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Abstract— Orthogonal frequency division multiplexing (OFDM) 
is used for wireless data transfer because of its robustness to 
narrow band interference, frequency selective fading and 
spectral efficiency. Channel estimation and equalization in 
OFDM is necessary to nullify impairments induced by the 
frequency selective fading environment. Frequency domain 
comb-type pilot assisted channel estimation has been used in this 
paper. Pilot subcarriers are used to implement Modified 
Minimum Mean Square Error (MMSE) estimator algorithm at 
pilot subcarriers. The performance and complexity comparison 
is made between the modified MMSE and MMSE estimator for 
fast fading Rayleigh channel. Linear, Low Pass and spline cubic 
interpolation techniques have been used with the MMSE 
estimator. The effect of increase in number of channel taps on 
the performance of both estimators is studied. Simulation results 
reveal that the performance of the modified MMSE estimator 
remains stable with an increase in channel taps, but significant 
degradation has been observed in the performance of the MMSE 
estimator with an increase in channel taps. 
 
Keywords— OFDM; MMSE estimator; linear interpolation; low 
pass interpolation; spline cubic interpolation 
 

I. INTRODUCTION 
andwidth efficiency and robustness to channel 
impairments have made orthogonal frequency division 

multiplexing (OFDM) a preferable candidate for wireless data 
transfer standards. OFDM is used wide spread in various 
applications i.e. ADSL, Wi-Fi, WiMAX and power line 
communications [1].  Broadcasting standards i.e. Digital 
Video Broadcasting (DVB) and Digital Multimedia 
Broadcasting (DMB) are using OFDM [2]. In OFDM, the 
frequency selective channels are transformed to flat fading by 
dividing the available channel bandwidth into several sub 
channels. An improvement in the performance of OFDM 
based communication systems has been seen in the presence 
of frequency selective fading environments using channel 
estimation and equalization techniques. In single carrier 
communication systems, different complex equalization 
techniques are used for inter symbol interference (ISI) 
cancellation; however cyclic prefix is used in OFDM for ISI 
mitigation [3].   

Semi-blind, blind and pilot-aided channel estimation 
techniques are the three categories of channel estimation. The 
received signal statistics are used for estimating the impulse 

response in the blind estimation. Pilot tones are used in pilot-
aided channel estimation for estimating effects of channel 
impulse response variations. Channel estimation capability of 
blind estimation can by enhanced through the use of Pilots [4]. 

 In [5], comb-type pilot assisted channel estimation over 
Rayleigh fading channel is used. The interpolation technique 
proposed in [5] has been compared with second order 
interpolation technique and time domain interpolation [6]. The 
proposed interpolation technique has shown to be better 
performing than second order and time domain interpolations 
through simulation results. Minimum mean square error 
(MMSE) estimator outperforms the other estimator (Least 
Square (LS)) in [7][8]. MMSE estimator uses prior 
information about the channel statistics. In [9], comb-type and 
block-type channel estimation techniques are studied and the 
performance of different one dimensional interpolation 
techniques i.e. linear, time domain, second order, low pass and 
spline interpolations are compared for comb-type channel 
estimation/equalization.   

In this paper, 1D frequency domain comb-type channel 
equalization is used because of its low computational 
complexity as compared to 2D channel estimation. MMSE 
channel estimator is modified for effective estimation of the 
effects of channel impulse response variations. The 
performance comparison between the modified MMSE 
channel estimator and conventional MMSE channel estimator 
is carried-out for channels of different number of taps. Our 
analysis proves performance of modified MMSE estimator to 
be fine even for increasing number of taps, however the 
performance degradation occurs for conventional MMSE 
estimator with an increase in channel taps.  

 Rest of the paper is organized as follows: Section II shows 
overview of the system. Comb-type channel estimation 
strategy with MMSE estimator, its modified version and 
interpolation techniques are explained in section III. 
Simulation results are described in section IV and conclusion 
of the paper is given in section V.  

Notation: ܫ௉ stands for ܲܺܲ	identity matrix. Subscripts H 

and  T represents respectively Hermitian transposition and 
transposition. ܧ{	} corresponds to the expected value.   

II. SYSTEM OVERVIEW 
The proposed OFDM model is shown in Fig. 1. First of all 

the input bits are mapped and parallelized.  

