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ABSTRACT 

 

In this paper we investigate the bit error rate (BER) performance of orthogonal frequency division 

multiplexing (OFDM) wireless communication system with the implementation of LS-Interpolation-based 

comb-type pilot symbol-assisted channel estimation algorithm over frequency selective multi-path Rayleigh 

fading channel. The Least square (LS) method is used for the estimation of channel at pilot frequencies 

while different interpolation techniques such as low-pass interpolation, cubic interpolation, spline cubic 

interpolation, linear interpolation and FFT interpolation are employed to interpolate the channel at data 

frequencies. In signal mapping, the OFDM system incorporates M-ary phase-shift keying (M-PSK) and M-

ary quadrature amplitude modulation (M-QAM) digital modulation schemes. Matlab simulations are 

carried out to analyze the performance of the developed OFDM system with the employment of comb-pilot 

based channel estimation algorithms for various digital modulations in Rayleigh fading environment.  The 

impact of Doppler frequency and number of channel taps on the BER performance is also investigated.  
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1. INTRODUCTION 
 
As a multicarrier transmission system Orthogonal frequency division multiplexing (OFDM) has 
been widely applied in wireless communication systems due to its numerous advantages like 
robustness against multipath fading and delay, high data rate transmission capability, high 
spectral efficiency, allows adaptive modulations and coding of subcarriers, and it provides an 
efficient way of eliminating inter-symbol interference (ISI) for transmission over frequency 
selective multi-path fading channels [1,2]. However, as the channel transfer function of radio 
channel in OFDM systems looks unequal in both the time and frequency domains, a dynamic 
estimation of the channel is necessary. Furthermore, the estimators should have both low 
complexity and high accuracy [3]. The two basic 1D channel estimations adopted in OFDM 
systems are block-type (pilots insert in the frequency direction) and comb-type (pilots insert in 
the time direction) pilot-based channel estimations. In block-type pilot arrangement, the pilot 
signal is assigned to particular OFDM block and sent periodically in time domain. Because the 
training block contains all pilots, channel interpolation in frequency domain is not required in 
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block-type pilot channel estimation and the estimation of the channel can be based on Least 
Square (LS) or Minimum Mean-Square Error (MMSE).  
 

On the other hand, in comb-type pilot arrangement, the pilot signals are uniformly distributed 
within each OFDM block. The comb-type pilot-based channel estimation (can be introduced to 
satisfy the need for equalization [4]) consists of algorithms to estimate the channel at pilot 
frequencies and to interpolate the channel at data frequencies. The LS, MMSE or Least Mean-
Square (LMS) method can be used to estimate the channel at pilot frequencies, while different 
interpolation schemes are introduced for the channel estimation at data frequencies [5,6].  
 
In this paper, our aim is to evaluate the bit error rate (BER) performance of OFDM wireless 
communication system with the implementation of comb-type pilot assisted channel estimation 
algorithms by incorporating M-PSK and M-QAM digital modulation schemes over Rayleigh 
frequency selective multi-path fading channel. The LS estimator is employed because of its 
lowest complexity. In addition, the performance of different interpolation techniques such as low-
pass, cubic, spline cubic, linear and FFT are also examined.  

 

2. RELATED WORKS 
 
In earlier studies [7]-[9] different pilot-based channel estimation in OFDM wireless 
communication systems in the time and frequency domains was investigated. Performance of 
different Interpolating schemes were examined in [4,10]. X. Cai and G.B. Giannakis [11] studied 
the performance of OFDM system with M-PSK digital modulation over Raleigh frequency 
selective multi-path fading channel in presence of channel estimation errors and performed 
optimization of the number of pilot symbols, the placement of pilot symbols and the power 
allocation between pilot and information symbols in order to minimize the performance loss. 
Reference [4] presented a review of block type and comb-type pilot based channel estimation and 
showed that comb-type pilot based channel estimation with low pass interpolation performs the 
best among all channel estimation algorithms.  
 
The performance and complexity of two basic channel estimation algorithms such as Least 
Square error (LSE) and Linear Minimum Mean Square error (LMMSE) are evaluated based on 
channel impulse response (CIR) samples and channel taps [12] and showed that LSE can be made 
more efficient than LMMSE by increasing CIR samples. H.M. Mohmoud et al. [13] explored 
comb-type pilot aided channel estimation and proposed Kalman and LS estimators to estimate the 
channel frequency response (CFR) at the pilot location. The authors in reference [14] shown that 
the number of pilot symbols for a desired BER and Doppler frequency is highly dependent on the 
pilot pattern used.  

