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Abstract

In this paper, a novel approach using frame-based iter-
atiwe channel fading parameters estimation technique
from the received data sequence exploiting orthogonal
property of the space-time block (STB) code is pro-
posed. For practical implementation of STB code, the
receiver requires to estimate these parameters. Re-
garding this type of estimation, the inherent orthog-
onal nature of STB code can be exploited to simplify
multiple-input-multiple-output (MIMO) channel esti-
mation technique. While modified decision-directed it-
erative channel estimation updates estimated parame-
ters throughout the frame, proposed frame-based iter-
ative channel estimation technique updates estimated
channel parameters once in each iteration after decod-
ing the whole frame. This modification reduces the ef-
fect of incorrect detection significantly. Simulation re-
sults show about 1 dB gain of bit error rate over the
state-of-the-art method. The proposed scheme uses few
pilot symbols to provide near perfect lower-bound per-
formance at the cost of increased receiver complexity.

1. Introduction

One of the widely applied approaches to reduce the
detrimental effects of multi-path fading is antenna di-
versity. Due to the difficulty of efficiently using re-
ceive antenna diversity at the remote units, since they
should remain relatively simple, inexpensive and small,
receive diversity has been nearly exclusively used at
the base station [2]. A new approach of transmit di-
versity, namely STB Code, has recently been proposed
by S. M. Alamouti [1] and later analyzed in detail by
V. Tarokh [9,10] et al. This scheme can provide the
best theoretical tradeoff between diversity gain, trans-
mission rate, constellation size, signal space dimension
and trellis complexity [10].

One of the advantages of Space-Time Code is that
it can be used in concatenation with other channel
codes. Two layer channel coding offers increased relia-

bility of data transmission for very noisy channels. An
example is Turbo code as outer code and STB code
as inner code [2]. The decoding complexity of STB
code for practical implementation is that it requires
knowledge of the MIMO channel fading parameter at
the receiver end. Performance degradation due to mis-
match in the channel parameters has been addressed in
standard literature [11]. It was shown in [3] that STB
code is more sensitive to channel estimation error than
straightforward two branch diversity scheme, because
of its dependency on the removal of cross-terms in the
decision rule. This dependency on the channel esti-
mation error increases as the number of transmitter
and receiver antennas increases to achieve same error
performance [5].

Techniques to overcome performance degradation
due to this type of channel estimation error are ex-
tensively being studied. The decision-directed chan-
nel tracking method has been proposed in [4,7,12].
An improved method of the channel tracking, called
the modified decision-directed algorithm, has recently
been proposed in [6]. In this paper, a frame-based
iterative channel estimator is proposed that shows
even better performance than the modified decision-
directed approach.

The organization of this paper is as follows. The
system model is described in Section 2. Section 3
contains mathematical explanation showing simplicity
of MIMO channel fading parameter estimation algo-
rithms using data symbols of STB codes, compared to
the conventional orthogonal pilot sequence insertion
(O-PSI) method proposed in [8]. Section 4 describes
proposed iterative channel estimation algorithm. Sec-
tion 5 focuses on the analytical reasoning for improved
performance. Section 6 presents simulation results and
the conclusion is given in Section 7.

2. System Model

A wireless communication system is considered with
n transmitter antennas at the base station and one
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Figure 1. Block diagram for iterative channel estima-
tion of STB coded system.

receiver antenna at the remote station. A simplified
block diagram is given in Figure 1. Extension of for-
mulations for m receiver antennas is straightforward.
The STB encoder takes p symbols in one block of data
from the information source and uses the generator
matrix to produce ¢ symbols for each transmitter an-
tenna [1,9]. Hence the generator matrix has dimen-
sion of ¢ X n. One frame of data symbols contains L
blocks. If p = ¢, then the encoder is called full rate
and if p < ¢, the encoder is partial rate. At each
time slot ¢, one symbol s;, ¢ = 1,2,...,n is transmit-
ted simultaneously from the n transmit antennas. The
channel is assumed to be flat fading and quasi-static,
i.e., the path gains are constant over a frame and vary
from one frame to another. The path gain from the
ith transmitter antenna to the receiver antenna is de-
noted by h;. The Rayleigh fading channel is modelled
as samples of independent complex Gaussian random
variables with variance of 0.5 per real dimension.

