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ABSTRACT

In MIMO-OFDM system, a conventional channel estimation
technique using comb type training symbol structure has high
mean squared error(MSE) at edge subcarriers. To reduce the
MSE at those subcarriers, we propose the cyclic comb type
training structure and the weighted-averaging method. In the
proposed technique, all kinds of comb type training symbols are
transmitted cyclicaly a each transmitter. At the receiver,
channel frequency responses estimated using each training
symbol are averaged with weight which is obtained from the
corresponding MSE. By computer simulations, we have shown
that the proposed cyclic comb type training symbols gives higher
SNR gain than the conventiond training structure.

1. INTRODUCTION

OFDM (Orthogonal Frequency Division Multiplexing) has the
ability to combat inter-symbol interference(ISl), a major problem
in wideband transmission over multi-path fading channels. This
has motivated the adoption of OFDM as a standard for
broadband indoor wireless systemg[1]. On the other hand, recent
information theory has shown that multi-input multi-output
(MIMO) systems can support enormous capacities[2], provided
that the multi-path scattering of wireless channel is exploited.
However, in frequency selective broadband channel, MIMO
system requires complicated channel equalization technique to
ensure eiminating inter-symbol interference. To reduce the
impairments, it is a good solution to use OFDM technique for
MIMO system, and recent works show that combining OFDM
technique with multiple antenna architecture can provide high
performance transmission[3].

In MIMO-OFDM system, areceiver should know the channel
frequency responses of the spectral and spatia channels for
coherent signal detection. For reliable channel estimation, almost
channel estimators make use of training symbols. These training
symbols are known data located in fixed subcarriers. Some
studies has shown that the performance of channel estimator
depends on these training symbol structures and channel
estimation techniques[ 3]-[4]. Therefore, we propose the efficient
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training symbol structures and the corresponding channel
estimation technique for MIMO-OFDM systems.

2.MIMO-OFDM SYSTEM M ODEL

A simplified MIMO-OFDM system is shown in Fig.1. If the
time-varying and frequency-selective fading channel is
considered, the received signal vector y9(n) a the g™ antenna
can be expressed as a linear combination of channel impulse
response and transmitted signal§[ 3] :

Ni
yan) =D X" (MF hRm) +win) &)
p=1
where N, , N, mean the number of transmit and receive
antennas, respectively. XP(n) is diagonalized OFDM symbols
atthe p" transmit antenna, and can be expressed as
XP(n)=diag[0-- 0 % --- x{ 0x{ ., X5, 0+ 0]), @
where N, denotes the number of one sided available
subcarriers, the total number of subcarriers for data transmission
is 2N, , the subscript denotes the data subcarrier index, and
diag(l)) denotes the diagondize operator. In (1), F is the
K xK Fourier transform matrix, and F[IL] is the first L
columnsof F. h>%(n)=[hP9(0) hP4@) ---hPI(L-D] is
the channel impulse response vector between the pth and
qth antenna, and L denotes channe! disperse length. w9(n) is
a noise vector at the qth receive antenna with components that
have IID(independent identicaly distributed) wide-sense
stationary random processes with variance o?. Assume that
there are VV virtua subcarriers in the system and the subcarrier
at DC (center subcarrier) is not used to avoid difficulties in D/A
and A/D conversion[1].
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Fig. 1 A simplified MIMO-OFDM system
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3. CHANNEL ESTIMATION OF MIMO-OFDM

For MIMO-OFDM system, the comb type training symbol is a
well-known structure for the channel estimation[4]. It is assumed
that the total number of subcarriers for data transmission is,

2N, = NcN, , (3)
where N denotes the number of pilot subcarriers reserved for
training symbols of each transmit antenna. N, is assumed to be
not smaller than the channel disperse Iength L. Xcomb, the
matrix of comb type training symbols of p " transmit antenna,
has the elements X, which satisfies

G i=(m-D)N,+p

xi”—{ ' . @
0 otherwise ,

where C; denotes an arbitrary complex number with magnitude
\/N_ and m denotes an arbitrary positive integer not greater
than N, . In the comb type trai nmg structure, the predetermined
tralnlng symbol vector for p antenna, Xcomb is transmitted
N, times repeatedly, and can be expressed as

oomb(l) Xoomb(z)_"'_xcorrb(Nt)
comb(l) Xcomb(z) -t Xcomb(Nt) ©)
oomb(l) Xoomb(z):"':xt':\‘c}n'b(Nt)'

