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Abstract 
 

In this paper, we propose a subcarrier allocation method and a composite linear minimum 
mean square error (LMMSE) channel estimator to increase spectrum efficiency in orthogonal 
frequency division multiplexing (OFDM) transmit diversity. The pilot symbols for OFDM 
transmit (Alamouti) diversity are exclusively allocated in two OFDM symbols in different 
antennas, which causes serious degradation of spectrum efficiency. To reduce the number of 
pilot symbols, our subcarrier allocation method uses repetition-coded data symbols, and the 
proposed channel estimator maintains good bit error rate (BER) performance. 
 
 
Keywords: OFDM, transmit diversity, subcarrier allocation, LMMSE channel estimation, 
maximum ratio combining, normalized effective throughput 
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1. Introduction 

Orthogonal frequency division multiplexing (OFDM) has been applied to various wireless 
communication systems, since it can mitigate the severe effects of frequency selective fading 
and provide good spectrum efficiency [1][2]. Recently, there have been many attempts to 
apply Alamouti’s transmit diversity to OFDM systems such as the IEEE 802.16TM WiMAX 
[3][4]. In addition, many channel estimation methods for OFDM transmit diversity have been 
studied [5][6]. Although, in terms of practical implementation, pilot symbols should be 
exclusively allocated in two OFDM symbols in different antennas, this causes serious 
degradation of spectrum efficiency, due to the number of pilot symbols required to estimate 
the channel frequency response (CFR) and the number of null symbols required to maintain 
orthogonality between the pilot symbols. On the other hand, reducing the number of pilot 
symbols to increase spectrum efficiency, results in severe error flooring, even though an 
optimal linear minimum mean square error (LMMSE) channel estimator is used. Therefore, it 
is necessary to design a new subcarrier allocation method and a robust channel estimator, for 
achieving good spectrum efficiency in OFDM transmit diversity. 

The proposed subcarrier allocation method exploits repetition-coded data symbols, instead 
of corresponding pilot symbols. In order to maintain good bit error rate (BER) performance, 
the proposed channel estimator consists of a coarse LMMSE estimator, a maximum ratio 
combining-based decision directed (MRC-DD) estimator, and a fine LMMSE estimator. The 
coarse LMMSE estimator provides channel frequency response (CFR) estimates at the 
repetition-coded data locations for the following MRC-DD estimator. Then, the MRC-DD 
estimator provides more accurate CFR estimates at the same locations. Finally, the find 
LMMSE estimator provides CFR estimates at the Alamouti-coded data locations by using all 
CFR estimates from the coarse LMMSE estimator and the MRC-DD estimator. This paper is 
organized as follows. Section 2 introduces an OFDM system model involving transmit 
diversity, and our subcarrier allocation method. Section 3 describes the proposed composite 
LMMSE channel estimator. Section 4 provides simulation results to evaluate the proposed 
scheme. This paper is concluded in Section 5. 

2. Spectrum-Efficient OFDM Transmit Diversity 
This section describes OFDM transmit diversity with the proposed subcarrier allocation 
method. As shown in Fig. 1, the original data symbols are encoded and transmitted by 
Alamouti’s method. The pilot and null symbols are allocated, with equal spacing in each 
OFDM symbol. Especially, extra-data symbols are repeated and interleaved to obtain diversity 
gain, then inserted between the pilot symbols. In the receiver, both the pilot symbols and the 
extra-data symbols are used for channel estimation. The detailed explanation is as follows.  