A sample of the received signal at time ¢ is the su-
perposition of all signals sent from different transmit-
ter antennas and is given by [9]

Ty = Z hi-sie+ny (1)
i=1

where n; is a zero-mean complex Gaussian random
variable with single-sided power spectral density Ng.

Assuming perfect channel state information (CSI)
is available, the STB decoder computes the decision

metric
q
t=1

over all possible combinations of transmitted symbol
sequences (s; = [si1 Si2 ... Siglt), fori=1,...,n,
and decides in favor of the symbol sequences that min-
imizes the sum. In practical cases, as the receiver does
not have access to the actual channel fading parameter
h;, it tries to estimate the h;’s using a channel estima-
tion technique. Let the estimated channel parameter
be ii,-, which has a certain estimation error. Hence in
(2), h; is to be replaced by estimated channel parame-
ter lih which causes degradation of performance com-
pared to perfect channel knowledge [10]. A better es-

n 2

(2)

Ty — hi-s;4
1

1=

timate of fading parameter improves performance but
higher number of overhead symbols are required for
this purpose. An efficient iterative channel estimator
reduces the number of pilot symbols needed to achieve
the same or even better performance.

3. Channel Estimation

Among different types of channel estimation tech-
niques, O-PSI method and STB coded data based
channel estimation are of interest.

3.1 O-PSI method

O-PSI is a simple but powerful technique for chan-
nel estimation. In this method, some pilot sequences
are inserted at the beginning (or middle) of a data
frame. The receiver has perfect knowledge of the posi-
tions and magnitudes of the pilot sequences. For multi-
ple transmit antennas, the pilot sequence of any trans-
mitter must be orthogonal to other pilot sequences
from other transmitter antennas to simplify channel
estimator structure. For a system with n transmit an-
tennas, n different pilot sequences P, Ps, ..., P, with
the same length are needed. Let k is the length of the
pilot sequences, i.e., P, = [Pi1 P2 ... Pig]? for the
ith transmitter. To satisfy the orthogonality property,
the pilot sequence of the ith transmitter has to satisfy
the condition

T ok 0 fori #j
b 'Pj_{npi2 for i = j
where j is any other transmitter antenna. Here (-)T
denotes transpose and (-)* denotes complex conjugate.
The receiver isolates the received signals due to the
pilot symbols and sends those to the channel estimator
for initial estimation of channel before decoding of the
received signals due to data symbols.
During the channel estimation, the received signal
at the the receiver antenna and time t can be repre-
sented by

T :th‘ P+ (3)
i=1

The received signal and noise sequence at the antenna
can be represented as

rp = [r1r2..rE]’, (4)
np = [n1ng...ng’. (5)
The receiver estimates the channel fading parameter
h; using the observed sequences r,. Since the pilot se-

quences P, ..., P, are orthogonal, the minimum mean
square error (MMSE) estimate of h; is given by [10]

hy =1l Pr /| P)?



= (hPi+ Y WPy +ny)" - Py
Jj=1,j#i

= [hi(P] - PF)+ Z hj(PjT - Pf)
=1
+ (g - PO/ 1P
= hi+ (n} - PO/ P
=h;+e (6)

where e; is the estimation error due to noise, given by
* 2
e; = (n, - P))/||IPiI". (7)

Since n, is a zero-mean complex Gaussian random
variable with single-sided power spectral density Ny,
the estimation error e; has a zero mean and single-
sided power spectral density Noy/k [10].

3.2 STB Coded data

The generator matrices of all STB codes (either full
rate or partial rate) are formed so that, for a block,
the data symbol sequence of any transmitter antenna
is orthogonal to the sequences of other transmitter an-
tennas [1,9]. For example, with two transmitter an-
tennas, the full rate generator matrix is

G[ 1 ‘””2] )

—r3 7

where each column, which represents the signals sent
from an antenna, is orthogonal to other column. Here
x denotes data symbols. The transmitted signal se-
quences, in this case, are s; = [s11 s12]7 = [#1 —a3]T
and sg = [s21 5272]T = [zo z7]T. In general, if s, is the
transmitted signal sequence of the ith transmitter for
a block, then

0
T *

where s; is the transmitted signal sequence from any
other transmitter antenna for the same block. This
orthogonality of the transmitted symbol sequences is
guaranteed due to the inherent orthogonal property of
the generator matrices.

