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Iterative receivers for SFBC-OFDM systems
with adaptive training scheme
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Abstract: This paper considers the design of iterative receivers for space-frequency block-coded orthogonal
frequency division multiplexing (SFBC-OFDM) systems in unknown wireless dispersive fading channels. An
iterative joint channel estimation and symbol detection algorithm is derived. In the algorithm, the channel
estimator performs alternately in two modes. During the training mode, the channel state information (CSI) is
obtained by a discrete-Fourier-transform-based channel estimator and the noise variance and covariance matrix
of the channel response is estimated by the proposed method. In the data transmission mode, the CSI and
transmitted data is obtained iteratively. In order to suppress the error propagation caused by a random error in
identifying symbols, a simple error propagation detection criterion is proposed and an adaptive training scheme
is applied to suppress the error propagation. Both theoretical analysis and simulation results show that this
algorithm gives better bit-error-rate performance and saves the overhead of OFDM systems.
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The combined application of multi-input and
multi-output (MIMO) antenna technology and orthog-
onal frequency division multiplexing (OFDM) modula-
tion yields improvements to communication capacity
and quality to meet the requirements of the next gener-
ation of wireless systems. Recently, several studies ad-
dressing the design and application of MIMO-OFDM
have been conducted"' ~*'. In Ref. [4], it is shown that
applying the simple orthogonal space frequency coding
technique first proposed in Ref. [5] for OFDM systems
can have better performance in fast fading environ-
ments and other implementation advantages.

In this paper, we focus on the design of iterative
receivers for space-frequency block-coded orthogonal
frequency division multiplexing ( SFBC-OFDM) sys-
tems in unknown wireless dispersive fading channels
with outer channel coding. The iterative joint channel
estimation and symbol detection algorithm is derived.
The initial channel estimation is achieved by using the
training sequence'®, which not only simplifies the ini-
tial channel estimation, but also attains the best estima-
tion performance. By this training sequence we also
present a method to estimate the noise variance and co-
variance matrix of the channel response, which are nee-
ded by the subsequent iterative algorithm. In order to
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suppress the error propagation caused by a random er-
ror in identifying symbols, an adaptive training scheme
is applied in the system. For this improved scheme,
when a decision-error is estimated by a simple criteri-
on, one more training sequence is required to be sent
by the transmitter to update the initial channel estima-
tion. The simulation results show that the improved al-
gorithm can prevent error propagation effectively and
consequently improve the bit-error-rate ( BER) per-
formance and keep a low system overhead.

In this paper, (+)", ()" and (-)* denote the
transposition, Hermitian transposition and conjugate, re-
spectively; if x is a given M x 1 vector, diag(x) is the
M x M diagonal matrix with the entries of x on the
main diagonal; and I, is the M x M identity matrix.

1 System Model

Consider an SFBC-OFDM system with two trans-
mission antennas and one reception antenna. As shown
in Fig. 1, the information bits are encoded by an outer-
channel-code encoder and then interleaved. The inter-
leaved code bits are modulated by an M-phase shift ke-
ying (MPSK) modulator. Finally, the modulated MPSK
symbols are encoded by an SFBC encoder and trans-
mitted from two transmission antennas. For simplifica-
tion, we assume that a rate 1/2 convolutional code is
applied as the error correcting code. To minimize the
latency of the system, coding is assumed to be per-
formed over a single OFDM symbol. The interleaver is
assumed to be a random interleaver.
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Fig.1 Transmitter and receiver structure with two transmission antennas and one reception antenna

We denote N as the total number of subcarriers, or
the FFT size. X, is the SFBC symbol vector transmitted
from the i-th antenna. The time domain channel im-
pulse response between the i-th transmission antenna
and the reception antenna can be modeled as an L-
order tapped-delay-line given by h,, h, = {h,;(0), ...,
h(D),....,h (L-1) }* which is a complex Gaussian
vector, representing different path gains. The elements
of h, are uncorrelated with zero-mean and variation ¢
= {a’é, e o-f, e azL_l }T. Without loss of generality,

we assume the total average power of the channel im-
L-1

pulse response to be unity, i. e. 2 o, =1, so the cor-
1=0

relation matrix of A, is a diagonal matrix with the ele-
ments of ¢ on the main diagonal. &, are assumed to be
independent and identically distributed among different
antenna couples.

At the receiver side, with the assumptions that the
guard interval duration is longer than the channel maxi-
mum excess delay and that the channel is quasi-station-
ary (i.e. the channel does not change within one
OFDM symbol duration), then the demodulated signal
at the receiving antenna can be represented by

2
Y = Y diag(X)H, +z (1)
i=1

where z is a white complex Gaussian noise vector with
covariance matrix ¢~ I,, H, is the channel frequency
response between the i-th transmission antenna and the
reception antenna, which can be written in matrix nota-
tion as follows:
H=Wh (2)

where W, is the N x L Fourier transform matrix.

