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Abstract - In this paper, we propose a three-dimensional (3-D) 
channel estimation (CE) scheme to reduce the mean square error 
(MSE) in multi-antenna orthogonal frequency division 
multiplexing (OFDM) systems. Exploiting the channel correlation 
in the spatial domain as well as in the frequency and time domain, 
the proposed 3-D CE scheme can outperform conventional two-
dimensional (2-D) CE schemes, by either reducing the MSE with 
the same complexity or providing the same MSE performance 
with less complexity. Simulation results show that the proposed 
scheme is quite effective in the presence of spatial correlation. 

I. INTRODUCTION 
Orthogonal frequency division multiplexing (OFDM) has 

been considered as one of major transmission techniques for 
next generation (called 4G) wireless access system [1], [2]. 
OFDM systems may require accurate channel information to 
provide a desired performance. A number of 2-dimensional (2-
D) channel estimation (CE) schemes have been proposed for 
OFDM systems, by exploiting the channel correlation in the 
time and frequency domain [3],[4]. A number of 2-D minimum 
mean squared error (MMSE)-type CE schemes have widely 
been employed, but they may not provide desired performance 
when the channel is not sufficiently correlated in the time or 
frequency domain (e.g., frequency selective/fast time-varying 
fading channels). This problem can be alleviated by using a 
large number of pilot signals for the channel estimation at an 
expense of computational complexity at the receiver as well as 
the pilot signaling overhead. 

The use of multiple antennas has also been considered as a 
key transmission technology due to its high transmission 
capability without increase of the signal bandwidth [7]–[10]. 
Many researches have been conducted assuming that the 
channel is independent and identically distributed (i.i.d.) in the 
spatial domain. Recent measurements, however, show that the 
channel is often spatially correlated in real environments [11], 
[12]. As a matter of facts, it may be desirable to take 
advantages of spatial correlation properties for the channel 
estimation. Especially when the channel is weakly correlated in 
the time and/or frequency domain, the CE performance can 
significantly be improved by exploiting the spatial correlation 
properties. 

In this paper, we consider the use of spatial channel 
correlation properties for the channel estimation as well as in 

the frequency and time domain. Most of conventional CE 
schemes consider the use of pilot signal predetermined 
independently of the channel condition. We also consider 
adaptive pilot signaling to minimize the MSE according to the 
channel condition.  

The remainder of this paper is organized as follows. Section 
II describes the system and channel model in consideration. 
Section III briefly reviews conventional 2-D MMSE CE 
schemes. Section IV describes the proposed three-dimensional 
(3-D) MMSE channel estimator that exploits the spatial 
correlation characteristics in addition to the channel correlation 
in the time and frequency domain. The performance of the 
proposed 3-D MMSE CE scheme is verified by computer 
simulation in Section V. Finally, conclusions are given in 
Section VI. 

II. SYSTEM AND CHANNEL MODEL 
Consider an OFDM system with the use of K  subcarriers, 

where the signal is transmitted using a single antenna and 
received by N  antennas 1 . Let � �,X i k  be the transmit 
OFDM symbol of the k -th subcarrier at the i -th symbol time, 
where 0,1,2, , 1k K� �� . Assuming ideal synchronization in 
the receiver, the received signal of the k -th subcarrier through 
the n -th receive antenna can be represented as 

 � � � � � � � �, , , , , , ,Y i k n H i k n X i k Z i k n� �  (1) 

where 1, 2, ,n N� � , � �, ,H i k n  is the frequency response of 
the channel impulse response (CIR) of the k -th subcarrier at 
the i -th symbol time through the n -th receive antenna, and 
� �, ,Z i k n  is the background noise plus interference through 

the n -th receive antenna, which can be approximated as zero-
mean additive white Gaussian noise (AWGN) with variance 

2
Z� . The CIR can be represented as 

 � 	 � 	
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where L  is the number of multipaths of the channel, � 	�   is 

