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Abstract— Multiple-input multiple-output (MIMO) systems
will play an important role in future generations of wireless
networks. Space-time block code (STBC) and space-time trel-
lis code (STTC) are two techniques that may be used in multi-
antenna radio systems. This paper aims, most importantly,
to study the performance of STBC systems at different val-
ues of such parameters as spectral efficiency, matrix codes
and constellations. A performance comparison between STBC
and STTC schemes is performed. In order to show the effi-
ciency of the system’s ability to communicate with uncoded
and coded transmission structures over AWGN and Rayleigh
channels, the trellis-coded modulation (TCM) is introduced.
The results obtained show that the proposed TCM-STBC sys-
tem model, using one and two receiving antennas, improves
the performance of Rayleigh channel communication systems
at 9.5 dB and 11.5 dB for a BER of 105,

Keywords—BER, MIMO, SNR, STBC, STTC, TCM, TCM-
STBC.

1. Introduction

The major challenge faced by advanced communications
and wireless multimedia technologies consists in achiev-
ing high performance levels with reliable communication
and flexible data rates. Such outcomes are offered within
a limited spectrum of bandwidths and energy consump-
tions rates. The MIMO technology improves spectrum ef-
ficiency and boosts channel capacity. The space-time cod-
ing (STC) technique introduces space redundancy, thanks
to the addition of multiple antennas, and time redundancy
thanks to channel coding. To achieve this, two prevailing
space-time coding techniques are used, namely Space time
block codes (STBC) and space time trellis codes (STTC).
The STBC approach offers diversity gains with very low
decoding complexity levels, while STTC provides both di-
versity and coding gains at the cost of higher decoding
complexity [1].

Trellis coded modulation (TCM) is a bandwidth-efficient
transmission scheme that may achieve high encoding gains
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by integrating encoding and modulation. A more efficient
approach consists in designing trellis encoded modulation
solutions in long sequences of messages [2], [3]. The
permitted sequences should differ considerably from each
other. The receiver may then make a decision concerning
the sequences based on statistical analysis, rather than by
relying on the symbol-by-symbol based computation de-
coding method [2].

In the literature, various studies describe the performance
of such systems relying on space time coding (STC) [4], [5],
STBC [6], STTC [7] and TCM [8] techniques. Other stud-
ies focused on combining STBC and STTC [9] with dif-
ferent systems, such as MC-CDMA [10] or OFDM [11].
In [4], a new generalized concatenated signal code con-
struction whose inner codes are golden codes and outer
codes are products of Reed-Solomon codes is proposed.

In [6], the authors proposed a new approach to decode
STBC-MIMO using the Kurtosis-based blind source sepa-
ration (BSS) algorithm under a quasistatic flat fading chan-
nel. The performance of a space time trellis code-based
solution with the beamforming concept and relying on var-
ious modulation techniques is analyzed in [7]. Hashem
Ali Khan er al. [8] analyzed signal constellations based
on orthogonal space-time codes (OSTCs), which are theo-
retically suited for MIMO systems. BER performance of
STBC and STTC in the MIMO satellite channel is studied
by Jing and Wu [9]. In [10], balanced STTC (B-STTC)-
based STBC site diversity is proposed to improve the per-
formance of MC-CDMA systems by mitigating multi-cell
interference and is extended to the STBC-based B-STTC
site diversity technique. STBC-OFDM techniques are stud-
ied in [11] for wireless channels using BPSK modulation
and maximum likelihood detection for two transmit and two
receive antennas.

Our contribution consists in proposing a combination of
two systems: trellis coded modulation (TCM) and the
space-time block code (STBC) for improving performance
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of transmission. The remaining part of the paper is orga-
nized as follows.

In Section 2, space time block coding is introduced. Sec-
tion 3 presents a comparison between STBC and STTC
schemes. Section 4 describes performance of communi-
cation with uncoded and coded transmission systems, us-
ing the TCM structure. Section 5 discusses the results
of simulations of the proposed scheme, using TCM code
modulation concatenated with the STBC. Finally, the paper
concludes by presenting certain insights into the prospects
concerning our present work.

