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ABSTRACT

One of the major problems wireless communication systems face is multipath fading.
Diversity is often used to overcome this problem. There are three kind of diversity - spatial,
time and frequency diversity. Space-time trellis coding (STTC) is a technique that can be
used to improve the performance of mobile communications systems over fading channels.
It is combination of space and time diversity. Several researchers have undertaken the
construction of space-time trellis codes. The Rank and Determinant Criteria (RDC) and
Euclidean Distance Criteria (EDC) have been developed as design criteria.

In this thesis we presented evaluation and performance of the Space-Time Trellis Codes
(STTC) obtained using these design criteria over Rayleigh, Ricean and Nakagami fading
channels. Our simulation results show that the 4,8,16 and 32-state codes designed using the
EDC perform worse than the codes designed using RDC in a system with two transmit
antennas and a single receive antenna over Nakagami fading channels. But for two transmit
antennas and multiple receive antennas the codes designed using the EDC outperforms the
codes designed using the RDC. This trend in performance was also obsetved over Rayleigh
fading channels. The results presented in this thesis show that the RDC and EDC design

criteria are suitable for both independent and correlated Nakagami fading channels.
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CHAPTER1
INTRODUCTION

Introduction

Guglielmo Marconi started wireless communication over 100 years ago. Today wireless
technology is a vital part of human civilization. This industry is growing very rapidly with a
significant increase in the number of subscribers. As a result, the industry is constantly in
need of research and development of new technology to produce better performance. There
are many challenges a wireless system faces to provide higher data-rates, better quality of
service (QoS), fewer dropped calls and higher network capacity. A wireless system designer
often faces two major challenges. The first is limited availability of the radio frequency
spectrum and the second is a complex time-varying wireless environment i.e., multipath
fading. This thesis is concerned with multipath fading and methods to get better
performance in this hostile environment.

Multipath fading, which widely changes the signal amplitude, often distutbs wireless
communication systems. Better reception can be obtained with more transmit power, but
for mobile systems power consumption is a major issue. If a handheld device needs less
power then the physical dimensions and weight can be reduced which may provide the user
with more mobility. The mobile wireless industry is also looking for new technologies to
provide more services to an increasing number of subsctibers. As the number of customer
increases the industry will look to new technologies to provide better service at a cheaper
price.

In the case of severe attenuation of the transmitted signal due to fading channels, it becomes
impossible for the receiver to determine the transmitted signal unless additional independent
replicas of the transmitted signal can be supplied to the receiver. This redundancy is called
diversity. This is considered as single most important mechanism for reliable wireless
communications. There are several techniques for achieving diversity i.e., frequency diversity,

spatial (antenna) diversity and temporal diversity.



Frequency Diversity: Signals transmitted on different frequencies induce different
multipath structures. In frequency diversity the information signal is transmitted on more
than one carrier frequency. In this way replicas of the transmitted signals are supplied to the
receiver in the form of redundancy in the frequency domain.

Temporal Diversity: In temporal (or time) diversity, replicas of the information signal are
transmitted in different time slots so that multiple, uncorrelated versions of the éignal will be
received.

Spatial Diversity (Antenna Diversity): Spatial diversity is one of the most popular forms
of diversity used in wireless communication systems. Multiple and spatially separated
antennas are employed to transmit or receive uncorrelated signals. Antenna separation
should be at least half of the catrier wavelength to ensure sufficiently uncorrelated signals at

the receiver.

1.1 Fading Channels

In a wireless communication environment a Non-Line-of-Sight (NLoS) radio propagation
path will often exist between the transmitter and receiver because of natural and man-made
obstacles situated between the transmitter and receiver. As a result the signal propagates via
reflections, diffraction and scattering.

In this thesis we evaluate the performance of Space-Time Trellis Code (STTC) over several
types of fading channels (Rayleigh, Ricean and Nakagami fading). A Rayleigh distribution is
commonly used in wireless communications to describe the statistical natute of the received
envelope of a NLoS fading signal. The Rayleigh distribution has a probability density
function (pdf) given by [1]

p(a) = %—exp[— 2“92 ] (a > 0) (L.1)

where € is the total received power. Some types of fading channels have a Line-of-Sight
(LoS) component. In this case random muitipath components are superimposed on a
stationary dominant signal. The distribution of this signal is typically denoted as Ricean. The
Ricean pdf is given by



(K +1) . (K+Da’ /K(K+1)a
p(a)———-—Q exp( K Er-e— JIO(Z —a J for(a 2 0)

(1.2)
I,(#)is the zero-order modified Bessel function of the first kind. The parameter K is known

as the Rice factor. It is the ratio of the deterministic specular component (LoS) power s°
and the scattered signal component power 2, [1]

K = 5" /(2by)
When K=0, the channel exhibits Rayleigh fading and when K =0 the channel does not
exhibit any fading at all. The Nakagami distribution was introduced by Nakagami 2] to
charactetize fast fading (channel parameters changes rapidly). It has been found that

Nakagami distribution or m-distribution is a more versatile model for rapid fading [3]. In this

model we assume that the signal is a sum of vectors with random amplitudes and random

phases.
The Nakagami pdf is given by {1]
2 (m™ ) om mor’ 1
a)=———= |@" expy-— m2— 1.3
SR I R o

The Nakagami distribution is identical to the Rayleigh distribution when m=1 and when
m = o there is no fading and the distribution is Gaussian. One of the interesting features of
the Nakagami distribution is that since it is defined for m > 0.5, a Nakagami fading channel
can be worse than a Rayleigh fading channel.

1.2 Diversity and MIMO Channels

As discussed earlier, diversity can be obtained by using multiple antennas in the transmitter
and/or the receiver. Multiple-Input Multiple-Output (MIMO) channels, also called correlated
parallel channels, are encountered when multiple transmit and receive antenna are employed.
If these antennas are separated sufficiently in space we can assume independent fading paths.

Figure 1.1 shows the model of a MIMO channel with n, transmit and n, receive antennas.

The received signal can be described by



$,0 =3 b 3047, (1.4

i=1
J=12,...np
where x, is the complex signals transmitted from the i—th antenna, and y, is the
supetposition of the faded signal from all the transmit antenna corrupted by noise 77, at the

Jj—th receive antenna. The noise is complex additive Gaussian noise with variance N,/2 in

each dimension.
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Figure 1.1 MIMO channel Model

1.3 Space-Time Codes

In space-time coding, multiple antennas are used at the transmitter. Coding of symbols
across space and time can be employed to yield coding gain and diversity gain. Coding gain is
defined as the reduction in signal to noise (SNR) for the same FER that can be realized
through the use of a code [4]. Diversity gain performance improvement that can be achieved
from a system by using diversity. Figure 1.2 illustrates typical coding gain and diversity gain.
The x-axis of the plot is frame error rate (FER) and y—axis is SNR. FER is a commonly used



the measure of the system performance. It is the ratio of the number of erroneous frames of
data at the receiver output to the total number of total transmitted frames of data.

Space-Time Codes (STC) were introduced independently by Tarokh et al. [5]-[11] and
Alamouti [12] as a novel means of providing transmit diversity for multiple-antenna fading
channels. There are two different types of STC. One is as space-time trellis codes (STTCs)
and other is space-time block codes (STBCs) {12]. Designing good STTCs is a very complex

task, just like designing convolution codes, for which the best techniques involve a search.

