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Abstract – The main disadvantage of the orthogonal frequency 
division multiplexing (OFDM) systems is their sensitivity to the 
carrier frequency offset. This paper presents comparative 
analysis of two OFDM receivers with good performance in the 
presence of the carrier frequency offset. The first receiver, 
denoted as RMSDD-OFDM, uses the MSDD (multiple-symbol 
differential detection) of MDPSK signal and obtains an 
improvement by adding ability to reconfigure itself. The second 
receiver with adaptive remodulation filter (ARF-OFDM), uses a 
new algorithm for the estimator weights adjustment, which is 
applied separately in each OFDM channel.  

In the presence of carrier frequency offset and for the same 
complexity, ARF-OFDM receiver has better performance, for 
both modulation formats (BDPSK and 4DPSK). However, if the 
goal is to have a nearly constant performance in a wide 
frequency offset range and equal to the error probability for zero 
frequency offset, we have to use RMSDD-OFDM receiver. In this 
case, increasing of the system complexity is the main 
disadvantage. 
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I. INTRODUCTION 

Modern telecommunication systems often use OFDM since 
it provides a broadband communication over fading channels. 
One of the drawbacks of the OFDM has proven to be its high 
sensitivity to the frequency offset between the local oscillators 
at the transmitter and the receiver [1], [2]. The problem with 
the frequency offset is that it creates the inter-carrier 
interference since the orthogonality of the OFDM subcarriers 
is ruined. Since inter-carrier interference may degrade the bit 
error rate performance severely, the inter-carrier interference 
suppression has received considerable attention. Depending 
on the characteristics of the transmitted signal (pilot-based or 
not), there are different approaches for solving this problem 
[3]-[8]. 

In goal to create an OFDM receiver with good perfor-
mance in the presence of significant frequency offsets, so that 
it can be used for the M-ary differential phase shift keying 
(MDPSK) signal reception, two different OFDM receivers are 
proposed in this paper. The first receiver uses the MSDD 
detection of MDPSK signal and obtains an improvement by 
adding a ability to reconfigure itself. The second receiver with 

adaptive remodulation filter (ARF-OFDM), uses a new 
algorithm for the estimator weights adjustment, which is 
applied separately in each OFDM channel [9]. This paper 
presents comparative analyze of these two OFDM receivers 
and their advantages, disadvantages and complexity.  

II. SYSTEM MODELS 

A. Reconfigurable OFDM/ MSDD receiver 

The block diagram of the OFDM/MDPSK signal receiver 
with reconfigurable MSDD structure (RMSDD-OFDM) is 
shown in Fig. 1, where NVC is the number of virtual channels. 
The received signal is down converted, low-pass filtered, and 
sampled with the period Tf = TGI + TS + TCP, where TGI is the 
guard interval duration, TCP is the cyclic prefix duration, and 
TS is the symbol interval duration. S/P represents serial to 
parallel converter and it requires timing synchronization. 
After removing the cyclic prefix, a Fast Fourier transform 
(FFT) of length N is performed. In this case we use OFDM 
demodulator with N subcarriers and Fast Fourier transform. 
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Fig. 1. RMSDD-OFDM receiver model  
with frequency hypothesis 

If we assume that correct frame and timing synchroniza-
tion is achieved, then the received sequence in nc-th OFDM 
channel and k-th OFDM frame, after stripping the CP, can be 
expressed as: 
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and )()()( inisir  , where )(in  represents an Additive 

White Gaussian Noise (AWGN) term, with power spectrum 
density N0 / 2.  
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Based on [10], there are NH blocks in Fig. 1 marked with 
dashed lines. These blocks represent different phase 
hypothesis. The input signal is multiplied by the signal with 
the corresponding frequency offset 
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where nh represents number of the hypotheses,   is the 

algorithm parameter that represents a phase step.  

