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Abstract: A design of super-orthogonal space-time trellis codes (SOSTTCs) based on the trace criterion (TC)
is proposed for improving the design of SOSTTCs. The shortcomings of the rank and determinant criteria based
design and the advantages of the TC-based design are analyzed. The optimization principle of four factors is
presented, which includes the space-time block coding (STBC) scheme, set partitioning, trellis structure, and the
assignment of signal subsets and STBC schemes in the trellis. According to this principle, systematical and
handcrafted design steps are given in detail. By constellation expansion, the code performance can be further
improved. The code design results are given, and the new codes outperform others in the simulation.
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Space-time codes can be divided into two types:
space-time trellis codes''! ( STTCs) and space-time
block codes"”™ (STBCs). By combining the advanta-
ges of STTCs and STBCs, super-orthogonal space-time
trellis codes (SOSTTCs) were proposed in Ref. [5].

However, the rank and determinant criteria'™
(RDC) based design in Ref. [5] has some shortcom-
ings. So a new design of SOSTTC based on the trace
criterion (TC) is proposed in this paper.

1 Shortcomings of RDC Based Design

The performance of SOSTTC is determined by
fives factors: design criterion; set partitioning, similar to
TCM,; trellis structure; STBC scheme; assignment of
signal subsets and STBC schemes in the trellis. Among
these, the design criterion is the most important.

In Ref. [5] the RDC was used to guide the design
of SOSTTC. However this design method has two
shortcomings: First, the rule proposed in Ref. [5] is on-
ly a sufficient but not necessary condition to guarantee
the full rank of matrix A (A is defined in Ref. [1]).
Some codes in Ref. [5] do not obey that rule. Second-
ly, the calculation of |A | in Ref. [5] is too complicat-
ed for handcrafted design.

2 Advantages of the TC Based Design

The TC'*” is more suitable than the RDC when
the antennas number is large. The main idea of the TC
is to evaluate the code performance by the trace of A,
which is just equal to the squared Euclidean distance
between two codewords (c, ¢). Briefly, the Euclidean
distance is only called distance in the following text.
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The advantages of the design of SOSTTC based
on the TC include:

1) The trace of A, shortened as tr(A), is easier to
calculate than the determinant of A.

2) Let (c, e) be the corresponding codewords of
the pairwise paths (P., P,) with length L. It is easy to
prove that

tr(A(c,e)) = Y tr(A(c;e) (D

where ¢, and e, are the codewords corresponding to the
i-th branch of P, and P,, respectively. Eq. (1) shows
that the squared distance between any pairwise paths
can be gained by summing up the squared distances be-
tween all the pairwise branches of the paths. Therefore,
if another pair (c¢’, ¢’) is the same as (c, €) in part, the
same parts only need to be calculated once. Another
advantage from Eq. (1) is that the optimization for the
whole code can be realized branch by branch. This
makes the design more flexible.

3) Owing to the two advantages mentioned
above, the amount of handcrafted calculation of
squared distance spectrum is acceptable.

4) The codes from the TC-based design are still
good when there is only one receive antenna. This is
due to the using of STBC in SOSTTC.

5) The codes based on the TC perform well in
both slow and fast fading channels, because the TC is
suitable for two types of fading.

3 Factors Optimization in TC-Based Design

3.1 STBC scheme

In order to get more STBC schemes, different
from the Alamouti scheme'', additional phase rota-
tions are added to the signals transmitted from the first
transmit antenna in Ref. [5]. Then if the signal phases
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corresponding to both the transmit antennae are rota-
ted, more STBC schemes will be gained. It can be
written as

0 _ xz* ejﬂl

@

x,e
x,e
3.2 Set partitioning
It is easy to prove (tr(A))’ =4 |A |, so the parti-
tioning results are the same for both the TC and the
RDC.
3.3 Trellis structure
The trellises in Ref. [5] are from TCM. These
trellises can also be used in our design.
3.4 Assignment of signal subsets and STBC
schemes in trellis
The idea is to assign different signal subsets and
STBC schemes branch by branch, and to make the
distances between all the paths maximized. This will
be explained in detail in the following.

4 Design Example

How to design SOSTTC based on the TC in a
systematical and handcrafted way is explained here
through an example, assuming BPSK modulation, 4-
state half-connection trellis and two transmit antennas.
The band efficiency is 1 bit/(s-Hz).