In time division duplex (TDD) mode, each frame is partitioned into consecutive time slots, 
where each slot contains one data vector lS , 0,1l =  expressed in the frequency domain as 

 

 ( ) ( ) ( )0 , 1 , , 1
T

l l l l dS S S N= −⎡ ⎤⎣ ⎦S L                                          (1) 
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Fig. 1. OFDM transmit diversity with proposed subcarrier allocation and channel estimation 

 
where dN  is the number of data symbols or subcarriers, and ( )lS n  is the nth modulated data 
symbol with the M-ary QAM constellation. Using Alamouti’s encoding method, two 
consecutive data vectors *

0 1,⎡ ⎤−⎣ ⎦S S  and *
1 0,⎡ ⎤⎣ ⎦S S  are generated, and mapped to transmitted 

vector 1
lX  and 2

lX  for the 1st and 2nd antennas, respectively. The transmitted vector l
αX , 

1, 2α =  is expressed as 
 

( ) ( ) ( )0 , 1 , , 1
T

l l l lX X X Nα α α α⎡ ⎤= −⎣ ⎦X L                                   (2) 

 
where N  is the total number of subcarriers. The mapping rules of the 1st antenna are 
expressed as 
 

 ( )1
0 0

nj
S n⎡ ⎤ =⎣ ⎦X  and ( )1

1 1
nj

S n∗⎡ ⎤ = −⎣ ⎦X                                     (3) 

 
where { }| 0 1n dj n N≤ ≤ −  denotes data locations. For the 2nd antenna, the mapping rules 
are expressed as 
 

( )2
0 1

nj
S n⎡ ⎤ =⎣ ⎦X  and ( )2

1 0
nj

S n∗⎡ ⎤ =⎣ ⎦X .                                      (4) 
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Fig. 2. Proposed subcarrier allocation method: pilot symbols and repetition coded extra-data symbols 

 
The number of pilot symbols is related to the minimum pilot spacing fD  bounded by the 

frequency-domain sampling theorem which is expressed as  
 

max/ 2fD NT τ≤                                                       (5) 

 
where maxτ  is the maximum excess channel delay, and T  is the sampling time. As fD  was 
decreased, the number of pilot symbols increased, according to Eq. (6) 
 

/p fN N D⎢ ⎥= ⎣ ⎦                                                        (6) 

 
where ⋅⎢ ⎥⎣ ⎦  denotes the floor function. In addition, due to the increased number of pilot 
symbols, the mean square error (MSE) performance of channel estimation was improved, 
while spectrum efficiency was degraded. In the proposed subcarrier allocation method, we 
selected fD  such that it was as close to the bound in Eq. (3) as possible, and inserted 
extra-data symbols between pilot symbols as shown in Fig. 2. Moreover, repetition coding and 
interleaving were applied to the extra-data symbols in order to enhance the reliability of the 
regenerated symbols for the MRC-DD estimator.  

The pilot and null symbols in the 1st antenna were mapped as 
 

( )1

n
l ei

P n⎡ ⎤ =⎣ ⎦X  for { }| 0 1n pi n N≤ ≤ −                                  (7) 

1 0
n

l k
⎡ ⎤ =⎣ ⎦X  for { }| 0 1n zk n N≤ ≤ −                                     (8) 

 
where ni  and nk  denote pilot locations and null locations, respectively. pN  and  zN  denote 
the number of pilot subcarriers and the number of null subcarriers, respectively. The extra-data 
symbols in the 0th time slot and the 1st time slot were mapped as  
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( )1
0

n
eu

S n⎡ ⎤ =⎣ ⎦X  for { }| 0 1n eu n N≤ ≤ −                                (9) 

( )1
1

n
eS n

δ
⎡ ⎤ =⎣ ⎦X  for { }| 0 1n en Nδ ≤ ≤ −                              (10) 

 
where eN  denotes the number of extra-data subcarriers, and nδ  denotes the interleaved 

extra-data locations. In other words, ( )n nuδ = Π  and ( )1
n nu δ−= Π  where ( )Π ⋅  denotes 

the interleaving function. The mapping rules of the pilot symbols, the null symbols, and the 
extra-data symbols in the 2nd antenna differ from the previous ones, such as 
 

( )2

n
l ei

P n
′

′⎡ ⎤ =⎣ ⎦X  for { }| 0 1n pi n N′ ′≤ ≤ −                               (11) 

2 0
n

l k ′
⎡ ⎤ =⎣ ⎦X  for { }| 0 1n zk n N′ ′≤ ≤ −                                     (12) 

