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Abstract—This paper investigates the performance of Super-
Orthogonal Space-time Trellis Code (SOSTTC) designed
primarily for non-frequency selective (i.e. flat) fading channel but
now applied to a frequency selective fading channel. A new
decoding trellis is proposed for the SOSTTC in frequency
selective fading environment. It was apparent that the number of
state of the decoding trellis of the SOSTTC in a frequency
selective channel is a function of the number of divergent paths
per state, the multipath ray and the original state number of the
SOSTTC. Simulation result (i.e. frame error rate) shows that the
SOSTTC in such environment (i.e. frequency selective) could not
take full advantage of the multipath environment to increase
coding advantage (i.e. shift of error rate curve) due to increase in
parallel path of the decoding trellis. However the diversity order
(i.e. slope of the error rate curve) performance is equivalent to
that obtained in flat fading channel.

Index Terms—super-orthogonal codes, space-time codes
frequency selective channel, multiple-input multiple-output

I. INTRODUCTION

HE use of channel code in combination with multiple

transmit antenna achieves diversity, but the drawback is
loss in bandwidth efficiency. Diversity can be achieved
without any sacrifices in bandwidth efficiency if the channel
codes are specifically designed for multiple transmit antennas.
Space-time coding is a bandwidth and power efficient method
of communication over fading channels. It combines the
design of channel coding, modulation, transmit diversity and,
receive  diversity. Space-time codes provide better
performance compared to an uncoded system. Some of the
basic technique of space-time codes includes layered space-
time code [1], space-time trellis code [2], [3], space-time block
code [4], [5] and super-orthogonal space-time trellis code [6].
SOSTTC is a new class of space-time code that combines the
set partitioning and a super set of orthogonal space-time block
codes in a systematic way to provide full diversity and
improved coding gain when compared with earlier space-time
trellis construction [2], [3], [4] and [5]. SOSTTC does not only
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provides a scheme that has an improvement in coding gain
when compared with earlier construction, but it also answers
the question of a systematic design for any rate, number of
states and the maximization of coding gain. The orthogonal
transmission matrix used in the design of SOSTTC is given by
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For an M-Phase Shift Keying (PSK) modulation with

constellation signal represented by x; € eszﬂ, i=12.,a=0,
1, ..., M-1, one can pick 8§ = 27a/M, where a =0,1,..., M-1.

In this case, the resulting transmitted signals of (1) are also
member of the M-PSK constellation and, therefore do not
expand the constellation signals. Since the transmitted signals
are from a PSK constellation, the peak-to-average power ratio
of transmitted signals is equal to one. The choice of 6 that can
be used in equation 1 for both Binary PSK (BPSK) and
Quaternary PSK (QPSK) is given as 0, = and 0, /2, &, 3n/2
respectively.

It should be noted that when 8 = 0, equation 1 becomes the

code presented in [4] (i.e. Alamouti code).
The construction of the SOSTTC is based on the expansion of
the orthogonal transmission matrices and standard set
partitioning method [7]. In [6], the set partitioning for the
SOSTTC’s are shown and the way the code maximizes coding
gain, without sacrificing rate.

However all the above mentioned techniques for space-time
codes (i.e. STBC, STTC and SOSTTC) performances in [2],
[4] and [6] is based on two fundamental assumptions on the
fading channel, viz. a) Non-frequency selective channel — the
channel does not have temporal interference, b) The fading
from each transmit antenna to any receive antenna are
independently identically distributed — this assumption is valid
if the antennas are located far apart from each other (to be
precise A/2 separation between antennas).

The first assumption may not be guaranteed to be possible
in an outdoor setting where delay spreads are significantly
large making the channel frequency selective and thereby



causing temporal interference of signals.

