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ABSTRACT

Space Time Trellis Code (STTC) is a technique that can be used to improve the performance of
the Orthogonal Frequency Divison Multiplexing (OFDM) system over wireless channels by
providing both coding gain and diversity gain. STTC is combined from two codes, Trellis Code
Modulation (TCM) as an inner code and Space Time Block Code (STBC) as an outer code. TCM
which combines the choice of a modulation scheme with that of a convolutional code provides the
coding gain, and the other code provides the diversity gain. Simulation is done over flat fading and
frequency selective Rayleigh fading channel for Eight Phase Shift Keying (8-PSK) TCM. It found
that the best results are obtained for the case of two transmitters and three receivers which have a
gain of about 18dB over that without STBC.

KEY WORD
Orthogonal Frequency Division Multiplexing, Space Time Block Code, Trellis Coded
M odulation.
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INTRODUCTION

In most situations, the wireless channel suffers attenuation due to destructive addition of
multipaths in the propagation media and to interference from other users. The channel statistic is
significantly often Rayleigh which makes it difficult for the receiver to reliably determine the
transmitted signal unless some less attenuated replica of the signal is provided to the receiver. This
technique is caled diversity, there are severa kinds of diversity temporal, spatial, and frequency
diversities [N. Balaban, 1991]. In recently years, transmitter diversity has been introduced by
Alamouti [S. M. Alamouti, 1999] to combat fading in wireless environments and improve the
performance of the wireless system without significantly increasing the size or complexity of the
receiver. Space-Time Code (STC) techniques have been proposed for transmitter diversity and then
employed in the OFDM system to further reduce fading and obtain the better signal quality from the
diversity gain [D. Agrawal, 1998]. Space Time Block Coded OFDM presented in [M. Uysal, 2001]
can only exploit space diversity. The Space Time Trellis Coded OFDM is considered to exploit
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both space and time diversity. In this paper, we focus on the improved performance of the OFDM
system using transmit diversity with Space Time Trellis Code (STTC). STTC is a combined system
from Space Time Block Code (STBC) and Trellis Coded Modulation (TCM). The STBC provides
the diversity gain to the system and the TCM provides the coding gain. The diversity gain is
increased by increasing the number of antennas at the receiver. TCM combines a multilevel
modulation scheme with a convolutional code over band-limited channels, while the receiver,
instead of performing demodulation and decoding in two separate steps, combines the two
operations into one. The basic principles of TCM were published in 1982 [G. Ungerboeck, 1982],
and some further developments are documented [R. Calderbank, 1984]. The performance
comparisons of the bit error probability for conventional OFDM, STTC OFDM have been
presented. As the simulation results, the STTC OFDM provide the much improved performance
over conventional OFDM. And the best performance was found in the case of the two transmit
antennas and three received antennas.

- DESIGN OF STTC CODED OFDM

OFDM System M odel

OFDM is a multicarrier transmission technique, which divides the available spectrum into many
carriers, each one being modulated by a low rate data stream. Fig. 1 shows the block diagram of a
simplex point-to-point transmisson system using OFDM system. The two main principles
incorporated are: The Inverse Fast Fourier Transform (IFFT) and the Fast Fourier Transform (FFT)
are used for, respectively, modulating and demodulating the data constellations on the orthogonal
sub-carriers [Eric Lawrey, 1997].
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Fig. 1: Block diagram of OFDM system
Note that at the input of the IFFT, N data constellation points are present, where N is the

number of FFT points. These constellations can be taken according to any Phase Shift Keying
(PSK) or Quadrature Amplitude Mmodulation (QAM) signaling set (symbol mapping). The N
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output samples of the IFFT — being in time-domain — form the baseband signal carrying the data
symbols on a set of N orthogonal sub-carriers.

