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This paper presents the design of 8PSK space-time (ST) trellis codes suitable for rapid fading channels. The proposed codes
utilize the design criteria of ST codes over rapid fading channels. Two different approaches have been used. The first approach
maximizes the symbol-wise Hamming distance (HD) between signals leaving from or entering to the same encoder’s state. In the
second approach, set partitioning based on maximizing the sum of squared Euclidean distances (SSED) between the ST signals
is performed; then, the branch-wise HD is maximized. The proposed codes were simulated over independent and correlated
Rayleigh fading channels. Coding gains up to 4 dB have been observed over other ST trellis codes of the same complexity.
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1. INTRODUCTION

As more wireless communication systems are emerging,
higher data rates with improved quality of service are re-
quired. In general, diversity and error control codes are
known to improve the link quality in wireless communica-
tions [1, 2]. In particular, transmit diversity can be used to
increase the transmission rate. Also, the rate can be increased
using higher order signal constellations, such as MPSK and
M-QAM. The conventional transmit diversity system can be
viewed as a repetition code which consumes higher band-
width [2]. Therefore, it is expected that substantial perfor-
mance improvement can be achieved using more sophisti-
cated codes, utilizing both space and time. Systems combin-
ing transmit diversity and trellis codes with high order con-
stellations are promising to provide higher transmission rates
at very good quality via providing diversity in time and space.

The concept of space-time (ST) codes had appeared first
in [3], referred to as the delay diversity system, where dif-
ferent symbols are simultaneously transmitted via differ-
ent transmit antennas. Later, the performance criteria of ST
codes over quasi-static and rapid fading channels were de-
rived in [4], where ST codes were designed for quasi-static
fading channels. In [5, 6, 7], the ST concept was applied to
enhance the quality of transmission at the same bit rate of
systems using single transmit antenna. Hence, the same error
probability can be achieved at a lower signal-to-noise ratio

(SNR). Improved ST codes for trellis-coded modulation have
been presented in [8]. Moreover, optimum ST trellis codes
for quasi-static Rayleigh channels have been obtained using
a new approach [9]. The basic concept of ST codes was also
extended to turbo codes [10, 11]. ST trellis codes for rapid
fading channels using QPSK and 16-QAM signal constella-
tions were presented in [12] and [13], respectively.

In this paper, two ST coded 8PSK schemes suitable for
rapid fading channels are proposed. The paper starts with
a general description of the ST system model. Then, the
proposed codes are presented. Performance comparisons are
shown in Section 4. Finally, conclusions out of this work are
outlined.

2. SYSTEM MODEL

A typical system that employs ST coding consists of a trellis
encoder, a vector block interleaver, N modulators, N trans-
mit antennas, M receive antennas, demodulators and a com-
biner, a deinterleaver, and finally a ST decoder. The block
diagram of a typical ST coded system is shown in Figure 1.
Throughout this work, N has been set to 2. The encoded ST
signals are interleaved using a vector block interleaver. Each
element in the interleaver is a vector containing N symbols
which are transmitted via the N transmit antennas. The in-
terleaver is used in order to break the memory of the channel
so that it approaches the behavior of independent fading
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FIGURE 1: General ST system (a) Encoder, (b) Decoder.

channels, and hence the diversity provided by the coded sys-
tem is fully utilized. The depth and span of the interleaver
depend on the channel’s fading rate ( fpT') and the encoder’s
constraint length, respectively. The received signal at the jth
receive antenna is a noisy superposition of all transmitted
symbols over all transmit antennas and is modeled as

N o
d = Z & Cy + 1, (1)
i=1

where the coefficient «;;; is the path gain from the ith trans-
mit antenna to the jth receive antenna at time instance ¢. It
is modeled as independent samples of a zero-mean complex
Gaussian random process with variance of 1/N. The ¢! is the

transmitted symbol from the ith transmit antenna, and 7’ is
an additive white Gaussian noise (AWGN) sample with vari-
ance Np/2 per dimension. The pairwise error probability of
ST coded systems over rapid Rayleigh fading channels is up-
per bounded as [4]
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where 7 = {t:¢, #¢},and ¢, = (c!c?---cV) is the codeword
of symbols transmitted simultaneously over all transmit an-
tennas at time ¢. The parameter L defined to be the length
of the shortest error event path, is referred to as the space-
time minimum time diversity (ST-MTD) of the ST code [12].
It can be visualized as the “branch-wise” Hamming distance
(HD) in conventional trellis codes, by considering the whole
codeword ¢, as one symbol. The design rules of good ST
codes over rapid fading channels state that for the system to
achieve a diversity of vM, the code should have L being at
least equal to v [4]. Also, the code’s ST minimum squared
product distance should be maximized. It is defined over the
shortest error path as
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for all error path of effective length = L},
(3)

where the sum of squared euclidean distances (SSED) is de-
fined as the summation term in (3). The asymptotic gain is a
popular parameter to compare different coding schemes. In
[14], it was derived for conventional trellis codes. It is defined
as the difference in the SNR values required in both coded
systems to provide the same error probability. In this paper,
a similar approach is used to derive the asymptotic gain of ST
codes. From (2) and (3), the asymptotic coding gain of any
ST coded scheme over another one can be expressed by

10 21\ [\
- Pon () (2) o

where a; and «a, are the multiplicities of the shortest error
events in the first and second codes, respectively. This ex-
pression will be used to calculate the gain of the proposed
ST codes over the available ST codes in the literature. In the
following, a detailed discussion on the design of the proposed
ST codes is presented.

