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Abstract—Orthogonal Frequency Division Multiplexing based 

on Offset Quadrature Amplitude Modulation (OFDM/OQAM) 

systems are highly sensitive to Carrier Frequency Offset (CFO), 

especially in doubly selective fading channels. In this paper, by 

modeling the doubly selective channel with Basis Expansion 

Model (BEM), we prove the cyclostationarity of the received 

OFDM/OQAM signal in the presence of CFO. A blind CFO 

estimator is proposed based on the derived close-form 

second-order cyclic statistic. Analysis and simulation results 

demonstrate that the proposed estimator provides robust CFO 

estimation performance in OFDM/OQAM systems over doubly 

selective fading channels. 

 

Index Terms—Orthogonal Frequency Division Multiplexing 

(OFDM), Offset Quadrature Amplitude Modulation (OQAM), 

Carrier-Frequency Offset (CFO), blind estimation 

 

I. INTRODUCTION 

Multicarrier modulation techniques have been taken 

into account for high-data-rate transmissions over 

wireless and wired frequency selective channels. The 

most popular example is the Orthogonal Frequency 

Division Multiplexing (OFDM) modulation technology. 

OFDM systems often use the Cyclic Prefix (CP) to 

combat the intersymbol interference (ISI) and the 

intercarrier interference (ICI) in dispersive channels. 

However, the insertion of CP involves a loss in spectral 

efficiency. Moreover, the rectangular pulse shaping filter 

in OFDM systems which exhibits poor frequency decay 

leads to a risk of intercarrier interference. In order to 

counteract this drawback, a new OFDM scheme based on 

Offset Quadrature Amplitude Modulation 

(OFDM/OQAM) has been intensively studied [1]. Its 

principle is to introduce a half symbol duration time 

offset between the real and imaginary components of a 

QAM constellation and transmit them separately on each 

subcarrier. As the orthogonality constraint only holds in 

the real field, a time-frequency well localized prototype 

pulse is allowed. Then, the OFDM/OQAM system does 

not need the CP to achieve good transmission 

performance over dispersive channels. 

 
 

 

  

 

Like all the other multicarrier systems, OFDM/OQAM 

systems are more sensitive to frequency synchronization 

errors than single-carrier systems [2]-[3]. For example, 

the Carrier Frequency Offset (CFO) estimation errors 

induce ICI and ISI, and hence lead to a severe 

performance degradation. Therefore, it is very important 

to design efficient frequency synchronization schemes [4]. 

In the last years, both data-aided and blind CFO 

estimation algorithms have been proposed for 

OFDM/OQAM systems. Data-aided estimators [5]-[8], 

based on training sequences or pilot symbols, can 

estimate accurately and quickly. However, extra data 

blocks are required to carry out the estimation and hence 

a portion of bandwidth is wasted. In contrast, blind 

estimators that only rely on the properties of the 

transmitted symbols are often desirable for high-data-rate 

transmissions [9]-[14]. 

In [10], a simple LS estimator was proposed, and 

provides good performance for a relatively low number 

of observed OFDM/OQAM symbols in the multipath 

channel. In [11], by modeling the OFDM/OQAM signal 

as a Noncircular Complex Gaussian Random Vector 

(NC-CGRV), a blind CFO estimation algorithm in 

non-dispersive channel is proposed according to the 

maximum likelihood approach. However, the underlying 

requirement is that the number of subcarriers must be 

sufficiently large. The algorithm for blind CFO 

estimation proposed in [12] is based on the conjugate 

cyclostationarity (CS) property of the received signal. It 

is shown that the estimator is very accurate and is quite 

robust over frequency selective channels. Nevertheless, a 

large number of symbols have to be considered in order 

to provide the estimator with proper initialization, and 

hence the convergence of this algorithm is particularly 

slow. Moreover, the conjugate correlation function of 

subchannel signals is used in [13] to derive a new CFO 

estimation method. The estimator is robust to multipath 

channels thanks to the narrowband property of the 

subchannel. However, the weakness of the above two 

proposed methods lie in their computational complexity. 

