wj is a two-dimensional
2k = hi O, vi), (38)

Gaussian white noise process with covariance ma-
trix v2I,, where I is a 2x2 identity matrix. The
prior for ®; is a multivariate normal density, with
mean (w1, 42, 43, u4)T and covariance matrix

where S = |:;’i| and Vj is the 2x1 Gaussian
k

white measurement noise vector. The velocities u,
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Fig- 7 The state 250 T T T T T T T T T
observations of the /i
mobile moving in the 200} /
y-axis. |
f
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Fig. 8 The state estimate 250 . T T . . T T . T
of the mobile (with red 5
stars) compared to the 200 - 4
actual state (with green .
circles) moving in the 150l 2
. +
y-axis
ﬁ 1001 . .
B sl ]
o i +
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» -s0f + # ; R
e *
-100- P i g 7
-150 ‘ JErey o
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and uy in the (x-y) plane are easily derived if we
consider the unit time interval.

Here we should mention the existence of slightly
different models proposed in refs. [5,6] where the
authors choose @ to be

0.5 0
10
®=110 05
0 1
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in which case the velocities uy, ,u,, represent the
average velocity in the unit interval [¢, 1,¢
or g y [ k_]i k+%]

00
10
00
01

in which case the velocities uy,,u,, represent the
average velocity in the unit interval [#g, fx41].
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Fig. 9 BER curves for a

BER performance

mobile OFDM system
with a SMC offset
correction and without
offset correction

BER

OFDM without comection

I I
| —#— OFDM with SMC correction [

i i i i i

6 Results

The results of the simulation of our SMC algo-
rithm and moreover, a performance measure in
terms of the Root Mean Squared Error (RMSE)
are given in the first part of this section, while in the
second part we present performance comparison
via a BER versus SNR curve. The figures shown
below were obtained via simulation with parame-
ters T =50s (simulation time),/Ns = 500 (number of
particles), process noise variance o,, = /10, and
measurement noise variance o, = 20.

Figure 3 illustrates the evolution of the state
space in the x-axis, i.e., the actual position on the
x-axis of the moving mobile. The available obser-
vations for the x-axis position of the mobile are
plotted in Figs. 4 and 5 the state estimation on the
Xx-axis is, as obtained via the proposed SMC algo-
rithm, shown. For comparison purposes, the actual
state of the moving mobile is also plotted. Figures
6-8 give the corresponding diagrams for the actual
state space, state observations, and state estima-
tions on the y-axis, respectively.

In order to qualitatively evaluate the perfor-
mance of the proposed algorithm, we use the well-
known traditional measure of performance: the
RMSE. We run the algorithm 50 times (50 simu-
lations) and the RMSE between our estimate and

10 15 20 2% 30
SNR (db)

the true state is found to be 6.49. The RMSE bet-
ween the true state and the observations is found
to be 20.25. The SMC algorithm seems to work sat-
isfactorily, inducing a significant correction to the
state space estimate with respect to the available
observations.

Moreover, in order to present the performance
improvement that can be achieved in a mobile
OFDM communication system by predicting and
correcting the frequency offset, BER curves are
given for a system without offset correction and
with offset correction, the latter obtained via an
appropriate SMC algorithm. Figure 9 presents the
simulation results for the two systems with SNR
(the signal to noise ratio) ranging between 1 and
28 dB. It is observed that when the proposed SMC
correction is used, there is a significant reduction
of the BER (especially for relatively large SNR
values) resulting in a substantial improvement of a
mobile OFDM communication system.

7 Conclusions
In conclusion, we have analyzed the effect of the
Doppler spread in a mobile communication sys-

tem employing OFDM. We have provided analyt-
ical results for the evaluation of the ICI due to loss
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of orthogonality. We have calculated the Doppler
effect in a moving mobile by predicting the mobile
velocity through particle filtering. Particularly, an
importance sampling—resampling algorithm was
applied to the state space, which characterizes the
target tracking problem. By calculating the Dopp-
ler effect in the receiver and adjusting the transmit-
ter to the appropriate frequency (with a frequency
synchronizer), it is shown that the performance
of mobile OFDM communication systems, which
suffer from loss of orthogonality by this kind of
frequency shifts, can be significantly improved. In
order to fully demonstrate the performance imp-
rovement, BER curves were also given for a system
without correction and for a system with an SMC
algorithm implemented. It is observed that when
the proposed SMC offset correction is used, there
is a significant reduction of the BER (O(10~!) fora
20dB SNR) resulting in a substantial improvement
of a mobile OFDM communication system.
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