In areal system, however, not all of these N possible sub-carriers can be used for data. Usualy,
N is taken as an integer power of two, enabling the application of the highly efficient IFFT, FFT
algorithms for modulation and demodulation which provide the orthogonality to the system. The
second key principle is the introduction of a cyclic prefix as a Guard Interval (Gl), whose length
should exceed the maximum excess delay of the multipath propagation channel. Due to the cyclic
prefix, the transmitted signal becomes “periodic”, and the effect of the time-dispersive multipath
channel becomes equivalent to a cyclic convolution, discarding the guard interval at the receiver.
Due to the properties of the cyclic convolution, the effect of the multipath channel is limited to a
point-wise multiplication of the transmitted data constellations by the channel transfer function, the
Fourier transform of the channel impulse response, i.e., the sub-carriers remain orthogonal [K.
Witrisal, 2002].

The Design of 8-PSK Trellis Coded Modulation
The concept of set partitioning is of centra significance for TCM schemes. Fig. 2 shows this
concept for Eight Phase Shift Keying (8-PSK) signal constellation.
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Fig. 2: Set Partitioning for 8-PSK M odulation

Set partitioning divides the signal set successively into smaller sets with maximally increasing
smallest intra-set distances [Yipeng Tang, 2001]. There are a total of four partitions counting the
first un partitioned set. At the top most level, the Minimum Euclidean Distance (MED) between the
signalsis:
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Ao = 2+/Es SIN(n/8) = 0.7654+/Es (1)

Note that the distance depends on the symbol energy Es. We can normalize the energy to 1,
then Ao = 0.7654 and the Minimum Square Euclidean Distance (MSED) is:

do? = A¢® =0.586 (2)

At the next level, where there are only four points in each of the two cosets, the MSED has
increased to dh? = A;° = 2, and at the last level, the MSED is 4.0.

An encoder for the 8-PSK 4-state TCM is shown in Fig. 3. A rate of 2/3 with two inputs Xz
X1, and outputs y, Y1 Yo.

Xo Y2 | 8PSK
- | TN Y1 | Mod
X1 D » D " > —*Output
Yo

Fig. 3:8-PSK 4States TCM Encoder

This encoder involves 1/2 convolutional code, one bit x; in and two bits y; yoout. The other bit
y>= X2 which is the most significant bit left uncoded. This encoder has four states because it
contains two memories. Thetrellis diagram for this encoder is shown in Fig. 4.

Encoder State Trellis

Fig. 4: Trellis Diagram of 4-States Rate 2/3 TCM Code

At each state there are two coded bits incoming as well as one uncoded bit, so each path doubles
to account for the two choices for the uncoded bit.
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At state (00), if coded bits are 10, then the output of the encoder is 110 if uncoded bit is 1 or 010
if it is 0. This doubling of choices is called parallel transitions.

The coding gains of TCM compared with uncoded schemes asymptotically achieved at high
signal-to-noise ratios are expressed as.

d?./E

dz /E'

min

g =10log,, (3)

where y is the coding gain, d%e and d’yin are the squared free distances of the TCM and
uncoded schemes, respectively. E and E' denote the average signal energies of the TCM and
uncoded systems, respectively. From the trellis in the Fig. 4, the paralel paths at t = 0, state 00.
Two parallel pairs, 100 and 000 pair and the 110 and 010 pair. Each pair is 180 degree phase shift
apart and this correspond to a MSED of 4.0. This is the SED at the bottom level of the partition in
Fig. 2.

Now to determine the minimum distance path for this code, following from each state the path
with the smallest squared distance (but not zero). This is 2.0 for the path starting at state 00. This
takes us to state 2. From this state the minimum distance path is 0.586. This takes us to state 1 and
from here retuning to state O via a path that has a squared distance of 2.0. There is no other path that
can take us back to 00 state and has a smaller total distance as shown in Fig. 5.

Thetotal MSED (diee) for this code is the sum all three of these squared distances.

Oiree = 2 + 0.586 + 2 = 4.586

Now 0% for the TCM is the smaller of the two distances dvn and diee that determine the
overall performance.

Oiree = MiN[diree, d’rin] = MiN[4.586,4.0] = 4.0 (4)
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Fig. 5: Error path comparison for 8-PSK TCM
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To determine the coding gain, dividing d%.e by the minimum square Euclidean distance of the
uncoded Quaternary Phase Shift Keying (QPSK) constellation d?yi, = 2. The coding gain from eg.
(3) (assuming that both coded and uncoded signals have same energiesE=E') is:

vy =10 log [4/2] = 3dB

It is a remarkable result to obtain a gain of 3dB without any increase in bandwidth or symbol
rate. By increasing the number of states to 8 (This is done by increasing the number of memory
registers from 2 to 3), so that there are no paralel transitions in the trellis. The minimum squared
distance between an error path and correct path is completely determined by the convolutional
encoder as shown in Fig. 6.