In [14], by exploiting the unconjugate CS property of the 

received signal, a blind joint CFO and symbol timing 

error estimator is presented. The estimator is 

mathematically investigated in Additive White Gaussian 

Noise (AWGN) and time dispersive channels. However, 

it does not take into account the presence of frequency 

dispersive effect. 
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The estimation accuracy of the above algorithms gets 

rapidly poor when the channel exhibits a time variance in 

addition to frequency selectivity, as usually occurs in 

mobile communication systems with large delay and 

Doppler spreads [15]. However, to the best of our 

knowledge, blind frequency synchronization for the 

OFDM/OQAM systems over doubly selective channels 

has not been investigated in the literature. In this paper, 

we propose a blind CFO estimation scheme based on the 

cyclostationarity property of the received signal 

transmitted over doubly selective channels which are 

modeled as Basis Expansion Model (BEM). The 

second-order cyclic statistic of the received signal in the 

presence of CFO is derived. Both the 

pulse-shaping-induced CS and the channel information 

are included in the cyclic moments. Therefore, the CFO 

estimation performance can be improved over doubly 

selective fading channels. 

The paper is organized as follows. The system model 

is described in the next section. In Section III, we prove 

the second-order CS property of the received signal in the 

presence of CFO and BEM channel, and then derive the 

blind CFO estimator. In Section IV, numerical results are 

presented and discussed. Finally, some conclusions are 

drawn in Section V. 

Notation: 1j   , superscript ( )  denotes the 

complex conjugation,     the flooring integer,     the 

ceiling integer,  the absolute value. Finally,  E  

stands for the expectation operator. 

II. SYSTEM MODEL 

A. Baseband Model for OFDM/OQAM 

Let us consider a discrete-time OFDM/OQAM system, 

the transmitted baseband signal can be expressed as 

follows [16]: 

, ,[ ] ( ) ( )R I
l k l k

l

s n x n jx n




  
           (1) 

while , ( )R
l kx n  and , ( )I

l kx n  are given by: 

1
(2 / /2)

, ,

0

( ) ( )
N

R R jk n N
l k k l

k

x n a g n lN e  






         (2) 

1
(2 / /2)

, ,

0

( ) ( 2)
N

I I jk n N
l k k l

k

x n a g n lN N e  






     (3) 

where N is the number of subcarriers, the sequences ,
R
k la  

and ,
I
k la  denote the real and imaginary parts of the 

complex data symbol located on the kth subcarrier during 

the lth symbol, respectively. ( )g n  denotes the real pulse 

shaping prototype filter. We assume that the symbols 

,
R
k la  and ,

I
k la , ( , )l    , (0,..., 1)k N  , are 

statistically independent and identically distributed with 
zero mean. We furthermore assume that: 

     2
, ', ' ' 'R R

k l k l RE a a k k l l      

     2
, ', ' ' 'I I

k l k l IE a a k k l l      

 , ', ' 0R I
k l k lE a a   

where [ ]  stands for the Delta function. 

Subsequently, the discrete-time data symbols are 

transmitted over doubly selective fading channels. The 

Channel Impulse Response (CIR) at instant n and lag l is 

given by  ,h n l . Then, the received baseband signal in 

the presence of a CFO ε which is normalized to the 

intercarrier spacing, can be written as: 

2 /

0

( ) ( , ) ( ) ( )
hL

j n N

m

r n e h n m s n m v n



       (4) 

where ( )v n  denotes the complex white Gaussian noise 

with zero mean and a variance of 2
v . It is assumed to be 

statistically independent of the input signal and the 
channel. Lh stands for the maximum discrete delay spread 

of the channel and satisfies max /h sL T    , where 

max  and sT  denote the maximum delay spread and the 

symbol sampling period, respectively. 

B. Channel Model 

In this section, we adopt the BEM to approximate the 

doubly selective fading channel as a time varying Finite 

Impulse Response (FIR) filter. Each tap of the filter is 

expressed as a superposition of suitable basis functions. 

