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ABSTRACT

We propose in this paper a new algorithm for estimating the

synchronization parameters (frequency offsets and delays) of

multiple users in a MC-CDMA system targeted for broad-
band LMDS applications. The proposed algorithm exploits
the code properties in the frequency domain to perform de-

lay estimation, whereas it is based on the insertion of an ap-
propriate header sequence to estimate the frequency offset

in the time domain. Simulation results show that the algo-

which allows handling of heterogeneous multimedia traffic;
(i) increased system capacity. Among the drawbacks, be-
sides sensitivity to nonlinear distortion, multicarrier tech-
nigues are extremely prone to frequency offset errors, which
arise because of unavoidable mismatches between transmit-
ter and receivers RF sections, which motivate the need for
the synthesis of fast and reliable synchronization techniques.

When MC-CDMA techniques are adopted in the uplink
(subscriber to BS) direction, due to different propagation

rithm obtains accurate estimates with modest computational paths, the subscriber data frames are not synchronized at the
complexity, and is robust to the presence of multiple-access BS. Thus, the adoption of orthogonal codes does not assure

interference.

1 INTRODUCTION

Broadband fixed wireless access systems techniques are

gaining worldwide interest in the academic and industrial
community [1]. Indeed, in a deregulated telecommunica-

tions market, wireless access techniques offer to new oper-

ators a cost-effective path for provisioning broadband mul-

timedia services to subscribers, without the need to deploy

expensive wired infrastructures. In particular, due to crowd-

ing of the existing frequency bands, wireless access system

operating betwee?4 and48 GHz, often referred to dscal
multipoint distribution systems (LMDS) [2], are the object of
intense standardization activities (see e.g. the ETSI HIPER-
ACCESS project in Europe and the IEEE 802.16 working
group in the United States). LMDS systems are intended to

perfect separation of the users at the BS, which might entail
severe performance degradation. A viable strategy [4] is to
have the BS continuously track the synchronization parame-
ters of the users, sending feedback information to subscriber
units; each subscriber unit can then adjust its parameters, in
order to be in alignment with other users at the BS. How-
ever, in this asynchronous scenario, acquisition and track-
ing of synchronization parameters for all the users is compli-
cated, and often needs insertion of pilot symbols across both
time and frequency [5].

In this paper, we propose a simple and accurate syn-
chronization algorithm for tracking synchronization param-
eters (time delay and frequency offset) in asynchronous MC-
CDMA systems. The proposed algorithm requires training
symbols for frequency offset estimation, but no additional
information is needed, besides spreading code, for delay es-

offer integrated broadband services to residential and busi- timation.

ness subscribers, with a cellular-like network architecture,
where a base station (BS), calladb, serves several sub-
scribers within a cell radius &fto 5 km.

Since the subscriber antenna in a LMDS system is a nar- 2 THEMC-CDMA SYSTEM MODEL

rowbeam directional antenna pointed toward the serving BS,
LMDS networks are essentially free of multipath propaga-
tion [3]. The major impairments are instead frequency-flat
rain fading, which limits the cell coverage, and intercell inter-
ference, which limits the frequency reuse. In such multipath-
free scenario, the combination afulticarrier modulation
and code-division multiple-access (CDMA) systems offer
three distinct advantages: (i) reduced symbol rate, which

Let us consider the uplink of a MC-CDMA system wiith
subcarriers and users all transmitting asynchronously at the
same symbol raté/7". The symboli;,,,, transmitted by the
jth user in thenthe symbol interval, is first copiely times,
then is spread in the frequency domain by the coge=
[c;(0),¢;(1),...,¢j(N—1)], and finally transformed byv-
point IDFT, obtainings;,, (¢) = d;m IDFT|c;(k)], with ¢ =

eases time synchronization especially in high-speed applica- 0,1,... , N — 1. After insertion of a cyclic prefix (CP) of

tions; (ii) higher flexibility and finer resource partitioning,

length L, one obtains, accounting for the periodic properties



of IDFT, theextended sequence
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N samples is parallel-to-serial converted, and filtered by the
D/A device, which operates at rat¢T,. = @/T, obtaining
hence the complex baseband signglt) transmitted by the
jth user:
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with ¢4 (t) denoting the impulse response of the D/A con-
verter. It should be noted that, after D/A conversion, the sub-
carrier separation is given b f = 1/T,, with T, = NT,
representing the “useful” symbol portion. The baseband sig-
nal is then upconverted to RF and transmitted through the
channel.