7351
Fig. 6: Trellisof a code of arate 1/2 with 8 states

In the figure above the left side lists the symbol numbers possible at each state. At state O, path
6 has the smallest distance, from there going to symbol 7 and symbol 6 again. This path has the
smallest SED. The sum of each of the distances is:

9105%=20, 9t05,=0.586, SHtos=2.0
Oiree = 2+0.586+2=4.586

and now the coding gain is:
v =10 log (4.586/2) = 3.7dB.

Thisis an improvement over the case of four states which had a coding gain of 3dB. More states
improve this yet further.

Decoding TCM

A convenient way of describing a set of signal sequences is through a trellis. The distance
properties of a TCM scheme can be studied through its trellis diagram in the same way as for
convolutional codes. The optimum decoding is the search of the most likely path through the trellis
once the received sequence has been observed at the channel output. Because of the noise, the path
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chosen may not coincide with the correct path, i.e., the path traced by the sequence of source
symbols, but will occasionaly diverge from it and remerge at alater time [Mei Hong, 2002].

The Viterbi algorithm, as a genera technique for decoding the convolutiona codes, is aso
used in the TCM decoder. Due to the one-to-one correspondence between signal sequences and
paths traversing the trellis, maximum-likelihood (ML) decoding consists of searching for the trellis
path with the minimum Euclidean distance to the received signal sequence. If a sequence of length
K is transmitted, and the sequence ro,r,...,l'-1 IS observed at the output of the AWGN channel, then

the ML receiver looks for the sequence Xo,X1,....Xc1 that minimizes g‘l|ri - x|. This can be done
by using the Viterbi algorithm. The branch metrics to be used are oblt:':ined as follows. The branch
in the trellis used for coding is labeled by signa x , if there are no paralld transtions, then at
discrete time i the metric associated with that branch is |ri - X |2. If a pair of nodes is connected by
paralel transitions, and the branches have labels X, x',....... in the set x, then in the trellis used for
decoding the same pair of nodes is connected by a signal branch, whose metric is rxnllrxl r-x |2. That
is, in the presence of parallel transitions the decoder first selects the signal among X, x',......, with

the minimum distance from r; (thisis a‘“demodulation” operation), then builds the metric based on
the signal selected.

STBC with Two-Branch Transmit Diversity and One-Receiver
The structure is shown in Fig. 7. At a symbol period, two signals are transmitted from the two
antennas simultaneously. Table 1 showsthat the symbol transmitted from antenna zero is s, and

Table 1: Thetransmit sequence for two-branch transmit diversity.

antenna 0 antenna 1
timet S St
timet+T -5 * S*

antennaone is s . At next symbol period, the symbol transmitted from antenna zero is - s;* and
antenna oneis s* where* is the complex conjugate operation [S. M. Alamouti, 1999].
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Fig. 7: A space-time block code with two-branch transmit diversity

The channel path gain at time t is modeled by a complex distortion ho(t) for transmit antenna
zero and hy(t) for transmit antenna one. Assume the fading coefficient is constant across two
consecutive symbols. It can be seen that the transmit sequence is divided into many blocks, and
each block length is two symbol time units [S. M. Alamouti, 1999].

These combined signals are then sent to the maximum likelihood detector and using the decision
rule of MPSK to make the most possible decision to recover the original transmission signals. The
space-time block coding provides us to design concatenated codes with others. It is useful to
combat the interference in Rayleigh fading channel. If there were two transmit antennas and M
receive antennas, then the diversity advantage is 2M.

