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Abstract—Orthogonal frequency division multiplexing (OFDM)
over wireless channels is sensitive to carrier frequency offset
(CFO), which destroys orthogonality amongst sub-carriers, giving
rise to inter-carrier interference (ICI). Different techniques are
available for estimating and compensating for the CFO at the
receiver. However, in practice, a residual CFO remains at the
receiver after CFO estimation, where the estimation accuracy
depends primarily on the fractions of time and power used by
the estimator. In this paper, we propose to measure the efficiency
of OFDM systems with CFO estimation errors in terms of the
spectral efficiency, which accounts for both, the degradation in
signal-to-interference plus noise ratio (SINR) due to the residual
CFO, and the penalty of the extra power and spectral resources
allocated to achieve the desired CFO estimation accuracy. New
accurate expressions are derived for the spectral efficiency of
wireless OFDM systems in the presence of residual CFO and
frequency-selective multipath fading channel. These are used to
compare between two common CFO estimation methods in wire-
less OFDM systems, namely, the cyclic prefix based and the
training symbols based CFO estimation techniques for fixed and
variable pilot power. These results are further extended to include
OFDM systems with transmit diversity techniques. In addition,
the impact of imperfect channel estimation on the overall spectral
efficiency is also included. Numerical results reveal that the cyclic
prefix based CFO technique is more efficient than the training
symbols based CFO technique when perfect channel state infor-
mation (CSI) is known blindly at the receiver. Furthermore, fixed
pilot power results in a spectral efficiency ceiling as SNR increases,
whereas spectral efficiency increases with SNR without bound in
the equal pilot and signal powers case.

Index Terms—Orthogonal frequency division multiplexing
(OFDM), signal to interference plus noise ratio (SINR), inter-
carrier interference (ICI), carrier frequency offset (CFO), multi-
path fading channels, spectral efficiency.

I. INTRODUCTION

ORTHOGONAL frequency division multiplexing (OFDM)
is the method of choice for combating frequency-

selective multipath fading channels, and achieving high spectral
efficiency in wireless communication systems. With the aid of
sufficient cyclic prefix, inter-symbol interference (ISI) due to
multipath fading is completely avoided without the need for
complicated equalizers.
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Since OFDM systems divide the available wide-band
amongst a set of orthogonal overlapping sub-carriers, it is
supremely susceptible to time and frequency synchronization
errors which results in destroying the orthogonality amongst
sub-carriers, bringing about inter-carrier interference (ICI)
which can deteriorate the performance of OFDM systems.

The estimation and removal of carrier frequency offset
(CFO) from the received symbols is critical in OFDM systems.
Several data aided (DA) and non data aided (NDA) CFO
estimation techniques have been proposed in the literature
(e.g., [1]–[8]). DA CFO estimation base the estimate on a
training set of data. Therefore, this kind of estimators lead
to higher estimation accuracy and less receiver complexity,
at the expense of reduced spectral efficiency because of the
periodic transmission of known pilot sequences. On the other
hand, NDA CFO estimation blindly estimates the CFO based
on the statistics of the received data without the aid of training
sequence. Therefore, NDA estimators lead to lower estimation
accuracy and higher receiver complexity at the merit of higher
system throughput. However, despite the fact that CFO estima-
tion and compensation is performed at the receiver, a random
residual CFO still exists which increases at low number of
training symbols and/or low to medium signal to noise ratio
(SNR) region. Further, this residual CFO might degrade the
OFDM system performance.

It is common in most previous research to measure the
performance degradation due to non-random CFO in terms of
the average signal-to-interference plus noise ratio (SINR) (e.g.,
[2], [9], [10]). A lower and upper bound on the average SINR
analysis in the presence of non-random CFO for multipath
fading channels is presented in [2], [10], respectively. Besides,
[9] derived an exact expression for evaluating the average SINR
in the presence of non-random CFO over multipath fading
channels.

Recent analysis on bit error rate (BER) deterioration due
to random and non-random CFO is considered in [11]–[18].
In [16], accurate ICI model in additive white Gaussian noise
(AWGN) channels based on infinite series approximations and
two dimensional characteristic functions for BER of OFDM
systems in the presence of non-random CFO is addressed.
In [15], BER of OFDM systems in the presence of non-
random CFO for multipath fading channels is presented, the
ICI model is approximated by a summation of two independent
complex Gaussian random variables (RVs). The authors in [17]
presented approximate ICI models which consider only the
correlation from the two adjacent sub-carriers, while modeling
the ICI from other sub-carriers as a pure Gaussian RVs ignoring
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their correlation with the useful signal component. In [19], an
accurate characterization of the effects of non linear devices
in OFDM signals is addressed, which then used to study the
accuracy of using the Gaussian approximation of OFDM sig-
nals with low and high number of sub-carriers. BER analysis
of binary phase shift keying (BPSK) OFDM with random
residual frequency offset has been addressed in [18] based on
the assumption that the residual CFO being very small.

This paper proposes to quantify the performance of wireless
OFDM systems with different practical CFO estimation meth-
ods in terms of the spectral efficiency, which is a measure of the
average number of information bits that can be transmitted over
the channel per unit time per unit bandwidth (with negligible
error probability). We present accurate expressions for the
spectral efficiency of OFDM wireless systems which take into
account both, the degradation in SINR due to the residual CFO
estimation errors, and the penalty due to the addition of cyclic
prefix as well as the periodic transmission of training symbols
used by the CFO estimators (in the DA case).

More relevant to our work are [20]–[25], where capacity
and spectral efficiency of OFDM systems were presented.
Athaudage et al. [25] addressed the capacity of OFDM systems
in the presence of non-random CFO, whereas [20] considered
the OFDM system capacity in slow fading channels with in-
finite number of sub-carriers. In addition, [22] focused on the
effect of non-random CFO on the spectral efficiency of adaptive
M-ary quadrature amplitude modulation (M-QAM) in OFDM
systems with imperfect channel state information. Further, in
[24], spectral efficiency of multi-carrier code division multiple
access (MC-CDMA) with non-random CFO over multipath
fading is presented. However, all existing research tackles spec-
tral efficiency when influenced by a given non-random CFO. In
practice, the CFO affecting the performance of OFDM systems
is random. For instance, when transceivers use stable crystal
oscillator and omit CFO estimation. Different oscillators (for
different users) could have slightly different frequencies which
can also depend on their temperatures [18]. Our goal is to find
the ensemble average spectral efficiency of a user (not specific
user with constant CFO).

