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Abstract: OFDM systems are sensitive to Carrier Frequency Offsets (CFO) that results in 

performance's degradation. Researchers have proposed various CFO compensation 

techniques. Some estimates the CFO's value then compensates for it using preamble methods. 

Others estimate the CFO value using the inherent construction of the time-domain OFDM 

symbol. Our proposed technique changes the conventional structure of the OFDM symbol to 

allow estimating the CFO values over a wide range. CFO estimation range, accuracy, 

transmitted data-rate, system complexity, and the compatibility of a specific estimator to be 

used in different applications are the most important parameters to be considered in 

researches. In this paper, a comparative analysis between preamble techniques (Moose, 

Training Symbol) and the OFDM internal construction-based estimators including blind and 

proposed schemes will be discussed. Simulations show the trade-offs between those 

techniques. 

 

Keywords: OFDM; carrier frequency offset; convolution; preamble. 

 

1. Introduction 
 

OFDM systems are more sensitive to carrier frequency offsets (CFO) than single carrier 

systems. In general, Frequency offset is defined as the difference between the nominal 

frequency and the actual carrier frequency. In OFDM, the variation between those frequencies 

gives rise to a shift in the frequency domain. This in turn could lead to degradation in the 

system performance [1]. The motivation behind researches is therefore to overcome the effect 

of this frequency drift. In general, researches were classified into two groups. The first group 

includes the CFO sensitivity reduction techniques that aim to reduce the OFDM sensitivity 

against the CFO. These include Self Cancellation (SC) [2] and Conjugate Cancellation (CC) 

schemes [3]. Those methods can mitigate the effect of the CFO for small values that not 

exceed half the subcarrier spacing at the price of sever reduction in the transmitted data rate 

by a half value at least. The second group includes the CFO estimation and correction 

techniques [4], [5] in which the CFO is estimated and corrected at the receiver side. In 

general, this group can be classified into two categories. First, non-data aided category in 

which blind estimation of CFO value is determined [5]. Blind estimation algorithms [6] use 

exclusively the statistic properties of transmitted signal by the help of the cyclic prefix (CP) 

for estimation purposes. Unfortunately, CP-based estimators suffer from low CFO estimation 

range that is        where     is defined as a ratio of the value of CFO to the subcarrier 

spacing. 
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Second category is the data aided category in which the CFO can be estimated by the help of 

a preamble inserted at the begging of a frame. Moose in [7], which can estimate CFO values 

over      , and Training Symbol method in [8], that able to extend this estimation range, 

are examples of these preamble methods. Although preamble methods have the advantages of 

giving high accuracy performance with a minor reduction in transmitted data rate as a result 

of transmitting repetitive sequence, they have some drawbacks. One drawback of those 

algorithms is their high computational complexity which is expressed in terms of complex 

multiplications and additions. Unlike blind estimation method in [5], another drawback for the 

preamble methods, in general, is its sacral ability to update the CFO estimated value during 

the frame. This leads to excessive errors which can be enhanced in blind estimators' methods. 

 

In our proposed scheme, the CFO value can be estimated over a wide range, as in preamble 

methods in [8], and also can be updated many times through the frame, as in CP-based 

estimators in [5], [6]. The competition between all of these techniques is to estimate higher 

CFO values with lower possible reduction in transmitted data rates keeping high estimation 

accuracy with low complexity. A comparative analysis between different CFO estimation 

methods are discussed in this paper showing the tradeoffs between them. The comparisons are 

made between preamble methods of Moose, training symbol and CP-based (blind estimators), 

our proposed estimator. 

  

The rest of the paper is organized as follows: In section 2, OFDM system description has been 

described. The effect of CFO in the system has been discussed in section 3. In section 4, 

Moose, cyclic prefix, training symbol and our proposed estimation techniques have been 

described. A trade-off comparison between those different schemes is discussed in section 5. 

In section 6, simulation results have been analyzed. Finally, conclusions of the comparisons 

are shown in section 7 showing the tradeoffs between them. 
 