STBC with Two-Branch Transmit Diversity and Two-Receivers

There may be applications where a higher order of diversity is needed and multiple receive
antennas at the remote units are feasible. In such cases, it is possible to provide a diversity order of
2* 2 with two transmit and 2 receive antennas. The sequences are listed in Table 2 and Table 3.
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Table 2: The Definition of Channels Between The Transmit And Receive Antenna

rx antenna 0 rx antenna 1
tx antenna 0 hy h3
tx antenna 1 hy hy

Table 3: The Notation For The Received Signals At The Two Receive Antennas

rx antenna { rx antenna 1
time ¢ ry ry
timer+ 7T rg ra

Fig. 8 shows the baseband representation of the scheme with two transmit and two receive
antennas. The encoding and transmission sequence of the information symbols for this
configuration is identical to the case of a single receiver, shown in Table (1). Table (2) defines the
channels between the transmit and receive antennas, and Table (3) defines the notation for the
received signal at the two receive antennas [S. M. Alamouti, 1999].

Where

To =hoso + h1s1 + o
r1 =—hos] + hi1s; +ny
r2 =h280 4+ hasy 4+ n2
g = —h;rs; 4 hgsﬁ + ng

(5)

No,Mm,N; and ng are complex random variables representing receiver thermal noise and
interference. The combiner in Fig. 8 builds the following two signals that are sent to the maximum
likelihood detector:

50 =hgro + hiri + hara + hars

81 = hiro—hori + h;‘i"z — hars. 6)
Substituting the appropriate equations we have
- . e e e P | & ¥ F F
51 =(0f + af + a3 +a?)sy — hom} + hing— hani + hina. (7

These combined signals are then sent to the maximum likelihood decoder which for signal s
uses the decision criteria expressed in eg. (22) or eg. (23) for PSK signals. Choose s iff

(0f 4+ of + a3 +af = 1)|si|* + d*(30, 5;)

< (o +of +0F + oF — Lsk* + d*(30. s&). )
Choose s iff

d*(30, 5) < d*(30, 1), Vi#k. ©)
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Similarly, for s; using the decision rule is to choose s signal iff

(o + of + 03 + oF — 1)sif* + d*(34, 53)

. (10)
< (a2 + o+ a3+ a2 —1)[sg|* + (31, s)
or, for PSK signals, choose s iff
(5, 5) < P51, ), Vitk (11)
1)) E) |
.sl- .T“‘
tx antenna O ‘W @' tx antenna 1
kn - kl kz 1rk3
rx antenna ":? W rx antenna 1
g i interferenc, "2
P &I S

channel
estimator

channel
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Fig. 8: two-branch transmit diversity scheme with two receivers

STBC with Two-Branch Transmit Diversity and Three-Receivers

It is possible to provide a diversity order of 2*M with two transmit and M receive antennas. It
can use the combiner for each receive antenna and then simply add the combined signals from all
the recelve antennas. Therefore for this case of two transmitters and three receivers (2TX-3RX), it
can be applied the same method used for the case of two transmitters and two receivers (2TX-2RX)
mentioned above.

Concatenated STBC with TCM for OFDM System

Fig. 9 shows the block diagram of concatenated STBC with TCM for OFDM system. First, the
TCM encoder encodes the source data. Next, the encoded data is interleaved because the Viterbi
Algorithm (VA) is not effective against burst errors. Adding interleaver to distribute burst error.
And then the space-time encoder encodes the data. The concatenated code is used in the OFDM
system. At each time interval, the symbols are modulated and transmitted simultaneously over
different transmit antennas.
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At the receiver, the received data is demodulated by the OFDM demodulater, and then
combined according to the combining techniques described for STBC. The soft output of the
combiner is sent directly to the deinterleaver. Finally, a TCM decoder, such as the Viterbi
algorithm, decodes the data.

X1
J TX2
Information TCM STBC » |FFT
Source ™ Encoder > Interleaver » Encoder
> IFFT
RX RX1
FFT » STBC : TCM _»O/ P
Decoder [ Deinterleaver i pecoder
FFT >

Fig. 9: Block diagram of concatenated STBC with TCM for OFDM system.

The outer code is TCM, then its decoder must use soft-decisions and hence the SBTC decoder
must be soft output. Since the SBTC combats the fading by antenna diversity, the outer code (TCM)
combats the AWGN to achieve additional coding gain.

