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ABSTRACT

In the conventional pilot-symbol-aided channel estimation for
the MIMO-OFDM system, the pilots should be orthogonal in
frequency, time, code, or spatial domain to mitigate the inter-
antenna interference. In the frequency domain multiplexed
(FDMed) pattern, the training pilots transmitted from differ-
ent antennas conventionally occupy different sub-carriers ex-
clusively within the same OFDM symbol duration. However,
this method dramatically increases the pilot overhead as the
number of the transmit antennas increases. In this paper a
joint pilot-aided and blind decision-directed channel estimation
(PA-DDCE) scheme is proposed to achieve a good tradeoff be-
tween the pilots overhead and the system performance. The
proposed scheme utilizes the initial estimated channel obtained
by the conventional channel estimation to detect the transmit-
ted data symbol in the middle sub-carrier between any two ad-
jacent pilot sub-carriers. Then these symbols are regarded as
the ”extra pilot symbols” and are applied to estimate the chan-
nel on the whole frequency band. From our simulation results
the proposed PA-DDCE scheme can outperform the conven-
tional channel estimation significantly in both the BER and the
throughput performances.

I INTRODUCTION

By using the multiple antennas at both the transmitter and
the receiver, the orthogonal frequency division multiplexing
(OFDM) system can significantly increase the channel capac-
ity, which makes it to be an attractive candidate for the high-
data-rate wireless applications. Such systems are called the
multiple-input multiple-output (MIMO) OFDM systems. To
correctly demodulate the received data symbols, the channel
estimation plays an important role to the system performance
greatly. In practice the channel state information (CSI) is es-
timated from known pilot symbols and subsequently used for
the data detection. Therefore the system performance depends
on the quality of channel estimation and hence the number of
pilot symbols. Estimation of the MIMO fading channel is a ma-
jor challenge for the multiple-antenna wireless communication
systems. When the number of antennas increases, the accurate
channel estimation becomes more difficult due to the increase
parameters to be estimated. In the conventional channel estima-
tion, the pilots should be orthogonal to avoid the inter-antenna
interference.

For the MIMO-OFDM systems with Frequency Domain
Multiplexed (FDMed) pilots, the training pilots transmitted
from different antennas occupy different sub-carriers exclu-
sively within the same OFDM symbol duration. However, this

method radically increases the pilot overhead when the num-
ber of the transmit antennas increase, which diminishes the
system spectrum efficiency. The semi-blind and blind chan-
nel estimators [1] [2] have been proposed to reduce the pilot
overhead; however, these methods are not practical due to their
poor performance and high complexity. Motivated by this fact,
a joint pilot-aided and blind decision-directed channel estima-
tion (PA-DDCE) scheme is proposed in this paper to achieve
a good tradeoff between the pilots overhead and the system
performance. In the previous literatures [3] [4], the decision-
directed channel estimation is proposed to support the high ter-
minal velocities. The contribution of our proposed scheme is
to design a pilot structure for the MIMO-OFDM system which
has a relative small pilot overhead but still guarantees the accu-
racy of the channel estimation. At first the data symbols with
the orthogonal format are transmitted in the middle of any two
adjacent pilot sub-carriers. After that with the knowledge of
the modulation alphabet of the data symbols, the blind hard de-
cision on the symbols can be made and then the CSI estimate
performance can be improved with slight increase of the pi-
lot overhead versus the conventional orthogonal pilot structure.
The pilot structure of the PA-DDCE scheme with two alterna-
tive orthogonal data formats have also been proposed in this
paper, they are named as null-data format and space frequency
block code (SFBC)-data [5] format.

The rest of the paper is organized as follows. Section II intro-
duces the MIMO-OFDM system model and presents the con-
ventional pilots-aided channel estimation in the MIMO-OFDM
system. Then section III proposes our PA-DDCE scheme with
two orthogonal data formats. The simulation results are given
in section IV and finally we conclude our paper in section V.