. Low SNR region

FER

R T—
Codin /
Diversity

gain \
gain

SNR (dB)

Figure 1.2 Schematic showing coding gain and diversity gain

In addition decoding a STTC is complicated. To reduce the decoding complexity, Alamouti
[12] discovered a remarkable scheme for transmitting using two transmit antennas, which is
appealing in terms of both simplicity and performance. Tarokh et al. used this scheme for an
arbitrary number of transmitter antennas, leading to the concept of space—time block codes
(STBC) {10]. STBCs have a fast decoding algorithm. STBCs can be classified into real
orthogonal designs and complex orthogonal designs. The former deals with real
constellations such as PAM, while the latter deals with complex constellations such as PSK
and QAM. Real orthogonal designs have been well developed. In [10], Tarokh et al.

proposed systematic constructions of real orthogonal designs for any number of transmit



antennas with full rate. However, complex orthogonal designs are not well understood.
There exist several different types of space-time block codes obtained from complex
orthogonal designs [11][12][13] [14]. One of the key features the STBCs obtained from
orthogonal designs is that by performing linear processing at the receiver data symbols can
be recovered. This feature is attractive for mobile and portable communication systems.

The diversity gain obtained from a STTC is equal to the diversity gain from a STBC for the
same numbers of transmit and receive antennas. However STTC can also provide coding
gain, which a STBC cannot provide. However this additional coding gain is obtained at the
cost of increased decoding complexity at the receiver because a Viterbi or trellis based
decoder has to be employed. Note that the complexity of the decoder increases with the

number of states in the trellis and the number of transmit antennas [15].

1.4 Significance of the Research

As mentioned earlier, STBCs provide diversity gain but no coding gain. On the other hand
STTCs have both diversity and coding gain, but the complexity of designing a good code is
the main drawback of STTC. There has been rapid progress in this field, targeted at finding
better codes with full diversity and with greater coding gain than those provided in [5] and [6].
Baro et al. [16] reported improved STTCs that were found through exhaustive computer
search over a feed-forward convolution code (FFC) generator. Ionescu et al. [17] and [18]
found improved 8 and 16-state STTCs for 4-PSK for the case of two transmitters in flat
Rayleigh fading via a modified determinant criterion. Similarly Chen et al. [19], [20], [21] and
[22] detived more accurate code design criteria by using a tighter bound for the Q(.) function
in the pairwise errot probability (PEP) approximation in [5]. This yielded new STTCs with
better performance than the original codes proposed by Tarokh et al. A more structured
method of code construction that ensures full diversity is provided in [23], along with a
number of new code designs, such as codes that yield the best distance spectrum properties
among all codes with a given coding gain [24].

Boleskei et al. [25] considered the effect of receive and transmit correlation in multiple-input-
multiple output (MIMO) systems on etrror petformance of STCs. They showed that the

resulting maximum diversity order was given by the ranks of the receive and transmit



correlation matrices. Further work has been undertaken to study the performance of STBCs
and STTCs and to develop robust codes for correlated fading channels [26].

The work in this thesis concentrates on the performance of the codes proposed in [5] [19]
[21] over different fading channels. In this thesis we first present the performance of STTCs
over Rayleigh fading channels and then we compare these results with the performance in
Ricean and Nakagami fading channels. In [3] the performance of the 4 and 8-state 4-PSK
codes proposed in [5] [9] over both independent and correlated Nakagami fading channels
was presented. However the performance of the codes proposed by Chen et al. [19][21] have
not been investigated over Nakagami fading channels. In this thesis we consider the 4,8,16
and 32-state codes proposed in [5], [19] and [21] over both independent and correlated
Nakagami fading channels.

It is very important to investigate code performance over fading channels. In general the
Rayleigh and Ricean distributions ate frequently used, but the Nakagami distribution is a
more versatile fading model [3]. Thus we present more results for this channel. Since a
Nakagami fading channel is a more practical fading environment, it is useful to determine the
performance of STTCs on Nakagami fading channels and evaluate how codes designed for
Rayleigh fading petform on these channels. In this thesis we examine the performance of
STTCs proposed by Chen et al. [21] over both independent and correlated Nakagami fading
channels. We compare our results with the performance of the STTC proposed by Tarokh et
al. [5] over independent and correlated Nakagami fading channels [3].

1.5 Outline

Chapter 1 presented a general introduction to the thesis topic, including a brief review of the
challenges, solutions and most recent research in STTC. Also we discussed the significance
of the research. In Chapter 2 details on STTC and its petformance over different channels
will be presented. The code performance criteria and construction of STTCs will be
discussed. This encoder and decoder structure of STTC based systems will also be presented.
Chapter 3 presents simulation results and discusses these results. Performance results for
STTCs in Rayleigh and Ricean fading channels as well as for STTCs over both independent

and correlated Nakagami fading channels is given. Chapter 4 gives conclusion about our



simulation results and also discusses possible extensions of this research. In particular,

implementing iterative decoding for STTC based systems can provide great improvement.



Chapter 2
Space-Time Trellis Code

Introduction

Space-time trellis codes (STTCs) provide both diversity gain and coding gain. In this chapter
a brief description of a STTC based wireless system is given in Section 2.1. Then in Section
2.2 we discuss STTC construction. We give a simple example to illustrate this construction.
In Section 2.3 we provide a discussion of the performance criteria. We present a rationale for
STTC performance over Rayleigh, Ricean and Nakagami fading channels. For each of the
different fading channels we explain the different performance ctitetion. In section 2.4 we
present some STTC codes given in the literature. A brief description of channel estimation
and STTC decoding is presented in Sections 2.5 and 2.6, respectively. We gave a summary of
this chapter in Section 2.7.

2.1 System Model of STTC Based Wireless System

A typical STTC based wireless system has an encoder, pulse shaper, modulator and multiple
transmit antennas at the transmitter, and the receiver has one or more receive antennas,

demodulator, channel estimator and STTC decoder. We consider a mobile communication
system with n, transmit antennas and n, receive antennas as shown in Figures 2-1 (a) and
(b). The space-time trellis encoder encodes the data s(¢) coming from the information
source and the encoded data is divided into n, streams of data c,c,...c/" . Each of these
streams of data passes through a pulse shaper before being modulated. The output of
modulator 7 at time slot 7 is the signal ¢/, which transmitted through is transmit antenna 7.
Here 1<i< n;. The transmitted symbols have energy E_. We assume that the 7, signals are
transmitted simultaneously from the antennas. The signals have transmission petiod T. In the
receiver, each antenna receives a superposition of n, transmitted signals corrupted by noise
and multipath fading. Let the complex channel coefficient between transmit antenna i and

receive antenna j have a value of A, (¢) at time ¢, where 1< j<n,.
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Figure 2.1 A block diagram of the (a) transmitter and (b) receiver of a STTC based

system.

The received signal at antenna j, j=1,2,...,n, [1]is then

v =E > h 00+l @1
i=1
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where 7/ is additive white Gaussian noise (AWGN) at receive antenna j, which has zero

mean and power spectral density N, and 4, ,(£)is the channel coefficient between transmit

and receive antennas [22].

