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Abstract—The inter-carrier interference (ICI) caused by carrier 

frequency offset (CFO) and inphase and quadrature (I/Q) 

imbalance at the tranceiver will bring about serious problems in 

high-speed OFDM systems since the orthogonality among 

subcarriers is destroyed and it has great impact on the system 

performance. Various techniques have been developed to combat 

the effects of the CFO and the IQ imbalance in the analog front-

end. However, these methods are either too complicated or use a 

large number of pilot signals. A system that less sensitive to CFO 

and I/Q imbalance is required at the receiver for LTE-advanced 

system. In this paper, the ICI self-cancellation (ICI SC) scheme is 

proposed to mitigate the CFO effect in a general implementation 

framework with I/Q imbalance compensation. ICI and optimum 

CIR (carrier to interference power ratio) are derived and 

discussed. Moreover, by utilizing time-frequency interferometry 

(TFI) pilot signal and energy clipping method, through analysis 

and simulations, we can determine the predefined weighting 

coefficients to achieve the best BER performance. It is 

demonstrated by the computer simulations that the proposed 

scheme can make improvement of the BER performance 

compared to the conventional ICI SC methods. 

 

Index Terms—ICI, ICI SC, CFO, I/Q imbalance, TFI-OFDM 

 

I. INTRODUCTION 

RTHOGONAL frequency division multiplexing (OFDM) 

has been considered as a promising technology in 

wideband digital communication for high data rate applications. 

Due to higher spectrum efficiency and robustness to multipath 

fading channels, it has been adopted in various communication 

standards such as worldwide interoperability for microwave 

access (WiMAX), wireless local area networks (WLAN), and 

digital terrestrial video broadcasting (DVB-T). OFDM is 

sensitive to the distortion associated with the carrier signal [1] 

including mismatches between I and Q branches in the OFDM 

direct conversion receivers and the CFO due to Doppler 

frequency or the physically inherent nature of the oscillators. In 

this case, the orthogonality between subcarriers is destroyed, 

which implies a subcarrier frequency component is affected by 

other subcarrier frequency components that leads to ICI. To 

mitigate the disadvantage, numerous algorithms have been 

developed in improving the system performance including 
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schemes with improved decoding reliability [2], windowing 

function in the time domain [3], diversity-based ICI 

cancellation approach [4], frequency-domain equalization [5], 

carrier frequency offset estimation and compensation methods 

[6]-[9]. However, these methods require high implementation 

complexity and there has been almost no consideration for the 

possible influence of I/Q imbalance. On the other hand, some 

of the existing compensation methods for I/Q imbalance are 

without considering CFO [17]-[19]. It is critical to have an 

efficient and convenient way to solve the CFO problems in the 

presence of I/Q imbalance. Recently, the ICI self-cancellation 

(ICI SC) techniques that it is less sensitive to CFO have been 

extensively investigated. The basic idea of the general ICI SC 

schemes is that the same data symbol is mapped onto two 

subcarriers with predefined weighting coefficients to cancel the 

ICI components. Zhao et al. [10] presented a simple yet 

effective way for ICI SC that modulate the same data symbol 

on two adjacently located subcarriers with predefined inversed 

phase coefficients and the ICI components can be eliminated to 

some extent either using first-order constant method or first-

order linear method. Plural weighted data-conversion algorithm 

in [11] can mitigate phase error compared to [10] and robust to 

the impact of frequency offset at low CFO. ICI SC of data-

conjugate method is studied to reduce ICI effectively in [12]. 

Since the received signal is considered as the circular 

convolution of transmitted signal, the symmetric conjugate 

weighting coefficients are used to eliminate the effect of phase 

noise in [13]. This technique can tolerate phase noise of 7 deg 

with a BER of 
310

 [16] and CIR performance is improved. 