II THE MIMO-OFDM SYSTEM

An OFDM system with two transmitters and two receivers is
shown in Fig.1.
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Figure 1: MIMO-OFDM system with PA-DDCE scheme

1-4244-1144-0/07/$25.00 c©2007 IEEE

Authorized licensed use limited to: IEEE Staff. Downloaded on April 26,2024 at 20:27:10 UTC from IEEE Xplore.  Restrictions apply. 

_./_~--~:·y _/----.... 

.t.:~~::~i -~~~'~:( .>-

Petitioner Samsung Ex-1022, 0005



The 18th Annual IEEE International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC’07)

At one OFDM symbol duration, the transmitted symbols
{di (n) : n = 0, 1, . . . N − 1}, for transmit antenna i = 1, 2,
inserted with pilots on each antenna form an OFDM block,
where N is the total number of OFDM sub-carriers. The two
transmit antennas simultaneously transmit the OFDM signals
modulated by inverse fast Fourier transform (IFFT). At the re-
ceiver side, the signal demodulated by fast Fourier transform
(FFT) can be expressed as

rj (n) =
2∑

i=1

Hij (n)di (n) + wj (n) , (1)

where Hij (n) is the channel frequency response for the nth
sub-carrier of the OFDM symbol, corresponding to the ith
transmit antenna and the jth receive antenna. wj (n) denotes
the complex additive white Gaussian noise (AWGN) with zeros
mean and variance σ2

n, on the jth receive antenna.

III CONVENTIONAL CHANNEL ESTIMATION

In the conventional channel estimation with FDMed pilots of
the MIMO-OFDM system, to keep the pilot orthogonality, a
training pilot from one antenna is transmitted at a sub-carrier
while the remaining transmit antennas are idle at the same sub-
carrier, which is shown in Fig.2, where p1 and p2 are pilot sym-
bols at the first and the second antenna respectively.

null pilot data
frequency

antenna

Antenna 1

Antenna 2

1p

2p

k 1k +

Figure 2: Pilot structure of the conventional channel estimation

For the MIMO-OFDM system with two transmit antennas
and two receive antennas, by using Least Square (LS) method
[6] the estimated channel frequency response on the pilot sub-
carrier k and k + 1 are given by

Ĥ11 (k) = r1 (k)/p1 (k)
Ĥ12 (k) = r2 (k)/p1 (k)
Ĥ21 (k + 1) = r1 (k + 1)/p2 (k + 1)
Ĥ22 (k + 1) = r2 (k + 1)/p2 (k + 1).

(2)

The final estimated channel frequency response on the whole
band sub-carriers is given by

Ĥij (n) = interp
(
Ĥij (k)

)
, (3)

where

k pilot frequency subscript (sub-carrier indices)
pi transmitted pilot on ith transmitter antenna
H estimated channel frequency response
interp() interpolation.

The performance of the conventional channel estimation for
the MIMO-OFDM system greatly depends on the pilot number.

With more pilot symbols, the pilot spacing could be smaller
thus implies less interpolation error. However, the system spec-
trum efficiency is diminished and the system throughput is de-
creased due to the larger pilot overhead. To overcome this prob-
lem, we propose a novel PA-DDCE scheme with two alterna-
tive pilot structures in the following section.

IV PROPOSED PA-DDCE SCHEME

In this section, the basic principle of the PA-DDCE scheme is
introduced at first. Then we study the proposed scheme for two
kinds of the orthogonal data symbol formats, namely null-data
format and SFBC-data format.
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Figure 3: Principle of PA-DDCE scheme