At the receiver, each channel frequency response is estimated
independently using multiple training symbols with the identical
structure, and the channel frequency responses are averaged in
time to reduce the noise variance. When using comb type
training symbol, we can separate the training symbol transmitted
a p™ antenna from the received signal vector y9(n) , because
the comb type training symbol is orthogonal in the frequency
domain. The received training symbol vector of qt receive
antennaat ™ OFDM block can then be modified from (1) as

y PN = X G (MFzh () +wi () ®)
In this case, the channel impulse response can be obtained by
least square estimation ag[5]

AZI() = (X 2 (WFEL) TY PI (M) ™
where ()" denotes the pseudo-inverse operator. The channel
frequency response h ¥4(n) can then be obtained from (6) as

h?9(n) = Fegh 4 (n)
=hP9(n) + Ry, (X @mb (MF y'win)  ®
=hP9(n) +eP9(n),

where F[l'L] is the reduced Fourier transform matrix with
2N, xL dimension, which has rows corresponding to data
transrmsson carriers, €”9(n) denotes channel estimation error
a n" time block. The corresponding M SE of each data carrier
can be expressed as

o2q(M=¥EEP M )}, @
where W ([Jindicates a de-diagonalize operator which makes a

vector from a matrix by taking the diagonal term of the matrix,
and E{[}] denotes an expectation operator.

The estimated channel frequency responses are averaged in
time domain under the assumption that channel is invariant
during training phase. The averaged channel frequency response
can be expressed as

_—thq(n) (10)
t n=1
After averaging, the MSE isreduced as

1
oﬁyq :—oﬁyq(n) . (11
Nt

The overall normalized M SE can then be obtained as

1 N Ny _ 5
_— trace(diag(cyq)) , (12
2N, NN, ;; pa

where trace(l)] indicates a trace operator.

Fig.2 shows the MSE of each data carriers using the
conventional training strucure. In this figure, 4 transmit antennas
are used in MIMO-OFDM system which has 64 subcarriers
including 52 data subcarriers, 11 virtual subcarriers and DC
subcarrier. Fig.2(a) shows the MSE of channel estimation using
the comb type training symbols transmitted at 1% antenna Xiomb ,
and Fig.2(b),(c),and (d) give the MSEs using the conventiona
training symbols at second, third, and fourth antenna,
respectively. Fig.2 clearly shows that the MSEs of the edge
subcarriers are relatively large. The origin of this is a lack of
training symbols to interpolate the edge subcarriers, and thus the
channel estimation error is increased[5].

NMSE =

® subcarriers with training symbol
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Fig. 2 The M SEs of the conventional channel estimation
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4. THE PROPOSED TRAINING SYMBOL
STRUCTURE & CORRESPONDING CHANNEL
ESTIMATION TECHNIQUE

In conventional training structure, the MSEs of estiamated
channel frequency reponses using the identical training symbols
which are transmitted N, times are equal, so that the MSEs of
the averaged channel frequency response shows the same pattern
as Fig.2. As a result, it is not a good approach that each
transmitter sends the same training symbol repeatedly and the
estimated channel frequency responses are averaged in time.

Therefore, we propose a new training symbol structure, so
caled “the cyclic comb type training structure”. In the cyclic
comb type training structure, a comb type training symbol which
was transmitted through the 1% antenna is transmitted through
the 2™ antenna, and will be transmitted through the 3 antenna
the next time, and so on. Using this cyclical scheme, al types of
comb type training symbols are transmitted at each antenna. The
cyclic comb type training structure can be expressed as

X oo @) = X (D) =+ = X gy (N)
Xeomn (D = Xoons () =+ = Xoomp (Ne) 1
XN @ =X (@ = = XN (N,)

_In this case, the estimated channel frequency response
hP9(n) can be aso obtained as (8). However, the estimated
channel frequency responses should not be averaged in the same
manner as (10), because the channel estimation error variance
c%,q(n) is not the same with respect to time index n. The
channel frequency responses should be weighted according to
the estimation error variance before averaging to ensure that the
averaged channel frequency response has minimum error
variance, which will be called hereinafter “weighted-averaging”.
The weight averaged channd frequency response can be
expressed as