The methods in [14]-[15] utilize weighted conjugate 

transformation with different phase angles. However, it lacks 

theoretical analysis to determine rotated phases. To analyze the 

CIR and BER in a generalized frame work, we proposed a real 

constant and plural weighted data-conjugate scheme in the 

transmitter, furthermore, the modulation mode of desired signal 

after I/Q imbalance compensation is discussed in receiver. In 

the proposed schemes, different data allocation is used to 

modulate one data symbol onto the next subcarrier with 

predefined weighting coefficients to mitigate the phase error 

after I/Q imbalance compensation.  
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In the following section, TFI-OFDM system and the effect of 

ICI are introduced. In Section III, a joint I/Q imbalance 

compensation and ICI SC schemes are proposed in TFI-OFDM 

system. In section IV, the simulation results are shown. Finally, 

a conclusion is given in section V. 

II. OFDM SIGNAL MODEL AND ANALYSIS  OF ICI 

A. Signal Model 

In this paper, we use the TFI-OFDM system model  to clarity 

the benefit of the proposed method [20]-[23]. The transmitter 

block diagram of TFI-OFDM system is illustrated in Fig. 1. The 

received baseband signal with I/Q imbalance and CFO can be 

represented by 
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 and  are amplitude and phase mismatches. ( )y t is the 

baseband received signal. 

 

( ) ( , ) ( ) ( )y t h t x t d n t  



                                      (3) 

 

where h and   are the complex channel gain and the time 

delay, respectively. ( )n t is additive Gaussian noise process with 

a single side-band power spectrum of 
0N  and ( )x t  is 

transmitted baseband OFDM signal. 
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where 
dN  and 

pN  are the number of data and pilot symbols, 

sT  is the sampling time. T  is  the OFDM symbol length. N is 

the total number of subcarriers, S is average transmitting power, 

( )g t is the transmission pulse, respectively. After the FFT 

operation, Eq. (1) becomes 
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where ( , )Y k i  is received signal in frequency domain. In the 

presence of the I/Q imbalance, the subcarriers will be interfered 

by frequency mirror-image subcarriers. The ICI due to both the 

CFO and the I/Q imbalance will lead to CIR degradation. Here,

( )S l k  is defined as the complex coefficient for the ICI 

components between 
thl  and 

thk  subcarriers, which can be 

expressed as 
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where   is normalized frequency offset. To reduce the effect 

of I/Q imbalance and ICI due to CFO, proper estimation and 

compensation methods are necessary.  

B. ICI Analysis 

For convenience, I abbreviate  ,X k i ,  ,H k i , ( , )k i , 

( , )Y k i  to  X k ,  H k , ( )k , ( )Y k  respectively. Here 

we assume that the accurate CSI (channel state information) is 

known and 1, 0    when the two paths are exactly in 

quadrature. The received frequency-domain symbol stream 

with CFO can be rewritten as follows 
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Fig. 1. The Block diagram of ICI SC scheme in the tranceiver 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Fig. 1.  Symbol timing error rate for the conventional and proposed algorithm versus 

SNR in frequency-selective fading  channels.(L=9) 
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In order to analyze the influence of ICI from other subcarriers 

into 
thk  subcarrier, we assume the normalized carrier 

frequency offset values from 0.2 to 0.5 and 16N  . The 

complex ICI coefficients  S l k  are plotted for all 

subcarriers in Fig. 2 and Fig. 3, respectively. 

The two figures indicate that the weight of the desired signal 

component (0)S  decreases whereas the undesired weights of 

the ICI components increase for a larger  . Note that the 

adjacent carrier has the maximum contribution to the ICI. The 

CIR is an indicator that used as a measure of the carrier 

component power to the interference components power. Here 

we assume that the modulated data symbol )(X k  is 

statistically independent and identically distributed, and the 

CIR of standard OFDM transmission is given by 
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Equations (6), (8) show that CIR depends upon subcarrier 

number N  and carrier frequency offset  . Furthermore, the 

CIR has a maximum change of 0.068 dB when 8N  . 

Therefore, the CIR of normal OFDM systems can be considered 

as relation of the normalized frequency offset approximately.  