Assume the channel frequency responses between
adjacent subcarriers are nearly constant, i. e. H,(n) =
H(n+1),n=0,2, ..., N -2. Then the channel fre-
quency response vector H, can be divided into the even
and odd component vectors. The corresponding ele-
ments of two vectors are equal. Each component vector
can be achieved by performing an N/2-point discrete
Fourier transform (DFT) on vector k,,i.e.,

G, =Wuh, (3)
where Wg is the g x L Fourier transform matrix made
of the odd rows of W,.

According to the operation of the space-frequency
encoder described in Ref. [4], the symbol vector X is
divided into the even component vector X, and the odd
component vector X . Similarly, X, ., X, denote the
even and odd component vectors of X, transmitted from
the i-th transmission antenna. Then the output of the
space-frequency encoder can be expressed in terms of
the even and odd component vectors as

X . =X, X, = -X,, X, . =X,, X;, =X, (4

The demodulated signal at the receiving antenna
and the noise vector Z can also be rewritten in terms of
the even and odd component vectors as ¥ =[Y, Y.]'
and Z=[Z! Z!1". Considering the assumption about
channel frequency response between adjacent subcarri-
ers and the SFBC coding constraints of Eq. (4), Eq.
(1) can be further expressed as

Y=SWh +z (5)
with
diag(X,) diag(X,)
) [diag( ~X;) diag(X;)
Wy 0 h, (6)
W=l Wy | h:[hz]
2 Iterative Joint Decoding and Channel Es-
timation

In this section, we consider the iterative receiver
design for SFBC-OFDM systems in fast fading chan-
nels as depicted in Fig. 1. In our algorithm, the channel
estimator performs alternately in two modes. During the
training period, the CSI is obtained by a DFT-based
channel estimator assisted by the optimum training se-
quence'® . When the systems are in the data transmis-
sion mode, the CSI and transmitted data is obtained it-
eratively. It consists of an ML SFBC decoder and a
hard quantization ML outer-channel-code decoder.
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2.1 [Iterative SFBC decoder
Eq. (5) represents the overall input/output rela-
tion of the system as a function of the channel impulse
response. According to the maximum likelihood criteri-
on, the joint optimal solution of X and A can be ob-
tained by
(X, h) =arg max{p(Y|X,h)} (7

The solution of (7) can be achieved by an itera-
tion algorithm. This algorithm ensures attainment of at
least a local maximum. Theoretically, it maintains non-
decreasing likelihood at each iteration step'”.

Given the initial CSI 4" , the symbol vector X can
be obtained conveniently according to Alamouti’s com-
bining scheme'”’. The estimate of X during the
(i +1)-th iteration can be expressed as

X0y pdiag((W.R"))  diag(W.B") 70 Y,
)d“”] [dlag( (W.B")")  diag( —WJJL“)] [ Y ]

(3)
After that, the estimated symbol vector X'*' is
deinterleaved and decoded by a hard quantization ML
outer-channel-code decoder. Instead of being regarded
as the detection results, the detected data is fed back to
reconstruct the estimate of S in Eq. (6) and then is
used to estimate the channel attenuation again. Ac-

cording to the Bayesian philosophy'”', the conditional

mean A'" obtained during the i-th iteration is
Pl 1 oL
R ?ZWH(S“)HY (9
with v
3= (R« W Mgy (S“J)W) (10)

where R, and a' denote the covariance matrix of h
and noise variance, respectively, which can be meas-
ured with the aid of training sequence.

Due to the orthogonality property of SFBC as
well as the constant amplitude modulation,
WH(S' Y H(SY W results to NI, regardless of the
transmitted symbol. ( Noting that the average energy
of the symbols transmitted from each antenna is nor-
malized to 1/2, so that the total energy of each trans-
mitted symbol is to be one). Therefore no matrix in-
version is involved in the calculation of A" and the
computation is also numerically more stable. With the
updated channel estimation information, we can get a
new estimation of X. The iteration will be repeated
until a stopping criterion is reached.

2.2 DFT-based initialization of CSI

The initial CSI '’ is obtained by the DFT-based
channel estimator with the aid of the optimum training
sequence'® . If we denote P, as the N x | training se-
quence for the first transmission antenna in the fre-

quency domain, the training sequence for the second
transmission antenna P, is formulated as the following
rule:

P, =FP, (11)
where F denotes an N x N diagonal matrix with each

diagonal entry equal to exp( —]21;]”)‘) for the fre-

quency domain index 0 <n < N and A is equal to
N/2. Without loss of generality, we assume that the
number of subcarriers N is even and A > L.