                                                           
1 The proposed scheme can be applied to the use of multiple transmit 

antennas by treating each transmit antenna independently. We will consider this 
in the simulation. 
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the Kronecker delta function, and l
   and ( , )lh t n  are the 
delay and the complex-valued CIR at time t  of the l -th path 
through the n -th receive antenna, respectively. We assume 
that the channel has wide-sense stationary uncorrelated 
scattering (WSSUS) and has correlation function represented as 
[10]  

 � 	 � � � �� �*
, , , , , ,t fr i k E H i i k k n H i k n� � � � � � �  (3) 

where the superscript * denotes complex conjugate and 
� �, ,H i k n  is the sampled version of the frequency response of 
� 	, ,h t n
 . Assuming that each path has the same normalized 

time-correlation function � 	tr i�  with different average power 
2
l� , the correlation can be decomposed as [5], [6] 

 � 	 � 	 � 	, ,t f t fr i k r i r k� � � � �  (4) 

where � 	 1 22
0

l
L j k

f ll
r k e � 
�� � �

�
� �� . In a multi-antenna OFDM 

system, the channel correlation including the spatial dimension 
can be represented as [13] 
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where � �, 1,2, ,i jn n N� �  and � 	sr   denotes the spatial 
correlation function of the channel. 

III. CONVENTIONAL 2-D MMSE CE 
For ease of description, we first briefly review conventional 

2-D MMSE CE schemes [5]. We assume that the pilot symbols 
are regularly scattered in the time and frequency domain as 
illustrated in Fig. 1, where the pilot and data symbols are 
exclusively sent through the transmit antenna as 

 � �
� �
� �

, , for data symbols
,

, , for pilot symbols.

d i k
X i k

p i k

��� �
��

 (6) 

Let ,p pP i k� �� �  be the pilot symbol transmitted at the pi -th 
symbol time and the pk -th subcarrier. Then, the instantaneous 
CIR corresponding to this pilot symbol through the n -th 
receive antenna can be estimated as [1] 

 
, ,

, ,
,

p p

p p

p p

Y i k n
H i k n

P i k

� �� �� � �� � � �� �
� . (7) 

The CIR corresponding to the di -th symbol time and the 
dk -th subcarrier can be estimated by interpolating the 

instantaneous CIRs corresponding to adjacent �  pilot 
symbols as 

 � � � � � �ˆ , , , ,H
d d d dH i k n i k n n� w H�  (8) 

where � �
0 0 1 1 1 1
, , , , , ,

T

p p p p p pn H i k n H i k n H i k n
�� ��

� �� � � � � �� � � � �� �� �H� � � ��  
and � �, ,H

d di k nw  represents the coefficient of the 
interpolation filter. Note that the CIR is estimated using only 
pilot symbols received through the same antenna. Moreover, 
the pilot symbols are chosen to minimize the Euclidian distance 
between the target data symbol and the pilot symbol without 
considering the channel characteristics. 

The CIR through the n -th receive antenna can be estimated 
using a 2-D MMSE CE as 

 � � � � � �ˆ , , , ,H
d d o d dH i k n i k n n� w H�  (9) 

where � �, ,o d d di k nw  denotes the coefficient of the 2-D 
MMSE CE filter determined by 

 � � � � � �1, , , ,o d d d di k n n i k n��w R p . (10) 

Here, � � � � � �� �� 	Hn E n n�R H H� �  is the � 	���  auto-
covariance matrix of the instantaneous CIR and 
� � � � � �� �� 	*, , , ,d d d di k n E n H i k n�p H�  is the � 	1��  cross-

covariance vector between the CIR corresponding to the di -th 
symbol time and the dk -th subcarrier, and the instantaneous 
CIR. Then, the MSE of the estimated CIR can be represented 
as [5] 
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where � �� �22 , ,d d dE H i k n� � . 
This MMSE CE may not provide desired performance in the 

presence of weak channel correlation between at the instant of 

� �, ,1H i k

� �, ,2H i k

Fig. 1. A multi-antenna OFDM system model. 
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data and the pilot symbol transmission (e.g., in fast time-
varying frequency selective channel). This problem can be 
alleviated using a larger number of pilot symbols (i.e., by 
increasing � ), which may cause the increase of 
computational complexity in an order of � 	3O �  as well as 
the signaling overhead (refer to Appendix). 