III. PROPOSED JOINT I/Q IMBALANCE COMPENSATION AND ICI 

SC SCHEMES 

In this paper, we use the I/Q Imbalance estimation method 

based on TFI-OFDM to achieve an accurate compensation with 

small number of pilot symbols [23]. we define  V k in pilot 

symbol as  
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We can obtain 

1

0

( ) {1,0, ,1,0}
N

k

X k




 as the pilot signal 

and separate the desired and mirror signals. Assuming that the 

noise power and   are small and can be ignored, Eq. 9 can be 

rewritten as 
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As a result, we can obtain   and   as  
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I/Q imbalance compensation is easy to implement in time 

domain [24] by using 
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where ˆ ( )comy t  is the compensated received signal in time 

domain. After I/Q imbalance compensation, a real constant and 

plural weighted data-conjugate ICI-Cancellation scheme is 

proposed. The data symbols are remapped as the form of 
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Fig. 2.  ICI coefficients  for the subcarriers from k=0 to N-1. (N=16, l=0) 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Fig. 1.  Symbol timing error rate for the conventional and proposed algorithm 
versus SNR in frequency-selective fading  channels.(L=9) 

 

 
Fig. 3.  ICI coefficients  for the subcarriers from -k=0 to N-1. (N=16, l=0) 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Fig. 1.  Symbol timing error rate for the conventional and proposed algorithm 

versus SNR in frequency-selective fading  channels.(L=9) 
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All data  symbol is mapped onto a pair of two adjacent  

subcarriers in frequency domain to achieve frequency diversity. 

Unlike the conventional methods, it can be proved that the 

proposed method is robust to the artificial phase rotation   at 

any angel in the evaluation of CIR.  Furthermore, the optimal 

values of    and   are achieved not only considering the CIR 

but also the BER performance, which is more important. Hence, 

the received data signal at the 
thk and ( 1)thk   subcarriers are  
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After Combining the real constant and plural weighted 

coefficients, the received signal 
'' ( )Y k  is determined as  
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Thus, CIR of proposed ICI SC scheme is given by 
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In order to get the optimum value of CIR at a given value of    

and N, we have to analysis the  proper numerical coefficients 

 ,   and the phase rotation factor  . This is equivalent to 

finding the  maximum value of  the ternary function. Derivation 

process is as follows 
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Similarly,  
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take the partial derivative with respect to    
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where =0 =0
m n

 

 

 
， . The specially designed modulation 

approach allows the phase rotation at any angel since there is 

no variable  in (17) and (18). Next, take the partial derivative 

with respect to  , let  
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After substituting the values from (21) and (22) into (20) , we 

have  
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In the same way, take the partial derivative with respect to  ,  
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Substituting (26) and (27) into (25), after calculation, it can be  

formulated as 

 
' 3 ' 2 ' '

0 1 2 3 0C C C C                                              (28) 

 

where 

'

0

2 2' 2 *2 * *

1

2 2 2 *2 * *

2 2 2 2 2'

2

2,

2

2,

2

2,

2

0,

( (0) (0) (1) ( 1) (1) ( 1)) ( ( ) ( 1) )

( (0) (1) ) ( ) ( ) ( 1) ( 1) ( 1) ( 1)

2 {( (0) (1) ) ( 1) ( (1) ( 1) )

N

l l even

N

l l even

N

l l even

C

C S S S S S S S l S l

S S S l S l S l S l S l S l

C S S S l S S S



 



 



 



       

        

    






2

2,

2

2,

2

2

2

2 2 2

2 2' 2 2 *2 * *

3

,

2

2

2 22

,

*2 * *

( )

( (0) ( 1) ) ( 1)

{( (0) ( 1) ) ( ) ( ) ( 1) ( 1) ( 1) ( 1)

( (0) (0)

}

}(1) ( 1) (1) ( 1)) ( ) ( 1)

N

l l even

N

l l even

N

l l even

N

l l even

l

S S S l

C S S S l S l S l S l S l S l

S S S S S S S l S l





 



 



 



 








  

         

    



  




























                                                                                                            

(29) 

 

Though the analysis of  Eqs.(23) and (28), we  can find the 

approximate optimal solution of  0.5, 0.5     from the 

above equations at a given   under 0  and 0  . In fact, 

we can see the relative variation regularity from Figs. 4 and 5. 