 

2. OFDM System Basic Structure 

This section explains the basic OFDM implementation in a CFO free channel. In OFDM 

system, the binary serial data is mapped into M-PSK or M-QAM modulator 

forming                before transforming into the signal block                

by IFFT which given by: 

      
 

 
      

     

    
                                                   (1) 

Where, k is the subcarrier index at the transmitter side and each frequency 

        represents a carrier. After parallel-to-serial conversion (P/S), a cyclic prefix (CP) is 

added with length    that is larger than the delay in the multipath channel to prevent inter-

symbol interference (ISI). This will lead to a reduction in the transmitted data rate. However, 

the time-domain transmitted signal is then                  . If this signal was 

propagated in Additive White Gaussian Noise (AWGN) channel, the received 

samples                   will have the same length as       . But if the channel was a 

multipath channel with number of taps equals to  , then the received signal          

             will has a length of            this is due to the linear convolution 

process between the transmitted signal and the multipath channel [9]. At the receiver side and 

after the serial-to-parallel (S/P) conversion, the cyclic prefix is removed as it contains no 

information and samples at the tail of indices           which are due to linear 

convolution are neglected. The obtained received data in the time domain              
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  are then converted to the frequency domain                using the fast Fourier 

transform (FFT) algorithm. An equalization process is needed in case of multipath channel to 

cancel the effects of its components. The output is then demodulated to obtain the estimated 

binary data sequence. OFDM general block diagram is shown in Fig.1.  

Mapping

(MPSK,MQAM)
S/P

X(k) x(n)
IFFT

Add guard 

interval
P/S

Channel

(multipath, AWGN)

s(n)

De-mapping
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P/S
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interval
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r(n)

Serial

Rx bits
Equalizer

 

Fig. 1. OFDM general block diagram 

 

3. Carrier Frequency Offset in OFDM 
 

The use of OFDM systems with a high number of subcarriers has some drawbacks. The major 

drawback is its high sensitivity to synchronization non idealities between the transmitter and 

receiver oscillators as well as the Doppler's effect [4]. These non idealities result in a Carrier 

frequency offset (CFO) which causes degradation in the system performance. This is because 

the CFO results in an amplitude reduction of the useful signal and provokes interference 

between adjacent subcarriers that is named inter-carrier interference (ICI). For AWGN 

channel, the received time-domain signal     , ignoring CP part, is given by: 

          
     

                         (2) 

Where    is the normalized CFO which is the value of carrier frequency offset    normalized 

by the carrier frequency spacing      and      is a zero-mean (AWGN) noise. Since the shift 

affects the frequency components, the CFO is modeled as a complex multiplicative distortion 

of the received data in the time domain. This is shown in Eq. (2) which assumes that all 

subcarriers experience the same shift  . The received signal in frequency domain after fast 

Fourier transform block, at l
th

 subcarrier can be written as: 

                              
   
    

                 (3) 

Where, l is the subcarrier index at the receiver side,          are the complex coefficients of 

the ICI components in the received signal and      is the FFT of        the complex 

coefficients          are given by [2]: 

           
          

 

 
  

           

     
 

 
        

           (4) 

In a multipath channel, Eq. (3) will be: 

                                       
   
    

                  (5) 

Where      is FFT of the channel impulse response     . In general, Equations (3-5) imply 

that, the CFO causes loss of subcarrier orthogonality and thus lead to ICI, which severely 

degrades the system performance. So before demodulation, CFO estimation and 

compensation is of great importance in OFDM communications. If the value of frequency 
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offset is estimated at the receiver, the ICI distortion of data symbols can be reduced by using a 

process that is opposite to Eq. (2) as: 

                  
      

                     (6)  

So at high signal to noise ratios and using a high accuracy estimator method             
 

 

4. CFO Estimation Techniques 
 

This section analyzes different CFO estimation methods that depend on transmitting repeated 

samples in time domain. This repeated samples can either be preamble and sent at the start of 

the frame as used in Moose and training symbol schemes or be a part of the OFDM symbol 

structure and contained in every OFDM block symbol as used in cyclic prefix and proposed 

estimation methods. In all cases, the structure of this repeating data is known at receiver side 

but its values are unknown. 