B
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Figure 1.  Proposed OFDM model with Comb-type Estimation 

The parallelized mapped data symbols Xୈୟ୲ୟ   and pilot 
symbols X୮୧୪୭୲ୱ are given by: 

 
ܺ஽௔௧௔ =  	(1)																																(஽ܫ)ܺ	

 
ܺ௣௜௟௢௧௦ =  (2)																														(௉ܫ)ܺ	

 
Where ܫ஽ and ܫ௉ are the vectors containing the indices of 

the subcarriers reserved for data and pilots respectively. The 
output of IFFT is given by: 

 
(݊)ݔ =  (ܺ)ܶܨܨܫ	

 

							= 	 ∑ ܺ(݇)݁
ೕ	మ	ഏ	ೖ	೙

ಿேିଵ
௞ୀ଴ 	n = 	0, 1. . . N− 1														(3)    

 
Cyclic prefix is appended into the OFDM symbol through 

inserting the end ீܮ  subcarriers to the start as per the 
following equation: 

 
(ܲ)෕	ݔ = ൜ݔ

(ܰ− ீܮ + ܲ)																														ܲ = 0,1,2, . . . , ீܮ − 1
ீܮ)ݔ − ܲ)			ܲ = ீܮ , ீܮ + 1, … , ீܮ + ܰ − 1 			(4)	 

 
Where ீܮ is the length of the cyclic prefix and it must be 

larger than the maximum channel delay spread for the 
effective cancellation of inter-symbol interference (ISI). Then 
the OFDM symbol is passed through the fading channel. In 
the meanwhile additive white Gaussian Noise (AWGN) is 
added into the signal. At the receiving end, the received signal 
is given by: 

 
ݕ = ෕	ݔ ⊗ ℎ +  (5)																																	ݓ

 
where ݓ is the AWGN vector, ℎ is the vector of channel 

impulse response and ⊗ shows the convolution operation. 
The data is serialized after the removal of cyclic prefix and 
FFT. The output of FFT is given by: 

 
ܻ(݇) =  																																														൯(݊)ݕ൫ܶܨܨ

=
1
ܰ
෍ ି݁(݊)ݕ

௝ଶ௽௞௡
ே

ேିଵ

௡ୀ଴
				k = 	0, 1. . . N − 1					(6) 

 
(6) can be written in matrix form for the received pilot 

symbols as: 
 

௉ܻ = 	 ܺ௉ܪ௉ + ௉ܹ																																														(7)                            

 
Where 
௉ܻ = [ ௉ܻ(0), ௉ܻ(1), ௉ܻ(2), … , ௉ܻ(ܲ − 1)]்is the vector 

containing received pilot symbols. 
ܺ௉ = ݀݅ܽ݃{[ܺ௉(0),ܺ௉(1), … ,ܺ௉(ܲ − 1)]}is the diagonal 

matrix having transmitted pilots on its diagonal. 
௉ܪ = ,(2)ܪ,(1)ܪ,(0)ܪ] … P)ܪ, − 1)]்is the vector 

contains the impulse response of the channel at pilot 
subcarriers.  

௉ܹ = [ ௉ܹ(0), ௉ܹ(1), ௉ܹ(2), . . . , ௉ܹ(ܲ − 1)]்is the 
vector with entries as FFT of the AWGN at pilot subcarriers. 

 
To nullify the fading effects of the multipath channel, the 

frequency response of the channel is necessary to be 
effectively estimated. We have used MMSE estimator and its 
modified form for estimation of the impulse response of the  
channel at pilot subcarriers respectively. Finally, after carrying 
out the estimation and equalization process, the signal is 
demapped to yield the output bits.  

III.  CHANNEL ESTIMATION AND INTERPOLATION 
TECHNIQUES 

One dimensional (1D) Channel estimation in OFDM has 
two common types i.e. comb-type and block-type based upon 
arrangement of the pilots. Comb-type estimation process is 
used for fast fading channels while Block-type estimation is 
normally used for slow fading channels. Fig. 2 shows the 
arrangement of pilots for comb-type and block-type channel 
estimation. In this paper, we have used comb-type estimation 
due to its effectiveness in the fast fading Rayleigh channel for 
performance analysis of the OFDM system. Equispaced pilot 
insertion is adopted because of optimum performance [10]. 
MMSE algorithm and its modified form are used for 
estimation of the channel frequency response at pilot 
subcarrier positions due to its superior performance as 
compared to least square (LS) estimator [7][8].  