3. THE PROPOSED CODES

All 8PSK ST schemes presented in this paper provide a
throughput of 3 bits/s/Hz. The ST coded 8PSK scheme de-
signed in [4], referred to as 8PSK1 here, uses a rate-3/6 trellis
encoder to encode the incoming 3 bits onto 6 output bits.
The 6 bits at the output of the encoder are mapped onto two
8PSK signals and transmitted over two transmit antennas. It
is optimized for quasi-static fading channels, but it is pre-
sented here as a baseline for the new codes. Both the ST min-
imum time diversity and minimum squared product distance
of the code are 2, where the shortest error event has a multi-
plicity of 2.

The second 8PSK code is referred to as 8PSK2. It also
uses a rate-3/6 trellis encoder. The design approach of this
code maximizes the symbol-wise HD of branch labels leaving
from or entering to the same state. This HD is the controlling
factor in the design of multidimensional trellis codes over
fading channels. In [15], the general approach for partition-
ing multidimensional MPSK signal space for fading channels
was presented. Hence, the 4D signal space at the output of
the ST encoder is partitioned using this approach. The resul-
tant code is expected to have a higher ST minimum squared
product distance than the 8PSK1 scheme. In [12, 13], a sim-
ilar approach was used to design ST codes for rapid fad-
ing channels using QPSK and 16-QAM signal constellations,
where substantial coding gains have been observed. The set
partitioning of multidimensional MPSK signal space for fad-
ing channels developed in [15] is briefly reviewed in the
following.
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Let Q° be the 4D MPSK signal set to be partitioned. In
general, Q7 refers to the subset at the pth partitioning level.
The set QP contains 277 signal points, where the number of
bits at the encoder’s output is 6 in this case. The SSED be-
tween signals in Q! is 267 = 2 x 0.586 = 1.17, where the
symbol-wise HD is 1. If the vector y; = [y? y! »?]is the bit
representation of ith codeword at the output of the encoder,
then the vector y = [y, y2]” contains the bit representation
of the two 8PSK symbols at the output of the encoder in its
rows. The columns of this matrix are viewed as block codes of
length equal to 2 bits. Hence, the same matrix can be repre-
sented asy = [y?> y' y°]. Define the code C,, that contains
237™ codewords, where m = 1,2,3 as the code to be cho-
sen as a column of the output matrix. The first code Cy is a
(2,2) block code with codewords [0, 0]7, [0,1]7, [1,0]7 and
[1,1]T and HD = 1. The second code C; is a (2, 1) code with
codewords [0, 0]%, [1,1]T and HD = 2. The last code C, is
a (2,0) block code with codeword [0, 0]7 and HD = oo. The
partitioning is performed such that the symbol-wise HD is
increased and the SSED is increased if the former cannot be
increased.

The set at partitioning level 0, QO contains all possible
signal points and it can be described as Q° = Q(Cy, Cy, Cy).
So, by substituting the bit representation of each of the three
codes Cy in the output matrix, all signal points in the set
are generated. The set at the next partitioning level contains
half the number of signal points in Q°. The choice of the
code to be partitioned among the three codes Cy determines
the resulting set partitioning. Since there are eight branches
departing from each state in the trellis required to be con-
structed, it is needed to have eight signal points in each sub-
set, and hence the third partitioning level will be enough for
this case. For fading channels, subsets of the 3rd partition-
ing level are chosen so that to maximize the symbol-wise HD
of the generated subsets, which is Q® = Q(C,, C;, Cy). This
yields eight signal points in the first subset. In order to find
the other subsets, the generated subset from Q3 is referred
to as O3(0). The other subsets, Q*(1) to Q°(7), are generated
using the generator vectors (¢7). They are defined for this case
as (19T =10 1], ()T = [0 2],and ()T = [0 4]. The other
subsets use these vectors such that

p-1
0F(2) = QP(0) + Y. Z¢  (mod 8), (5)
=0

where, z = Zﬁ:& 2/7z) and 7/ is the jth bit constituting the
integer z.