The main contributions of this paper are summarized as
follows:

• Motivated by [26], a new modified formula for evaluating
the spectral efficiency of OFDM systems is presented.
This formula accounts for the extended system resources
of power and bandwidth wasted while substituting not
only for the cyclic prefix inserted to counteract delay
spread, but also for the training sequence transmitted to
estimate and compensate for the CFO. It is to be empha-
sized that increasing the cyclic prefix and pilot sequence
size assures avoiding ISI and decreases estimation error,
respectively. However, these are considered as a loss in
the system resources as they do not constitute useful
information. Therefore, too little training symbols and
the CFO is improperly learned, too much training is a
wast of resources. Hence, the trade-off between these two
conflicting factors is explicit in the modified formula for
the spectral efficiency of OFDM systems.

• Taking into account accurate statistical models for the
ICI, new exact expressions for the spectral efficiency
of OFDM systems in the presence of residual CFO
and multipath fading channels are derived, namely, we
address three cases for the frequency offset; the classical
non-random CFO, random CFO, random residual CFO
when applying a CFO estimator. In addition, the impact
of imperfect channel estimation on the spectral efficiency
of OFDM systems is considered. Also, OFDM systems
with transmit diversity is addressed. As a result, the
new expression for the OFDM system spectral efficiency
requires only a single numerical integration in the case
of non-random CFO, which can be accurately simplified
to a finite summation using the well known Gauss-
Laguerre quadrature method. This is a huge reduction in
the required computational complexity when compared
with the direct method, which requires as much as the
number of sub-carriers numerical integrations.

• Two well known CFO estimators are chosen from the
literature and used to estimate their spectral efficiency.
Here, each estimator variance depends on the training
sequence size and the pilot power. In this paper, variable
and fixed pilot power are considered. When the pilot
power equals the signal power, the estimator accuracy
improves as SNR increases. This is contrary to most
previously published work where they measure the per-
formance analysis of a system with fixed estimation error
variance assuming that the pilot power is fixed regardless
of the signal power. This assumption is commonly used
when no explicit expression is available for the estimator
variance.

The structure of the rest of the paper is as follows. In
Section II, we introduce the system model. In Section III, the
instantaneous SINR is addressed. In Section IV, spectral effi-
ciency analysis is considered. In Section V we include imper-
fect channel estimation. OFDM systems with transmit diversity
is introduced in Section VI. numerical results are provided in
Section VII. Finally, Section VIII concludes the paper.

II. SYSTEM MODEL

The transmitted baseband OFDM signal can be written as

s(t) = 1√
N

N−1∑
n=0

anej2π n
T t, t ∈ [−TG, T] (1)

where N is the useful number of sub-carriers, TG is the length of
the cyclic prefix (CP), and T is the length of the OFDM symbol
duration. Here T = N/R and R is the symbol rate of the input
data to be transmitted. Without loss of generality, we normalize
the time such that R = 1, and therefore, T = N.

In (1), an is the M-ary complex information bearing symbol
on the nth sub-carrier. It is assumed that an, n ∈ [0, N − 1]
are zero mean complex RVs with E[ana∗

m] = δ(n − m)En ∀ n,
where δ(.) denotes the Dirac’s delta function, E(.) is the expec-
tation operator, and En is the energy of the transmitted symbol
on the nth sub-carrier.
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The channel impulse response of the time-invariant
frequency-selective multipath Rayleigh fading channel is

h(τ ) =
L−1∑
l=0

glδ(τ − τl) (2)

where gl and τl are the complex amplitude and propagation de-
lay of the lth path, respectively, τ0 < τ1 < . . . < τL−1. It is as-
sumed that gl, l ∈ [0, L − 1] are zero mean complex Gaussian
random variables (RVs) with E[glg∗

k ] = δ(l − k)γl ∀ l, where
γl = E[|gl|2] assuming that the power is normalized such that∑L−1

l=0 γl = 1.
Inter-symbol interference is avoided by choosing the cyclic

prefix duration TG > τL−1. Therefore, assuming perfect time
synchronization and a normalized residual CFO of �, the
received signal after removing the cyclic prefix is

r(t) = 1√
N

ej2π �
T t

L−1∑
l=0

gl

N−1∑
n=0

anej2π n
T (t−τl) + w(t) (3)

where w(t), t ∈ [0, T] is the complex additive white Gaussian
noise (AWGN) with zero mean and two sided power spectral
density N0/2 per dimension.

The N-point FFT samples at the receiver are

yp = 1√
N

N−1∑
k=0

r

(
k

T

N

)
e−j2π k

N p, p = 0, 1, . . . , N − 1

= 1

N

N−1∑
k=0

N−1∑
n=0

L−1∑
l=0

glanej 2π
N (n−p+�)ke−j2πn

τl
T + wp (4)

where wp is a zero mean complex Gaussian RV with var-
iance N0.

A. CFO Estimators

Different DA and NDA algorithms for CFO estimation have
been proposed in the literature (e.g., [1]–[8]). Schmidl et al. [8]
divided the training symbols into two identical sets and used
them to estimate the CFO. Authors in [3], [5] based the CFO
estimation on dividing the pilot sequence into K ≥ 2 identical
parts which lead to a better estimation accuracy at the cost
of higher complexity. On the other hand, [1] used the cyclic
prefix to estimate CFO without the aid of training symbols.
Further, [4] and [6] blindly estimate the CFO without the aid
of training data based on the statistics of the received symbols.
Therefore, these CFO estimators trade-off between throughput
and estimation accuracy.

The asymptotic property of the maximum likelihood estima-
tion (MLE) reveals that if the regularity conditions are satisfied
[27], then the MLE of an unknown parameter � is asymp-
totically Gaussian distributed as �̂ ∼ N

(
�, F−1(�)

)
, where

F(�) is the Fisher information. Note that this distribution holds
only when the training sequence size approaches infinity. How-
ever, this is not the case in most practical estimation problems
and CFO estimation is of no exception. Hence, in most practical
scenarios, the estimator variance is higher than the Cramer-Rao

bound (CRB), and asymptotically attains the bound as the
training symbols and/or pilot power approaches infinity
[27, eqs. (3.19-3.20)]. Therefore, assuming that the CFO es-
timator is unbiased, the distribution of the normalized residual
CFO (�) estimator adopted in this paper is � ∼ N

(
0, σ 2�

)
,

which came from the assumption that fc = f̂c + �, where fc is
the true normalized carrier frequency offset, f̂c is the estimated
normalized carrier frequency offset. The estimator variance, σ 2�
depends on the method of CFO estimation used. For instance,
when the cyclic prefix is used for CFO estimation, the CFO
estimator variance introduced by [1], [2] is given as

σ 2� = 1

π2TG SNRE
(5)

where SNRE is the signal-to-noise ratio during the estimation
phase. On the other hand, when a training sequence is used for
CFO estimation, the CFO estimator variance given by [3] is
given as

σ 2� = 3

2π2νN
(

1 − 1
K2

)
SNRE

(6)

where ν is the number of OFDM blocks used for CFO esti-
mation,1 and K is the number of identical parts in the training
sequence. Observe that when K = 2 in equation (6), it reduces
to the same estimator introduced by [8].