The inherent orthogonal property of the genera-
tor matrix makes the channel estimator simpler us-
ing MMSE criterion. When a block of the transmit-
ted symbol sequence of the ith transmitter antenna
is multiplied with the corresponding received signal,
fading parameter of other paths vanish. This property
enables one to easily obtain the channel fading param-
eter of the corresponding transmission path. Let the
received signal vector for a block be ry = [ry 7o ... rq}T.

for i #£ j
fori=j

As transmitted symbol sequence is not known to the
receiver, a previous estimate of the channel fading pa-
rameter has to be used to decode the received sig-
nal of the block. The detected symbol sequence of
a transmitter antenna is then utilized to estimate cor-
responding channel fading parameter. As for quasi-
static channel, the fading parameter of any block is
the same during the whole frame, so this estimated
fading parameter using data block can be used for the
next iteration of the received signal of the same frame.
Now, if the detected symbol sequence is correct, i. e.
§; = s;, then the estimate of desired channel parameter
is the same as O-PSI method. The estimated channel
fading parameter becomes

hi =l - 37 /113
n

= (hisi+ > hysj+n)" 57/ |sill* [as 8 = si]
j=1j#i

n

=l s+ D0 hylsT )

=1
+ (- s/ llsill®
T _x 2

= hi+ (ng - s7)/lsi

=h; +e (9)

where ng = [n1 na ... ng]T and e; is again the esti-
mation error due to the AWGN noise.

On the other hand, if an incorrect detection of a
block of data occurs, i. e. §; # s;, then the esti-
mated channel fading parameter using that block also
becomes incorrect. Assuming that the channel fading
parameter of wireless path from the ith transmitter
antenna to the receiver antenna is to be found. Also
assuming that due to incorrect detection, the detected
block of data is the sequence sent from the kth trans-
mitter antenna (i.e. § = si). Then the obtained
channel parameter becomes

hi=rl-8 /5|
n
= (hisi+hese+ Y hys;j+n)T - si/ llskll?
j=1,j#ik

= [hi(s] - s3) + (st - 5%)

n
Y (] s+ (s skl
J=1,j#i,k
= hy, + (nd - sp)/llsel”
=hr +ex (10)
where ey is the corresponding estimation error due
to the AWGN noise. If the kth sequence is not pro-

duced by any transmitter antenna, then the estimated
channel parameter does not even exist.



4. Iterative Channel Estimation

For iterative channel estimation, an initial estimate
of channel fading parameters is done using O-PSI pilot
sequences, known data symbols or some other meth-
ods. The initial estimate is given to the detector for
detecting the received signal. This initial estimate can
be updated exploiting the orthogonal property of STB
code using either the modified decision directed (track-
ing) mode or the frame-based approach proposed in
this paper.

The need for pilot symbols can be reduced if some
known data from the transmitter can produce the same
effect of transmitting the pilot sequence. For example,
if 2 bits of a transmitted data are known, it is equiva-
lent to 2 pilot symbols inserted within the frame when
modulated using BPSK modulation scheme. Consid-
ering space-time Turbo codes as a specific example,
the Turbo code is concatenated with the space-time
code for higher performance gain [2]. With the coding
rate of 1/3, two data from the two recursive system-
atic convolution (RSC) encoders are sent with one bit
of systematic data. As both encoders are initially at
all zero state, the first outputs from two RSC encoders
are always zero irrespective of data. If these two data
are sent before the systematic bit in the frame, then 2
known bits per frame are found. This is an example of
reducing the need of pilot symbols on an ad hoc basis.

Whatever method is used, the obtained initial esti-
mate during the training process has certain estima-
tion error due to noise in the receiver. The initial esti-
mate of the channel fading parameter of the ith path
can be expressed as

hO = h; + ¢! (11)

where €? is the initial estimation error. Here the su-
perscript indicates the index number of iterative esti-
mation process.