Thus, equation (1) for nh-th hypothesis block, can be 
expressed as: 
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The signal processing block choose the phase vector 
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maximizes )(, kS
hc nn , for each OFDM channel and for each 

hypothesis, where: 
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 is bn -th transmitted MDPSK symbol in nc-

th OFDM channel, and for nh-th hypothesis, and 
1,...,0  Bb Nn , 1,...,0  VCNnc , 1,...0  Hh Nn , k is 

the discrete time. NB represents number of symbol in multiple 
symbol differential detection used for detection, and NH 
represents the number of hypothesis.  

One hypothesis algorithm is described as follows. To find 

hc nn ,Φ , first we need to remodulate the )(, bnn nkX
hc
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and list the values  )(arg bn nkZ
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  in order, from largest to 

smallest. Define the function )(, il
hc nn  as giving the values of 

bn of )(, bnn nkZ
hc

 for the i-th list position, i =0,…NB-1.  
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Below, we make the following sums:  
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and select the largest. The points ))(( ,, ilkZ
hchc nnnn  , 

i=0,…NB  1, are the remodulations of )( bn nkX
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Suppose the largest magnitude in (8), occurs for qq  . We 

now find the phase vector 
hc nn ,Φ̂ corresponding to qq  . 

Based on previous consideration, with i in the range 
1 BNqiq , we have 
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The evaluation of (9) and (10) gives elements 
))(( ,, llk

hchc nnnn  , l=0,…NB  1. By arranging the elements 

))(( ,, llk
hchc nnnn  , l=0,…NB  1, in order of value )(, ll

hc nn , we 

form the sequence )1(),...1(),( ,,,  Bnnnnnn Nkkk
hchchc

 , 

which is the vector 
hc nn ,Φ  for one hypothesis.  

After calculating of vector 
hc nn ,Φ  for each hypothesis, we 

calculate the following 
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Because the data is differentially encoded, to find  ˆ , we 
need to use the following transformation: 
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From (13) we can determine the received symbol for 
MDPSK constellation, and based on (12) selection logic block 
switches to the corresponding hypothesis block. 

B. OFDM receiver with adaptive remodulation filter 

OFDM receiver with adaptive remodulation filter is shown 
in Fig. 2. Signal processing structure is shown in Fig. 3 and 
the receiver is denoted as ARF-OFDM. The proposed 
algorithm with DPSK input signal is equivalent to the LMS 
algorithm with the CW (Continuous Wave - a signal with 
constant amplitude and frequency, and a random phase) input 
signal in terms of adaptation rate and convergence, in case of 
correctly determined remodulation weights Rn,l(k). The 
remodulation weights are sufficiently correctly determined in 
the range of error probabilities of practical importance. 
Transversal filter with remodulation lowers the noise level in 
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the input signal with as little degradation of the useful signal 
as possible. Therefore, if we put the transversal filter in front 
of the detector, the detector will work with the estimated input 
signal which has a smaller noise variance, and it will make 
better decisions. 
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Fig. 2. ARF-OFDM receiver 
 

    

Wn,0(k) Wn,1(k) Wn,-1(k) Wn,-L(k) Wn,L(k)

Xn(k) Xn (k+L) Xn (k+1) Xn(k1) Xn(kL)

Differential
detection

W n,1(k) 

Y n (k) 
Yn (k1) 

)(ˆ kdn  

 

Rn,-L(k) R n,-1(k) R n,0(k) R n,1(k) Rn,L(k)

 
Fig. 3. Adaptive signal processing structure  

in n-th ARF-OFDM channel 
The signal processing is described with the following 

equations: 
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where )(,...,2,1 VCNNn   denotes the n-th OFDM channel, 

2L is the length of the proposed structure, and )(, kR ln  are 

remodulation weights. The remodulation weights are 
determined independently for each branch in order to avoid 
the error propagation. )(, kR ln  are determined as: 
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, )(,...,2,1 VCNNn  , 

0,,...  lLLl , and 1)(0, kRn . 