Since the complex exponential basis functions are used in 

this paper, we denote the model as CE-BEM [17]. Then, 

the channel impulse response can be expressed as: 

/2
2 /

/2

( , ) ( )
Q

j qn N
q

q Q

h n l h l e 



  , 0 hl L       (5) 

In the model, max2 sQ f NT     denotes the number 

of complex exponential basis functions, where maxf  is 

the maximum Doppler spread. ( )qh l  is the coefficient 

of the qth basis function of the lth channel tap. The 

CE-BEM coefficients are zero-mean complex Gaussian 

random variables. They keep invariant over a block of N 

symbols but may vary from block to block independently. 

It is observed that the utilization of BEM offers a 

significant dimension reduction in the representation of 

the doubly selective channel. 

III.  CFO ESTIMATOR BASED ON CS PROPERTY 

A. CS in the Doubly Selective Fading Channels 

It has been proved that by employing time-frequency 

guard regions, subcarrier weighting or pulse shaping, the 

CS property is introduced to the OFDM/OQAM signal 

[14]. In this paper, in order to achieve maximum spectral 

efficiency, the method of time-frequency guard regions 

and subcarrier weighting are not considered. Indeed, the 

periodical expansion characteristic of the BEM can also 
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introduce CS in the received signals. In the following, we 

shall discuss the second-order CS property of the 

OFDM/OQAM signals in the presence of the BEM 

channel and CFO. 

Combining (1), (5) and (4) leads the received 

OFDM/OQAM signal to: 

/2
2 / 2 /

0 /2

, ,

( ) ( )

( ) ( ) ( )

hL Q
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q

m q Q
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 
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 

 



  (6)

 
The correlation function of the received signal is 

defined by: 

*( , ) { ( ) ( )}rc n E r n r n             (7) 

where τ is an integer lag. Then, after some steps of 

straightforward manipulations, we can obtain: 
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where ( ) { ( ) ( )}vc E v n v n   . And, 
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From (10), we can easily derive that: 
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Then, similar expression can be given by: 

( ) ( )[ 2 ] [ 2]N Na n N N a n N                (12) 

Therefore, using (8), (11) and (12), we can derive: 
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where 
, , ,

( )
m q m q 

  is the compact expression denoting 

/2 /2

0 /2 0 /2

( )
h hL LQ Q

m q Q m q Q    

    . 

From (13), it follows that ( , )rc n   is a periodic 

function in n with period N. In other words, the received 

signal ( )r n  is said to be second-order cyclostationary 

with period N. 

From (9) we can obtain ( ) ( )N s
x N x sN




   . 

Meanwhile, by employing the pulse shaping, it follows 

that    2 2( )( [ ] [ 2]) 0N R N I Nm m a n a n N
 

         only 

when m m sN    , where s  and [ , ]s L L  . 

In the above equation, ( 1)gL L N    , where gL  

denotes the length of the pulse shaping prototype filter. 

Due to the fact that ( ) [ , ]h hm m L L    , the correlation 

function ( , )rc n   contains information of CFO only 

when [ , ]h hsN L sN L    , [ , ]s L L  . Otherwise, 

( , ) ( )r vc n c   and hence no information on the CFO 

parameter ε is contained. 

B. The Proposed Blind CFO Estimator 

From the previous discussion, it follows that the 

OFDM/OQAM signal in the presence of BEM channels 

and CFO errors keeps the second-order CS property. 

Since the correlation function ( , )rc n   is N-periodic 

in n, the Cyclic Autocorrelation Function (CAF) is used 

to characterize the cyclostationary signal ( )r n . The CAF 

is defined by the Fourier series of ( , )rc n  : 
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Substituting (8) into (14), we can obtain: 
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while ( , )A k   is given by: 
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where ( , )[ , ]g gA    is the ambiguity function of the real 

pulse shaping filter ( )g n , and it is defined by: 

 
( , ) 2[ , ] ( ) ( )g g j n

n
A g n g n e    

 


     (17) 