2.2 Code Construction

STTCs are represented in a number of ways, such as the trellis form or generator mattix
form as illustrated in Figure 2.2 for a simple STTC. In [9], most codes are presented in trellis
form. But for a systematic code seatch, the generator matrix form is preferable. The
generator matrix representation is also used for convolutional codes [27], [28] and [29].
However the generator mattix notation as shown in Figure 2.2 (b) is a little different than
that used for convolutional codes [16]. In Figure 2.2(b) two input bits enter the encoder
every symbol period. The input streams are multiplied by the branch coefficients, which can
be put into a matrix form (generator matrix) as shown below

G_[aé b b:}
-] 2 bz 2 bz
G b, 4 b

i (eh a9
b

0001 02 03 g 00 (a) .8
Zvl
10111213 10 z
—u—-’
12
20212223 01 %R
z)l
303132 i £
R
(5 69
@ (b)

Figure 2.2 (a) Trellis diagram and (b) generator matrix description of a STTC.

The following example illustrates STTC encoding. In Figure 2.3 we provide a trellis diagram
and a table of output symbols related to the input bits and current state. This trellis is for 4-
PSK constellations. Let the input symbol stream to the encoder is [23 21 0 1....]. Initially

the encoder is in state <0”. Thus “0” will be transmitted from the first antenna, the second
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antenna transmits “2” and the encoder goes into state “2” [15]. In this way for this input

symbol stream the output fot the 4-PSK STTC is as follows

0 2310 1
c= .
23101 ..

Output Symbols
State Input | Input | Input | Input
0 1 2 3 o o
0 00 01 02 03
1 10 | 11 | 12 [ 13 | !
2 20 21 22 23 g z
3 30 31 32 33 s 3

Figure 2.3 4-PSK 4-state STTC

2.2.1 Code Construction of 4-state 4-PSK STTC

A signal constellation diagram for 4-PSK is shown in Figure 2.4. With PSK information is
contained in the signal phase. For 4-PSK, the phase takes one of four equally spaced values,
such as 0, 27/4, 4m/4 and 67/4. These are typically represented by a Gray code [30]
and [27], as shown on the right side of Figure 2.4. These signal points are also labeled as 0,1,2
and 3. We can also express these in complex notation.

The encoder structure of a 4-state 4-PSK STTC is shown in Figure 2.5 (b), with bits input to

the upper and lower branches. The memory otrder of the upper and lower branches are v,

and v, , respectively. These are basically shift registers. The main purpose of the shift

registers in the encoder is to store the previous transmitted bits. The length of the shift

register is the memory of the encoder. The branch coefficients ate arranged alternatively in
the generator matrix, with g, representing the most significant bit (MSB). The input bit
streams I| and I? are fed into the branches of the encoder with I! being the MSB. The

output of the encoder is [19] [5]
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vl v2
k 1k 2 1k _
x =\ D1 a+ ) I b mod4 k=12,
p=0 g=0
where U, +0, =0 and the number of states is 2 . v, is calculated as

lﬁzlgiii:9j9 i=L2
2

Here I_xJ denotes the largest integer smaller than or equal to x. For each branch, the output

is the sum of the current input scaled by a coefficient and the previous input scaled by

another coefficient. The two streams of input bits ate passed through their respective shift

register branches and multiplied by the coefficient pairs (a;,,af,) and (b;,b;). Here

a’;,bf €{0,1,2,3},k=1,2,p=0,1,...,0,,¢g =0,1,...,0,.

a Imag
" ~ -

/' 01 S
/’ A
4 AY
/ \\
4
1o 0 b Real 0—>001+05
—$ > 1501 0+1;
\ H 2510 -1+0j
N / 3511 0-15
A /
\\ 11 ,I

Figure 2.4 4-PSK signal constellation diagram
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00 01 02 03 T o
10111213 1 > 7
/
20212223 0
z!
30 31 32 33 1 £
b
@) (b)

Figure 2.5 4 PSK 4-state STTC (a) Trellis diagram (b) Encoder Structure
Then x| and x] are transmitted simultaneous through the first and second transmit

antennas, respectively. Figures 2.6 (a) and (b) shows 8-state and 16 -state trellis diagrams

tespectively, for a rate of 2b/s/Hz [9].

2.2.2 Code Construction of 8-state 8 PSK STTC
The 8 PSK, 8-state signal state constellation is shown in Figures 2.7. The trellis diagram and

encoder structure of the 8-state 8 PSK trellis code is shown in Figure 2.8. This is similar to

that shown in Figure 2.5 except that it has three input (transmit) antennas and three sets of

coefficients. The additional input I corresponds to a branch of memory order v . The total

memory orderis U =v, +v, +0, . Here

v, ={MJ i=1,23
3

The coefficient paits are (alp,ai),(b;,qu ) and (c,c) for the input streams IT? and I

respectively. The encoder output is
P y



v, v
+O I B+

13 .bk

t—s""t—s

J mod8and k=12

0001 0203 0
12131011 1
0001 0203 0 20212223 2
10111213 1 32333031 3
20 21 22 23 2 20 21 22 23 4
30313233 3 32333031 5
222320 21 ‘Qé?} 4 00 01 02 03 6
32333031 ][R, 5 12131011 7
2 e
02 03 00 01 6 02 03 00 01 8
12131011 7 10111213 9
22232021 10
30313233 11
22232021 12
30313233 13
02 03 00 01 14
10111213 15

(a)
®)

Figure 2.6 (a) Trellis diagram of 4 PSK 8-state STTC
(b) Trellis diagram of 4 PSK 16-state STTC
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Figure 2.7 8-PSK Signal constellation

400102 0304 0506 07
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2021222324 2526 27
0717273747576 77
40414243 44 4546 47
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3031323334353637
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Figure 2.8 (a) Trellis diagram and (b) encoder structure of an 8-PSK 8-state STTC
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2.3 Performance Criteria
We assumne that the STTC codeword is given by
c=(c/c]..clCyCh o CYF crniC)CF )T )
whete [ is the frame length. We consider a maximum likelihood receiver, which may

possibly decide on an erroneous code word e, given by

12 12 1
e=(ele .. e)el. ey ....qe...er)
We can write the difference code matrix, the difference between the ettoneous codeword

and the transmitted codeword as follows -

{1 1 1 1 1 1
e —¢q € —C ... ... €-—¢q
2 2 2 2 2 2
L —q e —C ... g —(
_ 3 3 3 - : 3 3
B(c,e)=| &~¢c, ée&-c . i e-¢ | . (2.2)
rro__ AP nr_ a7 nr AP
€ q e’ —¢’ ... ... g [

The difference matrix B(c,e) has dimension n, x/. From [9] we know that to achieve the
maximum divertsity ordet ng.n, (n, receive antennas, n, transmit antennas) matrix B(c,e)
must have full rank for all possible codewords cand e. If B(c,e) has minimum rank » over
the set of pairs of distinct codewords then the diversity will be ».n, [9].

Let A(c,e) = B(c,e)B*(c,e) be the distance matrix, where B*(c,e) is the Hermitian of
B(c,e). The rank of A(c,e) is ». A has minimum dimension n, —r and exactly n, —r
eigenvalues of A are zero. The non-zero eigenvalues of A are denoted by 4,4,,4,,...4,.