-SIMULATION RESULTS

This section gives the simulation results and evaluation tests of these proposed systems, STTC
coded OFDM for the cases, Two Transmitters-One Receiver (2TX-1RX), Two Transmitters-Two
Receivers (2TX-2RX), and Two Transmitters-Three Receivers (2TX-3RX). The results of the
systems in two types of channels, flat fading channel and frequency selective channel, will be
examined and compared. The effects of severa parameters of wireless channels on the two systems
will be investigated. In the OFDM system the FFT transformation is considered. For the TCM, Four
States (4States) and Eight States (8States) convolutional code were done. Table 4 shows the
parameters of the systems that are used in the simulation. Simulations were done in MATLAB 7.
Generation of 2000 packets, each one contains 128 bits.

Table 4;: Simulation Parameters.

TCM 8PSK
(4-STATES & 8-STATES)

Number of sub-carriers 64

Number of FFT points 64
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Flat fading + AWGN
Channel model

Frequency selective fading + AWGN

Fig. 10 and Fig. 11 illustrate the performance of STTC-OFDM system for 4States and 8States
8-PSK TCM in Flat Fading channel. It can be seen that the performance of the system increases
with increasing the diversity gain and coding gain. The best caseis that of 2TX-3RX.
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Fig. 10: BER performance of STTC-OFDM for 4-STATES 8PSK TCM in flat fading channel.

2695




Number 3 Volume 14 September 2008 Jour nal of Engineering

| BER Vs SNR [dB]
10 - v T T T

—6— flat1tx1rx8st

—%— flat2tx 1rx8st
—¥— flat2tx2rx8st
N\, | —— flat2tx3rx8st | |
10° Lo
\ \
\ X X y

$ 10 X \’ \‘ b\
@ e ]
\ [\ \ \
o\ 8
\ \ \
10" \ * \

L
/—4'
*,—"——-
B!
T

(R

15 20 25 35
SNR [dB]

o

w
o

Fig. 11: BER performance of STTC-OFDM for 8-STATES 8PSK TCM in flat fading channel.

Fig. 12 and Fig. 13 illustrate the performance of STTC-OFDM system for 4States and 8States
8-PSK TCM in Frequency Selective Fading channel. It can be seen that the performance of the

system increases with increasing the diversity gain and coding gain. The best case is that of 2TX-
3RX.
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Fig. 12: BER performance of STTC-OFDM for 4-STATES 8PSK TCM in frequency selective
fading channel.

2696




S. M. Abbas Design of Space Time Trellis Coded ofdm
Ismael Shenan Dshar

R BER Vs SNR [ dB ]
10

| © selltx1rx4st
o —%— sel2tx1rx4st
\5\ —¥%— sel2tx2rx4st
10 \ ¢ —F— sel2tx3rxdst
AN
K I'f\ X
X X\ \\
- X X R
w 10 \ \ % \
? X X X R
% \ \ \
\\ \ X \
10'4 K \ \\~. \
X X
\ \ \
— “ \
X\ \\s \’“‘\ )ﬁ
0 5 10 15 20 25 30 35
SNR

Fig. 13: BER performance of STTC-OFDM for 8-STATES 8PSK TCM in frequency
selective fading channel.

- CONCLUSION

In this paper, we investigate the improved performance of the combined OFDM system using
STTC based TCM schemes with two transmit antennas and multiple receive antennas, 4-States and
8-States convolutional encoder. The performance comparisons of bit error probability for the
conventional OFDM, STTC OFDM have been presented. Simulation results were provided to
demonstrate that significant gains can be achieved by increasing the number of receive antennas for
the STBC and the number of states for the TCM with very little decoding complexity. Therefore,
the STTC coded OFDM is afeasible.
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List of Abbreviations

DFT : Discrete Fourier Transform

FFT : Fast Fourier Transform

IDFT: Inverse Discrete Fourier Transform
|FFT : Inverse Fast Fourier Transform

MED : Minimum Euclidean Distance

MSED : Minimum Square Euclidean Distance
OFDM : Orthogonal Frequency Division Multiplexing
PSK : Phase Shift Keying

QPSK : Quaternary Phase Shift Keying

STBC : Space Time Block Code

STC : Space Time Code

STTC : Space Time Trellis Code

TCM : Trellis Coded Modulation
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