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Abstract

Christophe Rouchy

Systematic Design of Space-Time Convolutional Codes

Space-time convolutional code (STCC) is a technique that combines transmit
diversity and coding to improve reliability in wireless fading channels. In this
proposal, we demonstrate a systematic design of multi-level quadrature amplitude
modulation (M-QAM) STCCs utilizing quadrature phase shift keying (QPSK)
STCC as component codes for any number of transmit antennas. Moreover, a
low complexity decoding algorithm is introduced, where the decoding complexity
increases linearly by the number of transmit antennas. The approach is based
on utilizing a group interference cancellation technique also known as combined

array processing (CAP) technique.
Finally, our research topic will explore:
o with the current approach, a scalable STTC with better performance as

compared to space-time block code (STBC) combined with multiple trellis
coded modulation (MTCM) also known as STBC-MTCM;

o the design of low complexity decoder for STTC;

e the combination of our approach with multiple-input multiple-output or-

thogonal frequency division multiplexing (MIMO-OFDM).
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Chapter 1

Introduction

Space-time code [1] has demonstrated remarkable performance by combining the
capabilities of transmit spatial diversity with coding. In its original design, the
space-time code required multiple transmit antennas in order to transmit en-
coded symbols simultaneously from different transmit antennas. In this paper, we
present a technique that allows us to employ STCC to systems with only a single
transmit antenna and multiple receiver antennas. The idea is to transmit more
than one symbol from a single transmit antenna. We first present a technique that
combines multiple symbols required to transmit in space-time code by superim-
posing them on each other. In order to combine these symbols at the transmitter
and be able to separate them at the receiver, we multiply each symbol by different
values that is known at the receiver, and then combine them. Therefore, many
symbols can be sent out from a single transmit antenna in one symbol time period.
This approach can be interpreted as creating additional transmit antennas, called
virtual antennas. These virtual antennas create statistically dependent channels

between virtual transmit antennas and each receive antenna that we call virtual



paths. Once we show that one can transmit multiple symbols generated from the
output of the STCC encoder using a single transmit antenna, we then demonstrate
that a multiple-input multiple-output (MIMO) ny x ng system can be modeled
equivalently with ny distinct 1 X ng single-input multiple-output (SIMO) systems
and apply STCC for each of 1 x ng SIMO systems. This approach allows us to use
QPSK STCCs as component codes and create STCCs with arbitrary high spectral

efficiencies.

It has been shown in [2, 3, 4] that any M-QAM symbols with square constella-

tion can be constructed with % QPSK symbols. This unique construction of
M-QAM symbols is obtained by rotation and scaling of QPSK symbols using dif-
ferent scaling factors. In this thesis, we construct M-QAM STCC utilizing QPSK
STCC as component codes. This construction will allow us to have any M-QAM

STCC constellation with a single QPSK STCC encoder.

1.1 Outline

This thesis is organized as follows. Chapter 2 summarizes the works that are
directly related to our research and introduce the models used throughout the
text. Chapter 3 presents the preliminary work done on Space-Time Convolutional

Code. Specifically, the preliminary works can be divided into three parts:

« First, we derive the upper bound pairwise block error probability (PEP) of
the M-QAM system (built from QPSK signal) to evaluate the performance
and compare with the original STCC design.

o Second, we demonstrate, through simulation results, that the new scheme,

2



combining 2 QPSK STCCs, outperforms the existing 16-QAM STCC of [1].

« Finally, we present a comprehensive analysis of soft decoding combined array
processing (CAP) for STCC and show that we are only 0.5 dB away from

the 16-QAM reference but with a lower decoder complexity.

In Chapter 4, we propose a future research topic along the line of designing
a scalable STCC, low complexity decoder, with better performance as compared
to space-time block code (STBC) combined with multiple trellis coded modula-
tion (MTCM) also known as STBC-MTCM. Finally, we conclude this thesis in

Chapter 5.



Chapter 2

Related Work and System Models

This chapter summarizes the main results reported in the literature on the field
of Space-Time Convolutional Code that are related to our studies. The models
and fundamental assumptions employed throughout the thesis are also described

here.

2.1 Wireless Channels

Wireless channels have different paths between the transmitter and receiver. The
receiver will be receiving different version of the transmitted signal with multiple

phases and amplitudes (see figure 2.1 from [13]).