4.1 Modified Decision-Directed Channel Esti-
mation

In this method, the initial estimation of the chan-
nel fading parameter is changed after the detection
of every block of data throughout the entire frame
as decoding progresses [6]. The estimated channel
parameter for block [ with a received signal vector

T% = [lrll 7;12 Té]T and a detected signal sequence
8;=1[511 80 - 84 18
AN INT . (L)*
hlL — (rs) (281) — hi (ns) (251,) _ hL + ei (12)
g It

where n! is AWGN noise and e! is the corresponding
estimation error. Note that (12) holds only when the

detected signal sequence is correct (8¢ = sl). This
estimated fading parameter h; is then time averaged
over previous estimations to get the averaged estimate
for the next iteration. Thus the averaged parameter

for iteration m =1,2,.... M — 1 is

. . 1
ht=(hY +hi +e})/2=h;+ 5(e? +e})

N . 1
h? = (hi +h; +€2)/3 = h; + 5(6? +e; +e)

7T M—1 1 = m
hl :hi—&-MZei . (13)
m=0

Now, let the first incorrect detection of block (8 =

st) occurs at the Mth iteration. Using (10) in (13), the
averaged estimated channel fading parameter becomes

M
) M 1 1

M m
V| +M+1J+M+1Zel (14)

m=0

The approximation is used to simplify the estima-
tion error term. Iteration continues until the end of the
frame. The algorithm can be summarized as follows:

Find the initial estimate

For data block 1 to L
Detect data block using present estimate
Use detected data block to find new estimate

Time average new estimate to get present estimate
End

4.2 Proposed Frame-Based Iterative Channel
Estimation

The proposed method is a simple extension of the
state-of-the-art method, but the performance gain is
substantial. The analytical reasoning is given in the
next section. Here the mathematical modelling of the
proposed scheme is described. The proposed scheme
uses the property that, if a transmitted symbol se-
quence of a particular antenna is orthogonal to other
transmitted symbol sequences for several blocks of
data, then the combined transmitted symbol sequence
for multiple blocks of data of that antenna will still
be orthogonal to the combined transmitted symbol se-
quences of the other antennas. Let the transmitted
signal sequence for a frame from the ith transmitter
antenna be ST = [(s})T (s2)T ... (sF)T], where one
data frame contains L blocks of data. According to
this orthogonality property

0 fori#j
ST . gx = T
B { 15 fori=j
where S; is the transmitted symbol sequence from any
other transmitter antenna for that frame.



In the frame-based iterative method, the initially
estimated channel fading parameter is used to de-
code the whole frame similar to non-iterative meth-
ods. Then the whole decoded frame of data is used to
find a new channel estimation parameter. For exam-
ple, an estimate of h; using the received signal vector
of the frame (RT = [(r1)T (rH)T ... (r1)T]) and the

S S S

detected data frame (ST = [(31)T (82)T ... (3F)7]) can
be obtained as follows:

iz _ pT  (&z—1 Ge1|?
he =BT (8570|187 (15)

where z denotes number of iteration. Noting that
) 2112 L2 .

HSzH = HSzH = .= Hsz H and assuming a blocks

are correctly detected and other L — a blocks produce

symbol sequences of the kth transmitter antenna in

one frame of data during detection process of the last

iteration, (15) can be rewritten as follows:

i =l halsT - 5) + (L~ (T - 50)
FNT (S
het TNT (57

EE

az—1](2
5 H

a L—a
L + L

(16)

This new estimated channel fading parameter is
used for the next iteration, and the process is repeated
for a desired number of iterations. The proposed algo-
rithm can be summarized as follows:

Find the initial estimate

For number of iterations 1 to Z

Detect whole frame of data using present estimate
Use all data in the frame to find new estimate

Set new estimate to present estimate, discard previous
End

5. Analysis of Performance

The difference of performance observed between
the modified decision-directed estimation and the pro-
posed frame-based iterative estimation is mainly based
on the effect of incorrect detection within the frame. In
the modified decision-directed estimation, one incor-
rect detection of a data block changes the channel es-
timation substantially, leading to a higher probability
of incorrect detection of subsequent data blocks. How-
ever, in the frame-based estimation method, the effect
of incorrect detection of a particular block is less. Be-
cause the effect of the incorrect fading parameter due
to incorrect detection of a data block blends with other
correct fading parameters of the same frame. From
(16), as the value of a reduces in each iteration, so
a~ L and L —a = 0, leading to ﬁf ~ h;. This ensures
better estimation of channel fading parameter in each
iteration of the frame under consideration.

e Actual channel parameter

X Initial channel estimation

o Subsequent wrong estimation
& Averaged channel estimation

Figure 2. Effect of drastic channel estimation error if
error occurs in the first block of data detection
using modified decision directed method.