After computation of the channel estimation matrix	ܪ஼ா	, 
the equalization is carried out through following equation: 

 

ܺ௘ =
ܻ(݇)
(݇)௖௘ܪ 				݇Єܫ஽																									(8) 

 
 

 
Figure 2.  Arrangement of Pilots 
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A. MMSE Estimator 

The frequency domain MMSE estimate of the channel for 
a Gaussian distributed time domain channel vector	ℎ 
uncorrelated with noise is given by [11]: 

 

௉,ெெௌாܪ = ேுܴு௒ܴ௒௒ିଵܨ ௉ܻ																				(9)                            

 

Where  

ேܨ 	is the	ܲܺܲ matrix[ܨே]݌, ݌ = ݁௝ଶగ(௣ିଵ)(௣ିଵ) ௉⁄  

ܴு௒ = ℎ௉}ܧ ௉ܻ} = ܴுுܨேܺ௉
ு is the received signal vector 

௉ܻ cross covariance matrix and the time domain channel 
vector	ℎ௉. 

ܴ௒௒ = ൛ܧ ௉ܻ ௉ܻ
ுൟ = ܺ௉ܨேுܴுுܨேܺ௉ு +  ௉ is theܫଶߪ

received signal vector	 ௉ܻ auto-covariance matrix.  

ܴுு	is the auto-covariance matrix for the time domain 
channel vector h and ߪଶ is the variance of noise	 ௉ܹ. ܴுு  and 
  .ଶ are the quantities that are knownߪ

(9) can be written as: 

௉,ெெௌாܪ = ேܺ௉ுܨெெௌாܯேுܨ ௉ܻ													(10)                     

 Where  

ெெௌாܯ = ܴுு[(		ܨேܺ௉ுܺ௉ܨேு)ିଵ	ߪଶ + 	 ܴுு]ିଵ(		ܨேܺ௉ுܺ௉ܨேு)ିଵ	 

The estimated channel frequency response vector ܪ஼ாfor all 
subcarriers is obtained through the use of interpolation 
technique. In this paper, we have used linear, low pass and 
spline cubic interpolation. 

 

B. Modified MMSE Estimator 

First of all, define ܰܺܮ matrix	[ܨ]݈,݊ = ݁௝ଶగ(௟ିଵ)(௡ିଵ) ே⁄ . 
Then define ܲܺܮ matrix ܨ௄ which contains the columns of 
matrix ܨ corresponding to pilot subcarriers. The time domain  
channel impulse response estimate using MMSE algorithm is 
given by: 

 

ℎ௉,ெெௌா = ௄ܨெெௌாܯ
ுܺ௉

ு
௉ܻ																						(11) 

 

Where 

ெெௌாܯ = ܴுு[(		ܨ௄ுܺ௉ுܺ௉ܨ௄)ିଵ	ߪଶ + 	 ܴுு]ିଵ(		ܨ௄ுܺ௉ுܺ௉ܨ௄)ିଵ 

 

The frequency response of the channel at all positions of 
the subcarriers is calculated using the following equation: 

 

ெெௌாܪ = ுℎ௉,ெெௌாܨ 																											(12)                            

(12) performs interpolation and conversion from time 
domain to frequency domain. As (12) performs interpolation 
inherently therefore there is no need of using interpolation 
technique and thus get rid of the extra interpolation step as 
required for conventional MMSE estimator. 

C. Interpolation Techniques For Comb-type Channel 
Estimation 

Two consecutive pilot subcarriers are used in linear 
interpolation for computation of channel frequency response 
at data subcarriers situated between the pilot subcarriers. 
Linear interpolation out performs piecewise interpolation [12]. 
The channel response estimated at a subcarrier	ܭwhere,݉ܮ ≤
ܭ < (݉ +  :using linear interpolation is given by [ 9 ] ,ܮ(1

 

(݇)ܪ = ܮ݉)ܪ + ݈) = ൬1 −
݈
ܮ
൰ܪ௉(݉) +

݈
ܮ ௉ܪ

(݉ + 1) 

= (݉)௉ܪ +
݈
ܮ
൫ܪ௉(݉ + 1) ,௉(݉)൯ܪ− 0 ≤ ݈ <  (13)					ܮ

 
Spline cubic interpolation (spline function in MATLAB®) 

results in continuous and smooth polynomial fitted for the 
given set of data points. The basic idea governing Spline cubic 
interpolation is drawing of smooth curves through several 
points [13]. In low pass interpolation (interp function in 
MATLAB®), after insertion of zeros in the original sequence, 
the sequence is fed to low pass finite impulse response filter 
(FIR). The interpolation is based on the minimization of mean 
square error between the ideal and interpolated points [14]. 