From (15), it follows that the phase shift 
2 /j Ne 

 in 

the CAF is introduced by the CFO ε. Therefore, the 

cyclic statistics ( , )rC k   can be exploited for blind CFO 

estimation. Since the parameters 2
R , 2

I , ( )qh m  and 
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( )g n  are assumed to be known in the receiver, ( , )A k   

can be calculated for a given ( , )k  . Then, the effect of 

the doubly selective channel on the CFO estimation 
performance can be eliminated by defining: 

2 /
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( , )

0
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0

r
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C k A k k
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c
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
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
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 
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

  (18) 

where  ( , ) ( , ) 0k A k    . From (18), it is worthy 

noting that the additive noise item is in vain when 0k   

or 0  . Therefore, this CS-based blind estimator is 

robust to the AWGN, and hence can achieve acceptable 

performance in scenarios of low signal-to-noise ratio 

(SNR). 

In practice, the statistics ( , )rC k   in (15) can be 

estimated from a finite record of the received signals 

 
1

0
( )

L

n
r n
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
, i.e., 
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C k r n r n e
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 


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Therefore, ( , )C k   in (18) can be calculated as: 

ˆ ˆ( , ) ( , ) / ( , ), ( , )rC k C k A k k           (20) 

In (20), ( , )A k   can be calculated for a given ( , )k   

according to (16). Finally, the CFO   can be estimated 

as follows: 

 ˆˆ arg ( , )
2

N
mean C k 



 
  

 
             

( , )k   , 0  , 0,1,..., 1k N      (21) 

where  arg  denotes the unwrapped phase,  mean  

stands for the average operator. Note that, by averaging 

the CFO estimations derived from different values of 

( , )k  , the effect of additive noise is reduced significantly 

and therefore the estimation accuracy can be increased. In 

order to avoid ambiguity in the estimation of ε, it is 

required that ˆ 2N  . Provided that min 1  , the 

maximum acquisition range of the carrier frequency 

offset is ˆ 2N  , i.e., the entire bandwidth of an 

OFDM/OQAM signal. 
In addition, the computational complexity of the 

proposed estimator is evaluated in terms of the number of 
complex multiplications, and then it is compared with 
that of Bölcskei’s es0timator [14]. Considering Bölcskei’s 

estimator, the computational complexity is 2( log )O L L  

as FFT is applied. Since the items of ( )N  and 

( , )[ ]g gA  in equation (9) and (17) can be calculated in 

advance, the complexity of computing ( , )A k   is 

2 2( )hO L Q  by using the look-up-table method. The 

operation of FFT is also need to compute ˆ ( , )rC k  , so 

the complexity of the proposed estimator is 
2 2

2( log )hO L L L Q  eventually. It can be seen that Lh 

and Q are relatively small. As a result, the computational 
complexity of the proposed estimator has increased 
slightly. 

IV.  NUMERICAL RESULTS 

In this section, the performance of the proposed 

estimator is assessed via computer simulation and 

compared with that of the LS-based CFO estimator 

proposed by Fusco in [10] and the unconjugate CS-based 

CFO estimator proposed by Bölcskei in [14]. 

We consider an OFDM/OQAM system with N=32 

subcarriers. In the system, the modulation format is 

16-QAM throughout. The carrier frequency and the 

sampling period are 2GHz and 166.7s, respectively. We 

assume a four-path fading channel. As designed in [17], 

all the CE-BEM coefficients ( )qh l  are independent and 

zero-mean complex Gaussian random variables with the 

variance of 2
, ( ) ( )q l c s c slT S q NT  . In the equation, 

( ) exp( 0.1 / )c sT     is the multipath intensity profile, 

2 2 1
max( ) ( )cS f f f   denotes Doppler power spectrum, 

and 1

,
( ( ) ( ))c s c sl q

lT S q NT     is the normalized 

factor. In the simulations, the normalized carrier 

frequency offset to be recovered is fixed at ε=0.2. 

