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Abstract

In this paper, we propose a new technique for designing an
improved high-rate space-time code. The proposed code con-
struction is based on a typical concatenation of a space-time
block code and an outer TCM encoder. However, unlike the
existing STBC-TCM schemes which are rate-lossy, the pro-
posed designs enable full-rate transmissions, which is possible
by expanding the cardinality of the available orthogonal space-
time signal points before concatenating with the outer TCM en-
coder. The classic set partitioning technique is then employed
to realize large coding gains. We present several design exam-
ples of the new full-rate space-time codes for a system with 2
transmit antennas. Simulation results show that the new space-
time codes considerably outperform the original ST-TCM de-
signs. For example, the new 4-state 2-bits/sybol QPSK space-
time code performs even better than the original 32-state design,
while performance of the new 32-state QPSK code is only 1.5
dB away from the outage probability limit. Decoding complex-
ity of the proposed M-TCM construction is made relatively low
by exploiting signal orthogonality.

1. Introduction

Space-time trellis coded modulation (ST-TCM) has emerged
as a promising method for enhancing performance of a digital
communication system in wireless fading channels. Since the
original ST-TCM design was introduced by Tarokh, Seshadri,
and Calderbank (TSC) [1], there has been extensive research
aimed at improving the performance of the original TSC ST-
TCM designs. Because the original TSC ST-TCM codes were
handcrafted, they are not optimum designs. In recent years,
much research has been completed which proposed code con-
structions or performed systematic searches for different con-
volutional encoders [2, 3, 4, 5, 6, 7]. This work provided cod-
ing advantages over the original TSC designs, however, only
marginal performance gains were obtained.

The previously proposed ST-TCM never really used the rev-
olutionary idea of Ungerboeck [8] that was constellation expan-
sion and set partitioning. In this paper we intend to tie in this
idea of Ungerboeck to the design of ST-TCM. A common de-
sign approach that enables set partitioning is to concatenate the
orthogonal space-time block codes [9, 10] with an outer TCM
or M-TCM encoder (STBC-TCM), e.g. [11, 12, 13, 14, 15]. By
using the orthogonal space-time block code as an inner code, the
ST-TCM design problem is basically transformed into an equiv-
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alent one for the classic TCM scheme. This is advantageous
since it allows one to adopt the standard design methods such as
the classic set partitioning [16], for designing a good ST-TCM.
In fact, the existing TCM designs for the AWGN channels can
be optimally used as an outer code [11]. Nonetheless, this de-
sign approach cannot realize a full-rate ST-TCM since the inner
block code is full rate and the outer TCM encoder must have
redundancy.

In order to obtain a high-rate space-time code with the
STBC-TCM construction, the cardinality of the inner space-
time block code must be enlarged. This idea was indepen-
dently explored in [17] and has shown significant performance
improvement. In the sequel, we propose a technique to form
an expanded orthogonal space-time signal set. A techniques is
proposed to take the original Alamouti code and generate the re-
quired constellation subsets. The constellation subsets of space-
time block code are generated by applying unitary transforma-
tions to the Alamouti code. Once the expanded orthogonal sig-
nal set is formed, the design of a good space-time code is mostly
analogous to the classic TCM design technique. The classic
set partitioning method can be directly adopted for partitioning
of signals within each block-code subset, and the STBC-TCM
construct can be guaranteed to achieve full-diversity by a simple
design rule that restricts transition branches leaving from (or ar-
riving to) each state to be labeled by codewords from the same
block-code subset. This design rule is analogous to the original
design rule proposed in the original TSC paper [1].

In this work, several new full-rate space-time codes for a
system with 2 transmit antennas are derived based on the pro-
posed technique. Simulation results show that the new space-
time codes considerably outperform the original ST-TCM coun-
terparts. For example, the new 4-state 2-bits/sybol QPSK space-
time code achieves even better performance than the original
TSC 32-state design, while the new 32-state QPSK code per-
forms about 1.5 dB away from the outage probability limit.
Moreover, decoding complexity of the proposed expanded-
STBC-TCM construction is reasonably low because codeword
orthogonality can be exploited to simplify computation for the
optimal demodulator.

1.1. System Modéel

We consider a space-time wireless communication system with
L; antennas at the transmitter. The transmitter encodes k. in-
formation bits into V. L; symbols corresponding to the edge in
the trellis of a space-time code with 2”¢ states. The encoded
symbols are divided into L; streams, each of which is linearly
modulated and simultaneously transmitted via each antenna.