MIMO systems exploit the spatial dimension (multiple antennas) to improve:

« spectral efficiency in bps/Hz;

« quality (bit error rate (BER)/frame error rate (FER)/outage).

4
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Diffraction

Transmitter

Figure 2.1: An example of different paths in a wireless channel

The following figure from [15] describes different antenna configurations for a

wireless system.

If we assume for a SISO system that there is no line of sight (LOS) path

between the transmit and receive antenna, flat fading and the impulse responses

of multi path channel are random, the receive signal is given by

Ty = hiice + ny,

where hy; (the path gain between transmit antenna 1 and receive antenna 1)

is a complex Gaussian random variable, ¢; is the transmitted signal and n, is a

Gaussian noise.
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2.2 Diversity

Figure 2.2: An example of different antenna configurations for a wireless channel

In case of fading channel, the receiver can see deep fade which can cause outage.
Spatial diversity can be seen as having different copy of the transmit signal to the

receiver. Diversity reduces the probability of having all the copies in deep fade.

The diversity definition is given by the following formula

. log(FP.) |
v=o< log(y)

where P, is the error probability at SNR of 7. The diversity can be seen as the

slope of the curve FER versus SNR when plotted in a log-log scale.




2.3 Capacity of MIMO channels

The capacity of MIMO channels has been investigated in [16] and [17]. The
capacity gives the maximum error free data rate. We assume that the receiver
knows the realization of the channel H but not the transmitter (open loop system).
For a MIMO system with ny transmit antennas and ng receive antennas, the

input-output relation is defined as
r=Hc+n (2.3)
where r is the nz X 1 received signal vector, c is the ny x 1 transmitted signal

vector and n is the Gaussian noise.

For a deterministic MIMO channel, the capacity is defined as

C= r?(a)xI(c; r) (2.4)

where f(c) is the probability distribution of the vector ¢ and I(c;r) is the mutual

information between the vectors ¢ and r.

The mutual information I(c;r) is given by

E
I(c;r) = log, det (I, + 7]5\[HRCCHH) bps/H z (2.5)

nrivo

where Ree = g{ccH } is the covariance matrix of c. Fj is the transmitter average

power for one symbol period and e{nn”} = NyI,,,..

Since the transmitters doe not know the channel H, the transmit power is

allocated such that all the ny antennas transmit % power where N is the total

7



transmit power. For unit transmit signal power, the covariance matrix is given by

Rcc = I,,, and the capacity is

Es
Cgp = log, det(T, + HH"Y). (2.6)
’I’LTN()
If r is the rank of the channel matrix H and \;(i = 1,2,...,7) are the eigen-

values of HHY | the capacity for equal power allocation is given by

Eq
nTNO

CEP == ZIng(l +

=1

Ai)- (2.7)

The capacity of a MIMO system is equivalent to the sum of r SISO systems.

The figure below shows the capacity for different antenna configurations. For
a 2 x 2 system the capacity, at 20 db SNR, is about 12 bps/Hz and the maximum
data rate for a 20 MHz bandwidth is 240 Mbps. 1 Gbps could be reached for a
4 x 4 system with a bandwidth (BW) of 40 MHz.

2.4 Space Time Block Code

In [18], the authors presented a new transmit diversity technique which does not
require any bandwidth expansion nor any feedback from the receiver to transmit-
ter. The idea is to design an algorithm that can achieve maximum diversity gain

with low decoding complexity.

The new scheme with 2 x 1 antennas has the same diversity order of a 1 x 2

maximum ratio combining (MRC) system.
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Figure 2.3: Capacity for different antenna configurations

The redundancy is obtained through space with the use of multiple antennas.

The two-branch MRC is shown in the following figure 2.4.

The channel between the transmit antenna 1 and receive antenna 1 is hy; and

2 is hya. ¢l is sent from the transmit antenna 1. The receive signals are given by
rys = h]_1C1 + ny (28)
rz = hizcs + 0o (2.9)

where n; and ngy are the complex Gaussian noises. The receiver two-branch

MRC is given by

61 = hilrl + h;zrg (210)



c; Tx1 T h1,1 T Rx1
I, ! G
nq R
Rx2
[ $ C
na
Figure 2.4: Two-branch MRC
For PSK signal constellation, the decision rule chooses c; if and only if
d*(&1,¢;) = d*(&1,cx) Vi#k (2.11)
where
E(x,y) = (x —y)(x" = y). (2.12)

The new transmit diversity scheme is described by the Fig. 2.5. During a
symbol period, two signals are transmitted simultaneously from the Tx antenna
1 and 2. During the next symbol period, the signal (—c3) is transmitted from

antenna 1 and (cj) from antenna 1 (see table 2.1).