It is to be emphasized that these are just two examples
considered from the literature to introduce the trade-off be-
tween the effect of the loss (in terms of spectral efficiency)
in the cyclic prefix and the periodic transmission of training
symbols used for CFO estimation, which depend on the chosen
method of CFO estimation. It is evident from (5) and (6) that
increasing the training symbols length and/or SNRE improves
the estimation accuracy. However, periodic transmission of long
cyclic prefixes as well as training symbols does not constitute
information. Hence, resulting in spectral efficiency loss. There-
fore, a new expression for the evaluation of spectral efficiency is
proposed, which takes into account the trade-off between these
conflicting factors.

Note that both CFO and channel are jointly estimated in
practice. Therefore, channel estimation errors and CFO esti-
mation errors should be jointly addressed in the performance
analysis of OFDM systems. However, for simplicity, many CFO
and channel estimators published in the literature treat the two
problems separately. For instance, CFO is estimated assuming
perfect channel estimation, and channel is estimated assuming
perfect CFO estimation. In addition, it is seen that CFO and
channel estimators can be decoupled and treated separately
when addressed together. Therefore, frequency offset must be
estimated and compensated for first, then performing channel
estimation. Recently, joint channel and CFO estimation have
been addressed. However, no explicit estimator variances have
been found due to the complexity of the system as an iterative

1In general, ν OFDM training blocks is sent every V OFDM blocks to
estimate the CFO first, then estimating the channel after compensating for
the CFO.
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estimation techniques were proposed. Therefore, since the two
chosen CFO estimators assume perfect channel estimation, we
address the effect of frequency offset estimation errors on the
performance of OFDM systems. Moreover, the effect of joint
estimation errors on the performance of OFDM systems is dis-
cussed in Section V, where the joint estimation error variance
for the CFO and channel are approximated by the CRB.

III. THE INSTANTANEOUS SINR

Equation (4) can be rewritten in the following compact form

yp = apc (p, p) Hp +
N−1∑
n=0
n�=p

anc(n, p)Hn + wp (7)

where {H0, H1, . . . , HN−1} are jointly complex Gaussian ran-
dom variables with zero means and correlations E[HnH∗

m] =∑L−1
l=0 γle−j2π(n−m)

τl
T . The frequency correlation function

E[HnH∗
m] in the case of exponential power delay profile is given

by [28]

E
[
HnH∗

m

] = 1

1 − j2πσ (n − m)
(8)

where σ is the mean delay spread.
The function c(n, p) in (7) is given by

c(n, p) = 1

N

N−1∑
k=0

ej 2π
N (n−p+�)k

= sinc (n − p + �)

sinc
(

1
N (n − p + �)

)e
jπ
(

1− 1
N

)
(n−p+�)

. (9)

It is worth noting that in the ICI free case � = 0, and there-
fore c(n, p) = δ(n − p).

The first term in (7) includes the desired signal, whereas the
second term is the ICI due to CFO. Therefore, assuming one
tap equalizer and perfect channel state information (CSI) at the
receiver (the effect of imperfect CSI is considered in Section V),
the pth decision variable may be written as

âp = ap +
∑N−1

n=0
n�=p

anc(n, p)Hn + wp

c(p, p)Hp
. (10)

It can be verified that the N-dimensional random vector H =
[H0, H1, . . . , HN−1]T is a proper complex Gaussian random
vector having a probability density function (PDF) given as

fH (x) = 1

πN |
| exp
(
−x†
−1x

)
(11)

where † denotes the complex conjugate transposition
(Hermitian), and 
 = E[HH†] is the complex covariance
matrix with entries given in (8).

Most previously published work on the performance anal-
ysis of OFDM systems approximate the ICI component∑N−1

n=0
n�=p

anc(n, p)Hn by pure complex Gaussian RVs and ignore

their cross-correlation with the useful signal component. In this
paper, the ICI term

∑N−1
n=0
n�=p

anc(n, p)Hn is modeled as condi-

tionally complex Gaussian RVs (with random variance) when
conditioned on H and �. This approximation is justified by the
central limit theorem which is valid here since the ICI term∑N−1

n=0
n�=p

anc(n, p)Hn becomes a sum of independent RVs when

H and � are given. However, it is to be emphasized at this point
that this is completely distinct from the classical Gaussian as-
sumption approximation methods where this sum is usually ap-
proximated by a pure Gaussian RVs with non-random variance.

Therefore, when the receiver treats the ICI as an additional
AWGN when conditioned on H and �, the decision variables
(7) become conditionally complex Gaussian RVs. The condi-
tional variances is

Var
(
âp | H, �

) =

∑
n �=p

En |c(n, p)|2 |Hn|2 + N0

|c (p, p)|2 ∣∣Hp
∣∣2 (12)

where
∑
n �=p

= ∑N−1
n=0
n�=p

, p = 0, 1, . . . , N − 1.

The instantaneous SINR over the pth sub-carrier for a given
realization of H and � becomes a RV given as

SINRp = |c (p, p)|2 ∣∣Hp
∣∣2∑

n �=p
|c(n, p)|2 |Hn|2 + 1

SNRD

(13)

where SNRD = N
N+TG+TE

SNR is the effective normalized use-
ful symbol signal-to-noise ratio, TE is the effective per OFDM
block training symbols length used to estimate the CFO,2 and
SNR is the signal-to-noise ratio in AWGN channel in the
absence of ICI.

Note that for conservation of time and energy, (N + TG +
TE) SNR = TGSNRG + TESNRE + N SNRD, where SNRG is
the signal-to-noise ratio wasted while substituting for the
cyclic prefix. Note also that SNRD = E

N0
assuming that3 E1 =

E2 = . . . = EN−1 = E . [Equation (14), shown at the bottom of
the page].

2To introduce the loss in the extended time due to the addtion of cyclic prefix
and training symbols per OFDM block, we equally divide the OFDM training
sequence length among the (V − ν) OFDM data blocks and consider that to be
the extended time, TE = νN

V−ν .
3Note that without channel state information at the transmitter (CSIT), the

transmitted power should be spread uniformly amongst all sub-carriers.