( )2
0

n
eu

S n
′

′⎡ ⎤ =⎣ ⎦X  for { }| 0 1n eu n N′ ′≤ ≤ −                             (13) 

( )2
1

n
eS n

δ ′
′⎡ ⎤ =⎣ ⎦X  for { }| 0 1n en Nδ ′ ′≤ ≤ −                             (14) 

 
where pN ′  denotes the number of pilot subcarriers, zN ′  denots the number of null subcarriers, 

eN ′  denotes the number of extra-data subcarriers, and nδ ′  denotes the interleaved extra-data 

locations where ( )n nuδ ′ ′= Π  and ( )1
n nu δ−′ ′= Π .  

The transmitters in the two antennas perform an inverse discrete Fourier transform (IDFT) 
operation HD  on the transmitted vectors. Then, a cyclic prefix (CP) of length cpN  is added in 
order to mitigate inter-symbol interference (ISI) due to the multipath fading channels. H  
denotes the Hermitian tranpose, and D  denotes an N N×  DFT matrix with entries which are 
expressed as 

 

[ ] 2 /
,

1 j mn N
m n

e
N

π−=D .                                             (15) 

 
Assuming that there is perfect synchronization, quasi-stationary multipath fading during 

consecutive two OFDM symbols, and the CP length is longer than the maximum excess delays 
of both channels, the received vector, after removing CP and completing the DFT operation, is 
expressed as  

 
1 1 2 2

l l l l l l= + +Y H X H X W                                              (16) 

 
where l

αH , 0,1α =  denote the channel matrices from the 1st and 2nd antennas, and lW  
denotes the additive zero mean circularly symmetric complex Gaussian noise vector with 
covariance matrix 0 NN I . Here, NI  denotes an N N×  identity matrix. l

αH  can be expressed 
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as 
 

( ) ( ) ( )( )0 , 1 , , 1l l l ldiag H H H Nα α α α= −H L                            (17) 

 

where ( ) ( )1 2 /
0

L j kn N
l ln

H k h n eαα α π− −
=

=∑ , Lα  is the number of channel paths, the nth 

non-zero complex channel gain ( )lh nα  is wide-sense stationary uncorrelated scattering 

(WSSUS) process with the Jakes’ power spectrum, and ( )diag x  is a diagonal matrix with 
x on its diagonal. 

3. Proposed Channel Estimation 
If the number of pilot symbols is greatly reduced, a conventional LMMSE channel estimator 
may cause severe error flooring and fail to maintain the desired service quality. In order to 
solve this problem, a composite LMMSE channel estimator is proposed, which consists of a 
coarse LMMSE estimator, an MRC-DD estimator, and a fine LMMSE estimator. Although a 
pilot-symbol-aided (PSA) channel estimator with decision directed estimation was previously 
proposed in [7][8], it does not provide satisfactory performance, since severe decision errors 
due to deep fading results in the use of unreliable data symbols in least square (LS) estimation. 
In our channel estimator, the coarse LMMSE estimator was utilized first to estimate CFRs at 
repetition-coded data locations. Subsequently, the MRC-DD estimator was utilized to obtain 
more accurate CFRs at the same locations. Finally, the fine LMMSE estimator was utilized to 
estimate the CFRs needed for Alamouti decoding.  

In order to estimate the 1
lH  channel matrix, the coarse LMMSE estimator and the MRC-DD 

estimator were utilized as follows. Firstly, the coarse LMMSE estimator was utilized and 
expessed as 
 

( ) ( ) ( )
1

1 1 1

0

ˆ,
pN

l m lmmse m n l n
n

H u Q u i H i
−

=

= ∑%                                     (18) 

 
where ( )1ˆ

l nH i  are the LS estimates at pilot locations, and ( )1 ,lmmseQ m n  are the LMMSE 
coefficients, which are expressed as 
 

( ) ( )
( )

1ˆ l n
l n

e

Y i
H i

P n
=                                                      (19) 