With flat fading channel, the received signals are given by

ry = I'(t) = h1101 + h21C2 +n; (213)

10
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cl(t),—c;(t—I—T)T hy, ‘T Rx1

h2,1
Tx2
¢, (0),¢, @t +T) Y /

+

T

n (1)
n,(t+T)

OxZ

¢, (1),6,(1)

Figure 2.5: Two-branch transmit diversity scheme with one receiver

ro = I'(t + T) = _hllc; + 1'1.21le1< + o

antennal | antennal
time t c1 Co
time t+ 7T —c5 c;

Table 2.1: Encoding and Transmission Sequence

(2.14)

Fig. 2.6 shows the BER performance of uncoded BPSK for MRC and the new

Tx transmit diversity scheme. The total power for the new Tx scheme is the same

as for the 1 x 2 MRC scheme. The diversity order for the 1 x 2 system is equal to

the 2 x 1. The 3 dB loss is because the transmit power is only half the energy.

Tarokh et al., 1999 [19] extends STBC for more than two transmit antennas.

11



=0~ nodiversity (1 Tx, 1 Rx)
"} == MRRC (1 Tx, 2 Rx)

1 n —0— MRRC (1 Tx, 4 Rx)

107" A0 -
B 2 —C— new scheme (2 Tx, 1 Rx)
XN —&— new scheme (2 Tx, 2 Rx)

Py, bit error rate (BER)

Figure 2.6: BER performance comparison of BPSK with MRC and two-branch
transmit diversity in Rayleigh fading

12



2.5 Space-Time Convolutional Code

This section describes the basics of Space-Time Convolutional Code (STCC). We
consider a wireless communication system utilizing ny transmit and ng receive

antennas. A block error occurs when the decoded data sequence

_ 1.2 ny 1,2 nr 1.2 nr
€ =€1€1...61 €Co€y... 60" ... €€ ...€

is different from the transmit data sequence

c=cld.. . dTcycs. .. BT .. .clct. ..
where [ is the number of symbols in one block. The channel path gain from
antenna i to receive antenna j is denoted by h; ;. These path gains are constant
during a frame and change independently from one frame to another. The received

data r/ at antenna j and time t, can be written as
i Zzhi,jcivEsﬂLng, 1<j<ng (2.15)
i=1

where ¢! is the complex transmit symbol with unit average power sent from
antenna i at time t, n{ is the additive white Gaussian noise sample with zero mean

and variance % per dimension, and F is the signal energy.

The conditional pairwise block error probability has the upper bound [1]

Plc—=el|h;1<i<ny,1<j<ng)<
Es

exp (—dQ(c, e)4NO>, (2.16)

13



where d*(c, e) is given by
2
(2.17)

nr

> hij(c—e))

i=1

nR

(c,e) => >

j=1t=1

This upper bound on the pairwise block error probability can be written in matrix

format as
P(C-)G’h@j,].ﬂiﬂﬂjﬂ,lﬁjéﬂ]g)S
R Es
QAN —— 2.18
where Q; = [h1, ..., hn, ;] and A(c,e) = B(c,e)B*(c,e). The matrix B(c, e) is
defined as
eg—c ... e —q
B(c,e) =
ey’ — " e/ — "

It is easy to show that the matrix A(c,e) is a Hermitian matrix. Therefore, there is

a unitary matrix V and a real diagonal matrix D such that A(c,e) = V*DV. The

diagonal elements of D are the eigenvalues of A(c,e) denoted as \;, 1 < i < nrp.

Define a vector B, ..., Buy; = V7, then

nr
=1

| i ;| has a Rayleigh or Rican distribution depending on whether the channel paths

have zero or non-zero mean distribution.