The principle of the PA-DDCE scheme is illustrated in Fig.3,
and the algorithm procedure is described as followed. Step 1:
LS channel estimation to calculate the estimated channel fre-
quency response Ĥij (k) on the pilot sub-carriers. Step 2: Lin-
ear or other interpolation methods to obtain the estimated chan-
nel frequency response on the non-pilot sub-carriers Ĥij (l) ,
where l is defined as the middle sub-carriers between any two
adjacent pilot sub-carriers. Step 3: Equalize the received data
symbols ri (l) with the previous estimated channel frequency
response Ĥij (l) in step 2 and get the equalized data symbol
d̂i (l). Step 4: Hard decision of the equalized data symbol
by demodulation and re-modulation, finally obtain the con-
stellation points d̃i (l). Step 5: Calculate the new data sub-
carrier channel frequency response H̃ij (l) by using the de-
tected data symbols. Step 6: Linear or other interpolation with
both Ĥij (k) and new H̃ij (l) updated in step 5 to obtain the
final estimated channel frequency response H̃ij (n).

In the followed paragraphs, the detailed descriptions of the
step 3 and step 5 in the PA-DDCE scheme will be presented
with regard to the null-data format and the SFBC-data format.

A PA-DDCE Scheme with Null-Data Format

The pilot structure of the PA-DDCE scheme with null-data for-
mat is shown in Fig.4. The difference to the conventional one is
that in the middle of any two adjacent pilot symbols, a null-data
format is inserted. When the data symbol d1 on the sub-carrier
l is transmitted at the first antenna, the second antenna is idle.
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Vice versa, when the data symbol d2 on the sub-carrier l + 1 is
transmitted at the second antenna, the first antenna is idle.

null pilot data

1d

2d

frequency

antenna

Antenna 1

Antenna 2

l 1+l

1p

2p

k 1k +

null-data format 

Figure 4: Pilot structure of PA-DDCE scheme with null-data
format

Both the received data symbols on the sub-carrier l and l + 1
can be shown by

r = Hdn + w, (4)

where we have

r =
[

r1 (l) r1 (l + 1)
r2 (l) r2 (l + 1)

]
, (5)

H =
[

H11 (l) H21 (l + 1)
H12 (l) H22 (l + 1)

]
, (6)

and

dn =
[

d1 (l) 0
0 d2 (l + 1)

]
. (7)

The receiver adopts the two-branch maximal-ratio receiver
combining (MRRC) and the transmitted data symbol d̂1 (l)
d̂2 (l + 1) on the sub-carrier l and l + 1 are computed by zero
forcing (ZF) equalizer, i.e.,

d̂1 (l) =
Ĥ∗

11 (l) r1 (l) + Ĥ∗
12 (l) r2 (l)∣∣∣Ĥ11 (l)

∣∣∣2 +
∣∣∣Ĥ12 (l)

∣∣∣2
, (8)

and

d̂2 (l + 1) =
Ĥ∗

21 (l + 1) r1 (l + 1) + Ĥ∗
22 (l + 1) r2 (l + 1)∣∣∣Ĥ21 (l + 1)

∣∣∣2 +
∣∣∣Ĥ22 (l + 1)

∣∣∣2
,

(9)
where ()∗ denotes the complex conjugation and |()| is the ab-
solute value. Ĥij (l) and Ĥij (l + 1) are the estimated chan-
nel frequency response by the conventional channel estimation
with the linear or other interpolation methods, which are ob-
tained in step 2.

With the pre-known modulation alphabets, the symbol-level
hard-decision is made on the transmitted data symbols d̂1 (l)
and d̂2 (l + 1) calculated in step 3. Assuming the error-free of
the symbol hard decision, the re-modulated data symbol d̃1 (l)
and d̃1 (l + 1) on the constellation points can be regarded as
extra “pilot symbols”, which means the pilot spacing is reduced
to 1/2 of that in the conventional channel estimation. A new
channel estimation on the lth and l + 1th sub-carriers can thus
be performed with these new “pilot symbols”, which leads to

H̃n =
(
d̃H

n d̃n

)−1

d̃H
n r, (10)

for the new channel estimate, where we have

H̃n =
[

H̃11 (l) H̃21 (l + 1)
H̃12 (l) H̃22 (l + 1)