( ) 1 1 1 1
1 1

ˆ ˆ ˆ
,

,
l l l l

lmmse
m n

Q m n −⎡ ⎤= ⎣ ⎦R R
H H H H

                                      (20) 

 
where ( )1 1

1 1
ˆ

ˆ
l l

H
l lE=R

H H
H H  is the cross-correlation matrix of the desired channel vector 1

lH  

and the estimated channel vector 1ˆ
lH , and ( )1 1

1 1
ˆ ˆ

ˆ ˆ
l l

H
l lE=R

H H
H H  is the auto-correlation matrix 
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of the estimated channel vector. Here, ( )E ⋅  denotes the expectation function. Note that the 
cross- and auto-correlation matrices can be pre-computed and stored, if we assume a uniform 
channel power delay profile in [9]. In other words, if the indices of the pilot and the extra-data 
subcarriers are given, any LMMSE coefficients can be obtained automatically. Secondly, the 
MRC-DD channel estimator was utilized as follows. The MRC operation is expressed as 
 

( ) ( ) ( )
1

1 1

0

ˆ
l m l m l m

l
X u G u Y u

=

=∑                                            (21) 

 
where the weight coefficients are given by 
 

( ) ( )

( )

1*
1

1 21

0

l m
l m

l m
l

H u
G u

H u
=

=

∑

%

%

.                                              (22) 

 
The hard-decision function ( )Df ⋅  generated data symbols as follows 
 

( ) ( )( )1 1ˆ
l m D l mX u f X u= .                                            (23) 

 
The LS estimation provided the CFR as follows 
 

( ) ( )
( )

1
1

l m
l m

l m

Y u
H u

X u
= .                                                 (24) 

 
Finally, the fine LMMSE estimator was utilized as follows 
 

( ) ( ) ( ) ( ) ( )
1 1

1 1 1 1 1

0 0

ˆ ˆ, ,
p eN N

l n lmmse n m l m lmmse n m l m
m m

H j Q j i H i Q j u H u
− −

= =

= +∑ ∑ .             (25) 

 
Since the 2

lH  channel matrix can be estimated by the aforementioned method, we do not 
describe the estimation procedure.  

Alamouti decoding was performed with the following parameters: 
 

( ) ( )1
0 0nX j S n=  and ( ) ( )2

0 1nX j S n=                                      (26) 

( ) ( )1 *
1 1nX j S n= −  and ( ) ( )2 *

1 0nX j S n=                                    (27) 

( ) ( ) ( )1 1
1 0 1n n nH j H j H j= =                                            (28) 

( ) ( ) ( )2 2
2 0 1n n nH j H j H j= = .                                          (29) 

 

The received data vector ( ) ( )*
0 1,

T

d n nY j Y j⎡ ⎤= ⎣ ⎦Y  can be expressed as 
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( ) ( )
( ) ( )

( )
( )

( )
( )

1 2 0 0
* * *
2 1 1 1

n n n
d eff d

n n n

H j H j S n W j
H j H j S n W j
⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= + = +⎢ ⎥ ⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎣ ⎦ ⎣ ⎦
Y H S W .                 (30) 

 
Thus, if we assume perfect channel estimation, the decoded data vector 

( ) ( )0 1
ˆ ˆ ˆ,

T
S n S n⎡ ⎤= ⎣ ⎦S is expressed as 

 
2

2
ˆ ˆH H H

eff d eff eff eff d d= = + = +S H Y H H S H W h I S W                          (31) 

 
where ( ) ( )1 2,n nH j H j= ⎡ ⎤⎣ ⎦h , and ˆ

dW  is a 2 1×  zero mean noise vector with covariance 

matrix 2
0 2N h I . The extra-data symbols ( )ˆ

eS n  and ( )ˆ
eS n′  can be decoded by an MRC 

operation, given by Eq. (21) and Eq. (22). 
The normalized effective throughput of the proposed OFDM transmit diversity, which is 

derived from [10], can be expressed as  
 

( ) ( ) ( )2
2 2 22 log 1 log 1 log 1

2

d e eN N N
d b e e e e e e

h

N M p N M p N M p
T

N

′′ ′ ′× − + × − + × −
=  (32) 

 
where M  and bp  are the modulation order and the bit error rate (BER) of the original data 
symbols, respectively. eM  and ep  denote those of the extra-data symbols in the 1st antenna. 
In addition, eM ′  and ep′  denote those of the extra-data symbols in the 2nd antenna. 