Weights Rn,l(k) are used for the modulation removal, and 
Wn,l(k) are complex weights trying to compensate the phase 
rotation due to frequency offset. The initial value of the 
weights is equal to 1 (phase is equal to 0). The convergence 
and the cost function of the algorithm are discussed in more 
details in the next subsection. 

ARF-OFDM receiver for DPSK modulation contains a new 
algorithm, corresponding to the nature of OFDM signals. The 
adjustment of the adaptive filter weights, Wn,l(k), used in all 
OFDM channels, is performed by the following algorithm: 
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where 0,,...  lLLl , 1)(0, kWn  and )(kEn  is a partial 

(for each OFDM channel) LMS algorithm error signal, given 
by 
 )()()( kYkXkE nnn   (17) 

 is the adaptation factor, () represents complex conjugate, 

and 2|)(| kX n  is the average power of the input signal. So, 

weights Wn,l(k) are being used in all OFDM channels, and are 
being adjusted in each channel, one after another.  

In the case of continuous wave (CW) input signal and if the 
thermal noise is neglected, the filter weight Wn,1(k) contains 
the estimated frequency offset f as in [11] 
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Having the above in mind, we propose a correction for the 
k-th symbol detection using weight Wn,1(k) and the differential 
detection of k-th symbol is performed in the following way: 
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The proposed structure does not minimize the frequency 
offset, but has the ability to operate in a wide range of 
frequency offset. The algorithm has been applied due to its 
good overall properties, which include satisfactory speed, 
stability, and not so high complexity. 

III. NUMERICAL RESULTS 

The performance of the proposed receiver is analyzed 
using Monte-Carlo simulation with one million simulation 
steps. The carrier frequency is 2.4 GHz, the sampling period 
before DFT block is Tc = 100 ns. OFDM simulation 
parameters are N = 64, number of virtual channel NVC = 8, TCP 
= TGI =8Tc, which does not limit the generality of the results. 
In most OFDM literature, the cyclic prefix occupies the same 
interval as the guard interval, but in our simulation the general 
format of the OFDM signal is considered, and TCP may differ 
from TGI. From the above, frame time duration is 

sTTTTT cCPSGIf 880  , and OFDM date rate is 

7 MSym/s. 

Since OFDM schemes are primarily intended for the 
mobile and wireless systems where a fading channel is 
assumed, in the following figures the performance analysis is 
performed in Rician fading channel with Rician factor 
K = 10 dB. Figs. 4, 5 show the symbol error rate versus the 
normalized frequency offset of the receiver if the signal 
processing is performed by: fast multi-symbol differential 
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detection (NH = 1) and proposed reconfigurable MSDD 
algorithm (RMSDD-OFDM) and adaptive remodulation filter 
(ARF-OFDM). 
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Fig. 4. Symbol error probability versus normalized frequency offset 
N = 64, NVC = 8 and TGI = TCP = 8Tc, BDPSK modulation, Es / N0 = 

7dB, NB = 4, cB/ = 3% with NH as a parameter 

a) NH = 1, b) NH = 5, c) NH = 10, d) NH = 15 
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Fig. 5. Symbol error probability versus normalized frequency 

offset N=64, NVC=8 and TGI=TCP=8Tc, 4DPSK modulation,  
Es / N0 = 12dB, NB = 4, cB/ = 3% with NH as a parameter 

a) NH = 1, b) NH = 5, c) NH = 10, d) NH = 15 

Figs. 4. and 5. represent systems performance with 
parameter which represents number of hypothesies NH. The 
curves for RMSDD-OFDM receiver show that range where is 
satisfying transfer quality becomes wider with the increase of 
the number of hypotheses. This method increases the 
complexity of the system, and this is the main disadvantage. 

Comparing the corresponding curves in Fig. 4 an 
improvement may be noticed in system performance in the 
presence of frequency offset using ARF-OFDM receiver. 
ARF-OFDM receiver works in a wider frequency offset range 
compared with DD-OFDM and FMSDD-OFDM systems. 
Therefore, the range where there is a satisfying transmission 
quality is significantly wider for ARF-OFDM receiver and we 
don`t increase the system complexity, as it is for RMSDD-
OFDM. 