 

3. SYSTEM DESCRIPTION 
 
Figure 1 shows a typical block diagram of wireless OFDM system with pilot signal assisted 
channel estimation. The information data in binary form are first grouped and mapped into multi-
amplitude multi-phase signals according to the type of modulation (M-PSK and M-QAM) used in 
the signal modulator. After inserting pilots uniformly between the information data sequence, 
IFFT block is used to transform and multiplex the complex data sequence into time domain 
signal.  Following the IFFT block, a guard interval (larger than the expected delay spread), is 
inserted in order to prevent possible inter-symbol interference (ISI) in OFDM systems. The 
transmitted signal is then sent to a frequency selective multi-path time varying Rayleigh fading 
channel. 
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At the receiver, the guard interval is removed first and the received samples are then sent to an 
FFT block for de-multiplexing the multi-carrier signals. Following FFT block, the pilot signals 
are extracted from the demultiplexed samples. The transmitted data samples can then be 
recovered from the knowledge of the channel responses by simply dividing the received signal by 
the channel response [15,16]. After signal demodulation at the demodulator, the source binary 
data could be reconstructed at the receiver output. 

 
Fig. 1 Block diagram of OFDM system with pilot-based  

channel estimation. 
 

4. COMB-TYPE PILOT SYMBOL-ASSISTED CHANNEL ESTIMATION 
 
For channel estimation some kinds of pilot symbol is necessary as a point of reference which 
allow the receiver to extract channel attenuations and phase rotation estimates for each received 
symbol and facilitates their compensation. In Pilot symbol assisted modulation (PSAM), channel 
estimates are achieved by multiplexing pilot symbols into data sequence [17]. Here we consider 
comb-type pilot arrangement (can provide better resistance to fast-fading channels) in which the 
pilot signals are uniformly distributed within each OFDM block as shown in Fig. 2. In comb-type 
pilot-aided channel estimation algorithm shown in Fig.3, the pilot signals are first extracted from 
the received signal. The channel transfer function is then estimated from the received pilot signals 
and the known pilot signals [1,18]. Because only few sub-carriers in comb-type pilot arrangement 
contain pilot signals, the channel responses of non-pilot subcarriers (carry data) can be estimated 
by interpolating the neighboring pilot channel responses.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Comb-type pilot-symbol arrangement. 
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Although comb-type pilot based channel estimation can be based on least square (LS), minimum 
mean square error (MMSE) or least mean square (LMS) [4], in this paper, we considered only 
simple, low complexity LS channel estimation algorithm for the estimation of channel at pilot 

subcarriers. Pilot signal estimation and channel interpolation algorithms are discussed in the 

following subsections.       
 

 

 

 

 

 

 
 
 

Fig. 3 channel estimation algorithm based on Comb-type pilot arrangement. 

 

4.1 Least square channel estimation at pilot subcarriers  
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when the total M subcarriers are divided into Mpi groups, each with pis MML /=  adjacent 

subcarriers. The estimate of pilot signals based on least squares (LS) criterion is given by [6] 
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the channel frequency response at pilot sub-carriers,  
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the received pilot signals vector which can also be expressed as 
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interference (ICI) vector and the Gaussian noise vector in pilot subcarriers, respectively. 

 

4.2 Channel Interpolation techniques at data subcarriers 
 
We need an efficient interpolation technique in order to estimate channel at data subcarriers by 
using the channel information at pilot subcarriers. Here we considered the following interpolation 
techniques: linear interpolation, spline cubic interpolation, cubic interpolation, FFT interpolation 
and low-pass filter interpolation. Two successive known pilot subcarriers are used in linear 
interpolation to determine the channel response for data subcarriers that are located in between 
the pilots [19] and the algorithm can be realized using digital filtering such as the Farrow-
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structure [20]. The intermediate estimates are evaluated by the linear sum of the known 
components on either side. Spline cubic interpolation is based on drawing smooth curves through 
a number of points which produces smooth and continuous polynomial fitted to given data points 

[21]. The cubic interpolation uses four known points to obtain a third degree polynomial [22]. In 

case the range of interpolation becomes larger than the range covered by the first four reference 
points, it is required to obtain a second polynomial using the next four points. The basic principle 
of FFT interpolation is to apply the FFT in the data to be interpolated, the null samples are added 
in the frequency domain and the oversampled vector is applied to the IFFT. In low-pass 
interpolation, zeros are inserted into the original sequence [4], low-pass finite impulse response 
(FIR) filter is applied to allow the original data to pass through unchanged and interpolates 
between such that the mean-square error between the interpolated points and their ideal values is 
minimized. 

 

5. PERFORMANCE RESULTS AND DISCUSSION 
 
The computer simulation has been performed using Matlab 7.5 programming language and  
the parameters used in the simulation are listed in Table 1. The simulation results are presented in 
graphical form Figures 4 to 8. Number of channel taps and Doppler frequency for the results in 
Figs. 4-6 are considered as 16 and 100 Hz, respectively.  