E

⎡⎢⎣log2

⎛⎜⎝1 + |c (p, p)|2 ∣∣Hp
∣∣2∑

n �=p
|c(n, p)|2 |Hn|2 + 1

SNRD

⎞⎟⎠
⎤⎥⎦ = log2 e

∫ ∞

0

1

z
E

(
e
−z

∑
n�=p

|c(n, p)|2|Hn|2
− e

−z
∑
n

|c(n, p)|2|Hn|2
)

e−z/SNRDdz (14)
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IV. SPECTRAL EFFICIENCY ANALYSIS

Spectral efficiency is the average number of information
bits which can be transmitted with an arbitrary small error
probability per unit time per unit Hertz. Therefore, inspired
by [26], the new modified spectral efficiency formula accounts
for the extended system resources of power and bandwidth
wasted while substituting for both, the cyclic prefix inserted to
mitigate ISI, and the training sequence transmitted to estimate
and compensate for the CFO. Therefore, assuming perfect CSI
is available only at the receiver, and that each sub-carrier
is decoded independently, the spectral efficiency of OFDM
systems for a given CFO � is

G (�) = 1 − α

N + TG

N−1∑
p=0

Rp (�) (15)

where α is the fraction of time resources allocated to CFO
and/or channel estimation,4 Rp(�) is the conditional average
(ergodic) mutual information over the pth sub-carrier for a
given �

Rp (�) =EH|�
{
log2

(
1 + SINRp

)}

=E

⎡⎢⎣log2

⎛⎜⎝1 + |c (p, p)|2 ∣∣Hp
∣∣2∑

n �=p
|c(n, p)|2 |Hn|2 + 1

SNRD

⎞⎟⎠
⎤⎥⎦ .

(16)

Note that Shannon’s Gaussian channel capacity formula is
used in (16). In reality where practical codes and modu-
lation schemes are used, it is common to use the formula
log2

(
1 + SINRp

�

)
instead, where � is the SNR gap which

denotes the amount of extra coding gain needed to achieve
Shannon capacity.

As far as the evaluation of the average in (16) is concerned,
direct methods to calculate such averages which involve N RVs
require at least N-fold integrals over H. In order to reduce the
required computational complexity, we rely on the following
lemma to transform (16) into a more convenient form which
facilitates the calculation of the required average by using
known results from the theory of Gaussian quadratic forms.

Lemma 1 [29, eq. (6)]: For any x ≥ 0 then

log(1 + x) =
∫ ∞

0

1

z

(
1 − e−zx) e−zdz. (17)

4The loss induced by the addition of training symbols may be seen as V−ν
V .

Therefore, by letting α = ν
V , the loss reduces to (1 − α). Note that α = 0 if no

training sequence was transmitted for CFO and channel estimation.

Corollary 2: A useful corollary to Lemma 1, for any x,
y ≥ 0 then

log

(
1 + x

y

)
=
∫ ∞

0

1

z

(
e−zy − e−z(x+y)

)
dz. (18)

Now, using (18), we can express (16) to get (14).
In (14), the interchange of the integration and expectation

operations is justified by the Fubini’s theorem [30, pp. (200)],
which is applicable because the integrand is non negative.

When comparing equations (16) and (14), it is seen that
the proposed formula has the desirable property that the RVs{|c(n, p)|2|Hn|2, n = 0, 1, . . . , N − 1

}
appear only as a linear

combinations at the exponent. Let us define the joint moment
generating function (MGF) of these RVs as [9]

M (z0, z1, . . . , zN−1) = E

[
e
−∑

n
zn|c(n, p)|2|Hn|2]

= 1∣∣I + diag (z0, z1, . . . , zN−1)
p
∣∣

(19)

where
∑
n

= ∑N−1
n=0 , I is the N × N identity matrix, diag(.)

is the N × N diagonal matrix, 
p = Cp
 where Cp =
diag

(|c(0, p)|2, |c(1, p)|2, . . . , |c(N − 1, p)|2), and 
 is the
complex covariance matrix of the channel vector with entries
given in (8).

Plugging (19) into (14) yields the new explicit expression for
the conditional mutual information (20), shown at the bottom
of the page.

To summarize, (15) and (20) give the exact conditional spec-
tral efficiency of OFDM system for a given CFO, which in-
volves only one single integration.

Note that to gain valuable insights into the impact of model
parameters on the spectral efficiency of OFDM system, one
can apply Jensen’s inequality to (16) for a closed-form upper
bound. Therefore, for the sake of a closed-form expression of
the average E{SINRp}, Jensen’s inequality can be applied to
get an upper bound to this average as given in [10, eq. (33)].
Therefore, the conditional average mutual information over the
pth sub-carrier for a given � can be upper bounded as

Rp (�) ≤ log2
(
1 + E

{
SINRp

})
≤ log2

⎛⎜⎜⎝ SNRD + 1

SNRD

(
1 −

∣∣∣ sin(π�)

Nsin( π
N �)

∣∣∣2) + 1

⎞⎟⎟⎠ . (21)

In practice, the CFO deteriorating the system spectral effi-
ciency is a random variable. Our aim is to find the ensemble
average spectral efficiency of a user. Therefore, in the absence

Rp (�) = log2 e
∫ ∞

0

1

z

(
M(z, . . . , 0

p
, . . . , z) − M(z, z, . . . , z)

)
e−z/SNRDdz (20)
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of CFO estimation, CFO could be modeled as a Gaussian RV.
However, as a worst case performance, CFO is considered as
uniformly distributed RV according to � ∼ U(−a, a). Further,
in the presence of CFO estimation, based on MLE asymptotic
property, the residual CFO is modeled as a Gaussian random

variable according to � ∼ N
(

0, σ 2�
)

.

Let us first define the spectral efficiency in general over
any probability density function (PDF) for the CFO, �. The
overall average mutual information over the pth sub-carrier is
the conditional average mutual information over the pth sub-
carrier for a given CFO � which is given in (16) averaged over
the defined CFO PDF, given as

Rp = E�
[
EH|�

{
log2

(
1 + SINRp

)}]
. (22)

The simplified overall average mutual information over the pth

sub-carrier is written as (23), shown at the bottom of the page.
Therefore, when perfect CSI is available only at the receiver,

and that each sub-carrier is decoded independently, the overall
spectral efficiency of the OFDM system may be estimated by

G = 1 − α

N + TG

N−1∑
p=0

Rp. (24)

Equations (23) and (24) give the exact overall spectral ef-
ficiency of OFDM systems for any given probability density
function for the CFO, �.

As far as the computation of the spectral efficiency in the
presence of ICI due to CFO over correlated fading channels is
concerned, we have been able to derive new exact expressions
for the spectral efficiency which requires only between one
(non-random CFO) to two (random CFO) fold integrations to
evaluate (20) and (23), respectively. Note that direct methods to
calculate such averages (16) and (22) would require at least N
(non-random CFO) to N + 1 (random CFO) fold integrations,
respectively. Hence, there is a huge reduction in computational
complexity for the evaluation of spectral efficiency of OFDM
systems.