The rate of this space-time code is defined as R, = k./Nc
bits/symbol. The symbols are chosen from a constellation with
an average energy of R./L;. The channel between a transmit
and a receive antenna is modeled as a frequency non-selective
flat Rayleigh fading process. For brevity of this presentation,
we restrict our attention to designing space-time codes for inde-
pendent quasi-static fading, i.e., the channel is constant during a
frame of data but fades independently from frame to frame and
from antenna to antenna. Also, the design will be optimized for
a system with a single antenna at the receiver, nonetheless, such
a design also performs well in general. For convenience, we as-
sume here that the receiver is equipped with only one antenna.

At the receiver, assuming ideal timing information, an V¢ x
1 vector of matched filter output is formed for maximum likeli-
hood sequence decoding, with Ny denoting the frame length.
This observation vector can be expressed in a simple matrix
form as . L

0=VvE,DC+N (1)

where Ej defines the bit energy per receive antenna, D is an
Ny x Ly transmitted codeword matrix formed as

Di(1)  Dy(1) ... Dg,(1)
Di(2) Dy(2) ... D,(2)
D= . . , . )

D1(Nyg)  Ds(Ny) Dr,(Ny)

with D;(k) being the symbol transmitted at time &, C is an
Ly x 1 channel vector whose it" element, C(i), denotes the
complex coefficient of the channel between the " transmit
antenna and the receiver, and N is the additive white Gaus-
sian noise (AWGN) with a covariance matrix NoIn,. With
the quasi-static fading assumption, the channel distortion coef-
ficients are independent zero-mean Guassian random variables
with a unit variance, and the signal-to-noise ratio (SNR) per re-
ceive antenna is computed as v, = Ep/No. The receiver is as-
sumed to have perfect knowledge of channel state information
(Csl).

1.2. Space-Time Code Design Criteria

The standard design criteria for constructing good space-time
codes [18, 1] are based on an analysis of the pairwise error prob-
ability (PWEP), i.e., the probability that the optimum codeword
decoder makes an erroneous decision in favor of a given code-
word (D = dg) over the transmitted one (D = d,). For the
maximum likelihood decoder with perfect CSI in quasi-static
fading, the PWEP is asymptotically bounded by [19]

2Ag — 1
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where \; for ¢ = 1,2,..., Ay are the nonzero eigenvalues of
the signal matrix C, which is defined as

®

C. = E(a,B)"E(e, B) @)

with E(a, 8) = (do — dg) being the codeword difference ma-
trix, Ag is the rank of E(a, 8) which may be referred to as
the effective Hamming distance. It is apparent from (3) that to
minimize the error probability, it is desirable to maximize Ax
and the product measure A, = [T~# ;. The minimum values
of the effective Hamming distance Ay (min) and the product
measure A, (min) over all possible pairwise error events define

the diversity advantage and the coding advantage of a space-
time code, respectively. If Az (min) equals to the total number
of transmit antennas, the space-time code is said to achieve full
diversity (assuming the single-receiver case). In summary, the
standard design goal is to maximize Ay (min) and A, (min).

2. New Space-Time Code Construction

The proposed code construction is based on the concatenated
STBC-TCM scheme in which an M-TCM encoder with multi-
plicity IV is an outer code and the NV x L, orthogonal space-time
block code is an inner code. Traditionally, this concatenated
scheme outputs a rate-lossy space-time code. However, a full-
rate space-time code is possible by expanding the cardinality
of the orthogonal space-time signal set before concatenating it
with an outer encoder. Once the expanded orthogonal signal set
is formed, the standard set partitioning method can be used to
partition codewords in each block-code subset. A simple de-
sign rule can then be posed on the outer encoder to guarantee
that the resulting space-time code achieves full-diversity. In the
sequel, we formulate the expanded orthogonal space-time block
code, describe partitioning of this signal set, and present several
design examples of the new full-rate space-time codes.

2.1. Expanded Orthogonal Space-Time Block Code

The goal here is to expand the cardinality of the orthogonal
space-time signal set, in order that sufficient signal points are
available to allow a full-rate STBC-TCM design. Note that we
do not require that the Hamming distance achieves the maxi-
mum possible value for every codeword pair in the entire signal
set, but it is desirable that this holds for codewords in each given
signal subset.

