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Abstract

The Orthogonal Frequency Division Multiplexing-Interleave Division Multi-
ple Access (OFDM-IDMA) scheme, which offers significant improvement on
the performance of the conventional IDMAtechnique, has been in the forefront
of recent mobile communication researches as it is expected to deliver a high
quality, flexible and efficient high data-rate mobile transmission. Most papers
on OFDM-IDMA scheme assume a system free of carrier frequency offset.
However, the scheme is susceptible to synchronization errors and performance
degradation because of the presence of OFDM, which is highly sensitive to
carrier frequency offset (CFO) especially at the uplink. The effect of CFO
on the performance of the scheme, in a slow fading multipath channel sce-
nario, is therefore investigated, and analyzed. Also, the effect of CFO on the
performance of the OFDM-IDMA scheme, in a fast fading multipath channel,
which has not been hitherto reported in literature, is investigated and analyzed.
An LMS-based adaptive synchronization algorithm is therefore employed to
mitigate the degrading impact of carrier frequency offset errors on the OFDM-
IDMA scheme. Simulation results clearly show that the presence of CFO
degrades the performance of the system and that performance degradation
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due to CFO, increases in a fast fading multipath channel in comparison
with slow fading channel scenario. Furthermore, results show substantial
improvement in the overall output of the system upon the application of the
adaptive synchronization algorithm, which is implemented in both slow, and
fast fading Rayleigh multipath channel scenarios.
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1 Introduction

The need for better quality of service, improved capacity and high data-rate
transmission, which has become nonnegotiable, have informed the continuous
search for a reliable and efficient multicarrier scheme. The Code Division Mul-
tiple Access (CDMA) and the Orthogonal Frequency Division Multiplexing
(OFDM) techniques rank high above other multiuser schemes due to their
inherent advantages. The OFDM technique has particularly become difficult
to ignore and almost indispensible because of its support for high data rate
transmission and the ability to suppress ISI without much difficulty. Thus,
OFDM has now become the bedrock of most recent multicarrier schemes in
wireless communications. The combination of the CDMA and the OFDM
technique to form a hybrid scheme of OFDM-CDMA has gained prominence
and considered attractive due to the diversity and radio resource manage-
ment flexibility offered. As studied in [1, 2, 3], there are various methods
of combining the OFDM and the CDMA schemes, but the main idea behind
the multicarrier CDMA hybrid scheme is to perform a spreading operation
on transmitted signals which are then converted into parallel streams. The
serial-to-parallel converted data are then modulated over different subcarriers,
which are mutually orthogonal, and transmitted over the radio channel. The
spreading code assigned to each user is to enable signal separation at the
receiver. However, due to diverse level of fading and attenuation experienced
by the transmitted signals, orthogonality is lost among subcarriers. This leads
to Multiple Access Interference (MAI), causing high degradation in cellular
performance, which becomes severe as the number of simultaneous users
increases.

In an effort to address the MAI in multicarrier CDMA (MC-CDMA), the
Multiuser Detection (MUD) technique was introduced. The priority of the
MUD is to subtract interfering signals from the input signal of each user in
the system. However, the MUD technique utilized in MC-CDMA comes with
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associated complexities and high cost [4, 5, 6]. Various MUD techniques have
been proposed to address the high complexity of the MUD technique, but with
little success. The complexity of the MUD tends to increase exponentially as
the number of active subscribers increases. Recent studies have explored the
possibility of the artificial neural network for multiuser detection [7] but these
techniques tend to compromise system performance and efficiency for reduced
complexity. The MUD challenge in MC-CDMA therefore remains and there
has been a continuous search for an efficient and reliable scheme with low
complexity.

To this end, a new multiuser scheme was recently proposed by Li Ping
called the Interleave Division Multiple Access (IDMA) [8]. This scheme
employs a simple low cost chip-by-chip iterative method for its multiuser
detection. The IDMA scheme, which offers a lower system complexity com-
pared to MC-CDMA [9], relies solely on interleaving as the only means of
identifying signals from active users in the system. In a bid to achieve an
improved cellular performance of the IDMAover multipath, Mahafeno in 2006
proposed an OFDM-based hybrid scheme called the OFDM-IDMA scheme
[10]. The newly proposed multicarrier IDMA (MC-IDMA) scheme there-
fore combats ISI and MAI effectively over multipath with low complexity.
The multicarrier scheme ensures a better cellular performance, high diversity
order, and spectral efficiency compared to the MC-CDMA scheme. Thus, the
scheme combines all the inherent advantages of the conventional IDMA and
the OFDM technique. The associated MUD is of low cost and low complexity
per user, which is independent of the number of simultaneous users in the
system [11, 12].