IV. CONCLUSION 

In a goal to create an OFDM receiver with good 
performance in the presence of significant frequency offsets, 
so that it can be used for the M-ary differential phase shift 
keying (MDPSK) signal reception, two different OFDM 
receivers (ARF-OFDM and RMSDD-OFDM) are proposed in 
this paper. For the same complexity (NH = 1), in the presence 
of carrier frequency offset, ARF-OFDM receiver has the 
better performance, independent of the modulation. However, 
if we want a smaller receiver sensitivity at significant 
frequency offsets ( 0,2ff T   ), RMSDD-OFDM receiver 

can be implemented with parameter NH = 15. Performance is 
nearly constant in a wide frequency offset range and equal to 
the error probability for zero frequency offset. The receiver 
has excellent performnce, but at the price of high complexity. 
This conclusion is valid for both modulation formats (BDPSK 
and 4DPSK).  

REFERENCES 

[1] T. Pollet, M. Van Bladel, M. Moeneclaey: “BER sensitivity of 
OFDM systems to carrier frequency offset and Wiener phase 
noise”, IEEE Transactions on Communications, vol. 43, Issue 2, 
Part 3, Feb.-March-April 1995, pp. 191 -193. 

[2] R. Narasimhan, R. Performance of diversity schemes for OFDM 
systems with frequency offset, phase noise and channel 
estimation errors. In Proc. of IEEE ICC 2002, Vol. 3, 2002, pp. 
1551-1557. 

[3] Massey, J: “Optimum frame synchronization”, IEEE Trans. on 
Communications, vol. 20, Apr. 1997, pp. 115-119. 

[4] P. H. Moose: “A technique for orthogonal frequency division 
multiplexing frequency offset correction” IEEE Transactions on 
Communications, vol. 42, Oct. 1994, pp. 2908-2914. 

[5] T. M. Schmidl, D. C. Cox: “Robust frequency and timing 
synchronization for OFDM” IEEE Transactions on 
Communications, vol. 45, Dec. 1997, pp. 1613-1621. 

[6] W. Zhang, X.-G. Xia, P. C. Ching: “Clustered pilot tones for 
carrier frequency offset estimation in OFDM systems” IEEE 
Transactions on Wireless Communications, vol. 6, Jan. 2007, 
No. 1, pp. 101-109. 

[7] F. Daffara, A. Chouly: “Maximum likelihood frequency 
detectors for orthogonal multi-carrier systems” In Proc. IEEE 
International Conference on Communications (ICC ’93), 
Geneva (Switzerland), May 1993, pp. 766-771. 

[8] M. H. Hsieh, C.H. Wei: “A low complexity frame 
synchronization and frequency offset compensation scheme for 
OFDM systems over fading channels” IEEE Transactions on 
Communications, vol. 48, Sept. 1999, pp. 1596-1609. 

[9] S. Stošović, Z. Nikolić, B. Dimitrijević, D. Antić, N. Milošević: 
“A novel OFDM/DQPSK receiver with adaptive remodulation 
filter“, Radioengeneering Journal, Vol. 21, No. 4, December 
2012. pp. 1125-1129. 

[10] S. Stošović, B. Dimitrijević, N. Milošević, Z. Nikolić: 
“OFDM/DPSK System Performance Improvement in the 
Presence of Frequency Offset Using a Reconfigurable Detection 
Algorithm”, Electronics and Electrical Engineering, No. 3(119), 
April 2012, pp. 35-38. 

[11] M. A. Hasan, J. C. Lee, V. K. Bhargava: “A narrowband 
interference canceller with an adjustable center weight“ IEEE 
Transactions on Communications, vol. 42, no. 2/3/4, Feb. 1994, 
pp. 877–880. 

110