 
Table 1. Simulation Parameters  

 
 

Parameter Specification 

Number of Sub-carrier 256 

Number of Pilot 32 

Pilot Ratio 1/8 

Pilot-to-Data Power Ratio  2 

IFFT, FFT Size 256 

Guard Interval 64 

Modulation Type M-PSK, M-QAM 

Channel Model Rayleigh Fading 

Number of Channel Taps 2-64 

Doppler Frequency 20-280Hz 

 
Figure 4 shows the BER performance of the BPSK-modulated OFDM system in Rayleigh fading 
channel where channel estimation at data locations was obtained by using FFT interpolation 
technique. It is seen that with the use of no LS estimator error rate at the receiver is very high. 
The BER performance of the OFDM system has greatly improved with the use of Comb-type 
pilot-aided LS channel estimation algorithm which results from the decrease of the amplitude and 
phase distortion caused by multipath distortion.  
 
The BER performance of the OFDM system under M-PSK (2-PSK, 4-PSK, 8-PSK and 16-PSK) 
and M-QAM (2-QAM, 4-QAM, 8-QAM and 16-QAM) digital modulations over Rayleigh fading 
channel is shown in Fig. 5. The FFT interpolation technique is used to estimate CFR at data 
frequencies. Simulation results show that 2-PSK (or BPSK) modulation has achieved better error 
rate performance than 4-PSK, 8-PSK and 16-PSK. Moreover, 2-QAM has given better 
performance than 4, 8 and 16-QAM modulations. The OFDM system outperforms at BPSK 
modulation and shows worst performance at 16-QAM. For a typical SNR value of 10dB, the bit 
error rate for BPSK and 16-QAM are 0.0349 and 0.8389 respectively which implies that with the 
use of BPSK modulation the system performance is improved by 13.81 dB. 
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Fig. 4 Effect of comb-pilot based LS channel estimation on the BER performance  
of BPSK-modulated OFDM system .  
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Fig.5 BER performance of M-PSK and M-QAM-modulated OFDM system with  

Comb-pilot based channel estimation.  
 

The impact of different channel interpolation algorithms on the performance of the OFDM system 
shown in Fig. 6. The simulation is performed under BPSK modulation over Rayleigh fading 
channel. It is evident that Comb-type LS channel estimation with low-pass interpolation achieves 
the best error rate performance than other interpolation algorithms used while the linear 
interpolations shows worst performance in CFR estimation. It may results from the fact that low-
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pass interpolation does minimization of the mean-square error between the interpolated points and 
their ideal values [4,10,15].  
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Fig.6 Impact of different interpolation techniques on the BER performance of  

BPSK-modulated OFDM system. 
.  

The effect of Doppler frequency shift on the BER performance of the BPSK-modulated OFDM 
system over Rayleigh fading channel is shown in Fig. 7. Channel estimation at data locations was 
obtained using FFT interpolation. The pilot-to-data power ratio, number of channel taps and the 
SNR value are considered as 2, 16 and 15 dB, respectively. It is observed that at a fixed SNR the 
bit error rate remains nearly constant and slightly increase with the variations in Doppler 
frequency. It may results from the presence of inter-channel interference [23] and the use of 
smaller length of guard interval than the number of sub-carriers in the simulation [13].  

 
Fig. 8 shows the effect of additional channel taps on BER performance of BPSK-
modulated OFDM system under Rayleigh fading channel. Pilot-to-data power ratio, 
Doppler frequency, channel interpolation algorithms and SNR value are considered as 2, 
100Hz, FFT and 10 dB, respectively. It is evident that the channel uncertainty increases 
with increasing number of unknown channel taps in OFDM frequency selective multi-
path fading channel [24]. 
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Fig.7 Dependence of BER Performance of BPSK-modulated OFDM  

system on Doppler frequency shift at SNR 15 dB . 

0 10 20 30 40 50 60
10

-2

10
-1

10
0

 

 

B
E

R

Number of Channel Taps

 
Fig. 8 Influence of Channel Taps on the BER performance of  

BPSK-modulated OFDM system at SNR 10dB. 
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6. CONCLUSIONS 
 
In this paper we investigated the BER performance of M-PSK and M-QAM-modulated OFDM 
wireless communication systems with the implementation of LS-Interpolation-based comb-type 
pilot symbol-assisted channel estimation algorithm over frequency selective multi-path Rayleigh 
fading channel. In channel estimation, the OFDM system employed Least square estimator for the 
estimation of channel at pilot frequencies while different interpolation techniques are used to 
interpolate the channel at data frequencies. Simulation results show that the proposed OFDM 
system with LS channel estimator achieves good error rate performance under the BPSK and 
2QAM modulation schemes over Rayleigh fading channel. Low-pass interpolation performs 
better in channel frequency response estimation than other studied interpolation algorithms and 
the BER performance of OFDM system with comb pilot-assisted channel estimation is less 
affected by Doppler frequency.  
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