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ABSTRACT

We propose a new technique of frequency synchronization for
up-link in an MC-CDMA system. The frequency offset estima-
tion is done in the frequency domain, by estimating the phase
difference between two consecutive MC-CDMA symbols of
the user of interest. The phase alternation, caused by trans-
mitted user symbols, is eliminated using the knowledge of the
previous estimated frequency offset and the fact that the latter
is very slowly varying. This eliminates the need of knowledge
of user symbol and renders the technique blind.

1. INTRODUCTION

Multicarrier code division multiple access (MC-CDMA) is a
new multiple access scheme [1]. It is a combination of orthogo-
nal frequency division multiplexing (OFDM) and CDMA, and
inherits the advantages of both such as the immunity to fre-
quency selective fading, simplified equalization, and high spec-
tral efficiency. Therefore, it is a potential candidate for the
next generation broadband wireless and mobile communica-
tions systems.

Unfortunately, MC-CDMA also inherits the drawbacks of
CDMA and OFDM. One of them is the sensitivity to the fre-
quency offset. This requires us to estimate the frequency offset
prior to the channel estimation and user symbol detection. In
down-link, where the signals corresponding to different users
are transmitted by the same base station, corrupted by the same
fading channel and affected by the same frequency offset, the
problem is the same as the frequency offset problem in single
user OFDM systems. Therefore, some techniques developed
for these system, such as some cyclic prefix based techniques
[2],[3],[4], training based techniques [5],[6], and virtual car-
rier based techniques [7],[8], can be implemented in this case.
On the other hand, the problem is much more difficult in the
up-link case, because the signal received by the base station
is a sum of different signals transmitted by different users, cor-
rupted by different channels and affected by different frequency
offsets. The aforementioned techniques cannot be applied in
this case. A blind technique for up-link MC-CDMA has been
proposed by Tureli et al. [9] which estimates the carrier offsets
of multiple users. However, this technique uses unmodulated
carriers.

In this paper, we propose a new method for estimating car-
rier frequency offset in up-link MC-CDMA. The method re-
lies on the fact that received symbols contain phase information
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which is in function of the carrier frequency offset. The esti-
mation is done in the frequency domain (post FFT), by estimat-
ing the phase difference between two consecutive MC-CDMA
symbols of the user of interest. The phase alternation, caused
by transmitted user symbols, is eliminated using the knowl-
edge of the previous estimated frequency offset and the fact
that the latter is very slowly varying. This eliminates the need
of knowledge of user symbol and renders the technique blind.

This paper is organized as follows. The system model is
specified in Section 2. In Section 3, we propose a new tech-
nique for frequency offset estimation in up-link of MC-CDMA
systems. Section 4 describes how the frequency offset infor-
mation is used in subspace based multiuser detections and as-
sociated channel estimation technique. Simulation results are
presented in Section 5 and we finally conclude this paper in
Section 6.

2. SYSTEM MODEL

We consider a quasi-synchronous up-link MC-CDMA using N
subcarriers shared by K users. In such a system, the discrete-
time signal transmitted by the users are generated using IFFT.

The signal qk,l(i) corresponding to the lth sub-carrier of the
signal xk,n(i), at the ith symbol period is given by

qk,l(i) =
√
Ekbk(i)sk,l, for l = 0, . . . , N − 1, (1)

where Ek > 0, bk, and sk,l (with k = 1, . . . , K, and |sk,l|2 =
1
N ), denote the power, symbol, and spreading code of the kth
user, respectively.

After an N -IFFT operation is performed to the signal, a
guard interval of Ncp in form of a cyclic prefix is added, re-
sulting in a symbol frame of N + Ncp length. The symbol
frame elements are transmitted one after another, producing a
sequence of transmitted signal which is then up-converted to a
transmittable frequency using an up-conversion mixing signal.

At the receiver, a P -element array of antennas to create di-
versity. This means that a signal transmitted by a user will
travel through different multipath channels to the antenna ele-
ments. Each antenna element will then receive a combination
of signals transmitted by different users and corrupted by dif-
ferent multipath channels.

The received signals are down-converted using a single mix-
ing signal. The frequency mismatch between this signal and
different up-conversion mixing signals at the transmitter results
in different frequency offsets experienced by signal compo-
nents corresponding to different users. We assume that the fre-
quency offsets due to the Doppler effect are negligable. There-
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fore, the frequency offset associated to one user will affect mul-
tipath signal components corresponding to the user the same
way.

The demodulation is done by placing the FFT window on
the sequence of samples such that there is no ISI. The demod-
ulated received signal vector rp(i) received by the pth array
element at the ith symbol period can be written as

rp(i) =
K∑

k=1

√
Ek b̃k(i)W k {sk � gp

k} + zp(i), (2)

where

b̃k(i) = bk(i) exp(j2πεki
N + Ncp

N
),

rp(i) = [rp
0(i), · · · , rp

N−1(i)]
T ,

sk = [sk,0, · · · , sk,N−1]T ,

gp
k = [gp

k,0, · · · , gp
k,N−1]

T ,

zp(i) = [zp
0(i), · · · , zp

N−1(i)]
T ,

the symbol � denotes the Hadamard product, and W k is the
N × N matrix of complex weighting factors due to the carrier
frequency offset of the kth user, with its elements

W k(l,m) =
1
N

N−1∑
n=0

exp(j
2πn(m − l + εk)

N
), (3)

with εk and gp
k,l being the frequency offset and fading coef-

ficient of the kth user on the lth subcarrier. The whole de-
modulated received signal vector r(i) is constructed as r(i) =
[(r1)T (i), · · · , (rP )T (i)]T .