The transmitted signals corresponding to each
branch in SOSTTC are determined by the combination
(I1,0,,0,) when (2) is used for STBC coding. I is a
signal in set S, which consists of 00, 01, 10 and 11 for
BPSK modulation. Based on Euclidean distance, S can
be partitioned into S, and S,, and each can be further
partitioned into two smaller subsets S,,, S, and S,
S, respectively. The partition results are the same as
those based on the RDC, and the detail can be found
in Ref. [5]. Both #, and @, can pick O or w. The
squared distance d” between any (I, 6,, 6,) and (I,
6,,6,) is summarized easily in theorem 1. The proof
is omitted here.

Theorem 1
@ If 6, =6, and 6, =6, then
0 whenI=1

4 = {16 when I, I both in S, or S,, and I#1
8  when I,1 one in S,, the other in S,
@ If 6, =6,,0,#80, or 6, #6,, 6, =6,, then
d’=8
@ If 6, %0, and 6, #6,, then )
0  when I, I both in S, or S,, and I#1
d = {16 when I =1
8  when I, 1 one in S,, the other in S,
The 4-state half-connection trellis is shown in

Fig. 1. The transitions between states are denoted as
P, to Py. Since the band efficiency is 1 bit/(s-Hz),

there must be two parallel branches for each P,. How-
ever, only one branch of each P, is drawn for brevity.
Similar to TCM, the signals of parallel branches
should have the largest distance. From theorem 1 this
can be realized by picking two elements of S,(or S,)
for I and I, respectively, and making 6, =6,, 6, = 6,.
Since there are two and only two elements in S, ( or
S,), the signals of parallel branches corresponding to
any P, can be written as (S,, 6,, 6,), where S, =5, or
S,.(S,,0,,0,) for each P, should be different at best,
in order to decrease the number of the branches, be-
tween which the distance is zero.

(84,0,0) (S;,0,0) Py
P, Ps
So,0, 1,0,
(80,0,7) (S,0,m) Pe
P
(S1,m,m) (So,m,m) P, }
P;
(SlnyyO) (SO,Tf,O) Ps

Fig.1 Code 1: a 4-state BPSK modulated code with half-
connecting trellis of 1 bit/(s-Hz)

There are eight pairs of parallel branches in
Fig.1.(S,, 6,, 6,) can also choose eight different val-
ues (S, =S,or S,,0, =0 or 7, 8, =0 or ). Just one
(S,,0,, 6,) value is assigned to one pair of parallel
branches. However, how the different (S, 6,, 6,) are
assigned is a key problem. At the beginning, (S,, 0, 0)
is to be assigned. As regards the first, (S,, 0, 0) can
be assigned to any pair of parallel branches, for exam-
ple P,. Then the next is (S,, w, ). The distance be-
tween (.Sy,,0,0) and (S, m, w) is zero. The distance
between (S,,, 0, 0) and (S, w, w) is also zero.
Therefore, (S,, 0, 0), which consists of (S, 0, 0)
and (S,,0,0), cannot appear with (S,, , ), which
consists of (S, m, w) and ( Sy, , 7), in pairwise
paths at same time slot. Otherwise the distance be-
tween two paths will be decreased. If this cannot be a-
voided, the length of the pairwise paths should be as
long as possible. When P (or Pg) appears with P, in
pairwise paths at the same time slot, the minimal
length of such paths is 5, which is already the largest
one of all P,. Thus according to the rule mentioned
above, when (S,, 0,0) is assigned to P,, (S,, m, )
should be assigned to P, or Pg, and this time P is se-
lected.

Next (S,,0,0) is to be assigned. Any squared
distance between (S,,0,0) and (S,,0,0), or between
(5,,0,0) and (S,, m, w) is 8. Consequently (S,,0,0)
can be assigned discretionarily. This time, (S,,0,0) is
assigned to P,. Now for (S,, m, ), its relation to
(8,,0,0) is just like the relation between (S,, 0, 0)
and ( Sy, m, ). Through the similar analysis men-
tioned above, (S,, w, ) can be assigned to P5 and
P,, and this time P, is picked. In the same way, (S,,
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0,m), (Sy, m,0),(S,,0,m) and (S,, w,0) can be as-
signed one by one. The final result, Code 1, is shown
in Fig. 1.

