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Abstract

The main objective of this project is to design the full-rate
Space-Time-Frequency Trellis code (STFTC), which is
based on Quasi-Orthogonal designs for Multiple-Input Mul-
tiple-Output (MIMO) Orthogonal Frequency Division Mul-
tiplexing (OFDM) systems. The proposed Quasi-Orthogonal
Space-Time-Frequency Trellis code combines set partition-
ing and the structure of quasi-orthogonal space-frequency
designs in a systematic way. In addition to multipath diversi-
ty and transmit diversity, the proposed code provides receive
Trellis codes in terms of frame error rate performance. Di-
versity, array gain, and achieve high-coding gain over a fre-
quency selective fading channel. As simulation results
demonstrate, the code outperforms the existing Quasi-
Orthogonal Space-Time-Frequency Trellis codes in terms of
frame error rate performance.
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Introduction

The ever growing demand of multimedia service from
high mobility and global connectivity in next generation
wireless system require to have high voice quality and high-
er bit rate data service as compared to recent trends. Space
Time Trellis code has been introduced to improve error per-
formance for high coding gain which in turn will have better
quality as well as coverage and be deployed in diverse envi-
ronment. There have been a lot of efforts in designing codes
to obtain a high diversity for OFDM systems [2]-[6]. Design
problem of Space frequency trellis code for MIMO OFDM
system is initially resolved by jointly designed the space —
time trellis code both in slow fading and fast fading channel.
This is achieved by designing space-time codes [2], [4],
space-frequency codes [3], and space-time-frequency codes
[5], [6]. Space-Time-Frequency (STF) coding schemes can
achieve a maximum diversity gain equal to the product of
the number of transmit antennas Mt, receive antennas Mr,
the number of propagation paths L, and the rank of the
channel temporal correlation matrix R (Mt Mr LR). Then,
motivated by a need for trellis codes with good performance,
low number of trellis states and low decoding complexity,

we propose a scheme called Quasi-Orthogonal Space-Time-
Frequency Trellis Codes (QOSTFTCs), where we combine
Quasi-Orthogonal-Space-Time-Frequency  Block  Code
(QOSTFBC) [15] for a Frequency Selective Channel (FSC)
with four taps, with a trellis code in a systematic way.

Note that for this case (L=4), the QOSTFBC is related to the
QOSTBC with eight transmit antennas, with the difference
that the QOSTFBC is implemented as a block diagonal qua-
si-orthogonal structure to take advantage of coding across
the space, time, frequency dimensions. There has been no
previous work on QOSTF trellis codes for four transmit an-
tennas with parallel transitions in the trellis structure, such
that both the multipath diversity and coding gain can be
achieved despite parallel transitions. Furthermore, the
QOSTF trellis schemes proposed in this letter are based on
the design criteria derived in [18], [17] with appropriate ar-
rangements. Although the code from [17] exploits the multi-
path diversity and transmit diversity gains available in the
MIMO-OFDM channel, it does not provide additional cod-
ing gain, array gain and receive diversity as our proposed
code do for four transmit and two receive antennas.

System Model

The transmitter and receiver block diagram of proposed
QOSTFTC for MIMO-OFDM system with four transmit
antennas (M=4) and two receive antenna (Mr=2) is given in
Figures 1 and 2. Each transmits and receive antenna employs
an OFDM modulator and demodulator with N subcarriers.
Assume that the receiver has perfect channel knowledge
while the transmitter does not know the channel. There is no
spatial fading correlation exists in between antennas
throughout this work. And also assume that the channel im-
pulse response (CIR) between the transmit antenna i and
receive antenna j has L independent delay paths on each
OFDM symbol and an arbitrary power delay profile is given

by
L-1

hy ;£ = Z ar; (D80 — =) 1

i=0
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Where 7; represents the I path delay and a; ;(i) are the

fading coefficients at delayz;. It is assumed that all channels
a zero mean complex Gaussian random variable with a

variance of %_L on each dimension. For normalization pur-
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have the same power-delay profile. Note that each a; ;(I) is

in each transmit-receive

poses, assume that Xit af =
link.