 

4.1. Moose Technique 
 

In [7], Moose proposed a data aided scheme using a preamble in the beginning of the frame 

that is two OFDM blocks length. Another name of Moose technique is data-driven technique 

[10]. The basis here is that, the same data contained in the whole OFDM block symbol is 

repeated and the phase value of the same sub-carrier between consecutive symbols is 

compared for all subcarriers. The offset is determined by the maximum likelihood estimation 

algorithm (MLE). For such a frame construction, a two received time domain OFDM symbols 

which have the same data and corrupted by CFO in a multipath channel is given by: 

     
 

 
            

         

     
                                            (7)  

               
     

    
                             (8) 

               
     

       
    
              

     

       
   
                 (9) 

Where       and       are the     element of the first and second  -points samples of 

Equation (7) respectively. So, considering no CP part, at high SNR values: 

            
     
            

                 
                        (10) 

In Moose's technique, the CFO is estimated in frequency domain using Eq. (10). The 

maximum likelihood estimate (MLE) of   is given by [7]: 

        
 

  
             

       
                 (11) 

Since the range of         operation [11] is limited by  –      , the CFO estimation range in 

Moose's technique is limited by   –                      . But if we took the CP-part 

into considerations, Eq. (10) would be: 



 Paper: ASAT-16-078-CM  
 

        
          

  

              
          

                            (12) 

         
 

        
             

       
               (13) 

Hence, the estimation range will be limited 

by   –                                              which is reduced 

than             . For example if         , the estimation range in Moose's technique 

will be within             range. So, this scheme suffers from lowering CFO estimation 

range as        increases. Also a reduction in transmitted bandwidth efficiency occurred as 

the requirement of repeating the whole samples existed in the OFDM symbol. Taking the 

redundancy in the    part into considerations, if the repetition is used once at the beginning of 

the frame which contains  -OFDM block symbols, then the number of transmitted mapped 

data will be reduced to                        . This technique takes the 

advantage of high accuracy estimation as the averaging process takes place over the whole 

samples contained in the OFDM block. The computational complexity in this technique, 

according to Equations (11) and (13), needs   multiplications. So, it increases with increasing 

the used number of orthogonal subcarriers.  
 

4.2. CP-Based Technique 
 

This technique estimates the CFO by the help of the redundancy contained in CP. Considering 

the correlation between the samples in CP and their copies which are spaced   samples apart, 

then: 

                 
                           (14) 

The      expresses here the average or expected value and   
  is the power of the sample. So, 

     
 

  
        

             
     

           (15) 

Where   and      indicate an OFDM symbol index number and the OFDM received symbol 

before removing CP, respectively. Equation (15) is derived from the log-likelihood 

function       that is discussed and analyzed in [6], [12]. Maximum Likelihood (ML) 

estimation of   is the argument that maximizes      then yields Eq. (15). As the CFO 

estimation range in C.P. scheme is limited by the         operation, it then limited to be 

within   –                      . Unlike Moose's scheme, CP length does not affect 

this estimation range. To increase the accuracy in a noisy system, P-OFDM symbols are used 

in the estimation process [5], [13] which expressed as: 

      
 

  
         

             
     

   
            (16) 

In multipath channels, the received signal is received from  -paths. To avoid inter-symbol 

interference (ISI), the samples in CP portion should be at least as long as channel order  . 

Another advantage of using CP for the guard symbol is that it helps to maintain the receiver 

carrier synchronization; the utilization of CP enables OFDM system to convert a frequency 

selective channel into a parallel collection of frequency flat channels, leading to greatly 
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simplified equalizer design [12]. However, in the multipath channel, a part of the CP is 

corrupted by the preceding symbols. So, the CFO estimation process needs to be within the 

uncorrupted part as: 

      
 

  
         

             
         

   
         (17) 

Where            
     

         and                 and   indicates linear 

convolution process,      is the channel impulse response with length     and       is the 

received OFDM symbol with length           .  Because the number of samples in 

the CP affects the performance of the estimator) [6], more OFDM symbols will be needed 

than that used in AWGN channel to enhance the accuracy in multipath channels with longer 

delays according to Eq. (17). The optimized transmitted bandwidth efficiency can be taken for 

OFDM transmission in AWGN channel; as there is no need for using CP in this channel. 