To do this, first the standard space-time block code is used
as a building subset. A distinct block-code subset can then be
generated from the original signal subset by applying certain
unitary transformations, i.e., if (s) isan N x L, orthogonal
block code for an input &, another orthogonal block code ()
can be formed by

Q) =HOH G 5)

where H and G are some N x N and L; x L. diagonal unitary
matrices, respectively.

For example, we derive the expanded signal set for the 2-
transmit antenna case. We start with the 2 x 2 Alamouti signals,

_ So S1
Q(s0,51) = [ —st s ] (6)
as the building subset. For the 8-PSK alphabet, we can gener-

ate additional isolated signal subsets by using (5) with H being
an identity matrix and the generator matrix G drawn from the

following set:
1 0 1 0
0 +1 |° 0 +5 |’
1
0

0 10
el |7 | 0 el

For the BPSK and QPSK alphabets, only the first two and the
first four generators in (7) are valid, respectively.

In this work, we will limit our attention to the 2-antenna
transmitter case. We found that the first four generators are suf-
ficient for obtaining a good space-time code. The space-time
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block codes resulting from the four generators shall be denoted
correspondingly by

A(so,51) = :—::EIJ ::(}; ] (8)
B(so,51) = —2% :::E*l) ] 9)
J(s0,81) = :_z% ;zg ] (10)
K(s0,51) = o :jj; ] (11)

2.2. Set Partitioning

For this case (L: = 2), a distance (determinant) measure of a
given pair of signals from each block code:

(A (o, a1), Ao, 1)), (B(ao, a1), B(Bo, £1))
(J(Oéo, 011), J(ﬂOy ﬂl)) ,0r (K(Oto, Ot1), K(ﬁO, Bl))

is uniformly given by
d*(a, B) = lao = fol” + lar — 1| (12)

which is conveniently equivalent to the squared Euclidean dis-
tance of the input labels. That is, a subset of signals from a
given block code shall be partitioned based on the squared Eu-
clidean distance of the input labels. The classic set partitioning
technique [16] was basically provided to do exactly this. There-
fore, we can directly adopt the standard technique when parti-
tion each block code subset. Note that the relationship between
(12) and the product measure of the concatenated code can be
obtained via (4).

In summary, the expanded signal set can be partitioned as
shown in Figure 1, with the lower-level partitions defined anal-
ogously to [16].

A (S5, 9).B (S5, 8), J(S 8): K (S, 9)

A(sy ), Bsy: s) J(sy 8). K(sg:8)

A(s,s) B (sy, S) J(syS) K (sy, S)

Figure 1: Higher-level partitions

2.3. Design Examples

First of all, we derive a design rule to guarantee that the pro-
posed STBC-TCM construction results in a space-time code
with full-diversity. Due to the fact that each of the four par-
titiOﬂS, A(807 81), B(So, 81), J(So, 81), or K(So, 81), is a full
rate, full-diversity space-time code, we can arrive at the fol-
lowing simple design rule: “transition branches leaving from
(or merging to) each state are uniquely labeled with codewords
from the same partition.”” Note that this design rule implies

that parallel transition branches are permissible. This is ad-
vantageous because the TCM designs with parallel transition
branches typically achieve better performance when encoder
memory is small.

In this paper, we present several design examples of the new
full-rate QPSK and 8-PSK space-time codes for a 2-antenna
transmitter. In this case, the M-TCM with 2 multiplicity is used
as an outer encoder, and thus 16 and 64 transition branches leav-
ing from or merging to each state are needed to achieve the de-
sired code rate of 2 bits/symbol and 3 bits/symbols, respectively.

For the 4-state and the 8-state QPSK codes, we design the
outer M-TCM encoder to have 8 parallel transition branches.
We use the standard method to divide each of the four block
code subsets into 2 partitions with a cardinality of 8, e.g,

Ay = {A(%1,%1), A(xj,+5)}
A; = {A(%1,%§), A(%j,+1)}
B, = {B(%l,+1), B(%j,+j)}
B: = {B(%l,+j), B(%j,+1)}

and similarly for Jo, J1, Ko, and K. The proposed simple de-
sign rule is then used to construct the STBC-TCM codes that
achieve full-diversity. Following the standard technique, the
coding gain is enlarged by maximizing the “distance” among
the transition branches leaving from and merging to a given
state. The new 4-state and 8-state 2-bits/symbol QPSK space-
time codes are depicted in Figure 2 and 3, respectively. Note
that for the 4-state encoder, it is sufficient to use only 2 block
code subsets, but it is better to use all four subsets for a larger
encoder.