4. Simulation Results 
To verify the proposed channel estimator, we considered an OFDM system with transmit 
diversity in the 10 MHz band at 2.3 GHz, with the following parameters: N = 1024, Nv = 127, 
Ncp = 128, and there was QPSK modulation for the original data symbols. For the multipath 
fading channel, the “Vehicular A” channel model was used, as defined by ETSI for the 
evaluation of UMTS radio interface proposals. For the subcarrier allocation, we set the 
following parameters:  
 

{ }n fi nD= , { }1n fk nD= + , and { } { }n nu i⊂                              (33) 

{ }n ni k′ = , { }n nk i′ = , and { } { }n nu i′ ′⊂ .                                     (34) 
 
In addition, the random interleavers were utilized for { }nδ  and { }nδ ′ . 

Fig. 3 and Fig. 4 compare mean square error (MSE) performances in the 1st and 2nd 
antennas, respectively. Conv(Df1,Df2) represents a conventional LMMSE channel estimator 
with the minimum pilot spacing: Df1 in the 1st antenna and Df2 in the 2nd antenna. Prop(Df1/λf1, 
Df2/λf2) corresponds to the proposed LMMSE channel estimator, where λf1 and λf2 denote the 
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extra-data spacings in Df1 and Df2, respectively. As shown in Fig. 3 and Fig. 4, a smaller 
(Df1,Df2) resulted in better MSE performance. The MSE performance of Prop(16/8, 16/8) was 
superior to that of Prop(32/8, 32/8) across the entire signal-to-noise ratio (SNR) range. The 
MSE performance of Prop(16/8, 16/8) was inferior to Conv(8, 8) at low SNRs, but the 
performance was identical at high SNRs.  

Fig. 5 shows the BER performances of the conventional and proposed channel estimators. 
Here, we considered the modulation types for the extra-data symbols as follows: Prop(Df1/λf1, 
Df2/λf2, ModT ype). Prop(16/8, 16/8, QPSK) resulted in performance identical to Conv(8, 8). 
For a BER of 10-3, there was a greater than 10 dB SNR gain over Conv(32, 32). If Prop(32/8, 
32/8, QPSK) was considered, there was error flooring at high SNRs exceeding 20 dB. 
Moreover, the modulation order change of the extra-data symbols resulted in slight 
performance degradation at low SNRs. 

In Fig. 6, the advantages of the proposed subcarrier allocation and channel estimator are 
significant. The proposed method improved the normalized effective throughput. Especially, 
Prop(32/8, 32/8, QPSK) was better than Conv(8, 8), in spite of its BER saturation. Prop(16/8, 
16/8, 16QAM) outperformed Prop(16/8, 16/8, QPSK) at SNRs exceeding 21 dB. 
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Fig. 3. MSE performance comparison between the conventional and proposed channel estimators, from 

the 1st antenna to the receiver 

5. Conclusions 
In this paper, we proposed a subcarrier allocation method, and a composite LMMSE channel 
estimator, which resulted in an efficient OFDM transmit diversity spectrum. By reducing the 
number of pilot symbols required, and inserting repetition-coded data symbols, the spectrum 
efficiency was improved. Moreover, the proposed channel estimator guarantees that the BER 
performance is as good as a conventional LMMSE channel estimator using full pilot symbols. 
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Fig. 4. MSE performance comparison between the conventional and proposed channel estimators, 

from the 2nd antenna to the receiver 
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Fig. 5. BER performance comparison between the conventional and proposed channel estimators, 
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according to SNR [dB] 
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Fig. 6. Normalized effective throughput comparison between the conventional and proposed channel 

estimators, according to SNR [dB] 
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