The optimum CIR are taken with the approximately inverted 

signs of   and   for normalized  0,0.15CFO .  

Here  we emphasize the novelty of the proposed scheme with 

respect to the existing method.  

 

       The mapping form of previous ICI SC methods is 

directly given without numerical analysis [11]-[15].  In 

this paper, we present the generalized framework and the 

derivation process to determine the predefined weighting 

coefficients.  

       The proposed model is robust to the artificial phase 

rotation  , which will greatly reduce the sensitivity of 

the random phase noise in the transmitter.  

       Here we consider a special case, if 0  , we have 

' ( ) 0.5 ( )X k X k , 
' *( 1) 0.5 ( )X k X k   , this 

appears to be equivalent to the data conjugate algorithm 

in [12]. Similarly, if / 2  , 
' ( ) 0.5 ( )X k X k , 

' /2 *( 1) 0.5 ( )jX k e X k   , this seems to be 

equivalent to the fixed plural weighted data-

conjugate algorithm A in [14]. However, it is different 

because the amplitude limiting is operated in the 

transmitter rather than in the receiver in the proposed 

method. Furthermore, we can get the conclusion by 

simulations that the reduction of signal energy in the 

transmitter are much more effective than the 

manipulation between adjacent subcarriers in the 

receiver. 

       From our work, we know that the proposed method 

has relatively better CIR and the best BER performance 

compared to the conventional methods. 
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IV. SIMULATION RESULTS 

In this section, Monte Carlo simulations have been conducted 

to evaluate the performance of proposed scheme compared to 

the existing methods. Here, the convolution codes (rate 

1/ 2R  , constraint length 7  ) with bit interleaving are 

used. The packet consists of 1pN   pilot symbol and 

20dN   data symbols. The subcarriers of 256 samples (

256N  ) and CP length of 16 samples ( 16cpN  ) are 

considered. Modulation type is QPSK and unless stated 

otherwise, the simulation is run by 1000 trials. The system 

performance is evaluated in terms of BER besides CIR. As 

mentioned above, 0.5  , 0.5   are chosen respectively. 

The conventional algorithms  were also implemented for the 

purpose of comparison. In this project, the simulations were 

performed in an AWGN channel model and it can be easily 

adapted to a flat-fading channel with channel estimation. The  

 

self cancellation schemes have widely been used because it 

does not require very complex hardware or software for 

implementation. Table.1  shows the simulation parameters. 

 

 

 

The theoretical CIR curve of conventional and the proposed 

ICI SC schemes are shown in Fig. 6. Algorithms in [10]-[11] 

were labeled as data-conversion, plural weighted  data-

conversion, algorithms in [12]-[13] were labeled as data-

conjugate, symmetric data-conjugate, and algorithms in [14]-

[15] were labeled as fixed plural weighted data-conjugate 

algorithm A and B, respectively. The CIR performance of ICI 

SC scheme is found to be better than that of the standard-OFDM 

system. Furthermore, it can be seen that the CIR performance 

of proposed scheme is inferior than the methods in [10], [11], 

but higher than the normal OFDM and has nearly identical 

performance as the methods in [13], [14], and [15]. From Fig. 

6, we know, in general, the data conversion methods have better 

CIR performance than conjugate methods. Note that CIR is one 

indicator of system performance, we also have to evaluate the 

BER performance. There are some relationship between CIR 

and BER from the analysis of previous methods but no datas to 

indicate that they are directly related to the each other. 