Ay A

B, B

A A

By B

Figure 2: New 4-state 2-bits/symbol QPSK code

Figure 3: New 8-state 2-bits/symbol QPSK code

The proposed 4-state and 8-state QPSK space-time codes
achieve full diversity and have a minimum product measure



Ap(min) = 16, which is better than that achieved by the orig-
inal TSC ST-TCM with 32 states. The large coding advantage
results from the exploitation of signal partitioning and symme-
tries. Simulation results in the sequel verify that the new 4-state
and 8-state space-time codes outperform the original 32-state
space-time code.

For an encoder with larger memory, we may permit less
parallel branches to improve the coding gain. For the 32-state
QPSK code, the M-TCM encoder has 2 parallel branches, and
each block code is divided into 8 sub-partitions, e.g.,

Ao = {A(1,1),A(=1,-1)}, Ao = {A(1, 1), A(-1,1)}
Ao ={A(, J), A(=4, =}, Acs ={A(J,—J), A(—J.5)}
Ao ={A(L,5), A(-1,-5)}, An ={A(1,—j), A(-1,5)}
A ={A(j,-1),A(—j, )}, Az ={A(4,1),A(-j,-1)}

Similar construction hold for Bo;, B1i, Joi, J1i, Koi, Ki;
fori=0, 1, 2, and 3. The new 32-state 2-bits/symbol QPSK
space-time code is depicted in Figure 4. Simulation results in
the sequel show the performance of this code is about 1.5 dB
away from the outage probability limit.

Ao Ao A 02A 1201 A11 A 0 13
BooB1o B02B12B1B11 BsB s
JooJd10 Joz J12901 911 J 03d 13
KooK 10 Koz KoK gy Kyg KggKg3
Ago A1z A gaA11A03A13A oA 10
Bp2B12 Bp1B11Bo3B13 BooB 1o
Jo2912 Jo1 11903913 9 009 10
KooK 12 Kog Ki1KggKaz KooK gg
A1 A11 AgaA 13A00A10A oA 12
Bo1B11 BoaB13BooB1o BB 12
Jo1J11 JozJ13J00J10 I 029 12
KorK 11 Koz KisKooKig K oK 1o
Agz A1z A goA 10A02A12A 1A 11
Bo3B13 BooB10B02B12 BB 11
Jo03Jd13 Joo 10902912 d 019 11
KosK 13 Koo KioK g2 Kip K g1 K 1g
A10 A0 A 1A A 11 A0 A 1A 03
B10Boo B12B2B11Bo1 B13B o3
J10900 J12 02911 901 I 139 03
KioK oo K12 KoK 11 Koz K 13K g3
A2 Ay A 11A 1A 13A03 A 1A 00
B12Bg2 B11BnB13Bos B1oB oo
J12902 J11 Jo1913 903 J 109 00
KoK gz K11 KorK 13Koz K 10K g0
A11 P01 A 13A 3R 10A00 A 1A 02

/ LK IO
B11Bo1 B13BaB1oBoo B12B oz 7 g7 000K

X
ot «.’*’Y&‘}‘

J11901 J13 903910900 I 129 02 e
KK Kia KoK iqaKan K 15K
11K 01 K13KoaK 1Ko K 15K g
A13 A3 A 1A 00A 1202 A 114 01
B13Boz B10BooB12Bo2 B11B o1
J13303 J10J00J 12902 J 119 o1
K13K o3 K10 KooK 12Kz K 11K g

Figure 4. New 32-state 2-bits/symbol QPSK code

These same design concepts can now be used for 8PSK
modulation. For brevity of this presentation, we will only in-
clude one example 8PSK code, an 8-state 3-bits/symbol 8PSK
space-time code. In this case, we partition each subset of block
code into 4 sub-partitions each with a cardinality of 16, e.g.,

(defining 8 = ¢’ % and p = i %)
APO = {A(ila il)a A(:l:ja ij): A(ila :l:j)a A(:l:ja il)}
Ap = {A(:tea :|:9), A.(:l:(p, i‘ﬂ)a A(iez i‘p): A(:’:(p, :|:9)}
AP2 = {A(ila ie) A(ija :*:(p), A(:l:la i‘/’): A(i]: :*:(9)}

)

and similarly for B,;, Jpi, Kp; fori =0, 1, 2, and 3. The new

8-state 8-PSK code is shown in Figure 5.
Apo Az At Ap
Jpo 2 I s
Bpa B Bys By
Koz Ko Kpg Ko
Ap Az Ao Ap
I ds Jo e
Bz Bo Bis Ba

Kpz Kpo Kps Kp

Figure 5: New 8-state 3-bits/symbol 8-PSK code

3. Decoding and Complexity Consideration

In practice, a drawback of an M-TCM encoder is it can pro-
duce a greater decoding complexity than a single dimensional
TCM. In the proposed design, this disadvantage is suppressed
because the orthogonality between antennas of the transmitted
signals and the MPSK constellation can be exploited to reduce
computational complexity.