IV. SIMULATION RESULTS AND ANALYSIS 
In this section results have been discussed for the 

simulations conducted in MATLAB® for the performance 
evaluation of the proposed modified MMSE and conventional 
MMSE estimator in OFDM respectively. Parameters 
specification of the OFDM model used for the simulation 
purposes is given in table I. We have used the frequency 
selective Rayleigh fading channel with L taps. The 
uncorrelated channel taps are complex Gaussian random 
variables with zero mean.                  

TABLE 1. SIMULATION PARAMETERS 

Parameters Specifications 
Number of subcarriers, N 512 

Size of the FFT 512 
Length of Cyclic Prefix ¼ i.e. 64 

Channel Estimation Comb-Type 
Pilot Ratio 1/8 

Digital Modulation 
Schemes 

BPSK, QPSK, 16-QAM,      
32-QAM, 64-QAM 

 
We have evaluated performance of the OFDM system 

using bit error rate (BER) vs Signal to Noise Ratio (SNR) 
plotted in a graph. The legends Low pass, linear and Spline 
correspond to low pass interpolation, linear interpolation and 
spline cubic interpolation respectively. 

ISBN 978-89-968650-0-1 926 January 27 ~ 30, 2013 ICACT2013



 
 

 
Figure 3.  Performance Comparison of modified MMSE & MMSE estimator 

for channel with 24 taps 

 

Figure 4.  Performance Comparison of modified MMSE & MMSE estimator 
for channel with 32 taps 

 

 
Figure 5.  Performance Comparison of modified MMSE & MMSE estimator 

for channel with 64 taps 

 

Figure 6.  Performance Comparison of Uncoded OFDM for modified MMSE 
estimator for channel with 64 taps 

 
 

We have evaluated the performance of modified MMSE 
and conventional MMSE estimator for channel with different 
number of taps, L. As the channel order is different for 
different environmental conditions and it increases with an 
increase in adverse effects of the environment. This is the 
reason for studying the effect of increase in length of channel 
taps over the performance of the estimators in our analysis. 
BPSK modulation scheme is used in Figs. 3 to 5. Fig. 3 shows 
BER performance of modified MMSE and MMSE estimator 
for BPSK modulated OFDM over Rayleigh fading channel of 
24 taps. It is clear that modified MMSE estimator outperforms 
MMSE estimator with different interpolation techniques. The 
reason for the performance improvement of modified MMSE 
over conventional MMSE estimator is the improved 
interpolation in case of the modified MMSE estimator. The 
one dimensional interpolation techniques for conventional 
MMSE Estimator shows their performance from worst to best 

is in the following order i.e. linear, spline and low pass. In 
[9][13], simulation results show that the performance of 
different one dimensional interpolation techniques for comb-
type channel estimation is in the following order from worst to 
best. i.e. linear, second order, time domain, spline and low 
pass. Therefore it is concluded that the performance of 
modified MMSE is better than the conventional MMSE 
estimator with low pass, linear, second order, time domain and 
spline interpolation technique.  

By comparing Fig. 3 to 5 it becomes obvious that the 
modified MMSE estimator shows a stable performance for an 
increase in length of channel taps; however the performance 
of conventional MMSE estimator degrades significantly with 
an increase in channel taps. Fig. 5 shows the performance of 
both estimators for channel with 64 taps. It is clear from the 
Fig. 5 that the performance of modified MMSE estimator 
remains stable while the performance of conventional MMSE 
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degrades such that it becomes useless. The BER performance 
of the conventional MMSE estimator with different 
interpolation techniques for large number of channel taps 
degrades to an extent such that it seems to overlap with each 
other. Fig. 6 illustrates the performance of uncoded OFDM 
with BPSK, QPSK, 16-QAM, 32-QAM and 64-QAM 
modulation schemes for modified MMSE estimator over 
channel with 64 taps. The reason of the performance 
degradation for higher modulation schemes is the close 
placement of constellation points. 

Table II shows the complexity comparison of the 
conventional MMSE and proposed modified MMSE 
estimator. The size of the matrix ܯெெௌா	is equal and increases 
proportionally with an increase in channel taps for both 
estimators. Hence the complexity of both estimators is same.   