N N
hPa = CPam) ™Y CPUmh ()
n=1 n=1

Ny 1y,
=hPd +{Zcp"*(n)} ZCp’q(n)ep’q(n) (14)
n=1 n=1
=hPd+QP9
where CP9(n) is the diagonal weight matrix to minimize the
averaged estimation error variance, and Q P9 denotes channel
estimation error between pth and qth antennas after weighted-
averaging. The diagona weight matrix CP9(n) can be
obtained by solving the minimization proble :

min{ Eori o p'q}} . (15)

cha

The diagonal weight matrix to minimize (15) can be obtained as
CP4(n) = (diag(s,q (M) ™" - (16)

The corresponding minimized MSE of each subcarrier is
expressed as

N, -1
6hq =¥ [Z(diag(cfm (n)))_l] : 17)
n=1

and the normalized MSE using the proposed cyclic training
structure can be expressed as

Ny N
1 t Nr i )
NMSE=——F— trace(diag(cy, ). (18)
2N, NN, ;; P

Fig.3 shows the MSE of channel estimation using the
conventiona and cyclic comb type training symbols transmitted
at 1% transmit antenna for example. The conventional training
structure shows a similar pattern as the MSE of Fig.2: the
channel estimation error at both edges are large and these
dominant channel estimation errors lead to an increase in the
overall NMSE. On the contrary, in the proposed cyclic training
structure, the channel estimation errors of each data carrier are
relatively small, because the channel frequency responses are
obtained using the cyclic training structure and weighted-
averaging. As a result, the proposed cyclic training structure
performs better for channel estimation than the conventional
training structure.
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Fig. 3 The comparison of the M SEs of the conventional and
the proposed training symbol structure

5.SIMULATION RESULTS

The target MIMO-OFDM system was based on IEEE 802.11a
system which has 64 subcarriers including 52 data subcarriers,
11 virtual subcarriers at edge band and DC subcarrier. Only 12
Mbps rate which uses QPSK was considered. As a MIMO
configuration, 2% 2 and 4x4 antenna systems were assumed.
For the channel estimation, training symbols are transmitted 2
times in preamble field for a 2x2 system and 4 times for a
4x4 system.

Fig.4 shows the NMSE of channel estimation for the 2x 2
system. It indicates that the cyclic training symbol structure has
0.2dB SNR gain in NMSE over the conventional training
structure. Fig.5 shows the NMSE under the 4x4 system. We
can observe that the cyclic training structure has 2.5dB SNR
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gain over the conventional training structure. In the conventional
training structure case, the number of the subcarriers for training
symbolsin the 4x4 systemislessthan that in the 2x 2 system,
so that the interpolation error in the 4x4 system becomes 10
larger than the 2x 2 system. However, in the proposed cyclic
training structure, it is possible to compensate this interpolation
error effectively, so that the SNR gain of the cyclic training
structure in the 4x 4 antenna system is much higher than that in
the 2% 2 antenna system. According to these results, it would
be predicted that the larger the number of transmit antennas is,
the more SNR gain isavailable.

Fig.6 shows bhit error rate(BER) performance in the 4x4
antenna system for both structures. This figure indicates that the

-8~ the conventional training structure
—©- the proposed training structure
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cyclic training structure has 1.3dB SNR gain at BER=10" over 6 65 7 75 8 85 9 95 10
the conventional training structure. In the conventional training SNR (dB)
structure, it is the large channel estimation errors at the edge ) ) )
subcarriers that affects the overall BER to be increased. Thus, Fig. 4 The comparison of NMSEsin the 2x2 system

the proposed cyclic training structure designed to minimize
estimation error at these subcarriers are effective in improving 2 the conventional faining strotine
the detection pel‘fOI’mance, —©- the proposed training structure

6. CONCLUSIONS

In this paper, we proposed the cyclic comb type training
structure and the weighted-averaging technique to enhance the
channel estimation performance of MIMO-OFDM system. By
computer simulations, we have shown that the proposed cyclic
comb type training symbols gives higher SNR gain than the
conventiona training structure. Consequently, the proposed
cyclic training structure and the weighted-averaging method can
enhance the channel estimation performance of MIMO-OFDM
systems.

normalized MSE
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