It happens that, in the view of squared distance
spectrum, Code 1 is equivalent to the code proposed in
Fig. 5 of Ref. [5], though they are different codes de-
signed by different criteria. The reason is that the
number of states and the constellation size of these
codes are small. This phenomenon also exists in the
STTC design. However the way Code 1 is designed
here is more systematic and easier to use than that in
Ref. [5].

5 Performance Improvement by Constella-
tion Expansion

Constellation expansion is a key point of TCM. It
can also be used in SOSTTC to improve performance.
Some examples are given as follows.

5.1 Realizing 1 bit/(s-Hz) with QPSK
5.1.1 4-state half-connection trellis

In Fig. 1, 6 only can be O or mr, so there are not
enough different (S,, 6,, 6,). This leads to the exist-
ence of branches with zero distance, which causes per-
formance degradation. If QPSK modulation is used,
such degradation can be avoided.

In Fig. 1, the signals corresponding to the bran-
ches started from state 1 are (S,,0,0) and (S,,0,0),
which only appear on the real axis in the constellation
map. For (S,, w/2, w/2) and (S,, w/2, w/2), these
signals only appear on the imaginary axis. Thus the
squared distance between any signal of (S,,0,0) (i=
0 or 1) and any signal of (S;, w/2, w/2) (j=0or1)
is always 8. When (S,, m, ) and (S,, w, w) corre-
sponding to the branches started from state 3 are re-
placed by (S,, w/2, w/2) and (S,, /2, w/2), the
distance between branches started from state 1 and
state 3, respectively will never be zero. In the same
way, (S,, w,0) and (S,, w,0) corresponding to bran-
ches started from state 4 can be replaced by (S,, 7/2,
3w/2) and (S,, m/2,3w/2). This code is denoted as
Code 2, shown in Fig. 2. It is easy to draw the conclu-
sion that the squared distance between any non paral-
lel branches is 8 in Code 2. The distance, which is 0 in
Code 1, is enlarged to 8 in Code 2, while other dis-

tances have not been changed. Therefore in the view
(80,0,0) (81,0,0)

(S0,0,7) (S;,0,7)
(5.5 3)(s. 5. 5)
(55 F)(s. 5. )

Fig.2 Code 2: a 4-state QPSK modulated code with half-
connection trellis of 1 bit/(s-Hz)

of squared distance spectrum, Code 2 should be better
than Code 1.
5.1.2 4-state full-connection trellis

The trellis is shown in Fig. 3(a), without parallel
branches. Due to the symmetry of the trellis, the signal
subsets and STBC schemes should also be assigned
symmetrically. One of such assignments is shown in
Fig.3(a). Each of the four branches diverging from
the same state is assigned with a different signal sub-
set from S, Sy, S, and S,,, but with the same rota-
tion phases ( STBC scheme). All the states differ in
rotation phases. At the beginning of design, the phases
are unknown. They can be determined as follows. In
Fig.3(b), one type of the shortest pairwise paths is
shown, which can represent other pairwise paths for
symmetry. The calculations of distances can be divid-
ed into left and right parts. Due to the same (6,, 6,)
for all the left branches, the squared distances between
each other have nothing to do with (6,, 8,) . The spec-
trum is: 16 for 2 times, and 8 for 4 times. For QPSK
modulation, the squared distance between the right
branches may be 4, 8,12 or 16, but it is impossible to
make all the squared distances larger than or equal to
12. By matching the right branches with squared dis-
tance 8 and 12 to the left branches with squared dis-
tance 16 and 8 complementally, the minimal squared
distance between any of the paths can be improved to
min(8 +16, 12 +8) =20, larger than 16 in Code 1 and
Code 2. This new code is denoted as Code 3 and
shown in Fig.3(a).

(S0,0,0) (Sg1,0,0) (S19,0,0) (S11,0,0)

(5055 (50055 (5055 ) 5055
(Sm,n,%)( So ,n,%)( Sm,n,%)( S ,n,%)

(5,22 5) . 3 ) 50 352 (0. 58.)
(a)

(300,51,(92) @

(S, 61,62)

(b)
Fig.3 A 4-state QPSK modulated code with full-connection
trellis of 1 bit/(s+Hz). (a) Code 3;(b) Pairwise paths