During the training period Eq. (1) can be ex-

pressed as
2
= Y diag(P)H, +Z (12)
i=1

Then the sum of the two antennas’ frequency response
can be estimated by

_Y(n)
total( ) P( ) Hl(n) +
Hz(n)exp( —JzﬂTm\) +% Osn<N
(13)

Since the training sequence is designed specific-
ally for each antenna, the individual channel impulse
response is easily distinguished in the time domain.
Then the frequency domain estimated in Eq. (13) will
be transformed into the time domain by N-point ID-
FT,

(k) =h, (k) +h,(k—=)) +Z(k) 0<k<N
(14)

If the duration of channel impulse response does not
exceed L and A > L, the initial CSI A" can be ex-

pressed by
{]jlmml (0) >

i T
A10] :[ - mm](L_l)}
g (A)5 -

b Alotal(/\ +L _1) }T
(15)
Then the noise variance and R, can be obtained by

A-1 R ) N-1 R R N
(X haa® [P+ 3 Vhoa(h) Py 3L
(16)
R, = RO (RO H (17)
2.3 Adaptive training scheme
The iterative receiver uses the current decisions

why (D), ..
who (A +D), ..

to update the CSI and then it is applied in symbol de-
tection for the next OFDM symbol. Although the error
correcting codes and iterative algorithm can alleviate
error propagation caused by erroneous decisions, the
more effective methods should be considered.

In Ref. [8], the suppression of error propagation
is achieved by inserting the training sequence periodi-
cally ( with one training block sent per 10 OFDM
blocks) , which leads to more system overhead. In our
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improved algorithm, except for the first training se-
quence, the other training sequences are transmitted
according to the request of the decoder. The maximum
iteration number is i, . Once the algorithm does not
converge during two successive OFDM symbols after
I .. iterations, we consider that error propagation oc-
curs. Then one more training sequence is required to
be sent by the transmitter to update the initial channel
estimation. The simulation results show that this sim-
ple improvement can prevent error propagation effec-
tively, while keeping low system overhead.

2.4 Algorithm summary

The proposed algorithm is summarized as fol-
lows:

Step 1 Set i =0, transmit the optimum training
sequence and then perform the DFT-based channel es-
timation. The initial CSI fz[o], noise variance and R,
are obtained by Eqgs. (15) to (17).

Step 2  During the data transmission mode,
given A'", obtain the estimation of X''*" according to
Eq. (8). After deinterleaving and error correcting, the
detected data is re-encoded to reconstruct "'

Step 3 Feed 8"*" to the channel estimator to
update the CSI according to Eq. (9) and set i =i + 1.

Step4 If i<i,, and the iteration does not con-
verge,i.e. X' # X" go to step 2. If i<i,, and the
iteration converges, i. e. X' = X'~ stop the itera-
tion, set i =0, A'” =h'", go to step 2 and begin a new
iteration process for the next OFDM symbol. If i =i,
and iteration does not converge, stop the iteration and
check the decoding state of the previous OFDM sym-
bol. If the algorithm does not converge during the pre-
vious OFDM symbol after the i, iteration, the error
propagation is predicted so go to step 1; otherwise set
i=0,h" =h'"", go to step 2 and begin a new iteration
process for the next OFDM symbol.

3 Simulation Results

The proposed iterative algorithm is applied in an
SFBC-OFDM system with 2 x 1 antenna configura-
tion. The carrier frequency band is at 2. 4 GHz and the
bandwidth is 800 kHz. The total number of the OFDM
subcarrier is N = 128; the guard interval is L = 16.
QPSK modulation is applied. A rate 1/2 convolutional
code is applied as the error correcting code and the
space-frequency block code proposed in Ref. [5] is
used in our simulation. A four-tap Rayleigh fading
channel has been investigated and vehicle speed is set
to be 100 km/h. We assume channel parameters corre-
sponding to different transmission and reception anten-
na pairs are independent but with the same statistical
properties.

In each independent simulation, 1 000 OFDM
symbols are transmitted. The performance averaged
over independent simulations is evaluated. To illustrate
the performance improvement of the proposed algo-
rithm, two training schemes have been investigated:
the scheme with the fixed training interval and the im-
proved adaptive training scheme.