In the case of Rayleigh fading, the upper bound on the pairwise error proba-

14



bility of each block is further expressed as [1]

P(c —e) < (ﬁ 1) : (2.19)

E
N

In this paper, we assume that all the physical channel path gains are statisti-
cally independent with Rayleigh fading distribution. The extension of this work

to Rician fading distribution is straightforward.

2.6 Construction of M-QAM Signal Constella-

tion from QPSK Signals

The construction of M-QAM signal (M = 2™) from multiple QPSK (z;) signals

can be obtained using the following equation [2, 3].

ERNG)
M — QAM = Z2ll\g_xi exp (j%) 1<i<™
i=1

(2.20)

The QPSK modulation is realized by choosing x; from the following set,
{+1,4j,—1,—j}. In this equation, we use % QPSK signals to construct an
M-QAM symbol. Each M-QAM symbol that is constructed based on (2.20) uses
the QPSK symbols obtained from the output of a QPSK STCC encoder. For ex-
ample, to create a 16-QAM signal constellation from QPSK symbols, n; is equal
to 4 in (2.20). In order to build a 16-QAM signal, we first apply rotation and
scaling factors to the two QPSK signals ¢ and z; by multiplying them by exp(j7)

and g For the second operation, scaling factors of 2° and 2! are applied to xg

15



and x; respectively. The third and final operation is a summation of the new

scaled xy and x; constellations as shown in figure 2.7.

QPSK signal x0
A A
1 16-QAM
2 0 1+ +0 x1, x0
> > L1 1,0 0,1 0,0
; 4 A
L2 1,302 03
Op 1 Op2 ov3 4 |+
QPSK signal x1 —> —> — >
A Rotation Scale A Summation _|_ _|_ _|_ _|_
1 + scale 1+ + 0 2,1 2,0 | 3,1 3,0
. 1 ++|+ +
> > 2,2 2,3 3,2 3,3
3
+ ]+

Figure 2.7: Construction of a 16-QAM signal constellation from two QPSK sym-
bols
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Chapter 3

Preliminary Works

3.1 Problem Formulation

The search space for STCCs increases exponentially with the increase in the con-
stellation size. However, utilizing QPSK STCC as component code, we can design
STCC with large constellation size without any need for such search. We will first
compute the diversity and coding gain with only a single transmit antenna by
creating virtual path gains as long as we have multiple receive antennas. The
construction of M-QAM STTCs with high spectral efficiencies will be done using
QPSK STCC based on (2.20).

. nT . .
=Y hijCi\ Es + i, 1<j<ng (3.1)
i—1

We propose to modify the transmit signal C} using (2.20).

17



sz 12 ey en (i) (32)

ny is the number of statistically dependent virtual path gains created between

each transmit and receive antennas, and ¢} are the symbols from the output of

the STCC emcoder.

It is shown in [11] that an ny x ng MIMO system is equivalent of ny distinct
1 X ng single-input multiple-output (SIMO) systems. Consequently, by sending
C! from each transmit antenna, we are creating an equivalent of parallel virtual

MIMO systems.

Combining (3.1) and (3.2) leads to

T . .
= hi ¢\ Es +nj, 1<j<ng (3.3)
=1
with
V2 K
v=1
Let’s define ) = [h} ;,..., hy,, ;] and
Bljr s Bpps = YGV* (3.5)
then
AQY = ZXW” . (3.6)

18



The pairwise error probability, in case of Rayleigh fading, is expressed as

nR
nr 1
Ple—e) < (H HES)J) (3.7)
4Ng "t

i=1
Assuming the number nr of transmit antennas equals to 1, (2.15) becomes

] = hy ;O Es +ni. 1<j<ng (3.8)

The coefficients h; ; are modeled as independent samples of complex Gaussian

random variables with zero complex mean and variance 0.5 per dimension.