3. A FREQUENCY OFFSET ESTIMATION
TECHNIQUE

Let us consider that the user of interest is user k = 1. From
Eq. (2) we can see that b̃1(i) contains phase information which
is in function of frequency offset. The frequency offset can be
obtained from two consecutive symbols using

ε1 =
1
2π

N

N + Ncp

b1(i + 1)
b1(i)

∠ b̃1(i + 1)
b̃1(i)

. (4)

In real situations b̃1(i) is not available. Therefore we have
to replace it with the soft estimate b̌1(i) which is interfered
by other users signals and noise. Assume that the channel in-
formation and the frequency offset are constant during several
symbol periods or are varying at such a very low rate that we
can estimate the current user symbol using the previous chan-
nel and frequency offset information. The soft estimate b̌1(i)
can be obtained by multiplying the demodulated received vec-
tor r(i) with a detection weighting vector w1(i).

In a single user detection w1(i) is replaced by s̃1(i) where

s̃1 = W 1

{
(s1 � g1

1)
T , · · · , (s1 � gP

1 )T
}T

. (5)

Therefore

b̌1(i) = s̃H
1 r(i) (6)

= s̃H
1

(
K∑

k=1

√
Ek b̃k(i)s̃k + z(i)

)
(7)

=
√
E1b̃1s̃

H
1 s̃1 +

K∑
k=2

√
Ek b̃k(i)s̃H

1 s̃k + s̃H
1 z(i) (8)

= κb̃1(i) + ζMAI + ζnoise, (9)

where κ is a positive number, ζMAI and ζnoise are terms due
to the MAI and noise, respectively.

In multiuser detection, w1(i) can be replaced by decorre-
lating detector weighting vector d1(i) or MMSE detector weight-
ing vector m1(i). In both cases the MAI is eliminated and the
soft estimate can be written as

b̌1(i) = κb̃1(i) + ζnoise. (10)

With the assumption that the MAI and noise are complex
with normally distributed real and imaginary parts, b̌1(i) can
be written as

b̌1(i) = κ exp(jφ(i)) + α(i) exp(jβ(i)), (11)

where φ(i) is the phase corresponding to the ith symbol, α(i)
is Rayleigh distributed with variance σ2

α whose value depends
on the detection used, and β(i) is uniformly distributed over
[−π, π).

The frequency offset we are after is the expectation of the
difference between the phases of two consecutive soft estimates.

ε̂1 =
1
2π

N

N+Ncp
E

{
b1(i+1)
b1(i)

∠ b̌1(i+1)
b̌1(i)

}
(12)

=
1
2π

N

N+Ncp
E

{
b1(i+1)
b1(i)

(∠b̌1(i+1)−∠b̌1(i))
}

. (13)

The expectation term in Eq. (13) can take any value in
the interval [−π, π). This means that the proposed method
will only be able to estimate a frequency offset in the interval
of [− N

2(N+Ncp) ,
N

2(N+Ncp) ). However, initialized by a much
wider range frequency offset acquisition, tracking will allow
estimation beyond this interval.

According to Eq. (13), b̃1(i) should be known for two con-
secutive symbol periods, i and i + 1, in order to allow us to
estimate the frequency offset. This means that we have to send
a training sequence which will decrease the throughput of the
system. In order to alleviate this drawback, we propose a tech-
nique to eliminate the need of sending training sequences.

Because bk(i) ∈ {−1,+1}, b1(i+1)
b1(i)

will take two different
values, which are +1 when two consecutive symbols are equal
and −1 when two consecutive symbols are different. Since the
frequency offset is constant during a sufficiently large number
of symbol periods, the phase difference distribution function
will be a sum of two distribution functions with two different
means π apart from each other. The one corresponds to the
frequency offset and the other is the dephased version. Fig.
1.a depicts two normal distributions with two different means
π apart. Fig. 1.b depicts the sum of the distribution functions.
Since angle is a circular variable the real phase distribution will
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Fig. 1. Phase difference distribution function.

look more like in Fig. 1.c. Knowing the previous frequency
offset value we can bring the dephased phase difference distri-
bution to the correct position and obtain a distribution function
with a single mean which corresponds to our frequency offset
estimate as depicted by Fig. 1.d.