Assuming perfect channel state information (CSI), the probability of transmitting ¢ and

deciding on an etroneous codeword e at the decoder is given by [5] [9] [19]

P(c,e]hij,i=1,2,...,nT,j=1,2,...,nR)=Q E, d*(c,e) |,
’ 2N, ‘
ot,
P(c—>e| h,.’j,i=1,2,...,nT,j=1,2,...,nR)Sexp(—dz(c,e)EJ /4N,), (2.3)

where N, /2 is the noise variance per dimension and
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ng | 2

d*(c,e)=

J=l t=

nT :
h, j(c’ -e)

t

i=1

is the Euclidean distance. For independent Ricean fading we can (2.4) as [5]

n Ki f ES ]'l
AN 74N,
P(C - e) < H H-—E—exp ————E—-—— . (24)
el 1+—2-4,
4N, 4N,

Here K, ; is a coefficient and it is desctibed in details in [5].
For the special case of Rayleigh fading we can assume X, ; =0 for all # and j [5]. Then (2.4)

can be written as

1

ny ES
filis

=1

Plc>e)< 2.5)

Let r denote the rank of matrix A(c,e). The matrix 4 has dimension n, —r and n, —r

eigenvalues of A4 are zero.

r & E TR
P(c—>e)< (H&-) (4]&0 j (2.6)

i=l

We can derive following Design critetia for the STTC to achieve the best performance of a

given system [5].

2.3.1 Design Criteria for STTC over Rayleigh Fading

2.3.1.1 Rank Criterion
The rank criterion optimizes the spatial diversity gain achieved by a STTC. Assume B(c,e)
has minimum rank r over the set of pairs of distinct codewords so a diversity of r.n, is

achieved [5][19]. To illustrate this criterion [31], consider a 4-PSK system where the

transmitted codeword is ¢ = 220313, and the erroneous codeword the receiver decides upon
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is e = 330122. Figure 2.4 gives the 4-PSK signal constellation. In this example, n, = 2 and

the message length is I = 3. The 2 x 3 difference matrix is

B(c,e)=i—j—(_l) 1-1 —l—jl
-j-CD) j-(=/) -1-(=))
-5 0 -1-j
-5 o2 -1

The rank of B(c,e)is 2, as is the rank of A(c,e). For this system with #, =2 transmit

antennas and n, =1 receive antenna, the diversity gain is 2.

2.3.1.2 Determinant Critetion
The determinant critetion optimizes the coding gain. Recall that ris the rank of A(c,e).
Coding gain corresponds to the minimum 7 th roots of the sum of the determinants of all

rxr principal cofactors of A(c,e) =B(c,e)B*(c,e) taken over all pairs of distinct
codewords ¢ and e [5]. Now (44,...4) is the absolute value of the sum of the

determinants of all principal rxr cofactors of 4. Thus if a diversity advantage of ngris

1/r

achieved, the coding gain is (44,...4,) . So if maximum diversity of ngn,is the design

target then we have to maximize the minimum determinant of 4(c,e). From the example,

for the rank criterion the eigenvalues of the matrix A4 are
A =-2.2679-3j
A, ==5.7321-3

For r = 2, the coding gain for the codeword given in the example is 4.9327 [31].

2.3.1.3 Euclidean distance Criterion
When the diversity gain is large (with two or more receive antennas), [21] proposes another
design critetia, namely the Euclidean Distance Criteria (EDC). According to [21], the Rank

and Determinant critetia (RDC) applies to the systems with a single receive antenna and a
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small number of transmit antennas. This shows that with diversity gain rn, >4, [12] shows

that the error probability is upperbounded by

1 E Lo
P(c—>e)<—exp| —n,—= e —c
e( ) 4 p( R 4 NO ~ ;l i i J
when 2.7
rng 24
which indicates that we should maximize the minimum squared Euclidean distance

between any two different codewords [21].

2.3.2 Design Criteria for STTC over Ricean Fading
Equation (2.4) gives the probability of error for independent Ricean distributions. If we
consider (2.4) for sufficiently high signal-to-noise ratios, we get [5]

P(c >e)< (41;:\; ]—MR (H A ) {ﬁﬁexp (-, )} (2.8)

0 i=1 =1 i=l
Thus we get a diversity gain of r.n, and a coding gain of

g

(hAy - -h)" {Hﬁexp(—l(i, j)}

j=1 i=1

2.3.2.1 Rank Criterion

The rank criterion is the same as for the Rayleigh channel {5].

2.3.2.2 Determinant Criterion

We assume A(c,e) denotes the sum of all determinants of the » x 7 principal cofactors of
the matrix A(c,e). Here ris the rank of A(c,e). To achieve the maximum coding gain the

minimum of the products

A, [ T] Texo(-K,)1"™

Jj=l i=l

taken over all paits of codewords ¢ and ehas to be maximized.



21

2.3.3 STTC over Nakagami Fading Channels

In the multipath fading channel model literature, the Rayleigh and Ricean disttibutions are
frequently used. However, the Nakagami model is often more versatile than the above-
mentioned channels [3]. In this model it is assumed that the received signal is the sum of
vectors with random amplitudes and random phases. This assumption makes this model
more flexible than the Rayleigh and Ricean distributions [2]. The Nakagami distribution is
given by

= m 2m—l —a 2miQ
pla )—1_( )(Q) , 2.9)

where I'(x) denotes the Gamma function of x, and
Q=E[a?],

QZ
=m,m21/2.

The notation E[x]denotes the expected value of x. The constant » is called the inverse

fading parameter, with m =1 and m = o0 corresponding to Rayleigh fading and no fading,

respectively.

2.3.3.1 Independent Fading

The amplitudes of 4, ;are identical and independent m -distributed with the same mand €.

Pairwise etror probability is given by [3],

P(c—>e)< Q) f[]'[ Im 2.10)
1_‘( ) j=1 i=1 S N m
4N, Q

n-1

Here I'(m) is gamma function which means I'(n) = It e'dt, n>0.Equation
0

P(c—>e)

r aNmY) ( E Y
o152 ()

s
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11w (&) an

Here f(m) = (m/Q)”'_”"'R("T—r) l"(m)"T"R" 3]

From (2.11), the diversity order is rmn,, . This is in fact m times the diversity order that can
- 1/r

be achieved in Rayleigh fading. The coding gain is f(m) = (m/ Q)_l/m"" (H l,) [22]. Now
i=1

for m=1,Q =1 we can simplify (2.14) as [3]

P(c—)e)s[ﬁ(li))_ ' (4}]’}, ) R (2.12)
i=1 0

This agrees with (2.6) which is the etror probability for Rayleigh fading. If we compare (2.11)

and (2.12) we see that the only difference between them is the factor f(m) and m on the

right hand side of (2.14). Thus we can say that the diversity order achieved in Rayleigh fading
increases by a factor of m in Nakagami fading and the coding gain is multiplied by a factor

of f(m)™™ . We can consider this factor as the additional coding gain due to Nakagami
fading [3].

2.3.3.2 Correlated Fading

In this section we present the design criteria for STTC in cotrelated fading. We considered

the case when the fading coefficients, A, ; are correlated. We assume that the envelopes of

b, ; are modeled as identically correlated Nakagami distributed random variables [3]. In [3] it

is shown that rank and determinant criteria is similar to the independent Nakagami fading
criteria. We presented simulation results of performance of the STTC over correlated

Nakagami fading in Section 3.4.2.

2.4 Code Search with the Performance Criteria

The RDC and EDC are usually used to guide the computer search for good space-time trellis
codes. Many search results are given in [16], [19], [20], [18], [21] and [22]. Some of these are
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simulated in this thesis. Because of the computational complexity of the pair-wise error
probability bound equations, computer simulation is usually catried out to more accurately
evaluate the code performance. No comparison results between the upper bound and the
simulation results have been given in the literature to date. Performance criteria in the
presence of channel estimation etrors and multipath effects are discussed in [11]. It was
shown that the design criteria also apply to Nakagami fading channels in [3]. The
performance criteria and simulation results for space-time trellis codes over frequency
selective fading channels was presented in [3].