Moreover, we define the normalized Doppler spread as 

maxd sf f NT . Finally, the performance evaluation of 

mean square error (MSE) is carried out by using a 

number of 500 Monte Carlo trials. 
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Fig. 1. Pulse shaping prototype filter: (a) impulse response, (b) transfer 
function. 

As is shown in Fig. 1, the pulse shaping prototype 

filter ( )g n  is obtained by truncating a Square Root 

Raised Cosine (SRRC) filter with a roll-off parameter 0.6. 

The length of the filter is gL N , where 3   is the 

overlap parameter. 

Fig. 2 shows the MSE results of the considered CFO 

estimators as a function of SNR for L=32. In this 

simulation, two different propagation environments (PEs) 

have been considered: a slow fading scenario with 
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normalized Doppler spread 0.1df   and a fast fading 

condition with 1.5df  . Therefore, according to the 

equation max2 sQ f NT    , Q is calculated as 2 and 4, 

respectively. 

 
Fig. 2. MSE performance of the considered estimators as a function of 

SNR for L=32. 

It is noted that the best estimation accuracy is achieved 

by the proposed estimator for both PEs and all values of 

SNR. As we can see, the unconjugate CS and LS 

algorithms in the fast fading condition present a severe 

performance degradation with respect to that achieved in 

the slow fading scenario. Instead, the proposed estimator 

exhibits a contained performance loss. It can also be seen 

that the influences of SNR on the performance of the 

proposed estimator and the unconjugate CS estimator are 

weak. The two estimators perform well even for small 

values of SNR. This is because both the two estimators 

are CS-based and hence are immune to the effect of the 

additive Gaussian white noise. 

 

Fig. 3. MSE performance of the considered estimators as a function of 

the normalized Doppler spread for SNR=15dB and L=32. 

The MSE sensitivity to the normalized Doppler 

bandwidth df  is shown in Fig. 3 for SNR=15dB, L=32 

and df  ranging from 0.01 up to 1.5. As we can see, the 

worst MSE is exhibited by the unconjugate CS for all 

values of df . The results also show that in the case of 

0.05df  , the LS achieves higher resolution than the 

other two estimators, while the proposed estimator 

assures the best performance for 0.05df  . Moreover, 

the proposed estimator is particularly robust to the 

presence of the Doppler spread while the unconjugate CS 

and the LS estimators present a severe performance 

degradation in the presence of the Doppler spread. It is 

due to the fact that the second-order cyclic statistic 

presented in this paper contains not only the 

pulse-shaping-induced CS property but also the 

information of the doubly selective channels, and hence it 

establishes an accurate formula to estimate the CFO. 

 
Fig. 4. MSE performance of the considered estimators as a function of 
the logarithm of the length of data record L for SNR=15dB and fd=0.5. 

Fig. 4 displays the MSE of the considered estimators 

as a function of the logarithm of the number of observed 

OFDM/OQAM symbols L for SNR=15dB and fd=0.5. As 

one would expect, the results illustrate that the estimation 

performance can be improved when the number L 

increases. The proposed estimator proves to assure the 

best performance. In addition, the unconjugate CS and 

LS schemes have a similar behavior, but exhibit a 

significant floor when the number L becomes 

significantly large. This is due to the fading effects of the 

multipath delay and Doppler spread in doubly selective 

channels. 

V. CONCLUSION 

In this paper, the problem of blind CFO estimation for 

OFDM/OQAM systems over doubly selective fading 

channels has been considered. We derive the 

second-order cyclic statistics of the received signal in 

presence of the BEM channel and CFO. The 

pulse-shaping-induced second-order cyclostationarity 

combined with the BEM channel information are 

contained in the derived cyclic moments. With the 

approach, the proposed estimator achieves robust 

performance over doubly selective channels. The 

simulation results show that the proposed method has 

substantial performance improvements at the expense of 

slightly increased computational complexity. Meanwhile, 

the proposed estimator is robust to the additional noise 

and Doppler spread. The channel information is assumed 

to be known in this paper. However, the best performance 

is usually obtained when the channel and CFO are 
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estimated jointly. Therefore, our future research will 

target on this point. 
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