]
, (11)

and

d̃n =
[

d̃1 (l) 0
0 d̃2 (l + 1)

]
. (12)

The update of the estimated channel frequency response is
carried out by processing the previous estimated channel fre-
quency response and the new ones through the interpolation.
Thus the final enhanced estimated channel frequency response
is given by

Ĥij (n) = interp
(
Ĥij (k) , H̃ij (l)

)
. (13)

B PA-DDCE Scheme with SFBC-Data Format

The pilot structure of the PA-DDCE scheme with the SFBC-
data format is shown in Fig.5.

null pilot data

1d 2d

frequency

antenna

∗− 2d ∗
1d

SFBC data

Antenna 1

Antenna 2

l 1+l

1p

2p

k 1k +

SFBC-data format 

Figure 5: Pilot structure of PA-DDCE scheme with SFBC-data
format

In the middle of any two adjacent pilot sub-carriers, the data
symbol d1 and d2 on the sub-carriers l and l + 1 are encoded
by the SFBC. Then the received signals on the sub-carrier l and
l + 1 can be written as

r = Hds + w, (14)

where

ds =
[

d1 (l) d2 (l + 1)
−d∗2 (l) d∗1 (l + 1)

]
. (15)

Assuming the channel fluctuation on the adjacent sub-
carriers is constant, i.e., Hij (l) = Hij (l + 1). The com-
bined received signals are equivalent to that of the four-branch
MRRC, thus the transmitted data symbols d̂1 (l) and d̂2 (l + 1)
on the sub-carrier l and l + 1 are computed by ZF equalizer,
i.e.,

[
d̂1 (l)

d̂2 (l + 1)

]
=

α

[
Ĥ∗

11 (l) Ĥ21 (l) Ĥ∗
12 (l) Ĥ22 (l)

Ĥ∗
21 (l) −Ĥ11 (l) Ĥ∗

22 (l) −Ĥ12 (l)

]
×




r1 (l)
r∗1 (l + 1)

r2 (l)
r∗2 (l + 1)




,

(16)
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where

α =
1∣∣∣Ĥ11 (l)

∣∣∣2 +
∣∣∣Ĥ21 (l)

∣∣∣2 +
∣∣∣Ĥ12 (l)

∣∣∣2 +
∣∣∣Ĥ22 (l)

∣∣∣2
,

(17)
Ĥij (l) are the estimated channel frequency response by the
conventional channel estimation with the linear interpolation
or other interpolation method, which are obtained in step 2.

The equalized symbol d̂1 (l) and d̂2 (l + 1) are then demod-
ulated and re-modulated to d̃1 (l) and d̃1 (l + 1) respectively by
the symbol-level hard-decision which are regarded as extra “pi-
lot symbols” and can be used to compute the channel frequency
response at the sub-carriers l and l + 1:

H̃s =
(
d̃H

s d̃s

)−1

d̃H
s r, (18)

where

H̃s =
[

H̃11 (l) H̃21 (l)
H̃12 (l) H̃22 (l)

]
, (19)

and

d̃s =
[

d̃1 (l) d̃2 (l + 1)
−d̃∗2 (l) d̃∗1 (l + 1)

]
. (20)

The final enhanced estimated channel frequency response
can be written as

Ĥij (n) = interp
(
Ĥij (k) , H̃ij (l)

)
. (21)

V NUMERICAL RESULTS

Table 1: simulation parameters
Bandwidth 5 MHz
Number of Sub-carrier 1024
Channel Model ITU-Pedestrian B
Channel Coding Turbo Coding, Rate 1/2
Data Modulation QPSK
Antenna Configuration 2Tx, 2Rx
Pilot Modulation QPSK
Data Detection MMSE
Repeat Factor (RPF) 24, 36
Channel Estimation Ideal,

Conventional (conv),
PA-DDCE with null data
(dd-null),
PA-DDCE with SFBC data
(dd-SFBC).