We will assume in the following that the channel is non-
selective both in time and in frequency: both assumptions are
reasonably true in the considered LMDS operation scenario.
Moreover, to keep notation (reasonably) simple, we will not
explicitly account for noise effects in our derivations. Then,
the received complex envelope is given by

J
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where, with reference to thih user,; is the complex gain
(amplitude plus phase) of the channel (which is assumed
to be constant within the observation intervaf),| < 7'/2
accounts for the combined effect of transmission delay and
asynchronism between users, a@)dlenotes the carrier fre-
guency offset. Our aim is to estimateandd; of each user,
without requiring knowledge of the channel gafs more-
over, our estimates must be tolerant to multiple-access inter-
ference.

2.1 Digital pre-processing at the receiver

In the A/D device, the received baseband sigr{@] is first
filtered by 4,p(t), which yieldsy(t) = r(t) * Ya,p(t),
with x denoting linear convolution, and then sampled at rate
fe = 1/T,, obtaining hence, (k) = y(nT + kT.), with

n € Zandk = —L,...,0,1,... ,N — 1, which can be
expressed as

7270 (nT+kT.)
)

(4)

—Tjl e

where fy. (t) 2 Ypya(t) * [a,p(t) e 72 is the overall
A/D and D/A impulse response, which depends also on the

frequency offset;. It should be noted that since the D/A
and A/D filters have bandwidth of the order bfT., when
6] < TL we can neglect the frequency shift in the defini-

tion of fy, (t), writing fo, (t) = f(t) 2 ¥p/a(t) * da(b).
Moreover, if we assume thgt(¢) has finite memory, that is,
f(t) #0fort e [0,L;T,), and the CP lengtlh is such that
L> Ly + 7 max(r). ©)
T.
then the intersymbol interference (I1SI) can be perfectly sup-
pressed by removing the firét samples (CP removal), i.e.,
those witht = —L, ... ,—1. Note that this assumption re-
quires only a coarse time synchronization between the users,
which is reasonable since we are continuously transmitting
feedback information for alignment. The remaining samples,

fork=0,1,... ,N — 1, can be expressed as
r(k Z h; 27 (0;T)n Z Sim(q gT] —q) 327 (0;Te)k
q=—L
(6)
where g (k) 2 f(kT. — 1;). We observe that,

since §,,,(q) is the periodic extension of;,,(¢), then

Z(IIV:__lL §jm(Q) gejTj (k - Q) = Sjm(k) 33 gTj (k) ) where the

symbol® denotestircular convolution over N points. Thus,
N

by taking the DFT ofr,(k), and applying straightforward
DFT properties, one obtains:

( ) DFT ,'nn Zh 6327r(9 T)n |
(")
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The last DFT in (7) is given by:
DFT[e/27%7e%] = Dy <]i, —0; Tc) (8)

whereDy (v) £ % —im(N=1¥ is the Dirichlet func-

tion. If we assume that the frequency offset is such that
|6;INT. < 1,i.e.,]0;] < Af, then (8) can be approximated
by N §(¢), and, therefore, equation (7) simplifies to:

Zh G-, (i)

where G, (i) is the N-point DFT of g, (k).

defining anequivalent channel ETj (1) = h; G, (i), we can
rewrite (9) as:

ejQﬂ(G T)n ,
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Finally, by
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which will be the model whereupon our synchronization al-
gorithm is based.



2.2 Theequivalent channel structure

Before tackling the algorithm derivation, it is necessary to
investigate how:., (i) depends on;. The Fourier transform
of g, (k) is given by

chFV—

k=—o0

with F'(f) denoting the Fourier transform ¢ft). If F(f) #
Ofor|f| < f,andF(f) = 0for|f| > fs,andif f. > f, +

fs, we can approximately write, far| < v, 2 fo/(2fe)
Gr,(v) = fo F(v fo) e 7™ e | (12)

and, thereforeh., (i) ~ f. F(iAf)e 72mAI i for |i| <
N v,. By substituting back in (10), and rearranging indexes,
we have simply:

—J27T(ll k)feTi ) (11)
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where|-] denotes modulgvy operation, and we have intro-
duced thenormalized synchronization parameteks = 0;T
A
and,uj = TjAf =

3 THE PROPOSED ALGORITHM

Observe that'(f) in (13) is known at the receiver, hence we
can compensate its effects by defining
Uni Zh il

zAf

ynli] = e I2mu;li gi2mAin

] n
(14)

Thus, based on this model, a suitable approach to estiate
andy; could be to perform 2D-FFT ovey,[i] followed by

2D search in order to simultaneously extract the frequency-
offset and time-delay estimates. Nevertheless, such an al-
gorithm would be exceedingly complex; then, although sub-
optimum, we will separate frequency-offset estimation from
time-delay estimation.