Constellation expansion was also proposed in
Ref. [ 8]. Different from our design, the design in
Ref. [8] is based on the RDC, and the signals trans-
mitted at the same time slot have the same rotation
phases. In the view of the RDC and in terms of the
whole frame, this is not equivalent to adding the same
rotations to the signals transmitted from the same an-
tenna, which is proposed in our design. In addition,
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the codes in Ref. [ 8] were gained by computer
search. However, it happened that a code proposed in
Ref. [8] has the same squared distance spectrum as
Code 3, though the two codes are not completely the
same. This chance will never exist when the number
of states or the constellation size is large. For exam-
ple, it is impossible to do a computer search for good
8PSK modulated 16-state codes. The advantages of
our design will stand out.
5.2 Realizing 2 bit/(s-Hz) with 8PSK

When using 8PSK instead of QPSK to realize 2
bit/(s+Hz), performance can be improved. In order to
get rid of the suppression on performance from paral-
lel branches, only a full-connection trellis is consid-
ered here. The design idea and procedure are just like
those of Code 3, the detail is omitted here. The result
is shown in Fig. 4, and denoted as Code 4. The mini-
mal squared distance of Code 4 is 10. 34. While for
Code 5 shown in Fig. 5, which is gained by the idea in
Ref. [ 5] with a half-connection trellis and QPSK
modulation, its minimal squared distance is only 8.
Therefore Code 4 should outperform Code 5.

(So0050,0) (Soo0r50,0) *+ (Syy41,0,0)

(Sew s ) (s 5 5) (502 5) §

(S(moy’lfyo) (smmyﬂ';o) (31111;7(:0)
(So000,0,7) (Sooor,0,7) =+ (Syy11,0,7)

(Scmoyﬂyﬂ) (S(mlﬂfyﬂ) (51111;7\';“)

(s ) o 2 ) (s )
(o 5.5 s 5.2) s . 2)
(sown, 35575) (oo 30 50) = (o 30 F)
(5w 5 5) (S 5 o (5 )

Soan, 2=, 77N (s JIn I (S ,Evﬁ)
PR D B
272 ’ ’ 272
(30000’%,%)( SO(X]I;%;%) (Suus%,%) 5
(som 5 ) s 5) (s 2 )
(son ) (v 22) (o 2
(o 2 s 2. 3) - (s 22 )

( ,
(o003 5) (som 57 5) - (s 35 57) 5

Fig.4 Code 4:8PSK modulation with full-connection trellis
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Sa00 > Soot > S100 s S101 > Sot0 > Sotr » S110 > S111 for each
branch; (§,,8,) = (0,0) for all the branches

So0o > Soo1 > S100 > S101 > Soto » Sour > S1105 S111 for each
branch; (6, ,0,) = (7/2,0) for all the branches
So00 > Soot » S100 > S101 > So10 > So11 > S110 5 S111 for each
branch; (6, 6,) = (x,0) for all the branches

So00 > Sao1 > S100 » S101 5 Sot0 5 So11 > S110 > S11 for each
branch; (6;,6,) = (37/2,0) for all the branches
S100 > S101 » S010 > Sout » S110 > S111 > S0 » Soon for each &
branch; (6;,0,) = (0,0) for all the branches
S100 > S101 5 So10 > So11 > S110 5 S111 > Sooo » Soor for each
branch; (6;,6,) = (7/2,0) for all the branches
S100 5 S101 5 Sot0 5 Sor1 5 S110 5 S111 5 Sooo » Soor for each
branch; (8;,6,) = (x,0) for all the branches
S100 > S101 5 So10 s So11 > S110 5 S111 5 Sawo » Sor for each
branch; (6;,6,) = (3n/2,0) for all the branches
So10 > Sot1 » S110 5 S111 > Sao » Soo1 > S100 5 S101 for each
branch; (8, 6,) = (0,0) for all the branches

So10 > Sot1 > S110 > S111 > Soo » Soo1 » S100 > S101 for each
branch; (6;,8,) = (7/2,0) for all the branches
So10 > So11 » S110 > S111 » So00 » Seot » S0 » S1o1 for each
branch; (6;,6,) = (x,0) for all the branches