2. Space Time Block Coding

STBC stipulates that each block is coded using predeter-
mined rules, independently of the other blocks. A de-
coding error occurring in one block does not affect other
blocks. This pace-time diversity method has been proposed
by Alamouti [12] using transmit and receive antennas. This
method was then generalized by Tarokhet for n transmit an-
tennas and m receive antennas in [13], [14]. Figure 1 illus-
trates the communication system of the original Alamouti
STBC solution using two transmit and two receive anten-
nas. The idea is to send a block of symbols via several
transmit antennas. The symbols sent during the duration
of a block vial all the antennas are orthogonal. Real or
complex symbols may be used for the transmission. The
transmit and receive antennas are positioned in such a way
that there is no correlation between them. The channels
between each pair of transmit and receive antennas are in-
dependent and uncorrelated under these conditions. Due to
the orthogonality of symbols, it is possible to use a sim-
ple linear recombination algorithm at the reception side to
recover the symbols transmitted by all the antennas.

Decoder
STBC

Encoder
STBC

Fig. 1. Alamouti’s STBC communication system.

Information symbols will be processed in pairs while gen-
erating four other symbols, two per each antenna [12]. Two
signals are transmitted simultaneously from both antennas
at time #. The signal transmitted by antenna one is defined
by xo and the one transmitted by antenna two is defined

Table 1
Transmission sequence for two antennas
Temps Antenna 1 Antenna 2
t X0 X1
t+T —x] x5

by xi. At time ¢+ T, the signal (—x7) is transmitted by
antenna one and signal xj is transmitted by antenna two,
according to Table 1.

At time ¢, the signal received at antenna j is given by:

2
rl =Y hijxi+nl. (1)

i=1

The diversity matrixes Gy, and Hyy, are given by [12], [15]:

X1 —x;
Gy, = i 2
X2 xj
B * * * « 17T
X| —X2 —X3 —X4 X} —X; —X3 —X)
Gi=|x xf x4 —x3 x5 X| x5 —X3| ,
| X3 —x4 x1 X X5 —x; X X |
3)
(X —xp —x3 —x4 x° —xt —xt —xt 17
1 2 3 4 A 2 3 4
* * * * *
Gy — X2 X{ X4 —x3 X5 X| X} —X
4 = * * * * )
X3 —X4 X X2 X3 —Xg; X X)
| X4 X3 —X2 X1 X; X3 —X; X]
4
* *
T
—_x* Rl Rel
* *
* X3 X3
X X =% =
Hy — 2 1 V2 V2
¢ XX TMoXNARoN XX 404N
N 2 2
X -x —X1 —X] +xp—x5 —X1 —X] +xp+x5
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©)

The maximum likelihood decoder chooses a pair of signals.
For two transmit G2 codes (Alamouti), the technique for
combining xo and x is [12]:

o = fl ['J{hTﬁ (Vﬁ)*hzj}
e o ©)
fi= % | () |

j=
For two receive antennas:

%o = rihdy () b 4 rilip 4 () e

1 =ik = (r3) iy +rihsy — (13) hi ’
where hjy1, hia, hp; and hyy represent the corresponding
complex time domain channel transfer factors.
Figure 2 shows simulation results obtained based on the
STBC scheme at 1 bps, using one, two, three, and four
transmitting antennas and one receiving antenna. The out-
put signal power is transmitted in whole when using one
antenna. Otherwise, it will be equally divided when using
multiple antennas [15]. The transmission performed while
using one, two transmitting antennas relies on a BPSK con-
stellation, as well as on the G1 (SISO model) and code
G2. For three and four transmit antennas, the constella-
tion used is QPSK with codes G3 and G4, for a spec-
tral efficiency of 1 bps. For a BER of 107> a significant
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Bit error rate

0 5 10 15 20 25 30 35

SNR [dB]
o GI BPSK G3 QPSK
* G2 BPSK © G4 QPSK

Fig. 2. BER versus SNR for different STBC codes for 1 bps with
only one receiving antenna.