Note that the conditional mutual information in (20) can
be evaluated using the Gauss-Laguerre quadrature rules (25),
shown at the bottom of the page, where λi = SNRDβi, αi and
βi are the ith abscissa and weight, respectively, of the Ith order
Lagurre polynomial, which tabulated in [31, eq. (25.4.45)]. The
remainder RN is sufficiently small for I ≥ 15.

V. IMPERFECT CHANNEL ESTIMATION

In practice, a training sequence is used to estimate the OFDM
channel after compensating for the frequency offset. Let Hp

and Ĥp denote the actual channel and the estimated channel
over the pth sub-carrier, respectively. It is assumed that Hp and
Ĥp are jointly ergodic and stationary Gaussian processes. In
addition, it is also assumed that the channel estimate Ĥp and
estimation error ε are orthogonal. Furthermore, the accuracy of
the estimator depends on the training sequence length and pilot
power. Therefore, in the case of imperfect channel estimation,
the pth sub-carrier channel can be decomposed as

Hp = Ĥp + ε (26)

where ε is the channel estimation error, distributed according to
ε ∼ CN (0, σ 2

ε ). It is to be emphasized that the parameter σ 2
ε

captures the quality of the channel estimation, which depends
on the method of estimation, the training sequence length,
and SNRE.

From (7), assuming one tap equalizer and imperfect CSI at
the receiver, the received symbol over the pth sub-carrier may
be rewritten as

yp =apc(p, p)Ĥp+apc(p, p)ε+
N−1∑
n=0
n�=p

anc(n, p)Hn + wp. (27)

Therefore, from the independence between Ĥp and ε, the instan-
taneous SINR over the pth sub-carrier for a given realization of
H and � becomes a RV given as

SINRp = |c (p, p)|2 ∣∣Ĥp
∣∣2

|c (p, p)|2 σ 2
ε + ∑

n �=p
|c(n, p)|2 |Hn|2 + 1

SNRD

. (28)

As far as the variance of the estimation errors are concern,
a joint frequency offset and channel estimation for OFDM
systems has been studied in [32]. The joint Cramer-Rao lower
bound gives a lower bound for the variance of an unbiased
estimator, the joint modified Cramer-Rao bound of the CFO and
the channel are (respectively) given as [32]

σ 2� ≥ 3N

π2SNRE(N − 1)(N + 1)
(29)

Rp = log2 e
∫ ∞

0

1

z
E�

(
M(z, . . . , 0

p
, . . . , z) − M(z, z, . . . , z)

)
e−z/SNRDdz (23)

Rp (�) = log2 e
I∑

i=1

αi

βi

(
M(λi, . . . , 0

p
, . . . , λi) − M(λi, λi, . . . , λi)

)
+ RN (25)
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and

σ 2
ε ≥ 1

NSNRE

(
2TG + 3(N − 1)2(

N2 − 1
) ) . (30)

In a similar manner to the derivations of (20), we arrive at the
following new expression for the conditional mutual informa-
tion over the pth sub-carrier for a given �, shown in (31), shown
at the bottom of the page, where here the covariance matrix

p = Cp
 is similar to that of (19) except for the element

(p, p) which is replaced by 
(p, p) − σ 2

ε .

VI. TRANSMIT DIVERSITY

In this section, the analysis of Section IV is extended to
the case of OFDM systems with transmit diversity. Let the
number of transmit antennas be M, and let the total transmit
power be distributed equally among the transmit antennas. The
conditional average mutual information over the pth sub-carrier
for a given � (16) can be modified to

Rp (�)=E

⎡⎢⎢⎣log2

⎛⎜⎜⎝1+
1
M

∑
m

|c (p, p)|2
∣∣∣Hm

p

∣∣∣2∑
n �=p

1
M

∑
m

|c(n, p)|2 ∣∣Hm
n

∣∣2 + 1
SNRD

⎞⎟⎟⎠
⎤⎥⎥⎦

(32)

where
∑
m

= ∑M
m=1, c(n, p)Hm

n is the ICI component due to the

nth sub-carrier and the mth antenna element, where m = 1,

. . . , M.
It can be shown that in the case of independent diversity

channels with perfect CSI at the receiver following a similar
manner to the derivations of (20), we get the following new
expression for the conditional mutual information, given in
(33), shown at the bottom of the page.

VII. NUMERICAL RESULTS

We consider a multipath fading channel with exponential
power delay profile. First, with the aid of (8), elements of the
complex covariance matrix 
 can be evaluated, where the mean
delay spread is chosen as σ = 1. The simulation results are
based on the classical method of generating correlated random
numbers. Therefore, since the specified covariance matrix 


is positive semi-definite and its eigen-values are always non-
negative, the Cholesky decomposition method is used to trans-

form a set of uncorrelated Gaussian random numbers to a set
of correlated numbers of a predefined correlation matrix 


with entries given by5 (8). As a result, the correlation matrix
is decomposed to give a lower triangle matrix L. Therefore, to
get a correlated random numbers with a correlation matrix 
,
simply apply the matrix L to a vector of normalized independent
random variables. Finally, the overall simulated average mutual
information over the pth sub-carrier (22) can be evaluated by
averaging 105 Monte Carlo simulations of the instantaneous
mutual information log2(1 + SINRp), where SINRp is given
by; perfect CSI (13), imperfect CSI (28), and transmit diversity
(32). This is then substituted in (24) to find the overall spectral
efficiency. It is to be emphasized that at high number of subcar-
riers, elements of the correlation matrix 
 become insignificant
when |n − m| > 20 [9]. On the other hand, for the theoretical
analysis results, 
 is used to find the MGF by (19), where
this is used to evaluate the simplified overall average mutual
information over the pth sub-carrier given in (23), which is then
substituted in (24) to find the overall spectral efficiency.

In Figs. 1–5, Monte Carlo simulations of the overall average
mutual information over the pth sub-carrier which is given by
(22), where the instantaneous SINR over the pth sub-carrier is
given by (13), with the aid of the overall spectral efficiency
formula (24), is used to validate the new analytical expression
(24), where the overall average mutual information over the
pth sub-carrier is given by (23). It is seen that the simulation
and proposed analytical expression provide a perfect match
which corroborate the exactness of the proposed analytical
expressions. Note that in Figs. 1–7, it is assumed that perfect
CSI is available at the receiver, and that the spectral efficiency
is evaluated without taking into account the penalty of the extra
power and spectral resources allocated to channel estimation
assuming that blind channel estimation is performed instead.