 
Fig. 5.  CIR versus  . ( 256, 1N    ) 

 

 
 

 
 

 

 
 

 

 
 

 

 

 

TABLE I   

SIMULATION  PAREMETERS 
 

Data Modulation QPSK 

FEC 
Convolutional code 

( 1/ 2R  , 7  ) 

Frame size 
21 symbol 

( 1pN  , 20dN  ) 

FFT size 256 

Number of subcarrier 256 

Guard interval 16 sampel times 

Applicable channel model AWGN, flat-fading 

The gain mismatch   

Phase mismatch   

0.2 

10
 

Weighted coefficients  ,

  
0.5 and -0.5 

CFO   0.001, 0.05, 0.1, 0.15 

 

 

 
Fig. 6.  CIR for the conventional and proposed algorithm versus Normalized 

frequency offset   in flat-fading channels( 1, 1    ). 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 Fig. 4.  CIR versus   . ( 256 1,N   ) 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
Fig. 1.  Symbol timing error rate for the conventional and proposed algorithm 

versus SNR in frequency-selective fading  channels.(L=9) 
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Fig. 7-Fig. 10 show the BER performance of proposed 

method compared to the conventional method after I/Q 

imbalance compensation. As seen in these figures, the proposed 

algorithm performs better than the others for different values of 

CFO. It depends on the design of the data allocation in the 

transmitter and the demodulation scheme in the receiver. When 

CFO is very small as shown in Fig. 7, except for proposed 

scheme and plural weighted data-conversion method, the data-

conversion method outperforms the others at a low SNR below 

6dB while inferior than others when SNR is greater than it. 

From Fig. 8-Fig. 10, we know that both the data-conversion 

method and plural weighted data-conversion method are 

inferior than the other approaches. Among the comparatively 

good schemes, fixed plural weighted data-conjugate algorithm 

A exhibits better performance than B when SNR is less than 

10dB in Fig.8 whereas B is superior than A when SNR is less 

than 10dB in Fig.9. As described in [15], data-conjugate 

algorithm B gives better BER than A as   increases. Overall, 

symmetric data-conjugate scheme and data-conjugate scheme 

have almost the same performance. 

To make clear what are the effectiveness of proposed method 

when considering the actual OFDM, the system of 2GHz 3GPP 

and 2.3GHz mobile wimax are considered here. The subcarrier 

spacing are 15kHz and 9.769kHz respectively. The proposed 

algorithm can support the moving velocity up to 409km/h and 

229km/h if the 
310

 BER is required when SNR  equals 10dB. 

Analytical and simulation results show that the algorithm 

achieves better performance than other algorithms due to its 

higher utilizability and more robust property to normalized 

CFO. 

V. CONCLUSION 

In this paper, an improved ICI SC scheme has been presented 

in the presence of I/Q imbalance to improve the system 

performance in TFI-OFDM systems. The proposed ICI 

cancellation scheme repeats the data symbol with phase rotation 

and constant weighted data-conjugate over a pair of subcarriers. 

Unlike conventional methods, the designed transmission model 

is robust to phase rotation and it achieves relatively better CIR 

and the best BER performance for lower and higher values of 

CFOs. Due to the repetition symbols on adjacent subcarriers, it 

 
Fig. 8. BER for the conventional and proposed algorithm versus SNR with    

I/Q imbalance compensation ( 256 . 5, 0 0N    ) 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
Fig. 10.  BER for the conventional and proposed algorithm versus SNR with    

I/Q imbalance compensation ( 256 . 5, 0 1N   ) 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
Fig. 9. BER for the conventional and proposed algorithm versus SNR with    

I/Q imbalance compensation ( 256, 0.1N   ) 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
Fig. 7.  BER for the conventional and proposed algorithm versus SNR with    

I/Q imbalance compensation ( 256, 0.001N   ) 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 

Fig. 1.  Symbol timing error rate for the conventional and proposed algorithm 

versus SNR in frequency-selective fading  channels.(L=9) 
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achieves frequency diversity by reducing bandwidth efficiency. 

However, the proposed scheme is effective for combating the 

impact of ICI and easy for hardware implementation since no 

further channel equalization is needed and the system 

complexity is not increased. The proposed scheme shows good 

property compared with conventional methods for practical 

application. 
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