Rx=2 1bps

Bit error rate

0 2 4 6 8 10 12 14 16

SNR [dB]
© GI BPSK G3 QPSK
* G2 BPSK * G4 QPSK

Rx=1 2bps

Bit error rate

0 5 10 15 20

SNR [dB]
* G1 QPSK *

G3
G2 QPSK o G4

Fig. 4. BER versus SNR for different STBC codes for 2 bps with
a single receiving antenna.

Bit error rate

0 5 10 15 20 25 30 35 40

SNR [dB]
% G1 8PSK o G4 64-QAM
G2 8PSK © H4 16-QAM

Fig. 3. BER versus SNR for different STBC codes for 1 bps with
two receiving antennas.

improvement in performance is observed, equaling approx.
7.5 dB for code G4, compared to code G2 for a single
receiving antenna. If the number of receiving antennas is
increased, this gain equals 3 dB, as shown in Fig. 3, with
spectral efficiency amounting to 2 bps. In Fig. 3, the Gl
variant is called SIMO.

Figure 4 depicts the simulation results obtained for 2 bps
using one, two, three, and four transmit antennas. The
transmission is performed using one, two transmit anten-
nas with the QPSK constellation, as well as code Gl
and G2. For three and four transmit antennas, the 16-QAM
constellation is used with codes G3 and G4, respecti-
vely. It is obvious that code G4 offers a gain of approx.
5 dB, compared to code G2 for a of 107> and one receiving
antenna.
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Fig. 5. BER versus SNR for different STBC codes for 3 bps with
only one receiving antenna.

BER results versus SNR for 3 bps are shown in Fig. 5. For
the 8-PSK modulation, codes G1 and G2 are used. Code
G4 is used for the 64-QAM modulation. The 16-QAM
modulation is used with code H4. Figure 4 clearly illus-
trates that the use of spatial diversity improves performance
of the transmission system. Thus, there is an improvement
of about 6 dB using code H4, compared to code G2 for
BER of 107 for one receiving antenna.

3. Space Time Trellis Codes

STTCs combine modulation and trellis coding for trans-
missions across multiple transmit antennas [16], [17]. The
number of antennas may be increase without much com-
plexity. Two symbols are simultaneously emitted from
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these two antennas for each path in the trellis accordingly.
Indices corresponding to the emitted symbols are repre-
sented in front of each line, indicating the state in the el-
ementary lattice. These indices are ordered from left to
right, considering the disposition of the segments, clock-
wise for each state. The number of the grouped indices is
equal to the number of antennas.

The space time trellis encoder transmits symbols x; ; and
X2 over two transmitter antennas 7,; and T,. For each
instant k, in a 4-state scenario with 4PSK constellation, the
output symbols are given by [15], [17]:

X1 = O.dk,l —|—0.dk72 + 1~dk—1,1 —|—2.dk,172 , (8)

Xkp = l.dy 1+ Z.dk72 + O.dk_171 + O~dk—1,2 , 9)

where dy ; represents current input bits and dj_1 ; represents
previous input bits and i =1, 2.
For each transmission time, the space time trellis decoder
uses two 4-state receiver antennas with 4PSK. Symbols x
and x, are transmitted by antennas 7,; and T». At the
reception antennas Ry and R, we have:

yi = hnxy +hipxo +ny (10)

y2 = haix1 + haoxa +ny (11
The corresponding complex time-domain channel transfer
factors are represented by Ay, h12, hp1 and hyy. The ny and
ny are independent complex valued AWGNSs having a zero
mean and a power spectral density of Np/2 per dimension
at time k and k + 1, respectively.

2 bps

Bit error rate

0 5 10 15 20 25
SNR [dB]

o STTC 16 state QPSK v STBC G2 QPSK

Fig. 6. BER versus SNR for 2 bps with one receiving antenna.