For the maximum likelihood sequence decoder with perfect
CSl in the case of L; = 2, the branch metric at the &% decoding
interval (at time 2k and 2k + 1) for a transition labeled with a
transmitted matrix

_ [ di(2k) d>(2k)
d(k) = [ di(2k+1) d2(2k+1) ]

given the observations at this interval are g(2k) and q(2k + 1)
and the channel gain realizations are & = [¢(1) ¢(2)]” is given

as
2

2k+1 2
Md(k) =Y |a@) = > _di(e®| . (13)
i=2k =1

Completing the square and using the orthogonality and the unit
magnitude of MPSK gives

2%k4+1 2

Md(k) =—Y > Rlg"Od@cO]+C  (14)

=2k =1

where C' is a constant which is not a function of d(k).

Since the branch metric has the form in (14), a low com-
plexity decoder can be implemented. Sufficient statistics now



can be shown to be

30a(k) = c(1)q"(2k) +c"(2)q(2k + 1)
514(k) = ¢(2)g"(2k) —c*(1)q(2k +1)
soB(k) = c(1)g"(2k) —c*(2)q(2k + 1)
sip(k) = —c(2)q"(2k) —c"(1)g(2k + 1)
30s(k) = c(1)g"(2k) +jc"(2)q(2k +1)
81u(k) = je(2)g"(2k) — c"(1)q(2k + 1)
3ox(k) = c(1)g"(2k) — jc"(2)q(2k + 1)
Six(k) = —je(2)q" (2k) — " (1)q(2k + 1).

The decoder can then compute the branch metric for a transi-
tion labeled with a codeword A (so, s1), B(so, 1), J(so0, $1),
or K(so, s1) by one of the following expressions:

f(A(s0,81),k) = —R{sodoa(k)} — R{s181a(k)}
f(B(s0,81),k) = —R{sod0n(k)} — R{s1818(k)}
f(JI(s0,81),k) = —R{sodos(k)} — R{s151s(k)}

f(K(s0,81),k) = —R{sodox (k)} — R{s181x(k)}

correspondingly. Once the branch metrics are computed, the
Viterbi algorithm is applied, as usual, to search for the path with
the lowest accumulated metric.

Note that this branch metric computation is simpler because
several terms were neglected or cancelled out by the orthogo-
nality and constant-envelope signal conditions. For a greater
efficiency, the decoder may cache any common computation re-
sults for multiple usages. It may also exploit the fact that a given
symbol may be a complex value with either a zero-real part or a
zero-imaginary part, as well as the linearity of the metric func-
tion, €.9., f(A(SO; 31)1 k) = —f(A(—So, _sl)ﬂ k)

For example, Table 1 shows a coarse estimate of decoding
complexity of the original 2-bit/symbol QPSK ST-TCM with a
generic decoder and the new QPSK ST-TCM with the efficient
decoder, in terms of the number of arithmetic operations per
symbol. With the efficient implementation, it can be seen that
the decoding complexity of the new codes is comparable to or
better than that of the single dimensional ST-TCM designs.

QPSK 4 states | 8 states | 32 states
Original ST-TCM 200 260 680
New ST-TCM 120 220 680

Table 1: Decoding complexity (operations per symbol)

4. Simulation Results and Discussions

In this section, we evaluate and compare performance of the
new and the original TSC space-time codes for L; = 2 via
frame error rate simulations. A frame equals to 128 channel
symbols in the simulations.