To have a better understanding of the difference in
performance, let us study a particular case. With aver-
age bit error rate (BER) of 7.7x 1073, one block of data
might be incorrect among 65 blocks of data. For the
frame-based iterative method, from (16) with a = 64
and L = 65, the effect of the incorrect channel fading
parameter is 1/64 compared to the correct parame-
ter. But for the modified decision-directed method,
the effect depends on the number of blocks correctly
detected before that error actually occurred. Suppose
if the incorrect block happens before detecting half of
the frame, from (14) with M = L/2, the effect of in-
correct channel fading parameter is 2/65 compared to
the correct parameter. If an incorrect block is encoun-
tered within the first quarter of the frame (M = L/4),
the effect is 4/65 . The worst case is when an incor-
rect detection occurs just after the initial estimation
(M = L/65) and the effect is equal to the correct pa-
rameter. This case is shown in Figure 2, where the ini-
tial estimate of the channel fading parameter is close
to the actual parameter, but the detection of the first
data block is incorrect. Subsequently the channel pa-
rameter estimated using this data block might be away
from the actual fading parameter of that channel, be-
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Figure 3. BER vs Eb/NO (BPSK modulation).
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Figure 4. FER vs Eb/N0O (BPSK modulation).

cause this is a channel parameter of some other path as
indicated in (10). As a result, the time averaged chan-
nel parameter diverts greatly from the actual chan-
nel parameter, increasing the probability of incorrect
detection for subsequent data blocks. Further incor-
rect detection of data blocks will make the estimated
channel parameter divert further away from the actual
channel parameter.

From the analysis of performance for the case of in-
correct detection of data block, it is clear that the pro-
posed frame-based iterative algorithm is robust against
this type of error compared to the modified decision-
directed algorithm. The simulation results are also in
agreement with this analysis.

6. Simulation Results

The simulations have been done for Alamouti’s STB
codes having 1 receiver and 2 transmitter antennas
with generator matrix given by (8) over the BPSK and
QPSK modulation schemes. The initial estimation is
done assuming only 2 known symbols per frame.

Figure 3 shows the bit error rate (BER) for the
modified decision-directed and frame-based iteration
methods for BPSK modulation scheme with the frame
length of 130 bits. The performance of the conven-
tional pilot signal estimation (using 2 and 10 symbols)
and also the performance of the system with perfect
channel knowledge (as a lower bound) are given for
comparison purposes. It is seen that a substantial
gain is achieved using the proposed algorithm, which
almost supersedes performance achieved even by 10 pi-
lot symbols. For instance, to achieve the error rate of
3 x 1074, the gain is 1.2 dB with 3 iterations using
the frame-based channel estimation method over the
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modified decision-directed method.

In Figure 4, the frame error rate (FER) of the corre-
sponding cases are given. Both the modified decision-
directed and frame-based iterative channel estimation
methods outperform the conventional method using
10 pilots. The performance of the frame-based chan-
nel estimation (with 3 iterations) is near to the lower
bound. For example, to achieve the frame error rate
of 1072, compared to the case with perfect channel
knowledge, the proposed method requires 0.04 dB ad-
ditional signal power, whereas the modified decision-
directed method requires 0.17 dB. Further iterations
of the frame-based iterative approach have marginal
additional gain in terms of BER or FER.

In Figure 5 and 6, BER and FER for various cases
are given using QPSK modulation and with the same
frame length. BER of the proposed method is found



_ BER vs Eb/NO for different frame sizes
10 T T T T T

Bit Error Rate (BER)

10°F

«- 2 Known Symbols : 64 s/f N
~+- 2 Known Symbols : 130 s/f S

—x= 2 Known Symbols : 512 s/f
©- Modi. Decision Direc.: 64 s/f !
# - Modi. Decision Direc.:130s/f 5

—&— Modi. Decision Direc.:512s/f
A~ Frame-based (3 Iter.) : 64 s/f
¥ - Frame-based (3 Iter.):130 s/f

—O- Frame-based (3 Iter.):512 s/f

T T T

<GPk

I I I I I I
8 9 10 11 12 14 15 16 17 18

107

13
Eb/NO in dB

Figure 7. BER vs Eb/NO for different frame sizes for
the considered cases (BPSK modulation).
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the considered cases (BPSK modulation).

to reach 10 symbols pilot estimation for high SNR,
and even better in the case of FER performance. Sub-
stantial improvement of error rate is observed over the
modified decision-directed method.