Figure 6 illustrates a comparison between STBC and STTC
schemes for 2 bps, using one receive antenna. In STBC
(code G2) and STTC (16-state codes), we use two transmit
antennas with the QPSK constellation. The output sig-
nal power is transmitted fully when using one antenna.
Otherwise, it will be equally divided when using multiple
antennas.

Figure 6 clearly depicts that space-time trellis codes gen-
erate better results than the block space-time coding. For

a BER of 5-107, the STTC provides a gain of 2 dB over
the STBC scheme.

Figure 7 shows the simulation results for 3 bps using one re-
ceiving antenna for the STBC scheme (code G2) and STTC
scheme (16 states). Two transmit antennas with the 8-PSK
constellation are used. For a BER of 3-107>, STTC pro-
vides a 3.4 dB gain over the STBC scheme.

3 b

Bit error rate

0 5 10 15 20 25 30 35
SNR [dB]
o STTC 16 state 8PSK v STBC G2 8PSK

Fig. 7. BER versus SNR for spectral efficiency of 3 bps with
only one receiving antenna.

Both block space time codes and space time trellis codes
are characterized by broadcast diversity. Space-time codes
in blocks are constructed from orthogonal matrixes and may
all exploit diversity. They are easily decodable by a max-
imum likelihood decoder and linear processing at the re-
ception, but they suffer from a lack of coding gain. On the
other hand, the lattice space-time code has both diversity
and coding gain, but it is complex to decode.

4. Trellis Coded Modulation

Trellis coded modulation (TCM) is one of the coded modu-
lation techniques [18] used in MIMO systems. It combines
the choice of a modulation scheme with that of a convo-
lutional code, in order to obtain immunity against noise.
More specifically, transmission is performed without in-
creasing the bandwidth of the transmitted signal [19]. TCM
is used in many modern transmission systems, such as
modems.

For the 8-state TCM encoder with a spectral efficiency of
2 bps, the generating matrixes are [20]:

00 1 00
G=100], T7=(10]. 2
01 0 0 1

Matrix G is obtained by the dependence between each
memory of the convolutional coder and the other mem-
ories. Matrix T is based on the dependence of the coder
memory on coder inputs. The generator polynomial is:
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P=(11,02,04)g . (13)

In Fig. 8, performance of the TCM scheme for 8-PSK
modulation over the AWGN channel and Rayleigh channel
is shown. The rate of this code is R =2/3. It is clear from
this figure that for a Gaussian channel, the gain provided
by the TCM scheme is about 2 dB for a BER of 107> and
that this gain is 9 dB for a BER of 1073 over a Rayleigh
channel.

Bit error rate

5 10 15 20 25 30

SNR [dB]
* AWGN

0 TCM AWGN

o Rayleigh
Vv TCM Rayleigh

Fig. 8. Performance of TCM code in AWGN and Rayleigh chan-
nel.

Figure 8 illustrates that the use of TCM code modulation
offers considerable gains in coding compared to an uncoded
transmission system.

5. Association between TCM and STBC

In this section, the proposed scheme, named TCM-STBC, is
presented. Figure 9 presents a block diagram of the scheme
using TCM code modulation concatenated with STBC.
The following are the different steps needed to transmit
K bits (data source) using TCM-STBC:

1. In the TCM block, we choose N-states and the type of
generator polynomial P, where the rate is: ratercy =
K

(K+1)"

| Source H Encoder TCM |—-| Encoder STBC Ejf/ n=2

Transmitting
antennas

| Reception H Decoding TCM |<—’Decoding STBC@ m=2

Receiver
antennas

Fig. 9. Transmission system for STBC associated with TCM.
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2. The number of bits at the output of the TCM block
is equal to K+ 1 bits.

3. The resulting K 41 bits of step 2 are injected in the
STBC block. Then, the STBC block rate will be
ratesrcp, depending on Gy or Hyy matrixes and the
constellation type.