Temporal signal interference can severely degrade the
performance of space-time codes. Space-time codes typically
suffer from irreducible floor of error probability both in terms
of the frame error rate and in term of the bit error rate [8]. Two
main approaches are found in literature that are used to
enhance the performance of space-time codes in a multipath
frequency selective fading channel are

e  Orthogonal frequency-division multiplexing [9] i.e.
temporal signal interferences are reduced by
converting the frequency selective fading channel into
parallel flat fading channels

¢  Employing maximum likelihood sequence estimation
can be employed with equalization [10].

In this paper, the later is used to mitigate the effect of the
temporal signal interference. The paper proposes a new
decoding trellis for the SOSTTC to mitigate the effect of
temporal signal interference. The performance of the SOSTTC
when equipped with the proposed trellis is shown with error
rate simulation results for a 2-state and a 4-state QPSK
SOSTTC system.

The paper is organized as follows. In Section II, the system
model of the SOSTTC is described in frequency selective
fading channel. The decoding scheme of our SOSTTC in
frequency selective channel with the new decoding trellis is
described for a 2-state and 4-state SOSTTC scheme in section
III. The Simulation results are presented in Section IV and the
conclusion are drawn in Section V.

II. SYSTEM MODEL OF SUPER-ORTHOGONAL SPACE —TIME
TRELLIS CODE FREQUENCY SELECTIVE FADING CHANNEL
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Figure 1 Block diagram of SOSTTC transmission in a frequency selective
channel.

The above figure shows the proposed SOSTTC system
equipped with N, transmit antennas and N, receive antennas.
The transmitter employs a concatenated scheme where a
Multiple-Trellis Coded Modulation (M-TCM) encoder with
multiplicity of N, is used as an outer code and an N.X N,
space-time block code is used as the inner code. The
transmitter encodes k. information bits into N. N, symbols (i.e.
N.X N, matrix dimension) corresponding to the edge in the
trellis of the space-time block with 2" states, where v is the
memory of the space-time encoder. The encoded symbols x;
are divided into N, streams, each of which is linearly
modulated and simultaneously transmitted via each antenna
using the orthogonal transmission matrix in (1). We define xi(”)
as the modulated symbol transmitted from the i” transmit
antenna in the n” signaling interval.

The transmission trellis for a 2-state and 4-state SOSTTC
schemes are given below:
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Figure 2 2-State and 4-State 2-bits/symbol SOSTTC

For QPSK symbols, the orthogonal transmission matrices
partitioning is given below as

A, ={(+1.£1,0),(+j, % j,0)}
A, ={(£1,£/.0),(+.£1,0)}
B, ={(tL*l,7),(xj.tj.7)}
B,={(x1.xj.7).(+j.+1.7)}
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The solution for temporal signal interference for space-time
block codes as stated in [11] assume that the space-time
coding is done over two large blocks of data symbols instead
of just two symbols as in the original proposed scheme (i.e.
[4]). Further in the receiver of the scheme proposed in [11],
there is an increase in complexity due to the doubled front-end
convolution of the overall system. Asokan et.al. [12] proposed
a scheme that uses a transmitter with original space-time
coding that is over every two-symbol block.

In this paper, we assume that the temporal interference is
over every two-symbol as used in [12] for orthogonal space-
time block code transmission.

Based on the above assumptions and if the number of
receiver i.e. N,=1 and the channel state information is know at
the receiver we can write equation 3 as:
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Equation 3 represents the corresponding set of successive
sample at two output times. ﬂi(")are independent identically

distributed complex zero mean Gaussian noise samples, each
sample with ¢?/2 per dimension. It is assumed that the

channel elements undergo Rayleigh Fading.

III. RECEIVER STRUCTURE OF THE SUPER-ORTHOGONAL
SPACE-TIME TRELLIS CODE IN MULTIPATH FADING CHANNEL

In this section, the receiver structures with maximum
likelihood criterion for the SOSTTC are enumerated to
mitigate the effect of temporal signal interference.

In this paper, we assume there are two rays in each
subchannel and that the temporal interference spans two-
symbol blocks. If there are more than two rays in each
subchannel, the method enumerated here <can be
straightforwardly extended.