In Fig. 1, spectral efficiency (exact and upper bound) against
SNR is shown for non-random �. In the presence of CFO, the
spectral efficiency increases with increasing the SNR (until a
ceiling is reached beyond which the spectral efficiency becomes
independent of SNR), and decreases with increasing the CFO.

5Note that we are alternating between the covariance and correlation ma-
trix since they are equal because the mean of the channel RVs is zero.
The Cholesky decomposition of the predefined covariance matrix 
 is given

as: 
 = U�U† =
(

U
√

�
) (

U
√

�
)†

. Therefore, a correlated channel vector

of random numbers is given by H = Lx where x ∼ CN (0, IN ), then H ∼
CN (0, LL†), where L = U

√
�.

Rp (�) = log2 e
∫ ∞

0

1

z

(
M(z, . . . , 0

p
, . . . , z) − M(z, z, . . . , z)

)
e−z

{|c(p, p)|2σ 2
ε +1/SNRD

}
dz (31)

Rp (�) = log2 e
∫ ∞

0

1

z

(
MM(z, . . . , 0

p
, . . . , z) − MM(z, z, . . . , z)

)
e−zM/SNRDdz. (33)
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Fig. 1. Spectral efficiency against SNR for a given non-random CFO with N =
64, α = 0, TG = 8 and σ = 1.

Fig. 2. Spectral efficiency against SNR with uniform random CFO, � ∼

U(−a, a), for N = 64, α = 0, TG = 8 and σ = 1.

In addition, spectral efficiency degradation due to CFO is more
severe at high SNR values since the SINR at high SNR is
approximated as signal to interference ratio (SIR) from the ICI
due to CFO. This can easily be seen since SINR = 1

1
SIR + 1

SNR
.

Therefore, for high SNR, SNR � SIR, SINR ≈ SIR, and for
low SNR, SNR � SIR, SINR ≈ SNR.

In Fig. 2, spectral efficiency against SNR is plotted for
random �. The CFO � is a uniform RV distributed according
to � ∼ U(−a, a), which is chosen as a worst case scenario
when no CFO estimation is performed. For instance, in mo-
bile systems CFO might be introduced from mobility due to
Doppler shift. It is seen from Fig. 2 that the spectral efficiency
increases with increasing the SNR until a ceiling is reached,
and decreases with increasing the CFO variance parameter a.

Fig. 3. Spectral efficiency against SNR for the cyclic prefix based (CB) CFO
estimation with SNRE = SNR, N = 64, α = 0, and σ = 1.

For instance, to compensate for the loss in spectral efficiency
due to random CFO, SNR should be increased from 20 dB to
24 dB in order to achieve 5 bits/sec/Hz when a = 0.1. Further,
spectral efficiency degradation becomes more severe when the
CFO variance parameter a exceeds 0.02.

In Fig. 3, spectral efficiency against SNR is drawn when (5)
is used as the variance of the CP-based CFO estimator �.
Therefore, without the aid of training sequence in CFO estima-
tion, ν = 0 since the length of the cyclic prefix is used for CFO
estimation, hence, α = 0 and TE = 0. Fig. 3 reveals that as the
cyclic prefix6 TG increases, a degradation in spectral efficiency
is seen when the number of sub-carriers N = 64. Therefore,
even though increasing the cyclic prefix length decreases the
CFO estimation error variance and improves accuracy, the
system resources loss induced during the estimation phase
decreases the spectral efficiency. Hence, there is a trade-off
between the loss in spectral efficiency due to residual CFO
and the loss in system resources while estimating the CFO.
In order to gain more insight into the system, we provide an
approximate closed form expression to the spectral efficiency
with a Gaussian RV �. From (21), with the aid of Taylor series

expansion, we get
∣∣∣ sin(π�)

Nsin( π
N �)

∣∣∣2 ≈ 1 − (π�)2

3 [33]. Therefore,

when the residual CFO is distributed as � ∼ N
(

0, σ 2�
)

, the

overall average mutual information over the pth sub-carrier can
be approximated by

Rp ≈ log2

(
SNRD + 1

SNRD
π2

3 σ 2� + 1

)
. (34)

6Note that the loss induced by the cyclic prefix comprises two components:
1) the time to transmit the cyclic prefix and 2) the power which is used to
transmit the cyclic prefix. It is to be emphasized that both these factors are
explicitly included in the spectral efficiency (15) and (16).
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Fig. 4. Spectral efficiency against SNR for the training based (TB) CFO
estimation with equal pilot and signal power, α = 1

9 , TG = 8 and σ = 1.

Fig. 5. Spectral efficiency against SNR for the training based (TB) CFO
estimation with fixed pilot power, N = 64, α = 1

9 , TG = 8 and σ = 1.

In the CP-based (CB) CFO estimation, we have

Rp ≈ log2

( N
N+TG

SNR + 1
N

3TG(N+TG)
+ 1

)
. (35)

In Figs. 4 and 5, spectral efficiency against SNR is shown for
the training based (TB) CFO estimation with equal pilot and
signal power, and fixed pilot power, respectively. The estimator
variance is given by (6), for TG = 8 and σ = 1. Here, the
OFDM training block is divided into two identical parts, K = 2
in (6). It is assumed here that one OFDM block is used for
CFO estimation ν = 1 from every nine OFDM blocks V = 9,
assuming that the coherence time is at least higher than nine
OFDM blocks so that the channel (which is assumed perfectly
known here) is considered constant each nine OFDM symbols.
Therefore, the fraction of time resources allocated to estimation
is α = 1

9 , and the effective per OFDM block training symbol

Fig. 6. Spectral efficiency against the number of sub-carriers, N, for the
training based (TB) and cyclic prefix based (CB) CFO estimation with equal
pilot and signal power, SNR = 5 & 10 dB, α = 1

9 for TB, α = 0 for CB and
σ = 1..

length is TE = N
8 . Hence, it is seen from Fig. 4 that the higher

the number of sub-carriers, N and/or SNR, the higher the
spectral efficiency. When comparing Figs. 3 and 4 for N = 64
and TG = 8, it is seen that spectral efficiency with CP-based
CFO estimation (Fig. 3) is higher than that of training based
CFO estimation (Fig. 4). In addition, note that in the case
of equal pilot and signal power, in contrast to Figs. 1 and 2,
spectral efficiency increases with SNR without bound as there
is no ceiling in this case. This is justified by the fact that
increasing SNR decreases the ICI through CFO estimation as
SNRE increases. Furthermore, as SNRE approaches infinity, ICI
approaches zero. However, it is also seen that in the fixed pilot
power case Fig. 5, at low SNRE, there is a spectral efficiency
ceiling as SNR increases. To gain more insight into the system
settings, substituting this estimator variance in (34), in the
training based (TB) CFO estimation with equal pilot and signal
power, we have