Pilot Overhead 8.4 %
Interpolation Linear

In this section, the performance of the proposed PA-DDCE
scheme is measured by the bit error rate (BER) and the sys-
tem throughput, which are compared with those of the conven-
tional channel estimation. The simulation specifications are
presented in Table I. The repeat factor (RPF) means the sub-
carrier spacing between the adjacent pilots. For fair compari-
son, the pilot overhead is assumed to be the same, thus for con-
ventional channel estimation the RPF is 24 while for PA-DDCE

scheme it is 36. In other words, we constrain the useful data
sub-carriers the same. The channels are quasi-static Rayleigh
faded over a coding frame and independent among different
frames. We also assume the channels between the transmit
antennas and the receive antennas are independent with each
other. Here the ITU-PB channel [7] refers to a 6 taps Rayleigh
fading channel. To detect the data symbols the well-known
linear minimum mean square error (MMSE) [8] solution is ap-
plied for the MIMO-OFDM system in our simulation.

A Estimated channel accuracy comparison

Fig.6 plots the estimated channel gain
∣∣∣Ĥ

∣∣∣2 obtained from

both the conventional channel estimation and the proposed PA-
DDCE scheme with SFBC-data format in comparison with the
ideal channel gain |H|2. As it is shown when SNR is 20dB the
estimated channel gain in the middle of any two adjacent pilot
sub-carriers computed from the extra “pilot symbols” by PA-
DDCE scheme can improve the total estimated channel quality
dramatically.
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Figure 6: Estimated channel comparison under SNR = 20dB

The Mean Square Error (MSE) of the estimated channel by
using different channel estimations is depicted in Fig.7. Apply-
ing the PA-DDCE scheme, it can be observed that the MSE per-
formance is significantly improved compared with the conven-
tional channel estimation. Under high SNR, the improvements
become larger due to the higher reliability of the symbol-level
hard decision. Further more, the PA-DDCE scheme with the
SFBC-data format works even better than that with the null-
data format. The reason is that for the SFBC-data format, the
received extra “pilot symbols” are combined as the four-branch
MRRC while for the null-data format they are combined as the
two-branch MRRC.

B BER and throughput performance

The channel estimation performance is mainly dominated by
two factors: the estimation error on the pilot sub-carriers and
the interpolation error on the none-pilot sub-carriers. When the
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pilots spacing is larger than the channel coherent bandwidth,
the interpolation error becomes the major problem affecting the
channel estimation. Thus with fixed small pilot overhead, the
conventional channel estimation can not achieve the required
system throughput performance. When the channel is ideal,
to guarantee the same system spectrum, we assume the pilot
overhead is still 8.4%, i.e. RPF of 24. The results also show
the proposed PA-DDCE scheme outperforms the conventional
channel estimation significantly. For example, when the SNR is
12.5dB, the system throughput gains are 0.5 Mbps and 1 Mbps
for the null-data format and the SFBC-data format respectively.

VI CONCLUSIONS

For the high-data-rate wireless applications especially utilizing
the MIMO-OFDM technology as the air interface, the num-
ber of the channel parameters used for the data detection in-
creased dramatically. To achieve the channel estimation qual-
ity while still maintaining the high spectrum efficiency, a novel
PA-DDCE scheme for the MIMO-OFDM system is presented
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Figure 7: MSE performance of QPSK 1/2 for ITU-PB channel
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Figure 8: BER performance of QPSK 1/2 for ITU-PB channel

in this paper. We also proposed two alternative pilot struc-
tures with the null-data format and the SFBC-data format re-
spectively to mitigate the inter-antenna interference for the PA-
DDCE scheme. From our simulation results the PA-DDCE
scheme can outperform the conventional channel estimation
significantly respect to both the BER and the throughput per-
formances. The only disadvantage is a slight but acceptable
complexity on the receiver side.
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Figure 9: Throughput performance of QPSK 1/2 for ITU-PB
channel
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