 
TABLE 2. COMPLEXITY COMPARISON OF THE ESTIMATORS 

Channel Taps, L Estimator Size of 
MMMSE 

24 Modified MMSE 24X24 
MMSE 24X24 

32 Modified MMSE 32X32 
MMSE 32X32 

64 Modified MMSE 64X64 
MMSE 64X64 

 

V. CONCLUSIONS 
In this paper, we have modified the MMSE estimator for 

comb-type estimation in OFDM. Linear, Low-pass and Spline 
interpolation techniques are used with the MMSE estimator. 
The performance of modified MMSE estimator is compared 
with conventional MMSE estimator for channels of different 
number of taps. It is observed that the performance of the 
modified MMSE estimator remains stable with the increase in 
length of channel taps, however conventional MMSE 
estimator shows a significant performance degradation with an 
increase in channel taps.     
 

REFERENCES 
[1] Armstrong, Jean, “Tutorial on optical OFDM," Transparent Optical 

Networks (ICTON), 2012 14th International Conference on , 2-5 July 
2012 

[2] Adarsh B. Narasimhamurthy, Mahesh K. Banavar and Cihan 
Tepedeleniogly, OFDM Systems for Wireless Communications, Morgan 
and Claypool publishers, 2010 

[3] Yang, Z. Bai, W. Liu, Z., "A Decision-Aided Residual ISI Cancellation 
Algorithm for OFDM Systems," Signal Processing, 2006 8th IEEE 
International Conference on , vol.3, pp.16-20, 2006. 

[4] Hu Feng. Li Jianping, Cai Chaoshi, "A novel semi-blind channel 
estimation algorithm for OFDM systems," Wireless Communications & 
Signal Processing, 2009. WCSP 2009. International Conference on , 
pp.1-4, Nov. 13-15, 2009. 

[5] Chunlong He, Zhenming Peng, Qi Zeng and Ying Zeng, “A Novel 
OFDM Interpolation Algorithm Based on Comb-Type Pilot,” Wireless 
Communications, Networking and Mobile Computing, 2009. WiCom 
'09. 5th International Conference on, pp. 1-4, Sept. 24-26, 2009. 

[6] He Chunlong and Hao li. “Pilot-Aided Channel Estimation Techniques 
in OFDM System,” in Proc. International Conference on 
Communication Software and Networks, China, February 2009, pp. 
143–146. 

[7] Morelli, M., Mengali, U., "A comparison of pilot-aided channel 
estimation methods for OFDM systems," Signal Processing, IEEE 
Transactions on , vol.49, no.12, pp.3065-3073, Dec 2001. 

[8] Bowei Song, Lin Gui, Wenjun Zhang, "Comb type pilot aided channel 
estimation in OFDM systems with transmit diversity," Broadcasting, 
IEEE Transactions on , vol.52, no.1, pp. 50- 57, March 2006. 

[9] Sinem Coleri, Mustafa Ergen, Anuj Puri, and Ahmad Bahai, “Channel 
Estimation Techniques Based on Pilot Arrangement in OFDM 
Systems,”IEEE trans.Broadcasting, Vol. 48, no. 3,pp.223-229, 
September 2002 

[10] S. Ohno and G. B. Giannakis, “Optimal training and redundant pre-
coding for block transmissions with application to wireless OFDM,” 
IEEE Trans. Comm., vol. 50, pp. 2113–2123, Dec. 2002.  

[11] S. T. Kay, Fundamentals of Statistical Signal Processing. Volume I: 
Estimation Theory. New Jersey: Prentice-Hall, 1993. 

[12] L. J. Cimini, “Analysis and simulation of a digital mobile channel using 
orthogonal frequency division multiplexing,”IEEE Trans. Commun., 
vol. 33, no. 7, pp. 665–675, Jul. 1985. 

[13] Mahmoud, H., Mousa, A., Saleem, R., "Kalman filter channel 
estimation based on Comb-type pilots for OFDM system in time and 
frequency -selective fading environments," Communications, Computers 
and Applications, 2008. MIC-CCA 2008. Mosharaka International 
Conference on, pp.59-64, Aug. 8-10, 2008. 

[14] Yushi Shen and Ed Martinez, “Channel Estimation in OFDM Systems”, 
Free scale Semiconductor, AN3059 Inc., 2006, www.freescale.com, 
August 2008. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ISBN 978-89-968650-0-1 928 January 27 ~ 30, 2013 ICACT2013