In the following tables we present the codes designed by Tarokh et al. in [5], [9] and the
codes designed by Chen et al. in [19] and [21]. These tables also give the number of states

(2”), the minimum rank (7) the minimum determinant (det) and the minimum squared

Euclidean distance (d;m ) . Tables 1 and 3 presents the 4,8,16 and 32-state 4 PSK and 8 PSK

STTC codes proposed by Tarokh et al. [5] [9] for a system with two transmit antennas. These

codes were designed using the rank and determinant ctiteria (RDC). From the tables we can

see these codes have full rank » =n, and maximum minimum determinant of the code

distance matrices A(c,e). Tables 2 and 4 present the 4,8,16 and 32-state 4 PSK and 8 PSK
STTC codes proposed by Chen et al. [19] [21] for a system with two transmit antennas.
These codes were designed using the Euclidean distance ctiteria (EDC). The code design
using RDC for wireless systems with transmit antennas n, >3 is quite complex [21], so for
this case the Euclidean distance criteria (EDC) was used in [21] to design codes. Tables 5 and
6 present the 4,8,16 and 32-state 4 PSK STTC codes proposed by Chen et al. [21]} for
systems with 3 and 4 transmit antennas, respectively. From these tables it is evident that the

codes based on the EDC have the same same value for 7, but they have a larger Euclidean

distance (d2

min

) compared with the codes designed based on the RDC.



4-PSK Trellis codes for two transmit antennas proposed by Tarokh et al. [5]

TABLE 1

24

2w [ ata’ |al,al | ala” | al,a” [ bbb, [ bbb | b, b2 [ b, b2 |1 det | g%
4 10,2 (20 |- -- 0,3 |@€o) |- - 2 (4 4
8 (02 |(20) |- - oy (LY (22 |- 2 |12 |8
16 102 (20 (0,2 |- Oy 1312 |20 |- 2 |12 |8
32102 [0 (63 (= (0D () [0 [@2 [2 [ |
TABLE 2
4-PSK Trellis codes for two transmit antennas proposed by Chen et al. [19]
20 |asa, | ala’ | a2 | a)ya’ | bbby | bb? | bib,” [ byiby® [ £ | det dZ,
4 102 |32 |- - 23 (20 |- - 2 |4 |10
8 122 |@Y |- - o 102 02 |- 2 |8 |12
6 (12 (13 (G2 |- [0 [ (@0 |- |2 [8 [
32 10,2 (23 [12) |32 (2 |2 [23) |20 [2 [20 |16
TABLE 3
8-PSK Trellis codes for two transmit antennas proposed by Tarokh et al. [5]
2" aol,ao2 all’ a bol’bo2 b\b’ bzl’bz2 col’co2 c1ls ¢ | che) |t | det d>.
8 (094) (430) (092) (2,0) - (0’1) (5,0) - 2 |2 4
16 (04 |4 (0,2 [(22) |- o1y |6H (1,5 |2 [3.515(6
32 104 [4H |02 |22 {22 [ODH |5 [ (37 |2 |3.515]8




TABLE 4

8-PSK Trellis codes for two transmit antennas ptroposed by Chen et al. [19]

25

2° | ag, asa [ by,by’ | by, b,'b,* | ¢4 ¢y el | ¢ r |[det dia
a’ b/’ cy )’
8 2 134 | (46) |20 |-- 0,4) | (4,0) |-- 2 |2 7.172
16 | (24 |3,7) | 4,00 | (6,6) |- (7,2) 1(0,7) | (4,4) |2 |0.686 |8
32 (04 | (48 [(0,2 [(23) (22 (30 |(2,2 |(3,7 |2 |2.343]8.586
TABLE 5
4-PSK Trellis codes for three transmit antennas proposed by Chen et al. [21]
2 aol’aozx all’alz’ bolsboz’ bllsblz ’ Colscoz, c1l,c1zs Czlsczza t |det| g :,m
a03 313 b02 blz c03 cl3 c23
4 |(0,22) |-- 2,3,3) |- (1,2,3) |(2,0,2) |-- 210 |16
8 |(222) |- 2,0,3) | (12,0 | (2L, |(0,22) |-- 210 |20
16 | (1,2,) | (22,00 |(2,0,2) | (32D | (1,32 |(202) |[-- 210 |24
32 1(0,2,2) |(,2,2) |(220) |(122) |(233) |(231) |(20,0) (2 [0 |24
TABLE 6
4-PSK Trellis codes for four transmit antennas proposed by Chen et al. [21]
v agl,a0%, arlag?, bol,be2, bil,b2, colyco?, cilyer?, c2l,c2, r | det diin
203, 304 313, 314 boz’ b04 blz, b14 C03, Co4 C13,C14 C23, c24
4 0220 |- (2332 |- (232 | 2020 |- 20 |20
8 (2222 |- 203D (1203 | (21,12) | (0220 |- 20 |26
16 | (L2LD) | 220,0) | (20,22 | (3.21,2) | (1,3,22) | (2,022) |- <o [32
3
32 [(0.2,22) | (1.2,20) | 220, | (1,22 | (23,3,2) | 2,3,1,0) | (2.0,0.2) | <|0 [36
3

2.5 STTC Decoder

The decoder is based on the Viterbi algotithm, so it uses the trellis structure of the code.

Each time the decoder receives a pait of channel symbols it computes a metric to measute
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the “distance” between what is received and all of the possible channel symbol pairs that
could have been transmitted. For hard decision Viterbi decoding the Hamming distance is
used, and the Euclidean distance is used for soft decision Viterbi decoding. The metric
values computed for the paths between the states at the previous time instant and the states

at the current time instant are called “branch metrics”. We assume that the decoder has ideal

channel state information (CSI) and thus knows the path gains 4, ; (where i=12,...,n;

and j =1,2,...,m,). If the signal is 7’ at receive antenna j and time ¢, the branch metric for

a transition labeled x'x”...x™ is given by [1]

. nT .

Jj_ i

I Z h; 4,
i=l

The Viterbi algorithm determines the path with the lowest accumulated metric.

np 2

2,

J=1

2.6 Summary of Space-Time Coding

Section 2.1 of this chapter gave a brief description of a STTC based wireless system. We
showed and explained the transmitter and receiver of such system. Section 2.2 gave an
explanation of the construction of a STTC. In the beginning of this section we gave a simple
example of how information is coded in STTC based systems. Later we discussed code
construction and the encoder structure of 4-state 4-PSK and 8-state 8-PSK STTC. In Section
2.3 we discussed about different performance criterion. We presented a details of the RDC
and EDC, and provided design criteria over Rayleigh, Ricean and Nakagami fading. In
Section 2.4 we presented the codes designed by Tarokh et al. and Chen et al. in six tables.
Section 2.5 briefly discussed STTC decoders.

The design criteria for code construction of space-time trellis codes assume that perfect
channel state information (CSI) is available at the receiver, i.e., the receiver knows the exact
channel path gains. In reality, it is impossible for the receiver to have perfect channel
information, however the receiver can estimate CSI. Due to estimation errors petformance
degradation will occut. Several techniques have been introduced to estimate the channel [32],
[33] and [34]-[37].