The number of states of the receiver structure for the 2-state
and 4-state QPSK SOSTTC coding system increase to 4 and 8
respectively. The resultant code trellis for the receiver
structure is given below.
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Figure 3 a) Decoding trellis of the receiver for the 2-state SOSTTC b)
Decoding trellis of the receiver for the 4-state SOSTTC

The above trellises represent the equivalent decoding trellis
for the 2-state and the 4-state SOSTTC in a frequency
selective fading channel with temporal interference that spans
two- symbol block. The transition per state contains 64 parallel
paths of signal sets. In the trellises above, A; (or B)) - A; (or
B;) represent the delayed version of two-symbol block A; (or
B)) affected by the second tap and A; (or B)) represent the two-
symbol block affected by the first tap (our analysis assume
k=2).

It is apparent that the number of states of the receiver trellis
for the SOSTTC when the temporal interference spans two-
symbol block with k rays is given by 2*(k-1)*I, where [ is the
original state number of the super-orthogonal space-time trellis
code.

IV. SIMULATION RESULTS

In this section, the simulation results of the receiver for the
2-state and 4-state super-orthogonal space-time trellis code are
stated under the assumption that the receiver has perfect
knowledge of the channel state information. The channel is
modeled as a two-ray quasi-static frequency selective fading
Rayleigh channel with uncorrelated channel rays. There are
130 symbols transmitted from the two transmit antennas (trellis
in Figure 2 is used at the transmitter for both 2-state and 4-
state  SOSTTC). At the receiver, the receiver structure
enumerated in Figure 3 is used with Viterbi algorithm [13] to



search for path with the lowest accumulated metric.
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Figure 4 FER of a 2-state SOSTTC with N; =2, N;=1 in fading channels
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Figure 5 FER of SOSTTC schemes with N, =2, N;=1in fading channel.

Figure 4 shows the frame error rate of 2-state SOSTTC in both
frequency selective and non-frequency selective fading
channel. The simulation parameters were chosen specifically
to be able to compare the diversity advantage of the scheme
with similar scheme in [6]. From Figure 4 we can see that the
2-state SOSTTC scheme in frequency selective channel
achieve the same diversity order (i.e. slope of the error rate
curve) as compared with the scheme in flat fading scenario,
although the scheme suffer some coding gain loss. The
simulation in Fig. 4 shows about a 4dB performance
degradation of the 2-state SOSTTC scheme in frequency
selective channel. This performance degradation in Figure 4
and 5 can be attributed to the increase in number of parallel
path transitions per state. If we assume that all the 64
transitions per branch in the decoding trellis (i.e. Fig. 3 a & b)
are equally likely to be decoded, the probability of decoding
correctly a transmitter codeword per state is equal to 1/64 X

1/64 = 1/4096. The probability of decoding a transmitted
codeword in the scheme under non-frequency selective fading
assumption is 1/8 X 1/8 = 1/64.

For a 2-state decoder (i.e. SOSTTC code in a non-
frequency selective fading channel) the probability per
decoding interval becomes 1/64 X 2 =1/32 while for a 4-state
decoder (i.e. SOSTTC in a frequency selective fading channel)
the probability per decoding interval becomes 1/4096 X 4
=1/1024.

Although there is an increase in state in the SOSTTC code
decoder in frequency selective channel, the probability of
decoding correctly is still lower as compared with the case of
the code in a non-frequency selective channel. This accounts
for the performance loss obtained in terms of the coding
advantage (i.e. shift in the error curve upward). This above
stated explanation is also applicable to the performance
degradation of the code in Figure 5.

V. CONCLUSION

In this paper, the receiver structure of a super-orthogonal
space-time trellis code in a frequency selective channel is
designed. The decoding trellises for a 2-state and 4-state code
schemes are given. The formula for deriving the number of
states of the SOSTTC in frequency selective was derived as a
function of the number of divergent path per state, the
multipath ray and the original number of state of the SOSTTC.
The simulations results proved that although the code was
designed for flat fading channel, it provide at least the same
diversity advantage when applied to a frequency selective
Rayleigh fading channel.