Major studies on the OFDM-IDMA scheme focus only on the imple-
mentation of the scheme in a perfect scenario, assuming that there are no
synchronization errors in the system. This is not obtainable in practice. The
scheme becomes susceptible to synchronization errors because of the pres-
ence of the OFDM technique, which is highly sensitive to carrier frequency
offsets (CFO) especially at the uplink, where different users are transmitting
asynchronously, experiencing different levels of channel fading and delays.
The CFO is caused mainly by Doppler Shifts or because of instabilities in the
local oscillators [13]. CFO causes Inter-channel Interference (ICI) and loss
of orthogonality among the sub-carriers, which in turn leads to performance
degradation.

This paper, therefore, investigates and analyzes the impact of CFO on
the general performance of the OFDM-IDMA scheme. Also, the performance
of the system in a fast fading multipath channel is investigated and as well
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analyzed. As an extension of the performance analysis of the OFDM-IDMA
scheme with synchronization errors, carried out in [14], an LMS-based adap-
tive synchronization algorithm is then introduced to combat the degrading
impact of synchronization errors on the OFDM-IDMA system. Simulation
results show that the performance of the system degrades as the CFO increases
and the system also experiences degradation as the velocity increases in the
fast fading multipath channel.An improved system output is however obtained
upon the application of the LMS-based adaptive synchronization algorithm.

The rest of the paper is organized as follows: Section II describes the
system model of the OFDM-IDMA scheme in the presence of CFO. Sec-
tion III describes the system performance in the presence of CFO. Section
IV presents the LMS-based adaptive synchronization algorithm. Section V
discuses simulation results and finally Section VI gives the conclusion with a
summary of the major results.

2 System Model

The OFDM technique [15,16], which involves the splitting of high-rate data
streams into a large number of lower-rate data streams, which are transmitted,
while maintaining orthogonality, across multiple narrowband sub-carriers,
solves the problem of inter-symbol Interference (ISI), which is encountered
while transmitting high-rate data streams across multipath channels.As long as
orthogonality is maintained, there will be no interference between sub-carriers
and this will enable the receiver to separate signals carried by each sub-carrier.
Unlike the conventional Frequency Division Multiplexing (FDM) scheme, the
spectra of the different modulated sub-carriers overlap in OFDM as seen in
Fig. 1(b). This makes OFDM an appropriate scheme for optimum and efficient
use of valuable spectrum. Fig. 2 illustrates in block diagram the adaptation of
the IEEE standard 802.11a [17] for a baseband OFDM transceiver.

The IDMA technique is a type of multi-user technique where interleavers
serve as the sole means of user separation. The interleavers, which are ran-
domly generated, must be different for each user. Adjacent coded data, called
“chips,” are uncorrelated in this scheme as the interleavers separate the coded
sequences, ensuring the simple implementation of the low-cost chip-by-chip
detection algorithm [18, 19]. The OFDM transceiver structure in Fig. 2 is
incorporated into the IDMA transceiver as shown in fig. 3. Considering a
multicarrier IDMA system with K users transmitting simultaneously, for any-
one of the users denoted by k, the input data array is first encoded using a
Forward Error Correlation (FEC) code [20]. The coded sequence obtained
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is then interleaved by a randomly generated interleaver to give xk(n).The
resulting signal is transmitted over the channel to the receiver. The received
signal can be expressed as

r (n) =
∑k

k = 1
xk (n) hk (n) + q(n) (1)

= xk (n) hk (n) + ζk(n) (2)

ζk (n) =
∑

k′ �= k
xk′ (n) hk′ (n) + q(n) (3)

where hk (n), which is assumed to be known at the receiver, is the fading
channel coefficient for user k, q(n)is the additive white Gaussian noise and
the multi-user interference with respect to user k is denoted by ζk (n).