Using cyclic prefix, in a multipath channel results in a reduction of transmitted bandwidth 

efficiency by a factor of           . The computational complexity here is determined 

by    multiplications   times. 

 

4.3. Training Symbol Technique 
 

We have seen that, the CFO estimation technique using CP can estimate the CFO only within 

the range            . Since the normalized CFO can be larger than this value [14] 

especially if the offset was due to the mismatch between the local oscillators; another 

technique that can estimate within a wider range may be preferred.  

The normalized CFO estimation range can be increased by reducing the distance between two 

blocks of samples for correlation [8]. A preamble technique that uses the Training Symbol 

(TS) concept was proposed in [7], [15]. In this technique, a transmitter sends a preamble in 

the beginning of a frame with the same length of one OFDM symbol block. This preamble 

contains training symbols with D repetitive patterns or sub-blocks in the time domain, which 

can be generated by taking the IFFT of a comb-type signal in the frequency domain given as: 

       
                            
                                                   

          (18) 

Where    represents an M-ary symbol and       is an integer number. The normalized 

carrier frequency offset can be estimated by the correlation of the repeated identical parts as: 

      
 

  
        

                    
            (19) 

Here,      is the received sample after removing the cyclic prefix part. In this technique, the 

value of   determines the estimation range which is limited by     –          
           . So, the range of              becomes wider as   increases at the price of 

reducing the estimation accuracy. This means, in TS scheme, the estimation accuracy is 

reduced as the number of samples contained in the preamble and used for the computation of 

correlation in time domain is reduced by the factor       [8]. Using average method, this 

estimator exploits the correlations of the samples from the receiver filter [15]: 

     
 

    
         

          
                                           (20) 

Where   is a design parameter which is less than or equals to      . By computing the 

angles       , the normalized CFO can be estimated, where: 
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                                                               (21) 

Here,       denotes modulo-   operation (it reduces   to the interval  –     . The best linear 

unbiased estimator of this method can be expressed as [15]: 

     
 

  
         
 

                    (22) 

The weighting function      is given by: 

     
                    

                
                                      (23) 

At high signal to noise ratios, the normalized CFO can be found to be limited by the 

interval             . Although using average method increases the scheme's accuracy 

without reducing the estimation range of CFO, but this is done at the price of increasing the 

computational complexity. The computational complexity increases in this technique as it 

fully exploit all the possible            sets of repetition patterns for the auto-correlation 

to increase its accuracy. Each correlation function      then needs               
       multiplications at       . As this redundancy is added once at the front of each 

frame, the transmitted bandwidth is best to be determined in normalized form. Consider a 

frame contains  -OFDM symbol blocks, the transmitted bandwidth in AWGN channel can 

be computed as          . While in a multipath channel and as a result of adding a 

cyclic prefix part, the number of transmitted mapped data within the frame with length   

will be limited to                   . 

 

4.4. Proposed Technique 

 
In proposed technique, the CFO value can be estimated over a wide range [14] as in TS 

preamble technique beside the availability to be updated many times through the frame, as in 

CP-based estimators' techniques. In this proposed technique, the distance between two blocks 

of samples to be correlated is reduced using a new OFDM symbol structure. In this paper, we 

will name our proposed technique by "Training Prefix (T.P.)" technique. 