Rp ≈ log2

( N
N+TG+TE

SNR + 1
2

3(N+TG+TE)
+ 1

)
. (36)

In Fig. 6, spectral efficiency against the number of sub-
carriers, N is shown for both, the cyclic prefix based (CB) CFO
estimation, and the training based (TB) CFO estimation, with
equal pilot and signal power, for SNR = 5 & 10 dB and σ = 1.
It is seen that the spectral efficiency increases monotonically
with increasing the number of sub-carriers N until a ceiling
is reached, beyond which the spectral efficiency becomes in-
dependent of the number of sub-carriers. Fig. 6 shows that at
low number of sub-carriers N ≤ 104, less number of cyclic
prefix TG has higher spectral efficiency. However, they both
match at higher number of sub-carriers. As far as the spectral
efficiency is concern, it is seen that the cyclic prefix based
method outperforms the training based method when perfect
CSI is known blindly at the receiver.
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Fig. 7. Transmit diversity spectral efficiency against SNR for a given non-
random CFO with M = 5, α = 0, N = 64, TG = 8 and σ = 1.

Fig. 8. Spectral efficiency against SNR for the training based CFO estimation
with imperfect CSI for equal pilot and signal power, α = 1

9 , TG = 8 and σ = 1.

In Fig. 7, spectral efficiency of OFDM systems with transmit
diversity against SNR for non-random CFO is drawn when
M = 5, N = 64, TG = 8, α = 0, and σ = 1. As expected, it
is seen that there is a little improvement in spectral efficiency
with transmit diversity. This is due to the fact that spectral
efficiency is improved by spatial multiplexing. It is well known
that transmit and receive diversity is used to combat the severe
channel fading and improve transmission reliability. Therefore,
diversity improves error rate and does not provide huge im-
provement to the spectral efficiency.

In Fig. 8, spectral efficiency against SNR for the training
based CFO estimation with imperfect CSI is shown for equal
pilot and signal power with α = 1

9 , TG = 8 and σ = 1. Here,
since the impact of imperfect channel estimation is taken into
account jointly with the CFO, it is seen clearly that Fig. 8 has

Fig. 9. Spectral efficiency against SNR for the training based CFO estimation
with imperfect CSI for fixed pilot power, N = 64, α = 1

9 , TG = 8 and σ = 1.

a worse spectral efficiency than Fig. 4 where perfect CSI is
assumed.

In Fig. 9, spectral efficiency against SNR for the training
based CFO estimation with imperfect CSI is plotted for fixed
pilot power with N = 64, α = 1

9 , TG = 8 and σ = 1. Compared
with Fig. 5 where perfect CSI is assumed, a worse spectral
efficiency is seen as SNRE decreases. This is justified by the
increase in estimation error variance due to the joint CFO and
channel estimation.

VIII. CONCLUSION

The performance of the OFDM systems is susceptible to
degradation when failing to attain perfect time and frequency
synchronization. Even though CFO estimation is performed
at the receiver, a residual frequency offset still exists and
introduces ICI which degrades the OFDM system performance
over multipath wireless channels. New precise expressions for
the spectral efficiency of OFDM systems in the presence of
residual CFO and multipath fading channels are presented,
which accurately accounts for both the degradation in SINR
due to the residual CFO, and the penalty of the extra power
and spectral resources required to achieve the desired CFO
estimation accuracy, as well as the periodic transmission of the
cyclic prefix. Numerical results demonstrated that the cyclic
prefix based CFO technique is more efficient than the training
symbols based CFO technique when perfect CSI is known
blindly at the receiver. However, the training symbols based
CFO estimation technique is more efficient than the cyclic
prefix based CFO technique if a training sequence is sent for
channel estimation. In addition, low fixed pilot power results in
a spectral efficiency ceiling as SNR increases, whereas in the
equal pilot and signal powers case, spectral efficiency increases
with SNR without bound. Further, it is also seen that when joint
CFO and channel estimation is performed at the receiver, this
results in a worse estimation error variance for the CFO and
channel.



2590 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 7, JULY 2015

REFERENCES

[1] J.-J. van de Beek, M. Sandell, and P. O. Borjesson, “ML estimation of time
and frequency offset in OFDM systems,” IEEE Trans. Signal Process.,
vol. 45, no. 7, pp. 1800–1805, Jul. 1997.

[2] P. H. Moose, “A technique for orthogonal frequency division multiplexing
frequency offset correction,” IEEE Trans. Commun., vol. 42, no. 10,
pp. 2908–2914, Oct. 1994.

[3] M. Morelli and U. Mengali, “Carrier-frequency estimation for transmis-
sions over selective channels,” IEEE Trans. Commun., vol. 48, no. 9,
pp. 1580–1589, Sep. 2000.

[4] Y. Sun, Z. Xiong, and X. Wang, “EM-based iterative receiver design with
carrier-frequency offset estimation for MIMO OFDM systems,” IEEE
Trans. Commun., vol. 53, no. 4, pp. 581–586, Apr. 2005.

[5] Z. Cvetkovic, V. Tarokh, and S. Yoon, “On frequency offset estimation for
OFDM,” IEEE Trans. Wireless Commun., vol. 12, no. 3, pp. 1062–1072,
Mar. 2013.

[6] A. Al-Dweik, A. Hazmi, S. Younis, B. Sharif, and C. Tsimenidis, “Car-
rier frequency offset estimation for OFDM systems over mobile ra-
dio channels,” IEEE Trans. Veh. Technol., vol. 59, no. 2, pp. 974–979,
Feb. 2010.

[7] D. Li, Y. Li, H. Zhang, L. Cimini, and Y. Fang, “Integer frequency offset
estimation for OFDM systems with residual timing offset over frequency
selective fading channels,” IEEE Trans. Veh. Technol., vol. 61, no. 6,
pp. 2848–2853, Jul. 2012.

[8] T. Schmidl and D. Cox, “Robust frequency and timing synchronization
for OFDM,” IEEE Trans. Commun., vol. 45, no. 12, pp. 1613–1621,
Dec. 1997.

[9] K. Hamdi, “Exact SINR analysis of wireless OFDM in the presence of
carrier frequency offset,” IEEE Trans. Wireless Commun., vol. 9, no. 3,
pp. 975–979, Mar. 2010.

[10] J. Lee, H.-L. Lou, D. Toumpakaris, and J. Cioffi, “SNR analysis of
OFDM systems in the presence of carrier frequency offset for fading
channels,” IEEE Trans. Wireless Commun., vol. 5, no. 12, pp. 3360–3364,
Dec. 2006.

[11] P. Dharmawansa, N. Rajatheva, and H. Minn, “An exact error probability
analysis of OFDM systems with frequency offset,” IEEE Trans. Commun.,
vol. 57, no. 1, pp. 26–31, Jan. 2009.