Figurel. Transmitter block diagram for QOSTFTC
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Figure2. Receiver block diagram for QOSTFT

It is necessary to append a cyclic prefix to each OFDM sym-
bol to avoid Inter Symbol Interference (ISI) which is caused
by the multipath delay of the channel, the channel frequency
response (CFR), i.e. the fading coefficient for the nth subcar-
rier between transmit antenna i and receive antenna j is given

by

H;(n) = Thcfa; (D) e~ 2000 o

Where 4 is the inter subcarrier spacing, 7;=IT; is the I™ path
delay and T; = ﬁr is the sampling interval of the OFDM

system. A space —%requency codeword for four transmit an-

tennas transmitted at t"

sented by,

EEF = [n:'jr_':‘n] C:r{'n:] .:'!r{n:] ,;-i{ﬂ:]]fcﬂ.fxbtt

OFDM symbol period can be repre-

Where cf(n) is the complex data transmitted by the i trans-
mit antenna at the n" subcarrier, n=0,...,N-1. Moreover,
Clesatisfies the power constraint ElICLIIZ = N.A space-
time-frequency codeword has an additional dimension of
time added to the above space-frequency codeword. In gen-
eral we can express a STF codeword transmitted during "
OFDM symbol by
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— L [+l i+ p-0+32 W 4% 4
Corp = [CERCEE*CEE2CEER1eC

At receiver, after matched filtering, removing the cyclic pre-
fix and applying the fast Fourier transform (FFT) on frequen-
cy tones, the received signal at receive antenna j at the n"
subcarrier during the t" OFDM symbol duration is given by

4
KO = ) cfHE + NF G ©
i=1

Where j=1,...,M,, and NJ.-‘{ﬂj is a zero mean circularly sym-
metric Gaussian noise term, with zero-mean and variance N,
at t" symbol period.

Design Criteria

In this section, Discuss the design criteria for the proposed
Quasi-Orthogonal  Space-Time-Frequency Trellis codes
(QOSTFTCs) according to the criteria derived in [18], [17]
with appropriate adjustment. Let Z be the frame length and C*
be the branch output at the z" coding step of the trellis encod-
er. Here the fading is quasi-static over four OFDM symbols,
i.e. R=1.Let us consider that C* is a QOSTB codeword in [11]
for four complex symbols c; ¢, C3 Cs.

c; g C; C4
Also, let C= _CE‘ _':;4 ;’ zu
c,; —C; —C; €

be the transmitted coded sequence such that , at the first sym-
bol period, the OFDM symbol ¢, = (efcicict..cfis
transmitted from the first antenna, the symbol sent to the se-
cond antenna is ¢; = (eicicict...cf)7 the symbol sent to
third antenna is €z = (ceicics...c£)T ,and the symbol sent
to the fourth antenna is ¢, = (cicicics...cZ)7.In the second
symbol period, the OFDM symbol —«3 is transmitted from
the first antenna, the symbol transmitted from the second
antenna is ¢i, the symbol transmitted from the third antenna
is —cz, and the symbol transmitted from the fourth antenna is
cz.In the third symbol period, the OFDM symbol —t3 is
transmitted from the first antenna, the symbol transmitted
from the second antenna is —cj, the symbol transmitted from
the third antenna is ¢7,and the symbol transmitted from the
fourth antenna is c3.In the fourth symbol period, the OFDM
symbol ¢y is transmitted from the first antenna, the symbol
transmitted from the second antenna is —ecz,the symbol
transmitted from the third antenna is —ez,and the symbol
transmitted from the fourth antenna is ;. At the receiver a
maximum likelihood decoder might decide erroneously in
favour of the coded sequence.
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_ —e; €; —e; e;
E= . . . .l
—e; —e;, €] e

g, —€; —€; 8

Coding Gain distance

To maximize the coding gain the distance criterion derived in
[18] can be rewritten as the maximization of the minimum
product of the coding gain distance CGD = det(X; A*) and
the modified product dis-
tanceMPD = [1,(1 + IDZIIZ) . where z ¢ p(C.E) as given in
[17].

Diversity

The diversity order varies from rM, to d4M,, when the branch
output is a symbol vector, as derived in [18], where r and Jy
are the minimum rank and minimum symbol Hamming dis-
tance over all pairs of distinct coded sequence, respectively.
Moreover, in order to achieve the maximum diversity (M; M,
L), it is necessary condition thatd; = M.L. Let
D* = C* — E* be a branch difference matrix between C’ and
E?, where C* and E* denote the z"codeword in coded se-
quence CandE, respectively. A codeword distance matrix is
defined as A* = (D*)*D? Next we define p(C,E) as the set
of instances 1 = = = Z at which C’= E%and Jy as the number
of elements ing(C,E). If A is a rank-four matrix for all z €
2(CE), it can be shown that the diversity ranges from 4M, to
4M; 6y, and the maximum achievable diversity order of the
proposed QOSTFTCs is 4M, . min(dy, L) over any Frequency
Selective Channel (FSC) with four transmit antennas and L
independent taps.

Optimal Rotation Angle

The Optimum rotation angle, ¢ are determined such that the
coding gain is maximized and achieves full diversity and has
pairwise maximum likelihood decoding. Based on [15] the
optimum rotation angle for this code, for MPSK constellation
is /M (for M even) and 7/2 (for M odd).