The receiver structure consists of the Elementary Signal Esti-
mator (ESE) and a posterior probability (APP) decoders [20] for
each user k. The mode of operation of the ESE and the decoders
(DECs) is iterative [20] [21], deinterleaving and interleaving process
also occurs iteratively between them. The ESE carries out a coarse
chip-by-chip detection to roughly subtract the interference among the con-
current users in the multicarrier IDMA system. The chip-by-chip detection
is of a very low computational cost and complexity [22]. The outputs of the
ESE are the estimated probabilities of the transmitted signals, which are orga-
nized sequentially according to the simultaneous users and are fed to the APP
decoders [22]. The mode of operation of the ESE and DECs is iterative, where
extrinsic information is processed in a turbo-like mode between them. At the
last iteration, the APP decoders give the hard decisions based on the refined
estimations by the ESE and the logarithm likelihood ratio (LLR) estimate of
the ESE and the APP decoders is obtained as [23]

Figure 1 Illustration of the spectrum-saving concept of the OFDM technique (b) compared
with the regular FDM scheme (a)
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Figure 2 Block diagram of a typical OFDM transceiver

p (xk (n)) ≡ log

[
Pb(xk (n) = +1)
Pb(xk (n) = −1)

]
(4)

The outputs of both the ESE and the DECs above are probabilities of
the values of the transmitted radio signals at the receiver [20], which will
henceforth be stated as PESE (xk(n) and PDEC(xk(n)) depending on whether
they are emanating from the ESE or the APP decoders at the receiver. There-
fore, considering the fading channel represented by the coefficient h, the ESE
employs the received signal r(n)and the LLR for its operation, so that the
resulting output is obtained as [23]

log

[
Pb(xk (n) = +1|r (n) , h)
Pb(xk (n) = −1|r (n) , h)

]
= log

[
Pb(xk (n) = +1), h
Pb(xk (n) = −1), h

]

+pESE (xk (n)) , (5)

where the first part of the equation can be expressed as

Figure 3 Block diagram of an OFDM-IDMA transceiver
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eESE (xk (n)) = log

[
Pb(xk (n) = +1), h
Pb(xk (n) = −1), h

]
, (6)

which is the extrinsic LLR about the transmitted signal xk(n) based on the
characteristics of the fading channel and the a priori information of concurrent
users in the system [23].

Considering the ESE chip-by-chip detection in a quasi-static multipath
channel where the BPSK signaling is used and the transmitted signal xk(n)
is treated as a random variable, eESE(xk(n) is used to coarsely update the a
priori LLR p(xk(n)), which is obtained from (4) as [23]

E (xk (n)) =
[

exp (pESE(xk (n))) − 1)
exp (pESE (xk (n))) + 1)

]
= tanh (pESE(xk (n))/2),

(7)

V ar (xk (n)) = 1 − (E (xk (n)))2, (8)

where E(xk(n)) and Var(xk(n)) are the mean and variance of the transmitted
signal xk(n) respectively. Using the central limit theorem, the interference
ζk(n) in (3) can be estimated by a zero-mean Gaussian variable with variance
σ2, given as [23]

E (ζk (n)) =
K∑

k′ �=k

hk′ (n) E (xk′ (n)) , (9)

V ar (ζk (n)) =
K∑

k′ �=k

|hk′ (n)|2V ar (xk′ (n)) + σ2. (10)

Applying the Gaussian estimation to the received signal in (2), the output
of the ESE in (3) is obtained as [23]

eESE (xk (n)) = 2hk (n) . r(n)−E(ζk(n))
V ar(ζk(n))

= 2hk (n) .
r (n) − E (r (n)) + hk (n) E (xk (n))
V ar (r (n)) − |hk (n)|2.V ar (xk (n))

. (11)

The estimated mean and variance of the received signal based on (1) is
therefore obtained as [23]

E (r (n)) =
K∑

k′ �= 1

hk′ (n) E (xk′ (n)) , (12)
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V ar (r (n)) =
K∑

k′ �= 1

|hk′ (n)|2 V ar (xk′ (n)) + σ2. (13)

In [25, 26], various methods for carrier frequency offset estimation have
been presented and these methods of CFO estimation can be put to use in the
OFDM-IDMA system. Therefore, the carrier frequency offset is assumed to
be known for users in this OFDM-IDMA model.

3 System Performance Analysis

The expression in (1) represents only a perfect scenario where the CFO is zero.
Considering, therefore, the effect of CFO on the received baseband signal, (1)
can be rewritten as

rc (n) =
∑K

k=1
xk (n) hk (n) ej2πεkn/N + q (n) , (14)

where n represents the sub-carrier index, N is the number of sub-carriers and
εk, εk � 0.5 [24], represents the normalized CFO. After DFT processing in
the presence of CFO, equation (14) becomes:

Rc (m) =
∑N−1

n=0
rc (n) e−j2πεkm/N (15)

= Xk (m) Hk (m) +
∑

k′ �= k

Xk′ (m) Hk′ (m) + μk (m) + Q(m) (16)