3.1 Frequency-offset estimation

We perform frequency-offset estimation by observing a sin-
gle subcarriei. Let us consider, without restriction, the con-
tribution of the first user in (14), which is

Ynli] = hy c1]i] dyy, e 9271l @i272an (15)

Thus, we can estimatg , and hencé,, by cross-correlating
(inn) y, [i] with dy,, €27, and finding the maximum with

of the correlation magnitude. This requires sending a training
sequenced;,, of length M, which can be accommodated in a
suitable header of the frame. The proposed estimataf;for
is then:

] M-1
0, = = 7 Arg max Z Ynli e~dzmml (16)

|v]<0.5

which coincides with the maximum-likelihood estimator for
#; in white Gaussian noise, and can be efficiently imple-
mented by means of 1D- FFT The estimate range of the pro-
posed estimator i, | < 5%, which is more than adequate
for tracking purposes. Note that the contribution of the MAI
to the estimator is

} , (A7)

J
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which essentially depends on the term in brackets, which

represents the zero-delay frequency-shifted cross-correlation
between the training sequences. Thus, the MAI can be re-
duced by an appropriate choice of the training sequences.

M—1
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3.2 Time-delay estimation

A dual reasoning is followed to carry out delay estimation,
which is performed by looking at a single symbolin the
frame. Indeed, by considering (15) for a fixed valuexpft

can be seen that we can estimateby cross-correlating (in

i) yn[i] with ¢;[i] e=727#l] and finding the maximum with

of the correlation magnitude. Note that in this case training
sequences are not needed, but we exploit the spreading codes
to this aim. The proposed estimator is:

71 =T, arg max (18)

. % j2mu(i]
B Z ynli] c1[i]" e )
which can be efficiently implemented by means of 1D-FFT.
The estimate range is;| < Z=, which again is more than
adequate for tracking (it is approximately equal to the symbol

interval). In this case, the contribution of the MAI to the
estimator is

Zh’j €j27r)\jndjn Z Cj[i] e [Z]* 67‘]271‘(;1.]‘71/)[1] ,

=2 [i]<Nwvp

(19)

which can be reduced by choosing the spreading codes of
the users such that the zero-delay frequency-shifted cross-
correlation (in brackets) is negligible.

4 NUMERICAL RESULTS

The performance of the proposed synchronization algorithm
in the uplink channel have been investigated by computer
simulations. We considered the following parameters in all
the simulations: BPSK signaling for all use®, = 256
subcarriers. = 32 (CP length),f. = 16MHz, signal-to-
noise raticSSNR = 20dB. Moreover, lengtt$1 concatenated
Gold sequences were employed both as training sequences
and spreading codes. We considesed 4 users with delays
(normalized toT.) = = [—54, —23,13,35] and frequency
offsets (normalized taé/7T) 8 = [-0.47, —0.27,0.20, 0.48].
Figures 1 and 2 show the cost functions for frequency off-
set estimation (16) and time-delay estimation (18) evaluated
for the first user (similar results were obtained for the other
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Figure 1: Cost function for frequency offset estimation of the
first user (true valué, 7' = —0.47).
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Figure 2: Cost function for time delay estimation of the first
user (true valuey /T, = —54).

users). It can be seen that the MAI contribution is effectively
canceled out by the good frequency-shifted cross-correlation
properties of the Gold sequences adopted, both for training
and spreading.

In the second experiment, we investigated the performance
sensitivity to thermal noise level. In particular, Figs. 3 and 4
report the root mean-square error (RMSE) of the offset and
delay estimates for all the users as a function of SNR, varying
from 0 to 30 dB. The curves were obtained by Monte Carlo
simulation oveb00 trials. The insensitivity to SNR is due to
the fact that the bias depends on time or frequency discretiza-
tion step, and therefore in nearly insensitive to SNR and pre-
domin?tes over the variance, which moreover decreases as
SNR™".
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