The naturally mapped 8PSK signal constellation is shown
in Figure 2, where the set partitioning of the 4D 8PSK signal
space used in the first design approach is shown in Figure 3a.
Also, the trellis diagram of the 8PSK2 code is shown in
Figure 3b. From the trellis, signals from the same subset are
chosen as labels of branches leaving the same encoder’s state.
Similarly, labels of branches entering to the same state are set
to have the maximum HD. The ST minimum time diversity
and minimum squared product distance of the code are 2 and
3.03, respectively. Also, the multiplicity of the shortest error
event is one. When the asymptotic coding gain of this code

F1GURE 2: Naturally mapped 8PSK signal constellation.
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FIGURE 3: Trellis diagrams of 8PSK2 (8-state) 3 bits/s/Hz.

over the 8PSK1 code is computed, the 8PSK2 code shows a
coding gain of 1.65 dB.

The second design approach maximizes the SSED be-
tween ST symbols at branches leaving from or entering to
the same state. Then, the branch-wise HD is maximized.
These two parameters are equivalent to the ST minimum
time diversity and minimum squared product distance of
the ST code, respectively. The code designed using this ap-
proach is referred to as the 8PSK3. This approach satisfies
the design criteria of ST codes in [4] since it maximizes the
design parameters directly. In this approach, the 4D 8PSK
signal space is partitioned so that the SSED between sig-
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FIGURE 4: Trellis diagrams of 8PSK2 (8-state) 3 bits/s/Hz.

nals in each pair increases each time the partitioning is per-
formed. Since maximizing the SSED of the code is the design
criterion of trellis codes over AWGN channels, then the set
partitioning optimized for AWGN channels can be utilized.
The set partitioning for multidimensional MPSK signal space
for AWGN channels was presented in [16]. The same termi-
nologies used for the first approach in defining set partition-
ing are used here. In this case, the subset at partitioning level
3, O is different. It is defined as Q® = Q(Cy, C;, C,), where
the generator vectors are ()T = [0 1], (t')T = [1 1], and
()" =10 2].

The set partitioning of the 4D 8PSK signal space using
the second approach is shown in Figure 4a. Also, the trellis
diagram of the 8PSK3 code is shown in Figure 4b. In the de-
sign process, signal labels of branches leaving from the same
state are drawn from the same subset. Also, signal labels of
branches entering to the same state have the SSED maxi-
mized. By following these rules, it is insured that the designed
code gives the maximum possible ST minimum time diver-
sity and minimum squared product distance. For this code,
the two parameters are 2 and 10.34, respectively. The short-
est error event occurs with a multiplicity of one, yielding an
asymptotic coding gain of 4.3 dB over the 8PSK1 scheme. It is
clear that the ST minimum squared product distance is much
larger than those of both 8PSK1 and 8PSK2 codes, causing
significant performance improvement.
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4. PERFORMANCE COMPARISONS

The two proposed coding schemes (8PSK2 and 8PSK3) are
compared to the 8PSK1 code designed in [4]. They are tested
under time-varying fading environments. First, ideal inter-
leaving that yields independent fading channels is assumed.
It is presented here to show the ideal performance of the
codes. Figure 5 shows the performance of the three codes for
the cases of one and two receive antennas. It is clear that the
8PSK3 code is the best followed by the 8PSK2 code. Both
codes have the same ST minimum time diversity. However,
the 8PSK3 code has a higher minimum squared product dis-
tance. The 8PSK3 code provides a coding gain of 4 dB over
the 8PSK1 code and almost 1.3 dB over the 8PSK2 code at a
bit error rate (BER) of 1073,
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It is observed that the gains of the 8PSK3 scheme over
both 8PSK1 and 8PSK2 schemes are higher in the case of
two receive antennas. This is because the design approach
in the 8PSK3 scheme maximizes the SSED, whose contribu-
tion becomes more dominant as the channel approaches the
Gaussian channel (i.e., as the number of receive antennas in-
creases). The opposite is observed in the case of the 8PSK2
scheme, where the effect of the symbol-wise HD decreases in
the case of two receive antennas because of the space diversity
provided at the receiver.

Figure 6 shows the performance of the three codes over
fading channels with a fading rate ( fpT') of 0.005. The trans-
mitted symbols at each antenna are interleaved using a 25x16
block interleaver. This interleaver size is not enough to break
the memory of the channel, and hence it is considered to be
improper. This case is studied in order to test the codes under
nonideal situations. The results show that the 8PSK3 code
is still the best followed by 8PSK2. The gains of 8PSK3 and
8PSK2 codes over 8PSK1 code are slightly less than that for
the ideally interleaved fading channel.

5. CONCLUSIONS

Two ST coded 8PSK schemes have been proposed. The first
scheme is designed using signal space set partitioning for
fading channels, and hence maximizes the symbol-wise HD.
On the other hand, the second code utilizes the set partition-
ing for AWGN (to maximize the SSED) and then maximizes
the branchwise HD. The proposed codes were simulated over
ideally interleaved fading channels and also over channels
with improper interleaving. Simulation results showed that
these coding schemes outperform the 8PSK ST codes pre-
sented in the literature.
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