[12] K. Hamdi, “Unified error-rate analysis of OFDM over time-varying chan-
nels,” IEEE Trans. Wireless Commun., vol. 10, no. 8, pp. 2692–2702,
Aug. 2011.

[13] X. Liu and L. Hanzo, “Exact BER analysis of OFDM systems
communicating over frequency-selective fading channels subjected to
carrier frequency offset,” in Proc. IEEE VTC—Spring, Apr. 2007,
pp. 1951–1955.

[14] P. Zhou, C. Zhao, Y. Yang, and X. He, “Error probability of MPSK OFDM
impaired by carrier frequency offset in AWGN channels,” IEEE Commun.
Lett., vol. 10, no. 12, pp. 801–803, Dec. 2006.

[15] L. Rugini and P. Banelli, “BER of OFDM systems impaired by carrier
frequency offset in multipath fading channels,” IEEE Trans. Wireless
Commun., vol. 4, no. 5, pp. 2279–2288, Sep. 2005.

[16] K. Sathananthan and C. Tellambura, “Probability of error calculation of
OFDM systems with frequency offset,” IEEE Trans. Commun., vol. 49,
no. 11, pp. 1884–1888, Nov. 2001.

[17] H. Suraweera and J. Armstrong, “Error probability of OFDM with car-
rier frequency offset in AWGN and fading channels,” in Proc. IEEE
GLOBECOM, Nov. 2006, pp. 1–6.

[18] P. Weeraddana, N. Rajatheva, and H. Minn, “Probability of error analysis
of BPSK OFDM systems with random residual frequency offset,” IEEE
Trans. Commun., vol. 57, no. 1, pp. 106–116, Jan. 2009.

[19] T. Araujo and R. Dinis, “On the accuracy of the Gaussian approximation
for the evaluation of nonlinear effects in OFDM signals,” IEEE Trans.
Commun., vol. 60, no. 2, pp. 346–351, Feb. 2012.

[20] A. Clark, P. Smith, and D. Taylor, “Instantaneous capacity of OFDM
on rayleigh-fading channels,” IEEE Trans. Inf. Theory, vol. 53, no. 1,
pp. 355–361, Jan. 2007.

[21] V. Gottumukkala and H. Minn, “Ergodic capacity analysis of MISO/
SIMO-OFDM with arbitrary antenna and channel tap correlation,” IEEE
Trans. Veh. Technol., vol. 62, no. 7, pp. 3062–3068, Sep. 2013.

[22] K. Nehra and M. Shikh-Bahaei, “Spectral efficiency of adaptive
MQAM/OFDM systems with CFO over fading channels,” IEEE Trans.
Veh. Technol., vol. 60, no. 3, pp. 1240–1247, Mar. 2011.

[23] S. Verdu, “Spectral efficiency in the wideband regime,” IEEE Trans. Inf.
Theory, vol. 48, no. 6, pp. 1319–1343, Jun. 2002.

[24] J. Ahmed and K. Hamdi, “Spectral efficiency of asynchronous MC-
CDMA with frequency offset over correlated fading,” IEEE Trans. Veh.
Technol., vol. 62, no. 7, pp. 3423–3429, Sep. 2013.

[25] C. R. N. Athaudage, M. Saito, and J. Evans, “Capacity of OFDM systems
in Nakagami-m fading channels: The role of channel frequency selectiv-
ity,” in Proc IEEE PIMRC, Sep. 2008, pp. 1–4.

[26] B. Hassibi and B. Hochwald, “How much training is needed in multiple-
antenna wireless links?” IEEE Trans. Inf. Theory, vol. 49, no. 4,
pp. 951–963, Apr. 2003.

[27] S. M. Kay, Fundamentals of Statistical Signal Processing—Estimation
Theory. Upper Saddle River, NJ, USA: Prentice-Hall, 1993.

[28] W. C. Jakes, Microwave Mobile Communications. Piscataway, NJ,
USA: IEEE Press, 1994.

[29] K. Hamdi, “Capacity of MRC on correlated rician fading channels,” IEEE
Trans. Commun., vol. 56, no. 5, pp. 708–711, May 2008.

[30] P. Billingsley, Probability and Measure. New York, NY, USA:
Wiley, 1979.

[31] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions.
New York, NY, USA: Dover, 1965.

[32] H. K. Xiaoqiang Ma, H. Kobayashi, and S. C. Schwartz, “Joint frequency
offset and channel estimation for OFDM,” in Proc. IEEE GLOBECOM,
Dec. 2003, vol. 1, pp. 15–19.

[33] H. Cheon and D. Hong, “Effect of channel estimation error in OFDM-
based WLAN,” IEEE Commun. Lett., vol. 6, no. 5, pp. 190–192,
May 2002.

[34] K. Hamdi, “A useful lemma for capacity analysis of fading interfer-
ence channels,” IEEE Trans. Commun., vol. 58, no. 2, pp. 411–416,
Feb. 2010.

[35] K. Hamdi, “On the statistics of signal-to-interference plus noise ratio
in wireless communications,” IEEE Trans. Commun., vol. 57, no. 11,
pp. 3199–3204, Nov. 2009.

[36] S. Salari, M. Ardebilipour, and M. Ahmadian, “Joint maximum-likelihood
frequency offset and channel estimation for multiple-input multiple-
output-orthogonal frequency-division multiplexing systems,” IET
Commun., vol. 2, no. 8, pp. 1069–1076, Sep. 2008.

Ahmed Almradi (S’14) received the B.Sc. degree
in electrical and electronic engineering from the
University of Tripoli, Tripoli, Libya, in 2004, and
the M.Sc. degree in electrical engineering from
Rochester Institute of Technology, Rochester, NY,
USA, in 2012. He is currently working toward
the Ph.D. degree at The University of Manchester,
Manchester, U.K. His research interests include
wireless communication systems, full duplex com-
munications, and statistical signal processing.

Khairi Ashour Hamdi (M’99–SM’02) received the
B.Sc. degree in electrical engineering from the Uni-
versity of Tripoli, Tripoli, Libya, in 1981, the M.Sc.
degree (with distinction) from the Technical Univer-
sity of Budapest, Budapest, Hungary, in 1998, and
the Ph.D. degree in telecommunication engineering
from Hungarian Academy of Sciences, Budapest,
in 1993. He was with the University of Essex,
Colchester, U.K. He is currently with the School of
Electrical and Electronic Engineering, The Univer-
sity of Manchester, Manchester, U.K. His current

research interests include modelling and performance analysis of wireless
communication systems and networks, green communication systems, and
heterogeneous mobile networks.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