We have created a MIMO (ny x ng) system from a SIMO (1 X ng) system.
The actual number of physical channel path gains are ng, therefore, the rank of

the new channel matrix is unchanged. d?(c,e) is now given by

nrg 1 2

Ple.e) =353 Il 5522 — e 3.9)

j=1t=1 i=1

Equivalently, it can be written as

nR
d*(c,e) =) |hi ;P Al(c,e), (3.10)
j=1
where
/ Ljove V2, . 2
Afce)=> D 2 17(4—@;) : (3.11)

t=1 li=1

19



The conditional pairwise block error probability can be upper bounded as

P(c—>e|h1,j,1§j§n3)§

nR / E's
—|h P A > 3.12
L exp (= s A e e) (3.12)
By averaging (3.12) with respect to independent Rayleigh distribution of \hlyjIQ,
we get

nRr

Plc —e) < (1 +A'(c, e))i (3.13)

This result clearly demonstrates that in order to reduce the upper bound on the
pairwise block error probability, we need to maximize the minimum Euclidean
distance of the STCC. There are several techniques in literature to design STCC

that maximizes the minimum Euclidean distance [5, 6, 7].

The QPSK STCC component code with 16 states, 2b/s/Hz will be taken from
[7].

3.2 QPSK STCC Simulation Results

For this particular example, each STCC encoder contains 130 symbols which is
equivalent of 520 bits per frame. The channel is Rayleigh fading channel and it is
constant during each frame of 130 symbols and changes independently from one
frame to another. A coherent detection is assumed at the receiver that requires

perfect knowledge of the channel.

Figure 3.1 demonstrates the frame error rate performance of 2 x 3 and 2 x 5

MIMO systems utilizing 16-QAM STCC of [1] and the new scheme combining 2

20



QPSK STCCs of [7]. The simulation result demonstrates that the new scheme

outperforms the existing 16-QAM STCC of [1] by as much as 2 dB.

10 T T T
[ —O— Tarokh, 2x3 1
—— New scheme, 2x32 | |
—O— Tarokh, 2x5
—— New scheme, 2x5
[¢]
©
S,
6 10 b N N\ e
g I )
o
\
\
\
¢
\
107 -
0 14 16

SNR, dB

Figure 3.1: Frame error rate performance of a 16-QAM STCC 2 x 3 and 2 x 5
systems from [1] are compared with the new scheme using 16-QAM constellation
constructed from two STCC QPSK of [7].

3.3 Combined Array Processing and STCC

In order to reduce the encoding and decoding complexity, [8] introduced a new
combined array processing technique. Each output of the space-time encoder C}

is decoded separately while suppressing signals from other antennas.

21



Combining 3.1 and 3.2 leads to

nr ny

=SS WA B, 1< <ng

i=1v=1

with
V2 o

hij = hm’QU*l? exp (j4)-

Using vector notation, (3.14) is expressed as

r; = (1,C; + 1y,

where
c, = (¢, ..., )T
rt - (Tt7rt27 7T?R)T
n; = (n;7n?7 7n?R>T
and for the " element of vector c;, we have

i L 24 Mo
cp=clc e

(2, is obtained by expanding the matrix elements h; ; of

hl,l hg’l .. hnT,l

hLQ h272 C.. hnT,2
0=

hl,?’LR h27nR e hnTan

22

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



using

Z7J’ Z7J’ ) ,L?J

), has, therefore, ng rows and ny xn, columns whereas (3.20) has ny columns.

1 n 1 n
hiy o BTy o hL LBl
hl Ny hl Ny
172... 172 ... /nT,Z“‘ nT72
Q, = (3.22)
1 n 1 n
ST YUY SO i .

©,(C}) is formed by the set of orthonormal vectors in N, where N is the left null

space of the matrix A,(C7). A,(Ch) is

1 Ny 1 Ny
hY iy Lk
h2 hn” hl hn'u
n1+1’1... TL1+1,2 e nT72”. nT72
A (Cy) = (3.23)
1 Ny 1 n
hm-l-lmR"‘ ni+l,ng hnT,NR"'hn;mR

The transmit antennas can be partitioned into ¢ groups with n;+ne+...4+n, =

nr.

By multiplying both side of the equation 3.16 by ©,(C}),

0,(C1)ry = 0,(C1)Que: + O,(Ch)ny, (3.24)

and since 6,(C1)A,(C1) =0

@U(Cl)rt = @U(Cl)QU(Ol)CtI + @U(Cl)l’lt7 (325)

23



the received data can be expressed as

~ 1 ~
ry = Q,c, + 0y

where
ry = @v(Cl)rt
QU - GU(CI)QU(OI)
flt — @v(cl)nt
and
hil LRy h}%1
hi,...hM ... ht
0,(Cy) = 1,2 1,2 n1,2
h{nR LR h}um

Ny
* nl,l

hy

ni,2

ohp

ni,nR

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

As an example, let’s set ny = 2, ng = 4 and ny = 2 corresponding to a

16-QAM constellation with spectral efficiency of 4 bits/s/Hz. Since we have only

2 transmit antennas, n; = 1. The first two bits of the input data are used by the

encoder 7 and the second two bits by the encoder C5. The encoder C; = Cy = C'

is the 16-state 4-PSK STTC given in [1]. The output of encoder Cy and Cy, which

are 16-QAM symbols, will be transmitted by the antenna 1 and 2 respectively.