Consequently, the following design steps are proposed:

a) Perform set partitioning for the available codewords.
The set partitioning metric is the product CGD. MPD
over all possible pairs of distinct codewords.

b) Expand the available codewords constellation as neces-
sary to design full-rate QOSTFTCs.
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c¢) Codewords that do not belong to the same codewords
constellation are assigned to different states. Assign
codewords diverging (or merging to) into a state such
that A® must have full rank, and all pairs of codewords
diverging from or merging to a state must be separated
by the largest product CGD.MPD.

d) In order to achieve the multipath diversity provided by
the channel&; = L must be satisfied. It can be shown

that the coding gain will increase when &y is increased.

Note that the design criteria of proposed code do not need
any knowledge of the channel delay profiles. In order to elim-
inate the dependence on the channel delay profiles, it is
common to use an interlayer between a trellis encoder and an
OFDM modulator to achieve reasonable robust code perfor-
mance [4].

QOSTFT Codes: Structure and De-
sign
In the section, a code has been proposed using the above

design criteria, to achieve rate-one, high coding gain, multi-
path diversity and receive diversity.

Quasi-Orthogonal STF Block codes

Consider a multipath channel described in system model
where M, = 4 transmit antennas. Assume a temporal diversity

E=l + E; E g + EE

—(ay + E) (g + F)

—{.‘t:;; -I-E?:]- —':-‘I:.; +EB:]-

GZ = l -T.;+EE —{$3+E?:]
Vi xm— X x; — X

—(xy — %) (xy—x)

—(xg — 3 —lxy — )

. x,;—EE —{,‘1:3—,‘??:]

Where space goes horizontally, {x;.x5.%3.x,} belong to a
M-PSK constellation A andi#:.#:.%..%:} belong to the
rotated constellation4e/#. The optimum rotation is ¢ = x /
M since it provides the maximum coding gain for the code in
[17].

2. Set partitioning

Let Gilx,.x,. 000,55 %050 50) and
GE(yy. 0. v v ¥ ¥ 7. 72 ) be the two codewords as de-
fined in [16] and [17], full diversity is achieved if the CGD
given as
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of R is desired; therefore we spread our codeword across R
OFDM symbol durations. We choose a generalized QOSTBC
code given by [19], corresponding to 4LR transmit antennas
to build our QOSTF code. The codeword transmitted during
the t" OFDM symbol duration is given by

—

Cor = [6T 62T GET G L 6T ] e @

Where t € {1, ..., R} and for a block index of me{1,.... | 2]},

and we rearrange GI* in [15] with appropriate adjustments.
Ingeneral, for larger temporal diversity advantage R, one can
spread the codewords across an arbitrary number of OFDM
blocks but there is a delay of R OFDM symbols associated
with the decoding process.

Quasi-Orthogonal STF Trellis codes

We propose a high-coding gain QOSTFTCs for four transmit
antennas. For the system with a large number of transmit an-
tennas and/or high order constellation modulation, it is very
difficult to prevent parallel trellis transitions from happening.

1. Codeword structure

Let us assume a 4-ray channel model, Then, we rearrange the
general class of QOSTFTCs given by [17] in the codeword
matrix is

X3 +E? Xy +EB 3

—(xg + F) (a3 + &)

(e + 350 (xp+ 50

—':.‘Ez +EE,:] {'tl +E;:] e EBX.;
X3 — X7 Xy —Xg

—l(xy — Fg)" (x3 — )

(xy —F)  (xp — &)

—{.1:3 —EE:] {.‘tfl —E;:] 4

— 1 1 v 1 vl ¥
CGD{GX-' G?:] - E[E‘EI:ill:Ip —¥pi+ [:fp—-a_l p—-'..'l +|I:rp =5 p.'_l:fp—-a —¥p=s

is not zero. Furthermore, the minimal product CGD. MPD
between codewords at each level of an optimal set partition-
ing must be maximum. We use the set partitioning given in
[17] [16] with proper modification.

3. QOSTF Trellis code design

Due to symmetry, if (x,x;.x5x,)ede’®  and
(#..#.%.%:)eA in the codeword structure results in a code
with similar properties and the full diversity is still achieved.
This will give us a new degree of freedom and additional
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constellation matrices to pick from. In order to expand the
constellation of matrices, let ¢1, ¢2, ¢s and ¢, be the rotation
angles for the symbols {xy.x;.xq.x,} andl#. . %58,

respectively Then we set (:pl =00, =0¢; = ; by = ;)
or(¢:=% @2=5, ¢5 =0 ¢, = 0) with QPSK. We use
a similar systematic design method given in [17] with proper

modifications to assign the subsets in the proposed 4-state
QOSTFTC.