CHAPTER 3
SIMULATION AND RESULTS

Introduction

In Chapter 2 we discussed space-time codes and the design critetia proposed by Tarokh et al.
[5] and Chen et al. [19] [21]. The codes proposed in [16] by Baro et al. showed significant
improvement petformance over the codes in [5], but the codes designed in [19] and [21]
showed better performance than those in [16]. This is the reason we choose the codes in [19]
and [21] (given in Tables 2, 4, 5 and 6), over the codes designed in [16]. This chapter
presents the petformance of the STTCs given in [5], [19] and [21] over different fading
channels. The code performance is evaluated by simulation over Rayleigh, Nakagami and

Ricean fading channels.

3.1 Simulation Parameters
In our simulations we considered the IS-136 standard [3]. In this system, performance is
measured by the frame error rate (FER) for a frame consisting of 130 symbols. We also
assumed ideal channel state information (CSI) is available at the receiver. We carried out the
simulation by MATLAB. Random M-PSK symbols are set in frames as a group, which
consists of 130 symbols each. The space-time encoder takes the frame as input and generates
codeword pairs of each input symbol simultaneously for all the transmit antennas. Pulse
shaping and matched filter are used. These complex signals are transmitted through the
MIMO channel. We modeled the signals and channels in. base-band. So
modulation/demodulation operations are not carried out. We used Monte Carlo simulation
to carry out the FER evaluation of the space-time coded system. The FER is given by
. F
Polm:

where F is the total number of transmitted frames and F, is the total number of erroneous

frames received at the receiver. It is impossible to run the simulation for an infinite length of
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time, so we take F' as a very large number. The maximum number of iterations used was

50,000 for a FER above 107°.

3.2 STTC petformance over Rayleigh Channels

In Figures 3.1 and 3.2 we show the performance in independent flat Rayleigh fading channels
of the 4/8/16/32-states codes with two transmit antennas and 1/2/4 receive antennas for
4/8-PSK constellations. These codes wete proposed by Tarokh et al. [5] and were designed
with the rank and determinant criteria in a heuristic manner [5]. We presented these codes in
Table 1 of Chapter 2.

It is seen in Figure 3.1 that the performance improves as the number of states increases. We
can also see that the coding gain between the 4-state and 8-state codes is larger than the
others. When we use multiple receiver antennas a significant improvement is achieved for all
of the codes. This improvement is due to divetsity gain. Bandwidth efficiency of the 4-PSK
codes is 2 bits/s/Hz. Figure 3.2 presents the code petrformance of the 8 and 16-state codes
for 8-PSK constellations. It is evident that these also follow the same trend as the 4-PSK
codes, but performance of 8-PSK 8-state codes is approximately 4.1 dB worse than the 4-

PSK 8-state codes for the case of two receiver antennas (n,=2) and two transmit antennas
(ny;=2). With a system with n,=4 and n, =2 we can see from Fig 3.2 the 8-PSK 8-state

codes perform approximately 3.75 dB worse than the 4-PSK 8-state codes. The reason for
this phenomenon is that for 8-PSK codes the signal points ate much closer together.

There are several papers which presented improved codes [16], [17], [19] and [21], but the
codes proposed by Chen et al. [19] [20] [21] and [38] showed much better performance than
the others. The performance of the codes presented in Table 2 and 4 proposed by Chen et al.
[12] and [21] are shown in Figure 3.3. Here we compare the codes from Table 2 with the
performance of the codes of Table 1. We found that the 4-state codes of Table 2 outpetform
the 4-state codes of Table 1 by approximately 1 dB for a system having n, =2 and n,=2. We

also see that the 8,16 and 32-state codes of Table 2 outperform the codes of Table 1 by
almost 1 dB in every case. Figure 3.4 shows the performance over flat Rayleigh fading
channels of the 4/8/16/32-state 4-PSK codes presented in Table 5 for a system with three
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transmit (7, =3) antennas and 2/4 receive antennas designed by Chen et al. [21]. We found
these codes outperform the codes designed for 2 transmit antennas. For n,=2 the
performance of the 4, 8, 16 and 32-state STTCs in a system with 7, =3 outperform the

n; =2 codes by about 0.25dB, 0.75dB, 1 dB and 1 dB respectively. Figure 3.5 presents the
performance of the STTC presented in Table 6 [21] over flat Rayleigh fading channels with

ny =4 antennas and 2/4 receive antennas. Compating this figure with Figure 3.4, we found

that a system with 7, =4, n, =2 shows 0.75,1.25,1.0 and 1.25 dB improvement for 4,8,16 and

32-states respectively, over the codes from Table 5. From the above simulation results we

found that for 3 or 4 transmit antennas we achieved significant performance improvements.

3.2.1 Summary
In the case of Rayleigh Fading channels we see that as we increase the number of states from
4 to 32 the performance of the system improves. Also when we increase the number of

receiver antennas n, we found that system performance improves. This improvement is due

to the diversity. Codes from Table 2 outperform the codes from Table 1 in a system with 2
transmit antennas and multiple receive antennas. Codes designed by EDC shows
performance improvement when we inctrease the number of transmit antennas from 2 to 3
and 4. The performance improvement due to increasing number of receive antennas is better
than the amount of improvement obtained by employing mote transmit antenna because the

transmit power is kept constant equally divided amongst the transmit antennas.

3.3 STTC Performance over Ricean Channels

In this section we show the performancei of STTCs over Ricean channels. Here K is the Rice
factor, which is the specular-to-diffuse ratio of the received signal. As discussed in Chapter 2,
Ricean fading models a direct signal path (the specular component) in addition to reflected
signals (the diffuse component). The higher the Rice factor, the less severe is the fading. For
a specular-to-diffuse ratio <=-6 dB (K=0.25) the fading performance very closely
approximates the Rayleigh fading.
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Figure 3.6 presents the performance of the 4-PSK 4-state code designed by Tarokh et al. (in

Table 1) over Ricean fading channels with different values of K for a system consisting of

two transmit antennas (7, =2) and one receive antenna (n, =1). Here we can see that with

K=0.25 the system performs almost the same as in a Rayleigh fading channel. As the value
of K increases performance improves. For simulation in this thesis we chose K=3.

In Figure 3.7 we see that the 8-state code in Table 1 outperforms the 4-state code by 1.8 dB,
the 16-state code outperforms the 8-state code by 0.5 dB, and the 32-state code outperforms
the 16-state code by 0.25 dB. Comparing Figure 3.8 with Figure 3.7 we see that the 4-state
STTC of Table 2 outperforms the 4-state STTC of Table 1 by about 1.5 dB.

3.4 STTC Performance over Nakagami Channels

The performance over independent and correlated Nakagami fading channels of the 4-state
4-PSK and 8 —state 4 PSK codes is given in [3] with two transmit antennas. In this section,
we show the performance of the 4/8/16/32 states codes presented in Tables 1-6 of Chapter
2

Figure 3.9 we show the performance of the 4-state 4 PSK codes presented in Table 1 over a
Nakagami channel for m =1,2 and 4 two transmit antennas and one receive antenna. From
this figure we see that for m = 1, we get the same result as Rayleigh fading channel. As the
Nakagami value parameter increases, the code petformance improves.