4. The resulting rate of the entire TCM-STBC system
will be: ratercy—sTpe = ratercy X ratesypce.

5. The output signal power is totally transmitted in
whole when using one antenna. Otherwise, it will
be equally divided when using multiple antennas.

6. At the receiver part, we applied the STBC and TCM
decoding method.

Finally, we receive the transmitted data.

To enable a performance analysis of the proposed TCM-
STBC scheme, Fig. 10 illustrates the impact of memory
size (number of states) after the concatenation of the TCM
with the STBC for 8-PSK modulation and the generator
polynomial is P = (11,02,04)g with spectral efficiency of
2 bps and 2/3. We can notice that when increasing the num-
ber of states for the TCM coder, performance of BER, as
a function of the SNR performance, improves. For exam-
ple, for a BER of 10~4, the 16-state TCM-STBC provides
a gain of about 1 dB over the 8-state TCM-STBC.
Comparison between TCM-STBC and STTC is performed
for the same memory size. Since STTC offers comparable
results for 16 and 32 states, the comparison is performed
for 16 states. For spectral efficiency of 2 bps, TCM-STBC
uses the 8-PSK modulation and the generator polynomial
is P =(11,02,04)s with a rate of 2/3. For STTC, QPSK
modulation in the Rayleigh channel is used.

Figure 11 shows a comparison between the performance
of TCM-STBC (code G2) and STTC for one receiving an-
tenna. It is clear that the gain generated by the use of
TCM-STBC is considerable. For a BER of 10™* gain as-
sociated with STBC is 10.5 dB relative to STTC in the
Rayleigh channel.

2 bps

Bit error rate

5 6 7 8 9 10 11 12
SNR [dB]
V 8 state % 16 state

O 4 state O 32 state

Fig. 10. Performance of TCM-STBC with 4, 8, 16 and 32 states.
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2 bps

Bit error rate

5 10 15 20 25
SNR [dB]
0 STTC V TCM-STBC

Fig. 11. Comparison between STTC and TCM-STBC proposed.
The results obtained illustrate the effectiveness of using
TCM coding, as it offers a gain compared to STBC, thus

leading to a diversity gains, unlike in the case of STTC
which uses both coding and diversity gains.

2 bps

Bit error rate

4 6 8§ 10 12 14 16 18 20 22
SNR [dB]

* TCM-STBCRx =2
vV TCM-STBCRx=1 o TCM AWGN

o TCM Rayleigh

Fig. 12. Performance of TCM-STBC for one and two receiving
antennas.

Figure 12 presents the effect of using two receive antennas
for the TCM-STBC model (code G2) with 8-PSK modu-
lation, spectral efficiency of 2 bps and a 2/3 rate in the
Rayleigh channel. It is very clear that the curves showing
BER versus SNR obtained with the use of TCM-STBC are
well below the TCM curve in the Rayleigh channel. The
gain is 9.5 dB for a single receiving antenna and 11.5 dB
for two receiving antennas, for BER of 107>, These curves
are much closer to the curve obtained with the use of the
TCM system in the AWGN channel. Indeed, the addition
of a receiving antenna to the proposed TCM-STBC model
improves the performance parameters concerned.

6. Conclusion

This paper focuses on multi-antenna radio systems that may
be implemented in future generations of wireless networks.
Space time block codes (STBC) with different antenna
systems are presented and evaluated. BER performance
of STBC and space time trellis code (STTC) solutions
is compared using different configurations. The authors
prove that the TCM scheme implemented over AWGN and
Rayleigh channels may significantly improve performance
of the transmission system.

Simulation results clearly show that the scheme we have
proposed, relying on TCM code modulation and concate-
nated with the STBC system, significantly increases trans-
mission performances. An increase in the number of en-
coder states generates additional gains, but significantly in-
creases the calculation lead time during decoding. More-
over, addition of receiving antennas makes it possible to
increase the efficiency of TCM associated with the STBC
structure. This leads to a gain of 9.5 dB with one re-
ceiver antenna and 11.5 dB with two receiver antennas in
the Rayleigh channel, and reduces SNR.
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