 
Fig. 2. OFDM symbol structure used in TP technique for AWGN channel 

Considering only AWGN channel, this OFDM symbol structure looks like the one used in CP 

technique and shown in Fig. 2. But instead of prefixing the OFDM symbol at the start by the 

last    samples of the OFDM symbol, it is extended by the first    samples of the same 

symbol, taking the form: 

      
                         

                               
           (24) 

Here, the CFO can be estimated from the product of extended samples and their copy that 

spaced    samples apart as: 

      
 

    
                                                       (25) 

x(Ng)………………………………...x(N-1)x(0)x(1)x(2)...x(Ng-1) x(0)x(1)x(2)…x(Ng-1)

IFFT output samplesExtended part
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Therefore, the phase difference between correlated samples caused by CFO is             

resulting in extending the estimation range to 

be     –                               which depends on        ratio. As in 

CP-scheme the average of Eq. (25) can be taken over the samples in extended interval to 

reduce the noise effect. The accuracy can be increased if    is increased or P-OFDM symbols 

are employed as: 

       
 

    
          

            
  
     

   
                              

 (26) 

In this new OFDM symbol structure, considering multipath transmission, the linear channel 

convolution could not be converted into circular convolution as in previous mentioned 

techniques that uses cyclic prefix. That is because the extended     samples are appended 

after the IFFT stage i.e., resulting in discontinuity in time domain. This discontinuity affects 

the equalization process at receiver making it harder [14]. So, some manipulation was 

performed to the symbol structure for simpler equalization process. This is done by adding 

other extra    samples that are copies of last     samples of      and located in front of      

as follow: 

      

                              

                         

                                 

       (27) 

Besides permitting simple equalization with same complexity as in conventional OFDM 

system, the first added    samples acts as a guard interval in multipath channels. Although 

this symbol structure makes the equalization process be simple, it causes a minor reduction in 

transmitted bandwidth efficiency by a factor of            . In general, the data rate got 

at         in standard OFDM system is equivalent to that at        in case of the proposed 

scheme. This is due to the redundancy of added extra     samples. However, in T.P. 

proposed technique, the received OFDM symbol from the multipath channel is the result of 

linear convolution of OFDM symbol of length         with the channel impulse response 

of length  . The equivalent received OFDM symbol can be written in a mathematical form as: 

           
     

                         (28) 

The CFO estimated value depends on the relation between the analogous received samples 

that spaced    samples apart. In a multipath channel, the number of these analogous samples 

is decreased as the channel length increase. To reduce the noise effect, the CFO can then be 

estimated by averaging the product of the analogous received samples over P-OFDM symbols 

as: 

       
 

    
          

            
  
         

   
                                   (29) 

It is obvious that, the number of samples in     participates in determining the estimation 

accuracy. The effect of CFO on received signal can then be reduced by multiplying the 

received OFDM symbol by the conjugation of            resulting in               

 . The CFO estimation and correction stage is declared in Fig. 3. As shown, after the 

correction stage, a replacement of                by                takes 
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place. Now, the first    samples can be removed to get      with the same size of FFT. By 

this way, the linear channel convolution is converted into circular convolution which makes 

the equalization process simple using one-tap frequency domain equalizer as used in CP 

scheme case. As shown, this is done without needing any extra design complexity. 

 

From S/P

r(n)Extracting 

samples with

 n = -Ng:N-1

Replacing 

2
nd

 Ng 

samples by 

1
st

 Ng 

samples

To FFT

y(n) rc(n)Removing 

1
st

 Ng 

samples

Offset 

Estimation 

& 

Correction
 

Fig. 3. Offset estimation and correction stage of TP scheme for multipath channel 

The difference between linear and circular convolution can be found in [14]. Unlike preamble 

estimators, our proposed estimator is able to update the CFO estimated value many times 

during the frame; as it adds the redundancy at every OFDM symbol. Beside this, the proposed 

OFDM symbol structure enables simple equalization process with the advantage of increasing 

the CFO estimation range. This is because of the redundancy contained in each transmitted 

OFDM symbol block that enables the estimation to be updated every block. As blind 

estimator scheme, the computational complexity here is determined by    multiplications   

times. 

 

5. A Comparative Trade-offs Discussion 
 The transmitted bandwidth efficiency, estimation accuracy, CFO estimation range and 

complexity are considered as the most important parameters in choosing the suitable 

estimation technique. Also the ability to update the estimated value during a frame plays an 

important role to choose it. This section demonstrates comparative tradeoffs between the pre-

described four schemes. 