In Figure 3.10 we show the performance of the 4-state 4-PSK code presented in Table 2
over a Nakagami fading channel with m= 1,2 and 4. For m=1 we obtain the same
petformance as in a Rayleigh fading channel, which was given in Figure 3.9. In Figure 3.11

we found that for a system with n, =2 and np =1, the 4-state 4 PSK code presented in Table

1 performs better than the code presented in Table 2 for all values of m considered. For
m =2 and 4, the code presented in Table 1 outperforms the code in Table 2 by 0.5 dB and
1.4 dB, respectively. From [21], the codes of Table 1 were designed using the Rank and

Determinant Ctitetia (RDC), and these outperform the codes in Table 2 which were

designed using the Euclidean Distance Ctitetia (EDC) for system with n, =1. According to

[12], when rn, is sufficiently large (>3) performance of STTCs are dominated by the
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minimum Euclidean distance of A(c,e) taken over all pairs of distinct codewords ¢ and e.
Here we see for n, =2 and n,=1 the product rn, is not large (r = n,). That’s why codes
from Table 2, which are designed by EDC is not petforming worse than codes from Tablel.
Figures 3.12 and 3.13 give the petformance of the 8-state STTCs presented in Tables 1 and
2, respectively for a system with n,=1,2 and n,=2. If we compare the results in these
figures, we see that the performance of the 8 state codes in Tables 1 and 2 are approximately
the same for m =1 (Rayleigh fading channel) and n,=1. For m =2 and n, =2, the STTC of
Table 2 showed a 0.2dB gain over the STTCs from Table 1. This shows that the code design
critetion presented in [21] for a Rayleigh fading channel is also valid for Nakagami fading
channel [3].

3.4.1 Independent Fading

In the remainder of this chapter, the Nakagami fading parameter is set to m =2. The
performance of the codes presented in Table 1 over independent Nakagami fading channels
was shown in [3].

Figure 3.14 and 3.15 present the performance of the 4 and 16 state and 8 and 32 state STTC
codes, respectively, in Table 1. Figures 3.16 and 3.17 present the performance of the 4 and
16 state, and 8 & 32 state STTC codes of Table 2. These figures provide results for 1,2 and 4
receiver antennas and two transmit antennas. These results are identical to those in [3].

In Figure 3.18 we compare the 4 and 16-state STTCs in Tables 1 and 2 for a system with
n, =2 and n,=1 and 4. We chose a large receive diversity (n,=4) to see the performance
more clearly. In the case of n,=1 and n,=2 we see that the 4-state code in Table 1
outperforms the corresponding code in Table 2 by 0.5 dB, wheteas the 16-state code in
Table 1 outperforms the corresponding code in Table 2 by 1.5 dB. In the case of n, =4 and
n; =2, the 4-state code of Table 2 outperforms the 4-state code of Table 1 by about 2 dB.

The 16-state STTC of Table 2 outperforms the 16-state code of Table 1 by 0.5 dB. In Figure
3.19 we present the performance of the 8 and 32-state codes in Tables 1 and 2 designed by

Tarokh et al and Chen et al., respectively, for a system with n, =2 and n,=1 and 4. In the
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case of n,=1 we see that the 8-state code from Table 1 outperforms the 8-state code from

Table 2 by 0.9 dB.

In the case of 32-state codes, the code from Table 2 performs worse than code from Table 1

by approximately 1.25 dB. As before the n;=1 codes designed using the EDC perform

worse than the codes designed using the RDC [21]. In the case of n, =4, the 8-state code in

Table 2 outperforms the cotresponding code in Table 1 by 0.5 dB. In addition, the 32-state
code of Table 2 outperforms the 32-state code in Table 1 by 0.9 dB.
Figure 3.20 shows the performance of the 4 and 16 state codes of Tables 2,5 and 6 in a

system with n,=1 and n,=4. In the case of n,=1, the 4-state codes with n, =3 and 4
perform worse than those with n,=2. In [21] it was also found that the 4-state STTCs over
Rayleigh fading channels perforin worse when n,is increased from two to three and from
three to four, respectively. Even when n, is increased from one to four as shown in Figure

3.21, the performance does not improve [21]. Also the results in Figures 3.20 and 3.21 show

that over Nakagami fading channels, the 4-state code petformance degrades as n;increases.
In Figure 3.21 we found that even when we increased n, to four the performance did not
improve. For the 16—state code in Figure 3.20 we found that for n,=1, performance
degrades when n, is increased from two to three and from three to four. In Figure 3.21 we
see that for n,=4, 16-state STTCs show a 0.8 dB improvement when #,is increased from

two to three and a 0.1 dB improvement when it is increased from three to four.

Figures 3.22 and 3.23 present the performance of the 8 and 32 state codes with 7, =2,3 and
4 and n,=1 and 4, respectively. From Figure 3.22, we see that the performance of the 8-state
STTCs degrades as we increase n, from 2 to 3 and from 3 to 4. On the other hand for the

32-state STTCs, for n; =2 and n; =3 the performance is approximately same. But for n, =4
we see 32-state STTC codes shows a slight improvement than the others. In the case of

n,=4 in Figure 3.23 we see that the 8-state code shows 0.5 and 0.45 dB gains when we
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increase n, from two to three and from three to four, respectively. The 32-state code shows

0.6 and 0.5 dB gains when n, is incteased from two to three and three to four, respectively.
The worse performance of STTCs from Table 5 and 6 than the codes from Table 2 is also
reported in [21]. From the Tables 5 and 6 we see that the codes do not have full rank

(r =n;). It is mentioned in [19] [21] that the maximum value of the minimum rank of a 4-

PSK STTC is min (nT,[g—J +1) [19]. Thus we can understand that the full rank can be

achieved only with the memory order (v) not less than 4 and 6, respectively [21]. As
mentioned eatlier that if rny, <3, Euclidean distance does not dominate the code
petformance [19]. This is the reason for worse petformance of 4, 8 and 16-state STTCs from

Table 5 and 6 than the codes from Table 2 for n,=1.

3.4.2 Correlated Fading

In this section we show the effects of transmit antenna cortelation on the performance of
different STTCs. In Figures 3.24 and 3.25 we give the performance of the 4-PSK 4-state
STTCs designed by Tarokh et al. (Table 1) and Chen et al. (Table 2), respectively. First we
assume that the signals from the two transmit antennas to the j-th (j=1,2 and 4) receive

antenna are correlated. We consider the three different correlation coefficients (p =0.5, 0.8

and 1.0). Figure 3.24 shows the performance of the 4-state 4 PSK STTC codes from Table 1

in correlated Nakagami fading with different correlation coefficients. We found that with
np =1 for the values of p =0.5, 0.8 performance is 1.75 dB and 2.75 dB worse, respectively
than the uncorrelated channel. The case with p=1.0 has the worst performance, as
expected. In Figure 3.24 we see that for ny =2 code petformance is degraded by 1 dB, 2 dB
and 3.5 dB from the uncorrelated channel for p =0.5,0.8 and 1.0 respectively. For n,=4

performance (coding gain) is degraded by 0.9, 1.5 and 2.0 dB from the uncorrelated channel
for p=0.5,0.8 and 1.0, respectively. Therefore receive diversity significantly reduces the

effects of correlated fading.
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Figures 3.25, 3.26 and 3.27 show the performance of the 8,16 and 32-state STTCs of Table 1,
respectively. From these figures we found that as we increase the number of states the effect
of fading correlation reduces. It is also evident that with more receive antennas in the system
better performance is achieved over correlated fading channels. In the case of a 32-state
STTC with n,=4 and n, =2 we found from Figure 3.27 that the petformance for the case of
£ =05 and 0.8 is worse than with no correlation by about 1 dB. In the case of severe
transmit correlation (p =1.0) performance is degraded by 2 dB from the uncotrelated

channel. This result is similar to that observed in Figure 3.24.
Figure 3.28 presents the petformance of the 8-state 8-PSK Table 1 over a correlated

Nakagami fading channel for p =0, 0.5,0.8 and 1. Figure 3.29 shows the performance of the
16-state 8-PSK code from Table 1 in a correlated fading channel with p = 0 and 0.5. We see
that the 8-PSK STTC code follows the same trend as for the 4 PSK STTCs over correlated
Nakagami fading channels. For a single receive antenna, the effect of cotrelated fading
petformance is severe. For n,=4 and p =0.5 we see that the petformance of the 8-state
STTC degrades by 0.8dB from the case of uncotrelated channels. For the case of n,=4 and
p =05, performance of the 16-state STTC degrades by 0.25 dB from the case of

uncorrelated channels. So as we increase the number of states the effect of the correlation
reduces. Figures 3.30 to 3.33 show the performance of the 4, 8,16 and 32-state STTCs over
correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1.