The presence of CFO in the OFDM-IDMA system and its impact on the
performance of the system can be inferred from (14)–(16), which are the
modifications of (1)–(3). The second part of (16), which gives the combined
interference due to the introduced CFO and the multiuser interference, can be
represented by ζ ′

k (m) given as:

ζ
′
k (m) =

∑
k′ �= k

Xk′ (m) Hk′ (m) + μk (m) + Q(m) (17)

where Q(m) represents a Gaussian random variable which can be expressed
as [27]:
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Q (m) =
N−1∑
n=0

q (n) e−j2πn(m−εk)/N , (18)

and μk (m) is the interference due to CFO between user k given as εk and
other user k′ given as εk′ . This can be expressed following [28] as:

μk (m) =
∑N−1

n=0
ej2πn(ε

k′ −εk)/N. (19)

The interference in (19) can be further expressed as [27]

μk (m) =
N−1∑
n=0

sin(πεk′)
Nsin(π(εk′ − εk)/N)

.ejπ(εk′−εk)(N−1)/N . (20)

As shown in Fig. 3, the chip-by-chip detection is carried out involving the
ESE function, and the DECs perform the decoding operation using the output
of the ESE as the input. Now considering the scenario where detection takes
place in a multipath channel, with BPSK signaling assumed, the interference
mean and variance based on [29] are given by

E
(
ζ ′

k (m)
)

= E (Rc (m)) − Hk′ (m) μk (m) E(Xk′(m)) (21)

V ar
(
ζ ′

k (m)
)

= V ar (Rc (m)) − |Hk′ (m) μk (m)|2V ar (Xk′ (m)) (22)

From the equations above, the output of the elementary signal opera-
tor in the presence of CFO, in a multipath channel, based on the extrinsic
log-likelihood ratios (LLRs) generation [29], is represented by

e′
ESE (Xk (m)) = 2Hk(m)

Rc (m) − E(ζ ′
k (m))

V ar(ζ ′
k (m))

(23)

The above equations therefore represent the expressions for the
OFDM-IDMA system model in the presence of carrier frequency off-
set. The model used combines the signal for all users at the receiver.
The established presence of CFO and its degrading impact on the
OFDM-IDMA system in a multipath channel should therefore necessitate
the need for an effective correction and synchronization technique to improve
the performance and the efficiency of the multiuser scheme.
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4 The LMS-BASED Adaptive Synchronization Algorithm

The carrier frequency offset of a particular user can be compensated coarsely
in the time domain of the system. But the main challenge is the residual
CFOs due to multiple active users in the system, which results in interchannel
interference (ICI). Due to system configuration of the OFDM-IDMA scheme,
the mitigation of the effect of the residual CFOs is executed after the fast
Fourier transforms (FFT) process, in the frequency domain. The proposed
LMS-based adaptive synchronization algorithm is utilized to compensate the
residual CFOs due to simultaneous users in the system. The characteristics of
the LMS algorithm have been broadly studied and the most striking feature of
the LMS-based algorithm is its simplicity [30]. The coefficient vector of the
adaptive algorithm is updated by the expression [31]

L (n + 1) = L (n) + 2μ × e (n) xk (n) , (24)

where L(n) is the coefficient vector, μ is the step-size which regulates the
convergence speed of the synchronization algorithm and xk(n) is the modu-
lated input signal utilized in the implementation of the algorithm. The update
error signal e(n) is expressed as

e (n) = r (n) − rc (n) , (25)

where r(n) represents the desired signal and rc(n) is the received signal in
the presence of CFOs. The error signal is therefore used to update the carrier
frequency-tracking loop, and the expected output is represented as [31]

y (n) = L (n) xk (n) , (26)

Thus, with adequate knowledge of the input data by the receiver and the
update error signal obtained, the impact of the CFOs can successfully be
corrected for the users in the OFDM-IDMA system.

The non-recursive form of (24) is expressed as

L (n) = L (0) + 2μ
∑N−1

i = 0
e (i) xk (n) . (27)

From (16) and (17), initializing L(0) = 0, y(n) is derived as

y (n) = 2μ
∑N−1

i = 0
e(i)x′

k (n) , xk (n) (28)

It is essential however, to state that the derived synchronization method is
sensitive to the step-size as it is the case for most adaptive algorithms. Hence,



Adaptive Correction Algorithm for OFDM-IDMA Systems 211

the step-size μ is carefully determined [32] to obtain an efficient result and a
reasonable convergence time.