REFERENCES

[1] G.J. Foschini, “Layered space-time architecture for
wireless communication in a fading environment when
using multi-element antenna”, Bell Labs Technical
Journal, vol.1, no. 2, pp 41-59, Autumn 1996.

[2] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-
time codes for high data rate wireless communication;
Performance analysis and code construction,” IEEE
Transaction Information Theory, vol.44, no.2, pp. 744-
765, March 1998.

[3] S. Baro, G. Bauch, and A. Hansmann, “Improved codes

for space-time trellis-coded modulation,” I[EEE
Communication Letters, pp. 20-22, January 2000.
[4] S. Alamouti, “Space-time block coding: A simple

transmitter diversity technique for wireless
communications,” IEEE Journal on Selected Areas in
Communication, vol. 16, pp. 1451-1458, Oct 1998.

[5] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-
time block codes from orthogonal designs,” IEEE



Transaction on Information Theory, vol. 45, pp. 1456-
1467, July 1999.

[6] H. Jafarkhani and N. Seshadri, “Super-orthogonal space-
time trellis codes”, IEEE Transaction on Information
Theory, vol.49, pp. 937-950, April 2003

[71 G. Ungerboeck, “Channel Coding with Multilevel/Phase
signals,” IEEE Transaction on Information Theory,
vol.28, pp. 55-67, Jan. 1982.

[8] Yi gong, Khaled Ben Letaief, “Performance evaluation
and analysis of space-time coding in unequalized

multipath  fading links,” IEEE Transaction on
Communications, vol. 48, no. 11, pp. 1778-1782,
November 2000.

[91 Y. Hong, et. al. “Performance analysis of space-time
trellis coded OFDM system,” Institute  for
Telecommunication Research University of South
Australia, 2005

[10]P. Luo, Y. Guan, “Optimum receiver for space-time trellis
code in multipath fading channel,” International Zurich
Seminar on Broadband Communication, pp. 43-1-43-5,
February 2002.

[I1]E. Lindskog, and A. Paulraj, “A Transmit diversity
scheme for delay spread channels,” in Proceeding of
IEEE International Conference of Communication (ICC
2000), July 2000.

[12]R. Asokan and H. Arslan, “Detection of STBC signal in
frequency selective fading channels,” in Proceeding of
World wireless congress, San Francisco, USA, May 2003.

[13]A.J. Viterbi, “Error bounds for convolutional codes and
an asymptotically optimum decoding algorithm,” [EEE
Transaction on Communication, vol. 13, pp. 260-269,
April 1967.

Oludare A. Sokoya completed his BSc. Eng degree in August
2001 in the School of Electronic and Electrical Engineering at
the Obafemi Awolowo University, Ile-Ife, Nigeria and M.Eng
from University of KwaZulu Natal in 2005. He worked with
Philips Project Centre, Nigeria from 2002 to late 2003 as a
Telecommunication Engineer. He is currently with Meraka
Institute as a student with the Wireless Africa group and a
PHD candidate with the Department of Electrical, Electronic
and Computer Engineering, University of Pretoria, South
Africa

B.T. Maharaj (IEEE, MIET, MSAIEE) received both his
BSC Eng. and MSC Eng. in Electronic Engineering for
University of Natal. He also holds a MSC in Operational
Telecommunications (Merit) (1996) from University of
Coventry, United Kingdom.

He worked for about three years at Electromagnetic
Laboratory Pty Ltd and Grinaker Avitronics Ltd. as a
microwave design engineer. He subsequently worked at the
Eastern Cape Technikon and is currently Acting Sentech chair

in Broadband Wireless Communication (BWMC) in the
Department of Electrical, Electronic and Computer
Engineering, University of Pretoria, South Africa