Figures 6 and 7 depict performance of the proposed 2-
bits/symbol QPSK space-time codes vs. the existing ST-TCM
designs. Note that the best-known ST-TCM designs were the
Yan and Blum (YB) codes [3], based on the analysis of the dis-
tance spectrum [20]. It can be seen that the best-known 4-state
design provides only a fractional performance gain over the
original 4-state TSC design, while the proposed 4-state QPSK
code achieves a large 2-dB performance advantage. More im-
pressively, the proposed 4-state QPSK code even outperforms
the original 32-state TSC design and the performance is only
about 2.5 dB away from the outage probability. This level of

performance is comparable to that of the original 64-state ST-
TCM and a novel space-time turbo-TCM scheme such as [21].
It is quite intriguing that we can achieve this level of perfor-
mance by such a simple design. The performance gain is more
pronounced with the new 32-state code whose performance is
only 1.5 dB away from the outage probability limit. On the
other hand, the 32-state YB code perform roughly the same as
the new 8-state code.

2 bit/sec/Hz, QPSK, 2 Tx, 1 Rx, 128 bit/frame

10 T T T T T T T

—8—  4-state TSC
—b>—  8-state TSC
—+—  4-state YB
—=—  8-state YB
—6—  4-state new
——  8-state new

g --- 8-state IMYL

- outage probability

1072 L L L L L I L L L

10 105 11 115 12 125 13 135 14 145
Eb/No (dB)

Figure 6: Performance of the 2-bits/symbol QPSK space-time
codes

2 bit/sec/Hz, QPSK, 2 Tx, 1 Rx, 128 bit/frame

—&—  16-state TSC

——  32-state TSC
—+— 16-state YB
1074 —x—  32-state YB
—6—  4-state new
—b—  8-state new

4 —&—  32-state new

- outage probability

FER

~
I I I I I I L~ I I

10 105 11 115 12 125 13 135 14 145
Eb/No (dB)

Figure 7: Performance of the 2-bits/symbol QPSK space-time
codes

Note that, we also include a comparison of performance of

the proposed codes and the IMY L code [17] which was obtained

independently from a similar design concept. It is worthwhile

to distinguish [17] from the proposed work. In [17], only 2

block code subsets: A (so, s1) and B(so, s1) were proposed in
their designs, while we used 4 signal subsets in this work. Us-

ing more signal points can typically give better designs. We can



FER

3 bits/sec/Hz, 8-psk, 2 Tx, 1 Rx, 128 bits/frame

10 T T T

—4—  8-state TSC
—=—  16-state TSC
—+—  32-state TSC
—6—  4-state new
—a—  8-state new
—4&—  32-state new

64-state new

outage probability

-2
10 10.5 11 115 12 125 13

Eb/No (dB)

Figure 8: Performance of the 3-bits/symbol 8-PSK space-time
codes

see that the proposed 8-state QPSK code performs better than
the 8-state IMYL code. In [17], only the 8-state and 16-state
codes were derived, while we also unveil the new 4-state design
which impressively outperforms the original 32-state TSC de-
sign, as well as the new 32-state design whose performance is
only 1.5-dB away from the fundamental limit. Note that we did
not include performance of the 16-state IMYL code since it per-
formed virtually the same as the 8-state one. We did not show
performance of the new 16-state code due to the similar reason.
We also derived the several new 3 bits/symbol 8-PSK space-
time codes. Moreover, we propose to exploit orthogonality of
the signals to derive an efficient decoder that has comparable
complexity with a generic decoder for the traditional ST-TCM
design. The fact that the decoding complexity can be kept rel-
atively low nicely justifies the proposed STBC-TCM construc-
tion.

In addition, we show performance of several new improved
3-bits/symbol 8-PSK space-time codes in Figure 8. It is noted
that the new 8-state code achieves similar performance as that
of the original 32-state TSC design, and further performance
improvement can be achieved by a larger encoder.

5. Conclusions

In this paper, we proposed a novel technique for designing a
high-rate space-time code that achieved a significant perfor-
mance gain over the original ST-TCM designs. The proposed
4-state 2-bits/sybol QPSK space-time code outperformed the
original 4-state ST-TCM design by a considerably-wide margin
and it performed even better than the original 32-state design,
while the new 32-state QPSK code achieved a superior perfor-
mance level that was merely 1.5 dB away from the outage prob-
ability limit. The major performance improvement was due to
an exploitation of the set partitioning concept, which is essen-
tial to the design of a good trellis code, but was not possible in
the original ST-TCM designs. Additionally, signal orthogonal-
ity was exploited to keep decoding complexity of the proposed
STBC-TCM construction relatively low. The ability to achieve
excellent performance with relatively low decoding complexity
at high transmission rate made the proposed design technique
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particularly attractive.
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