QOSTFT code design for receive diversity

The Orthogonality of the subspaces of the generator matrix
results in the possibility of decoding pairs of symbols inde-
pendently. To simplify the complexity of decoding process
by combining the set partitioning and separate decoding of
the inner QOSTFTCs; furthermore it allows pairwise Maxi-
mum Likelihood (ML) decoding using the Viterbi algorithm.
The receiver block diagram of proposed QOSTFTCs is
shown in the Figure 2. We have M, = 2 receive antennas, so
we can use Maximum Ratio Combining (MRC) for the ML
decoding with more than one receive antenna. Therefore we
can write the cost function for only one receive antenna and
add the correct summation in front of it to achieve the ML
decoding for the general case of M; receive antennas as giv-
en in [20], we call this maximum ratio combining. Because
of using two receive antennas, it can be shown that the di-
versity ranges from 8 ta 855 and the maximum achievable
diversity order of the proposed QOSTFTCs s
8 x min(&4.L) over any FSC with four transmit; two re-
ceive antennas and L independent paths. Also provides array
gain where the receiver has perfect channel knowledge.

Simulation Results

In addition to theoretical analysis, we present simulation
to investigate the performance of our designs in a MIMO-
OFDM system equipped with (M=4) four transmit antennas
and (M=1,2) one and two receive antennas; each OFDM
modulator utilizes 64 subcarriers with a total bandwidth of
1MHz,and the cyclic prefix length is long enough to combat
ISI. We assume that the average symbol power per transmit

. 1 . . . 1
antenna is E; = — and the noise variance is ——. Assume
F o

that the channel is quasi-static over four symbol periods (a
frame) and changes independently for each frame. The per-
formance curves are described by means of frame error rate
(FER) versus the receive SNR with a QPSK constellation.
The proposed schemes are compared with the system using
quasi-orthogonal space-time-frequency block (QOSTFBC)
code) with two transmit antennas (M=2) presented in [17].
In order to observe the robustness of the proposed
QOSTFTCs, a random interleaver is not applied. It can be
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seen from the slopes of the performance curves in Figure 3,
that the proposed QOSTFBC for (M=4, M,=1) antennas
achieves full diversity order of 4 and outperforms the
QOSTFBC in [17] by almost 4 dB. We can see from the
FER curves in Figure 4, that because of the trellis encoding,
the 4-state QOSTFTC achieves an additional coding gain of
3.6 dB despite of parallel transitions in the trellis structure
for MIMO-OFDM system using (Mi=4, M,=1) antennas. In
Figure 5, the proposed 4-state QOSTFTC for (M=4,M=1)
antennas outperforms the 16-state QOSTFTC for
(M=2,M,=1) antennas in [17] by 3.6 dB, and acheives high
coding gain with reduced number of trellis states.In Figure 6,
the performance of proposed QOSTFB code and QOSTFT
code using (M=4, M,=1) antennas is compared with pro-
posed QOSTFB code and QOSTFT code using (M=4,
M,=2) antennas. It can be seen from the slopes of the
performance curves in Figure 6, at a FER of 107 the
QOSTFB code for two receive antenna (M=2) outperforms
the QOSTFB code for one receive antenna (M,=1) by 4.6
dB, and QOSTFT code for two receive antennas (M,=2)
ouperforms the QOSTFT code for one receive antenna
(M=1) by 4 dB at a FER of 107, so the codes for two
receive antennas acheives array gain and receive diversity in
addition to transmit diversity, and the diversity order of 8.
All of these observations are consistent with the properties
of our proposed codes discussed in Section 4.

10°

E (Mt;z,Mrzi) an
—H— (Mt=4,Mr=1)

4 6 8 10 12 14 16 18 20 2 24
SAR (dB)

Figure3. Performance of rate-one QOSTFB
codes
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QOSTFBC Vs QOSTFTC using 4x1 antennas
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Figure4. Performance of QOSTFTC with QOSTFBC
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ureb5. Performance of QOSTFBC and QOSTFTC using re-
ceiver Diversity

Conclusions
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In this paper, we have simulated QOSTFTCs for mimo-
ofdm systems using four transmit and two receive antennas
under a frequency selective fading channel using 8 taps
which can be simulated using more than 8 taps too.If the
propagation channel is quasi-static over four adjacent
OFDM symbols, i.e. the channel stays constant for four
adjacent OFDM symbols, there are no temporal diversity
gains offered by the channel .Simulated results shows
gostftcs outperforms the existing space time -—time-
frequency trellis code available in the literature.The
proposed qostftcs provides transmit diversity,multipath
diversity and array gain which are under consederation.
Moreover, the decoding complexity of the proposed
QOSTFTCs is reduced.
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