IV. PROPOSED 3-D MMSE CE 
Recent experiments show that multi-antenna channels are 

often spatially correlated in real environments [11], [12]. 
Exploiting the spatial correlation as an additional channel 
information, the CE accuracy can be improved without 
increasing the computational complexity.  

As in the conventional 2-D MMSE CE, the coefficient of the 
proposed 3-D MMSE CE can be determined as 

 � � � �1, , , ,o d d d di k n i k n��w R p . (12) 

The corresponding MSE of the estimated CIR can be 
represented as 

 � � � � � �2 2 1, , , , , , .H
e d d d d d d di k n i k n i k n� � �� �p R p  (13) 

The MSE can be minimized by maximizing the second term 
� � � �1, , , ,H

d d d di k n i k n�p R p  of (13), which can be achieved by 
using �  pilot symbols among p�  pilot symbols, where 

p�  is a system parameter to be determined considering the 
performance and complexity. 

Desired �  pilot symbols can be found by an exhaustive 
search whose complexity exponentially increases with � . 
They can also be found in a sequential manner, thereby 
significantly reducing the searching complexity. For a given 
channel � �* , ,d dH i k n , pilot signals can be found as follows: 

Step I: Initialization 

- Sort p�  pilot symbols such that 
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- 1l � , � 	 � 	� �0 0 0 1 1 1
, , ,..., , ,

p p pp p p p p pi k n i k n
� � � � � �

� � � � � �$ � , % �& , 

 � �0 �H�  where � �  is an empty matrix. 

Step II: Iteration 

- � 	
� 	 � 	 � 	 � 	

* * * 1
, , , , , , , , ,, ,

, , arg max H
l i k n l i k n l i k ni k n

i k n �

�$
� p R p  where  

� 	 � 	 � 	� �, , , , , , , , ,
H

l i k n l i k n l i k nE�R H H� � ,  

� 	 � 	 � �� �*
, , , , , , , ,d dl i k n l i k nE H i k n�p H� ,  

� 	 � �11, , , , ,
TT

lll i k n H i k n��� �� � �H H� � � . 

- � 	* * *, ,i k n% '%( , � 	* * *, ,i k n$'$� . 

- If l ) � , then 1l l' �  and go to Step II.  

- Else the optimum pilot symbol set is %  and stop. 

V. PERFORMANCE EVALUATION 
The performance of the proposed 3-D MMSE CE scheme is 

verified by computer simulation. Simulation parameters are 
mostly from the mobile-WiMAX and summarized in Table I 
[16]. For comparison, the performance of conventional 2-D 
MMSE CE schemes, called fixed 2-D MMSE CE, is also 
considered that minimize the Euclidian distance from the target 
data [5]. 

Fig. 2 depicts the MSE performance according to spatial 
correlation when the SNR is 0 and 10dB, and the number �  
of the CE filter taps is 9, where “P” denotes the number of pilot 
symbols received from the other antenna for the CE. It can be 
seen that the fixed 2-D MMSE CE scheme provides MSE 
performance indifferent from the spatial correlation because it 
only utilizes pilot signal received from the same receive 
antenna. The proposed 3-D scheme, however, can reduce the 
MSE by exploiting pilot symbols received from other antenna 
as the spatial correlation increases. It can also be seen that as 
the spatial correlation increases, it may be desirable for the 

 
Table I. System parameters 

Parameters Values 
Carrier frequency 2.3 GHz 
Symbol duration/ 
Guard interval 102.4 �sec/ 12.8 �sec 

FFT size 1024 
Number of used subcarriers 864 
Pilot pattern WiMAX pilot pattern [16] 
Mobility 120km/h 
Power-delay profile model Pedestrian B 
Spatial channel correlation � 	, i jn n

s i jr n n * ��  ( 0 1*+ + ) 
Transmit antenna,  
Receive antenna (2, 2) 