5 Simulation Results and Discussion

This section presents the computer simulations carried out to analyze and
substantiate the performance of the OFDM-IDMA system with CFO in fad-
ing multipath channel scenario. The OFDM-IDMA system model used has
four users for all instances with input data length 32, spreading length 4.
The number of sub-carriers is N = 128, the number of samples in the guard
interval is set at 7 and the number of iteration is 4. In practice, the number
of sub-carriers N is varied to provide variable data rates for different users.
However, the same number of sub-carriers is assumed for all users in the
simulation for convenience. The QPSK modulation technique is used assum-
ing operating carrier frequency of 2GHz with sampling period of 0.5μ s.
All simulation results are presented based on the bit error rate (BER) [33]
performance of the system in a Rayleigh fading multipath channel of M =16
paths with normalized Doppler frequencies of fDn = 0.0136, fDn = 0.1085 and
fDn = 0.1808 corresponding to mobile speeds of v = 15km/h, v = 120km/h
and v = 200km/h respectively. The general performance of the system
is investigated for a constant slow fading scenario with mobile speed
v = 15km/h and then at increasing mobile speeds v = 120km/h and
v = 200km/h.

In Fig. 4, the general performance of an OFDM-IDMA system in the
presence of CFOs is shown. Various values of CFOs are varied from zero
(when there is no synchronization error in the system) to CFO = 0.18, with
the mobile speed constant at 15km/h in the fading Rayleigh multipath chan-
nel. It can be seen from the plot that at small value of CFO (i.e. 0.02), the
system performance is not significantly affected. But as the values increase,
performance degradation increases as well.

Figure 5 shows the impact of increasing mobile speed on the
OFDM-IDMA system in a fast fading Rayleigh multipath channel. The per-
formance of the system is affected as the mobile speed is increased. It can
be seen that at CFO = 0.1, with the mobile speed also increasing in a fast
fading Rayleigh channel scenario, as shown in figure 5, there is significant
degradation in the system performance. This means further increase in the
value of CFO in the fast fading multipath channel scenario, will only worsen
the performance of the system.
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Figure 4 General BER performance of the OFDM-IDMA system model with increasing
CFOs

In Fig. 6, the bit error rate performance of the OFDM-IDMA system
with the application of the proposed LMS-based adaptive synchronization
algorithm is presented. The plot shows the impact of the proposed algorithm
on the system model in the presence of CFOs of 0.05 and 0.1. There is an
appreciable reduction and significant

Figure 5 Performance result with increasing mobile speed at CFO = 0.1
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Figure 6 The impact of the proposed KLMS synchronization algorithm on the OFDM-IDMA
system model with carrier frequency offsets 0.05 and 0.1

Figure 7 BER performance of the OFDM-IDMA system model with the proposed algorithm
in both slow fading and fast fading multipath channel of mobile speeds 15 km/h and 200 km/h
respectively

mitigation of the carrier frequency offset errors upon the application of the
proposed algorithm. This signifies an effective reduction in the ICI due to the
residual CFOs of concurrent users in the multicarrier IDMA system.

Furthermore, the performance of the OFDM-IDMA system model in a
multipath channel of varying mobile speed is demonstrated in Fig. 7. The
carrier frequency offset value is fixed while the mobile speed is varied at
15 km/h, and 200 km/h. The overall bit-error rate performance of the system
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degrades as the mobile speed increases. The introduction of the proposed
algorithm, however, is able to mitigate the overall impact of carrier fre-
quency offset error on the system, even in a fast fading multipath channel
scenario.

6 Conclusion

The performance of the OFDM-IDMA system has been investigated and
analyzed in a fast-fading Rayleigh multipath channel, in the presence of
CFO. Simulation results clearly show that CFOs impact the system perfor-
mance adversely in contrast to many research works on the OFDM-IDMA
where it is assumed that CFOs have no influence on the overall performance
of the system. Also, there is further degradation of the system in a fast
fading multipath channel. An adaptive synchronization algorithm, which is
LMS-based, has been presented to mitigate the impact of carrier frequency
offset errors on the recently proposed OFDM-IDMA scheme. The algorithm
focuses on the reduction of the ICI due to the residual CFOs from multi-
ple active users in the system. The proposed algorithm was carried out in
the presence of high carrier frequency offset values for clear demonstra-
tion of its efficiency. Simulation results also show an appreciable reduction
and significant mitigation of the carrier frequency offset errors upon the
application of the proposed algorithm in a fast fading Rayleigh multipath
channel.
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