Finally, in Figure 7 and 8, a comparison is made
for different frame lengths. It is seen that, BER is
independent of the frame length in all the case. For
FER, better performance is found with a shorter frame
length. One interesting point to notice is that, to
achieve the same FER using the proposed scheme
compared to the modified decision-directed scheme,
shorter frame length provides higher performance gain
over longer frame length.

7. Conclusion

The frame-based iterative algorithm for channel
fading parameter estimation of STB coded system,
proposed in this paper, is found to outperform state-of-
the-art modified decision directed scheme. The BER
and FER of the proposed scheme with 2 pilot symbol
supersedes the performance of the conventional pilot
signal estimation even with 10 pilot symbols in high
SNR. The algorithm is applicable in space-time Turbo
coded systems with very little modification. The im-
proved CSI can be utilized in decoding of a Turbo de-
coder for even better performance gain. The simula-
tions show that high performance gain can be achieved
with fewer iterations. The proposed method signifi-
cantly reduces the number of pilot symbols needed to
achieve the same or even better performance, but re-
quires higher processing complexity.

References

[1] S. M. Alamouti, “A Simple Transmit Diversity Technique
for Wireless Communications”, IEEE J. Select. Areas Com-
mun., vol. 16, no. 8, pp. 1451-1458, Oct. 1998.

[2] F. Bauch, “Concatenation of Space-Time Block Codes and
Turbo-TCM”, IEEE Intl. Conf. Commun., vol. 2, pp. 1202-
1206, June 1999.

[3] R.M. Buehrer, N. A. Kumar, “The Impact of Channel Esti-
mation Error on Space-Time Block Codes”, Vehicular Tech.
Conf., vol. 3, pp. 1921-1925, Sept. 2002.

[4] X. Deng, A. M. Haimovich, J. Garcia-Frias, “Decision Di-
rected Iterative Channel Estimation for MIMO Systems”,
IEEE Intl. Conf. Commun., vol. 4, pp. 2326-2329, May
2003.

[5] P. Garg, R. K. Mallik, H. M. Gupta, “Performance Analy-
sis of Space-Time Coding with Imperfect Channel Estima-
tion”, IEEE Intl. Conf. Per. Wire. Commun., pp. 71-75,
Dec. 2002.

[6] I. Harjula, A. Mammela, “Channel Estimation Algorithm
for Space-Time Block Coded OFDM Systems”, GLOBE-
COM 03 IEEE, vol. 1, pp. 143-147, Dec. 2003.

[7] R.Matsuo, T. Ohtsuki, I. Sasase, “Simple EM Based Chan-
nel Estimation and Data Detection Using Estimation in the
Preceding Frame in Space-Time Coded Signals”, ISIT 2001,
p- 222, June 2001.

[8] A.F.Naguib, V. Tarokh, N. Nambirajan, A. Robert Calder-
bank, “A Space-Time Coding Modern for High-Data-Rate
Wireless Communications,” IEEE Transactions on Selected
Areas in Commun., vol. 16, no. 8, pp. 1459-1478, Oct. 1998.

[9] V. Tarokh, H. Jafarkhani, A. R. Calderbank, “Space-Time
Block Coding for Wireless Communications: Performance
Results”, IEEE J. Select. Areas Commun., vol. 17, no. 3,
pp. 451-460, March 1999.

[10] V. Tarokh, A. Naguib, N. Seshadri, A. R. Calderbank,
“Space-Time Codes for High Data Rate Wireless Commu-
nication: Performance Criteria in the Presence of Chan-
nel Estimation Errors, Mobility and Multiple Paths”, IEEE
Trans. Commun., vol. 47, no. 2, pp. 199-207, Feb. 1999.

[11] B. Vucetic, J. Yuan, Space-Time Codes, West Sussex, Eng-
land: Wiley, 2003.

[12] J. Yang, Y. Sun, J. M. Senior, N. Pem, “Channel Es-
timation for Wireless Communications using Space-Time
Block Coding Techniques”, Proc. Intl. Circuits and Sym-
bols, vol. 2, pp. 11-220-11-223, May 2003.