Modulation 16QAM 
Channel coding Repetition code 
Code rate 1/2 
Multi-antenna scheme Alamouti [17] 

 
Table II. Power-delay profile 

Path index Delay profile (nsec) Path gain 
1 0 0.637 
2 200 0.574 
3 800 0.362 
4 1200 0.254 
5 2300 0.259 
6 3700 0.041 
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performance improvement to use more pilot symbols received 
from the other receive antenna. It can be seen from Fig. 2 (b) 
that the proposed scheme outperforms the conventional 2-D 
scheme even without the use of pilot symbols received from 
the other antenna for the CE (i.e., P=0). This is mainly because 
the proposed scheme can improve the performance by choosing 
the pilot symbols received from the same antenna to minimize 
the MSE rather than to minimize the Euclidian distance. 

Fig. 3 depicts the MSE and packet error rate (PER) 
performance according to the number of the CE filter taps 
when the SNR is 10 dB and *  is 0.8. It can be seen that the 
proposed 3-D MMSE CE scheme outperforms the fixed 2-D 
MMSE CE mainly due to that the proposed scheme reduces the 
MSE by not only adaptively choosing the pilot symbols but 
also utilizing pilot symbols received from both the receive 
antennas. It can also be seen that as the number of the filter 
taps increases, the performance of both the schemes improves 
by exploiting more pilot symbols for the CE. 
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 (a) SNR = 0 dB. 
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(b) SNR = 10 dB. 

Fig. 2. MSE performance according to the spatial correlation.  
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(b) PER performance. 

Fig. 3. MSE and PER performance according to the number of CE filter taps. 

 
Fig. 4 depicts the PER performance according to the SNR 

when *  is 0.3 or 0.9, and � =9. It can be seen that the 
proposed 3-D MMSE CE scheme outperforms the conventional 
fixed 2-D MMSE CE scheme. It can also be seen that the 
performance improvement is more significant when the spatial 
correlation between the receive antennas is large (i.e., an SNR 
gain of about 1 dB when * =0.9 while about 0.6 dB gain 
when * =0.3). 

VI. CONCLUSIONS 
We have proposed a 3-D MMSE CE scheme that can 

improve the MSE performance without increasing the 
computational complexity. To improve the CE performance, 
the spatial channel correlation has been exploited in addition to 
the channel correlation in the frequency and time domain. The 
pilot symbols for the CE is chosen in a sequential manner 
without noticeable increase of the searching complexity. The 
numerical results show that the proposed 3-D MMSE CE is 
effectively applicable to high spatial correlation environments. 
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APPENDIX 
From (9) and (10), the CIR of data symbol � �,d dd i k  at the 

n -th receiver can be estimated as 

 
� � � � � �

� � � �� 	 � �1

ˆ , , , ,

               , ,

H
d d o d d

HH
d d

H i k n i k n n

i k n n n�

�

�

w H

p R H

�

�
 (14) 

where � �, ,d di k np , � �nR  and � �nH�  are � 	1�� , � 	���  
and � 	1��  matrix, respectively. Assuming the use of Gauss-
Jordan method for the matrix inversion [14], the number of 
multiplications and additions for each data symbol is given by 

 � 	� � � 	� � � 	2 3 2 3: 1 1 2 O� � �� � � �� � � � � �� , � , (15) 

 
� 	 � 	� � � 	� �

� 	2 2

: 1 1 3 1 / 2

      5 / 2 / 2 1 .O

� � � � � � � � � ��

� � �� � , �
 (16) 

Note that the first term in the brackets of (15) and (16) (i.e., 
� 	1� ��  and � 	 � 	1 1�� �� �� ) is due to the matrix 

multiplications in (14), and the second term in the brackets of 
(15) and (16) (i.e., � 	2 1� ��  and � 	3 1 / 2� �� ) is due to 
the matrix inversion in (14). 
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