The diversity order is equal to 8. The new diversity order for C;, when applying

the CAP technique has a diversity of 4.

24



), is given by
1 2 1 2
hiv Py hoy hiy
1 2 1 2
hia his hyy hay

Q, = (3.31)
hiz his hys his

hia Mg has hiu
and A,(Cy) by

1 h3s
has his

A(Cy=| 7 (3.32)
h2,3 h2,3

1 2
h2,4 h2,4

and Q,(C) by
hig his

hl, h?
O Cc) =] (3.33)

1 2
h1,3 h1,3

1 2
h1,4 h1,4

The columns 2 and 4 of (3.31) will be a multiple of columns 1 and 3 respectively,
and therefore the rank of 2, will be the same as 2. Since dim(N')+rank[A,(C1)] =
ng, the rank of the null space will be 3 in this example. The receiver will first
decode the symbols coming from the encoder C'1 by nulling the output of the
transmit antenna 2 and computing the decision metric [8]

(Fe — (Cr)er)

i (3.34)

t=1

Once the receiver is done with the decoding of C'1, the contributions of the code-

words from the transmit antenna 1 are subtracted from the received signals and
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C?2 decoded.

10" #

- 16-QAM Tarokh
—a 16-QAM from 4-PSK
—— 16-QAM CAP

Frame Error Rate
S
T
i

10

SNR (dB)

Figure 3.2: Frame error rate performance of a 16-QAM STCC 2 x 4 systems
from Tarokh is compared with the CAP scheme using 16-QAM constellation con-
structed from two STCC QPSK

Figure 3.2 demonstrates the frame error rate performance of 16-QAM STCC
2 x 4 MIMO system with the CAP scheme utilizing 4-PSK component code from
[1]. The complexity of product code is reduced for the CAP scheme from 256
to 32. The diversity order has been reduced as we can see from the slope of the
curve. We are 2 dB away from the reference 16-QAM for a frame error rate of

1071,
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3.4 Soft Decoding CAP for STCC

We proposed a new decoding scheme that can improve the previous results in figure
3.2 while maintaining the low complexity of the CAP algorithm. The new CAP
technique uses a soft decoding method. The encoder for a M-QAM constellation

is similar to that of [9].

Figure 3.4 shows the 4-PSK mapping from the input bits. The output of the
encoder C1 is sent to the transmit antenna Tx1 and the output of the encoder C'2
to Tx2 as shown by the figure 3.5. The encoding of the 4 bits/s/Hz takes place in
2 operations. The first operation generates the output of the encoder C'1 (using
the first symbol). The second operation generates the output of the encoder C2
(using the second symbol). Figure 3.7 shows the encoder trellis states and output

symbols for the input stream from figure 3.4.

Figure 3.3: The 4-PSK constellation

Figure 3.4: Example: input bits and corresponding 4-PSK symbols
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Figure 3.5: Encoder structure
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Figure 3.6: 16-QAM constellation
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Tx1 Tx2 Tx1 Tx2

Figure 3.7: Trellis with input symbols and € and C5 encoder outputs
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The decoding will start by the output of the encoder C'1 as described in section
3.3. The C'1 path metric is computed and the survivor path of each state is stored.
Once all the C'1 survivor paths are computed, the branch metrics for the output C'2
is computed for each state by subtracting the codeword from the corresponding C'1
survivor path. The best path from the encoder C2 is finally selected by computing
the accumulated branch metrics using the soft decoding value from the encoder

C1.