4. FREQUENCY OFFSET COMPENSATION

It is clear that, according to Equation (2), frequency offset in-
troduces inter-carrier interference (ICI). But, since in MC-CDMA
only a single user symbol is spread over subcarriers, frequency
offset will simply produce a new spreading vector. If we know
s̃k for k = 1, · · · ,K, i.e. we know the fading and frequency
offset of all users, then we will be able to better recover the
user symbols using multiuser detection techniques. The effect
of channel fading and frequency offset should be minimized
if we consider s̃k instead of sk. A weighting vector for the
decorrelating detector for the first user d1 is given by [10]

d1 =
K∑

k=1

[R−1]1,ks̃k (14)

where R = s̃H s̃, with s̃ = [s̃1, · · · , s̃K ]. The decision on b1

is then

b̂1 = sgn{�(dH
1 r)}. (15)

While a weighting vector for the MMSE detector m1 is the
vector that minimizes [10]

MSE(m1)=E
{

(
√
E1b1−mH

1 r)2
}

s.t. mH
1 s̃1 =1, (16)

and the decision on b1 is

b̂1 = sgn{�(mH
1 r)}. (17)

Wang and Poor [11] proposed subspace-based detectors for
CDMA which eliminate the need of other users spreading codes
than the user of interest. In [12], we extended these detectors
for multiple receive antenna based MC-CDMA systems and
proposed a new subspace technique for estimation of channel
parameters. The new detectors and associated channel estima-
tion technique are presented next.

Following [11], d1 and m1 can be written in terms of the
signal subspace parameters as

d1 =
U s(Λs − σ2IK)−1UH

s s̃1

s̃H
1 U s(Λs − σ2IK)−1UH

s s̃1

(18)

and

m1 =
U sΛ−1

s UH
s s̃1

s̃H
1 U sΛ−1

s UH
s s̃1

. (19)

The signal subspace U s and the diagonal matrix of correspond-
ing eigenvalues Λs are obtained from the eigen-decomposition
of the autocorrelation matrix C, with the assumption that the
signature waveforms of the K users are linearly independent
and that the users’ signals are mutually uncorrelated, as fol-
lows:

C = E[rrH ] =
K∑

k=1

Eks̃ks̃H
k + σ2INP (20)

= S̃ES̃
H

+ σ2INP = UΛUH (21)

=
[

U s Un

] [
Λs 0
0 Λn

] [
UH

s

UH
n

]
(22)

where E =diag(E1, . . . , EK), Λs =diag(λ1, . . . , λK), with
λ1≥λ2≥ · · ·≥λK > σ2, and Λn = σ2INP−K , with IN being
the identity matrix of size N×N .

We use the fact that the fading coefficients gp
1 at subcarri-

ers are discrete Fourier transform of the multipath coefficient
hp

1 = [hp
1,0, . . . , h

p
1,L−1]

T . We prefer the estimation of hp
1

to gp
1 as the number of unknown coefficients on the former

case is much smaller than the latter [13]. Thus, the vector
g1 = [(g1

1)
T , . . . , (gP

1 )T ]T can be written as [12]

g1 = (IP ⊗ F L)h1, (23)

where h1 = [(h1
1)

T , . . . , (hP
1 )T ]T , ⊗ denotes the Kronecker

product, and F L is the truncated Fourier transform matrix con-
taining the L first columns. Thus, we can rewrite s̃1 as

s̃1 = (IP ⊗ W 1)(IP ⊗ S1) ((IP ⊗ F L)h1) , (24)

where S1 = diag(s1) is the diagonal matrix of the first user
spreading codes. Exploiting the orthogonality between the noise
and signal subspace, we can estimate h1 using the following
approach:

ĥ1=arg max
||h||=1

||UH
s (IP ⊗W1)(IP ⊗S1)(IP ⊗FL)h||2(25)

=arg max
||h||=1

hHQh, (26)
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Fig. 2. Frequency offset tracking.

where
Q = (IP ⊗ F H)(IP ⊗ S1)(IP ⊗ W H

1 )U s

.UH
s (IP ⊗ W 1)(IP ⊗ S1)(IP ⊗ F L). (27)

Therefore, we can estimate ĥ1 as the principal eigenvector of
Q.

5. SIMULATION RESULTS

Fig. 2 shows a result of frequency tracking simulation at SNR =
10dB. The number of subcarriers is N = 32 and the num-
ber of users is K = 16. The cyclic prefix length is Ncp = 8
and the channels are L = 4 path channels with coefficients
are zero mean complex Gaussian number with equal variance.
The actual normalized frequency offset is 20% and the ini-
tial estimated frequency offset is set to 15% and tracked for
M = 10000 symbol periods.

Fig. 3 shows the performance of subspace based decorrelat-
ing detector with frequency offset compensation (solid lines),
compared to the same detector without compensation (dotted
line). We can see that the detector alleviates effectively the fre-
quency offset problem.

6. CONCLUSIONS

We proposed a new technique of frequency synchronization for
an up-link MC-CDMA system. The frequency offset estima-
tion is done in the frequency domain, by estimating the phase
difference between two consecutive MC-CDMA symbols of
the user of interest. The phase alternation, caused by trans-
mitted user symbols, is eliminated using the knowledge of the
previous estimated frequency offset and the fact that the latter is
very slowly varying, eliminating the need of knowledge of user
symbol which renders the technique blind. Simulation results
show that the new technique allow us to track the frequency
offset and alleviate the frequency offset problem.
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