In the first experiment, we consider the SFBC-
OFDM system with the fixed training interval, the
training interval M, is set to be 10, i. e. one training
block is sent every 10 OFDM blocks. Fig. 2 shows the
average bit-error-rate (BER) of the proposed iterative
algorithm. It is shown that our proposed iterative re-
ceiver with i, =2 has SNR gains of about 2 dB per-
formance improvement with respect to the case with
no iterations and the increase of i,,,, shows some mod-
erate improvement. So the maximum iteration time is
set to be 2 in the following experiments, which makes
the algorithm have low complexity and short latency.
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Fig.2 BER performance with training interval M, =10

Fig. 3 provides the comparisons of BER perform-
ance and the overhead ratio of the training sequence
between the scheme with fixed training interval and
the adaptive training scheme with error propagation
detection, which is denoted by DEP i, =2. The over-
head ratio of the training sequence is calculated as the
ratio of the training block number to the number of
OFDM blocks transmitted. The simulation results
demonstrate that for systems with a fixed training in-
terval, the BER performance decreases strictly as the
training interval increases. Most of this degradation is
due to more error propagation caused by the longer
training interval. It is seen that the BER performance
of the receivers with the improved training scheme
outperforms the systems with a fixed training interval
significantly. The simulation results also show that for
the systems with error propagation detection, the over-
head of the training sequence drops sharply as the
SNR increases and keeps lower over the concerned
range of SNR.
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Fig.3 Comparison of BER performance and overhead
ratio with i, =2

4 Conclusion

In this paper we have presented a low complexity
iterative symbol detection and channel estimation al-
gorithm for SFBC-OFDM systems. The methods to es-
timate the noise variance and covariance matrix of the
channel response have been derived. An adaptive
training scheme to suppress the error propagation is
proposed and applied to improve the BER perform-
ance and keep low system overhead.

It has been shown by simulation results that the
iterative algorithm brings better performance than that
without iteration. Moreover the improved training
scheme can prevent error propagation effectively, con-
sequently improving the system performance signifi-
cantly.

References

[1] Sampath H, Talwar S, Tellado J, et al. A fourth-generation
MIMO-OFDM broadband wireless system: design, per-
formance, and field trial results [J]. IEEE Commun Mag,
2002,40(9): 143 —149.

[2] Sun S, Wiemer I, Ho C K, et al. Training sequence assisted
channel estimation for MIMO OFDM [ A]. In: Proc of
IEEE Wireless Communication and Networking Conference
[C]. New Orleans, 2003, 1: 38 —43.

[3] Lu B, Wang X, Li Y. Iterative receivers for space-time
block-coded OFDM systems in dispersive fading channels
[J]. IEEE Trans Wireless Commun, 2002, 1(2): 213 —
225.

[4] Lee K F, Williams D B. A space-frequency transmitter di-
versity technique for OFDM systems [ A]. In: Proc of
IEEE Global Telecommunications Conference [ C]. San
Francisco, 2000, 3: 1473 — 1477.

[5] Alamouti S M. A simple transmit diversity techniques for
wireless communications [ J]. IEEE Journal on Selected
Areas in Commun, 1998,16(18):1451-1458.

[6] Li Y. Simplified channel estimation for OFDM systems
with multiple transmit antennas[J]. IEEE Trans Wireless
Commun,2002,1 (1):67 —75.

[7] Kay S M. Fundamentals of statistical signal processing:
estimation theory [ M]. Englewood Cliffs, NJ: Prentice
Hall, 1993. 325 —327.

[8] DulJ X, Li Y. MIMO-OFDM channel estimation based on
subspace tracking [ A]. In: Proc of IEEE Vehicular Tech-
nology Conference [ C]. Jeju, Korea, 2003, 2: 1084 —1088.

SFBC-OFDM % & fh & T B 1& Rz ijll Zx Wl il By 18 A 2 4 il

i

HwEr KO8R

FEF T

(R XFHFHBEELELLRE, @% 210096)

HE: AT TR ERHMH» LM (SFBC-OFDM) L& @12 A% P A T 4 2R EAZHE T W

FERBRILEET, FE T A RRGBRSZEG T S AT RN G TR ERENHE
B RN IAET 2 AR, BV AN, RA LT DFT ¢94k3F B 46T B2 )

E, A
K& E, FEHEA

B ¥ i 89 frﬂ?‘}i‘ﬁﬁ R By AR ilvn B0 AR AE . AR AR T, R IR R R R

Folz B R SE

"oy Fok
% 4#17): SFBC-OFDM; % /X 48 L; 4338
hE 4 %S TNI1L. 5

SE. AT E TR TR PR T A ERAEE, R T A AR AR
BN, SRR T —FF B E LRI AR R IR S T AL R IR, SRR
SRR IR AT IR AR, BN YT R RTTA.

Bfkit; BiE

EAAL, B

B AR AL