5.1   Transmission Bandwidth Efficiency 

In a multipath channel, there is a need of transmitting a guard interval in the front of the 

OFDM signal that can be filled with a repeated data samples leading to a reduction in 

transmitted bandwidth efficiency. This reduction differs according to used technique and 

depends on the number of redundancy samples added to the transmitted OFDM symbol. As 

CP part is needed to prevent ISI, it is used in all techniques. So, CP has the highest bandwidth 

efficiency over all other techniques. Another extra redundancy is required for Moose, TS and 

TP schemes which reduces their transmission efficiency than CP technique. Because Moose 

and TS techniques add this redundancy as a preamble, it is sent once at the beginning of the 

frame. Thus in case of long frame length and according to        ratio, they become more 

bandwidth efficiency than TP scheme. This is because in proposed TP scheme the redundancy 

is contained in every transmitted OFDM block symbol. However, the data rate got 

at         in standard OFDM system is equivalent to that at        in case of the proposed 

scheme. Note that, the length of cyclic prefix portion affects the transmitted bandwidth 

efficiency for all Moose, CP, TS and TP techniques. 

5.2   Estimation Accuracy 

The estimator accuracy increases when the number of samples used in the estimation process 

increase. As the Moose technique uses the whole   -samples contained in the OFDM block 

symbol, it has high estimation accuracy. Also, averaging process that takes place over two 

consecutive sub-blocks for all repetitive patterns increases the estimation accuracy in TS 
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technique. In both CP and proposed TP techniques, the number of samples used in the 

estimation process is reduced to be a part of the OFDM symbol block. This reduces the 

estimation accuracy to be low if the length of the OFDM symbol is low. This accuracy can be 

increased if the averaging over P-OFDM symbols or longer CP samples take place. However, 

this can be avoided if the length of the OFDM is increased. Discontinuity in time domain of 

proposed OFDM symbol structure lowers the accuracy of the proposed scheme compared to 

the conventional CP-based estimator method. This can be difference can be ignored if we 

used high number of orthogonal subcarriers (N), making the TP proposed estimator suitable 

for modern OFDM systems like DVB-T2 or for next generation wireless systems that are 

intended for Intelligent Transportation Systems (ITS) than using the CP-based estimators. 

5.3   CFO Estimation Range 

Systems that can estimate   values over a wider range are the more preferable systems to be 

used. In both Moose and CP schemes the value of estimated   does not exceed 0.5. But this 

estimation range is extended in TS and proposed TP techniques. 

5.4   Computational Complexity 

The computational complexity here is determined by the number of complex multiplications 

used in estimation process. In Moose, this number is determined by the number of orthogonal 

subcarriers     used in the system. While in CP technique, this number is limited by the 

number of uncorrupted samples which is           multiplications in multipath 

channels with  -taps. This is the same case used in the proposed TP technique, making CP 

and proposed TP techniques have the lowest computational complexity. The computational 

complexity increases in TS technique with the increase in the number of repetition 

patterns    . In [8], this computational complexity is computed as          . In [14], as it 

fully exploit all the possible            sets of repetition patterns for auto-correlation to 

increase its accuracy, each correlation function      needs                      
multiplications at      . 

5.5   Ability to Update the Estimated Value 

As both Moose and TS schemes use a preamble in the beginning of a frame, they assume 

constant   between two frames. So, these techniques cannot update the estimated value if it 

changed during the frame. Inserting redundancy samples, in every block, for estimation 

purpose in CP and proposed TP schemes allows    to be updated every OFDM symbol block. 

This permits them to update and compensate for this value once this happens. 

 

6. Simulations and Results 

This section shows, by simulations using MATLAB, the tradeoffs between Moose, Cyclic 

Prefix (C.P.), Training Symbol (T.S.) and proposed Training Prefix (T.P.) schemes. These 

trade-offs consider the reduction of transmitted data rates, the estimated carrier frequency 

offset ranges that can be covered by the specific scheme and the resultant estimation accuracy. 