10

—— 16-QAM Tarokh
— 16-QAM from 4-PSK

—- 16—QAM soft decoding CAP

10_ T N N N

Frame Error Rate

10_ | | | | |

SNR (dB)

Figure 3.8: Frame error rate performance of a 16-QAM STCC 2 x 4 systems
from Tarokh is compared with the new soft decoding CAP scheme using 16-QAM
constellation constructed from two STCC QPSK

Figure 3.8 highlights the frame error rate performance of 16-QAM STCC 2 x 4
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MIMO system with the new soft decoding CAP scheme utilizing 4-PSK component
code from [1]. The decoding complexity of the soft decoding CAP is close to the
original CAP scheme discribed in the section 3.3. For the frame error rate of 1071,
we are only 0.5 dB away from the reference 16-QAM. It is obvious that the new

CAP decoding algorithm has better diversity order.
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Chapter 4

Future Research

This chapter presents the future research for a study on Space-Time Convolutional

Code.

The construction of scalable M-QAM STCC could be improved to an optimum
M-QAM if we choose optimized 4-PSK component codes, for example:

o for slow flat fading channels reported in [20];

o for fast flat fading channels in [21], [22] and [23];

« with trace design criteria derived in [24] or distance spectrum criteria in [25].
Moreover, the performance analysis of the new soft decoding CAP for STCC can

be addressed as well, since the diversity order is, so far, only lower and upper

bounded.

Our new technique could also address the MIMO-OFDM systems.
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High throughput and reliable communication, for example high definition TV
streaming, imposes the need for broadband channel up to 40 MHz compared to

the narrow band channel that we have studied so far.

OFDM technique divides frequency selective channel (broadband) into sub-
channels which become flat fading channels. The receiver complexity is greatly

reduced by removing time domain equalizer.

Moreover, OFDM technique is well established for broadband applications like
Wireless LAN as defined by the 802.11 a/g/n or by the 802.16e WiMax standard.

The creation of sub-channel is done by IFFT block. ISI is avoided by inserting
a cyclic prefix (CP) at the transmitter with duration greater than the length of
the channel response L. The receiver will remove the CP and recover the data by

using a F'TT block.

The diversity order for broadband channel is the product of the number of

transmit antennas, the number of receive antennas and the frequency select order
(L)

It has been shown in [28] that for example that Alamouti scheme [18] fails to

achieve the full diversity and also, other ST codes [26] are only sub-optimal.

New criterion have been found in [27], [28], [29], [30]. Those new codes cannot
ensure robust performance over different channel conditions (time delay of multi

paths). This particular problem has been addressed by [31] and [32].

The application of our technique will allow us to extend the current 4-PSK
codes to more complex constellations like 64-QAM, (already used in 802.11 and
802.16e standards).
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Chapter 5

Conclusions

Since wireless channels have different paths between the transmitters and re-
ceivers, the receivers can be in deep fade. Transmit diversity can mitigate that

problem along with other forms of diversity like time and frequency.

It has been shown that the capacity for MIMO channel increases with the
number of antennas and is equivalent to the sum of r (r being the rank of the

channel matrix) SISO channels.

STCC, which combines transmit diversity and coding, improves the reliability

in wireless fading channel.

The first problem with STCC, we have addressed, is that the design of the
transmit codewords is done by computer search (or by hand) and the complexity
of the search grows exponentially with the number of transmit antennas as well
with the constellation size. Only up to 16-QAM codewords have been published

(as far as we know). We overcome that problem by using 4-PSK component codes

33



to construct M-QAM square constellation by using the following equation [2, 3].

n1

2 92
M — QAM = 22’_1\2_@ exp (]Z) 1< < % (5.1)
i=1

3

The new 16-QAM scheme outperforms the existing 16-QAM STCC of [1] by

as much as 2 dB (see figure 3.1).

The second problem with STCC, we have addressed, is that the complexity
of the receiver grows exponentially with the number of antennas (diversity order)

and the constellation size (or the number of bits/Hz of the coded symbol).

We reduced the complexity of the encoder and decoder by using a new group
of interference cancellation technique also known as combined array processing
(CAP). The complexity of our low decoding algorithm allows the decoding com-
plexity to increase linearly by the number of transmit antennas. Moreover, the
new method of soft decoding CAP keeps the performances (coding and diversity
order) of the system (see figure 3.8) close to the more complex decoder. Indeed,

for the frame error rate of 107!, we are only 0.5 dB away from the reference

16-QAM.
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