So10 > Sot1 » 1105 S111 5 Soan » Soo1 » S100 5 S101 for each &
branch; (6, 6,) = (37/2,0) for all the branches
S110 5 S111 5 o0 > Soo1 » S100 5 S101 5 Sor0 > Sour for each
branch; (6;,6,) =(0,0) for all the branches
S1105 S111 > Soa0 » Soot > S100 5 S101 5 Soro » So for each F—7
branch; (6, 6,) = (/2,0) for all the branches
81105 S111 5 So00 » Soo1 s S100 » S101 5 Sor0 > Son for each
branch; (6;,8,) = (x,0) for all the branches
S110> 1115 S000 > Soo1 » S100 » S101 > So0 » Sons for each
branch; (6,,6,) =(3n/2,0) for all the branches

Fig.5 Code 5: QPSK modulation with half-connection trellis
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6 Simulation

The simulation results under Rayleigh fading
with ideal channel state information are shown in Fig.
6 and Fig. 7, where R denotes the number of receive
antennae. In these simulations, each frame consists of
130 time slots (65 STBC blocks), and all the antennae
are independent. For slow fading, the channel is con-
stant during one frame and varies independently from
one frame to another. For fast fading, the channel is
constant during one STBC block and varies independ-
ently from one STBC block to another. In Fig. 6 and
Fig. 7, the gap between different criteria based codes
in fast fading channels is much bigger than that in
slow fading channels. The reason is that the TC is
suitable for both types of fading, while the RDC is on-
ly suitable for slow fading.

10° &,
L
< -
g 10-1
5
(5]
g 1072
& 3
3 L %, ® , .
1077 4 8 2 16 20
SNR/dB
(b)

Fig.6 Comparison of three 4-state codes of 1 bit/(s-Hz). (a) Slow fading; (b) Fast fading
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Fig.7 Comparison of two 16-state codes of 2 bit/(s-Hz). (a) Slow fading; (b) Fast fading
7 Conclusion block coding for wireless communications: performance

The design of SOSTTC based on the trace criteri-

on is proposed. This design has many advantages. The
main one is that it can design the codes in a handcraft-
ed and systematic way easily. The design procedure is
illustrated, and the design results are also given. By
constellation expansion, new codes can be found,
which are better than other codes as known.

(1]

(2]

References

Tarokh V, Seshadri N, Calderbank A R. Space-time codes
for high data rate wireless communication: performance
criterion and code construction [J]. IEEE Transactions on
Information Theory, 1998, 44(2):744 —765.

Tarokh V, Jafarkhani H, Calderbank A R. Space-time
block codes from orthogonal designs [J]. IEEE Transac-
tions on Information Theory, 1999,45(5): 1456 —1467.

[3] Tarokh V, Jafarkhani H, Calderbank A R . Space - time

Tl E N EIE

Q-

[4]

[51]

[6]

(71

[8]

results [J]. IEEE Journal on Selected Area in Communica-
tions, 1999,17(3) : 451 —460.
Alamouti S M. A simple transmit diversity technique for
wireless communications [ J]. IEEE Journal on Selected
Areas in Communications, 1998,16(8): 1451 — 1458.
Jafarkhani H, Seshadri N. Super-orthogonal space-time
trellis codes [J]. IEEE Transactions on Information Theo-
ry,2003,49(4):937 —950.
Chen Z, Yuan J, Vucetic B. An improved space-time trellis
coded modulation scheme on slow Rayleigh fading chan-
nels [ A]. In: IEEE International Conference on Communi-
cations| C] . Helsinki, Finland, 2001. 1110 — 1116.
Yuan J, Chen Z, Vucetic B, et al. Performance and design
of space-time coding in fading channels [J]. IEEE Trans-
actions on Communications,2003,51(12):1991 —1996.
Janani M, Hedayat A, Nosratinia A. Improved super-or-
thogonal codes through generalized rotation [ A]. In: IEEE
Global Telecommunications Conference [ C]. Dallas,
USA, 2004.3773 —3777.

AR I
A%

(ABXFHHERERTELELEE, d K 210096)

WE AT kRIS 6 3R5T  3R B T AR T g N 6T ik AT T HGA T X
BN R vk 0 B b A B T MR 6 4R B AR T AR T I 893k 3t sk STBC 7 %
E5E MMM AZ5FEL STBC £ /2 M P 89 5 BLix v K& % 69 HALR I, SR 3B X — R
W25 T A R g Tt eg Bk IR, FaBad R YR W I ik, T MBI e A AR —
#ZH. PR TGRSR A AR eI B BAF e RE.

KHEIR] AR OB B B AL IE AN F T A Skt
& 43S TNI1