Also the effect of the number of samples that used in estimation process and the ratio between 

       are considered in this section. The ability of the proposed TP estimator to update the 

estimated CFO value during a frame compared to TS preamble scheme is shown also in this 

section. All simulations are run for signal to noise ratio of 8dB. 
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The effect of        ratio on the normalized transmitted data efficiency per frame is shown 

in Fig. 4, where       . The frame used in Fig. 4(a) is assumed to have a length of 15 

OFDM symbols while Fig. 4(b) assumes higher frame length with 40 OFDM symbols long. 

Ideally, the whole frame length should contain data symbols but this is not the case because of 

the added redundancy bits. As shown from the results, in all cases CP technique has the 

highest bandwidth efficiency. When        ratio decreases, the more data can be 

transmitted. Although both Moose and TS use preamble but it was noted from both Figs 4(a) 

and 4(b) that (for all        values), TS with     has higher bandwidth efficiency than 

Moose scheme. This is due to the repetition of the whole OFDM block's samples twice in case 

of Moose. 

 

 
Fig. 4. Data Rate Comparison in Multipath, N =1024, frame length (a) 15 Symbols Blocks, 

(b) 40 Symbols Blocks 

When the frame length increased, as shown in Fig. 4(b), at                  all techniques 

has almost the same transmitted bandwidth efficiency. In general  the data rate got 

at         in CP-based estimators is equivalent to that at        in case of the TP proposed 

scheme. 
 

The ability of a specific method to estimate the frequency offset over a wide range is shown in 

Fig. 5. Simulations in Figs 5(a) and 5(b) are run for              and assumed constant 

offset values during a frame. In both figures, a line with a slope of     and initial value of (0, 

0) indicates the estimation range that can be covered by a specific technique. As shown, both 

T.S., that uses      and proposed T.P. schemes can cover wider CFO estimation range over 

Moose and C.P. schemes at the expense of estimation accuracy. This accuracy can be 

enhanced if the IFFT size increased as shown in Fig. 5(b) which uses         instead of 

using        . As a result of using cyclic extension, Moose technique has the lowest 

estimation range that is lower than      
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Fig. 5. Estimated ε versus the actual value in AWGN, SNR = 8dB, (a) N=1024, (b) N=8192 

A numerical computational complexity comparison is shown in Fig. 6 at               

and using one OFDM symbol        in estimation process. It was calculated for different 

number of orthogonal subcarriers (N = 1K, 2K, 4K, 8K, 16K, 32K), where K = 1024. This 

computational complexity is measured in this figure in terms of number of multiplications 

needed in average process. As shown, for all N values, both CP and the proposed TP schemes 

have the lowest computational complexity compared to Moose (that has the highest 

complexity values) and TS schemes. 

 

 
 

Assuming constant offset over one OFDM symbol block, the ability of TS and our proposed 

TP techniques to track the variations during one frame is illustrated in Fig. 7. This figure 

assumes                8192 orthogonal subcarriers and frame consists of 15-OFDM 

block symbols. As shown, in TS scheme, the initial offset value is estimated in the beginning 

of the frame and assumed to be constant over the frame length which limits its use in high 

acceleration conditions. While TP scheme can track those variations in offset values during 

the frame length which make it preferable to be used in such systems compared to the TS 

preamble method. 

 

 

7. Conclusions 

In this paper, a comparative analysis between different CFO estimation techniques with our 

TP proposed scheme was performed and verified by simulations. Compared to preamble 

Fig. 6. Computational complexity 

comparison for different N values 

 

Fig. 7. Estimated ε versus the actual value in 

AWGN, N=8192, SNR = 8dB 
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methods, our TP proposed estimator show its ability to update the CFO estimated value many 

times during the frame while TS preamble method cannot. For large number of orthogonal 

subcarriers, our proposed TP estimator saves, manifestly, the computational complexity than 

other schemes with high accuracy. Although these advantages can be obtained for the CP-

based blind estimators, the CFO estimation range is maximized in our proposed scheme by 

four times, at least, compared to this technique. Finally, we can conclude that, for modern 

OFDM systems that use high number of orthogonal subcarriers, our proposed estimator 

outperforms all of Moose, CP, and TS schemes at the price of minor reduction of transmitted 

data rate due to the added redundancy. 
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