If we compare the performance of the 4-state codes of Figure 3.30 with that in Figure 3.24,

we see that for n,=2, the 4-state code from Table 2 performs better than the code from
Table 1. For n,=4 and p =0.5, the 4-state code from Table 2 outperform the code from
Table 1 by about 2 dB. For n,=4 and p =1, the 4-state code from Table 2 outperform the

code from Table 1 by about 1dB. Now comparing Figures 3.33 and 3.27 we see that for
n,=2 and p =0.5, the 32-state code from Table 2 outperform the code from Table 1 by

about 1 dB. For n,=4 and p =0.5, the 32-state code from Table 2 outperform the code

from Table 1 by about 1.5 dB. This shows over correlated fading channels, with large receive
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diversity, the STTCs designed using the EDC (Table 2) show significant performance
improvements over the codes designed using the RDC (Table 1).

3.4.3 Summary
From our results we found that the petformance of STTC designed by EDC performs worse

than the codes designed by RDC in a system with #n, =2 and n,=1. However in the same
system when we employ multiple receive antennas (n, =2,4) the STTCs designed by EDC

outpetform the STTCs designed by RDC. This petformance trend is also observed in
Rayleigh fading channels.

When we increase the number of transmit antenna from n, =2 to 3 and 4 in a system with

np =1, the petformance of the 4,8 and 16 states codes designed by EDC degrades. Only the

32-state code showed any petformance improvement. As we increase the number of receiver
antennas from 2 and 4 we see that the system shows much better performance. As already
mentioned in a Rayleigh fading channel, when we increase the number of transmit antennas

we do not get more diversity gain for fixed n,.

We found that the performance of STTCs over correlated Nakagami fading channels
degrade, as the correlation increases. However, when multiple receive antennas are employed
cotrelation degradation is reduced. With multiple receive antennas, the codes designed by

EDC perform better than the codes designed by RDC.

3.5 Summary

In this Chapter we provided simulation results for the STTC proposed by Tarokh et al. and
Chen et al. over different fading channels. In Section 3.1 we provided a short discussion of
the simulation parameters and simulation methods. In Section 3.2 we presented the
petformance of different STTCs over Rayleigh fading channels. In Section 3.3 we showed
the performance of the STTCs of Table 1 and Table 2 over Ricean fading channels. In
Section 3.4 we provided a detailed performance compatison of these codes over independent
and correlated Nakagami fading channels. Earlier in our discussion we mentioned that the

Nakagami fading channel is more flexible than the Rayleigh and Ricean channels [3]. For
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this reason we presented more results on the performance of STTCs over Nakagami
channels. It was determined that the design ctitetia for space-time trellis codes over Rayleigh
fading channels is suitable for both independent and correlated Nakagami fading channels.
Our simulation results show that the 4,8,16 and 32-state codes from Table 2 perform worse

than the codes from Table 1 for n, =2 and n,=1 over Nakagami fading channels. However
for n, =2 and n, =2 and 4 the codes from Table 2 outperform the codes from Table 1. We
also observed that when we have a system with 7, =2 and n, =1 and we increase the number
of transmit antennas, the codes designed by EDC for n, =3 and 4 perform worse than the

codes designed for n, =2.
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Figure 3.1: Petformance comparison of the 4-PSK STTCs from Table 1 (Tarokh et al.)
over Rayleigh fading channels with n,=2 and n,=1,2 and 4.
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Figure 3.2: Performance compatison of the 8-PSK STTCs from Table 1 (Tarokh et al.)
over Rayleigh fading channels with 7, =2 and n,=1,2 and 4.
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Figure 3.3: Performance comparison of the 4-PSK STTCs of Table 2 (Chen et al.)

over Rayleigh fading channels with n, =2 and n,= 2.
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Figure 3.4: Performance compatison of the 4-PSK STTCs from Table 5 (Chen et al.)

over Rayleigh fading channels with 7, =3 and n,= 2 and 4.
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Figure 3.5: Petformance comparison of the 4-PSK STTCs from Table 6 (Chen et al.)

over Rayleigh fading channels with 7, =4 and n,= 2 and 4.
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Figure 3.6: Performance of the 4-PSK STTCs from Table 1 (Tarokh et al.) over Ricean
fading channels for K= 0.25, 1, 1.5, 3, 8 with n,=2 and n,=1.
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Figure 3.7: Petformance of the 4-PSK STTCs from Table 1 over Ricean fading

channels (K=3) with n, =2, n,=2.
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Figure 3.8: Petformance of the 4-PSK STTCs from Table 2 over Ricean fading

channels (K=3) with n, =2, n,=2.
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Figure 3.9: Performance Comparison of the 4-PSK 4-state STTCs from Table 1 over

Nakagami fading channels for m = 1,2 and 4 with n, =2, n,=1.
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Figure 3.10: Performance Compatrison of the 4-PSK 4-state STTC from Table 2 (Chen

et al.) over Nakagami fading channels for m = 1,2 and 4 with n, =2, n,=1.



47

FER

SNR

Figure 3.11: Petformance Comparison of the 4-PSK 4-state STTC from Table 1 and

Table 2 over Nakagami fading channels for m = 1,2 and 4 with n, =2, n,=1.
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Figure 3.12: Petrformance of the 4-PSK 8-state STTC from Table 1 (Tarokh et al.) over

Nakagami fading channels for m = 1,2 and 4 with n, =2, n,=1and 2.
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Figure 3.13: Performance of the 4-PSK 8-state STTC ftom Table 2 (Chen et al.) over

Nakagami fading channels for m = 1,2 and 4 with 7, =2, n,=1and 2.
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Figutre 3.15: Performance of the 4-PSK 8 and 32-state STTCs from Table 1 (Tarokh et

al. code) over Nakagami fading channels (m = 2) with n,=1,2 and 4 and n, =2.
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Figure 3.16: Performance of the 4-PSK 4 and 16-state STTCs from Table 2 (Chen et

al.) over Nakagami fading channels (m = 2) with n,=1,2 and 4 and n, =2.
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Figure 3.17: Petformance of the 4-PSK 8 and 32-state STTCs from Table 2 (Chen et

al.) over Nakagami fading channels (m = 2) with n,=12 and 4 and 7, =2.
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Figure 3.18: Performance Compatison of the 4-PSK 4 and 16-state STTCs from Tables

1 and 2 over Nakagami fading (m = 2) for n,=1and 4 and n, =2.
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Figure 3.19: Performance Comparison of the 4-PSK 8 and 32-state STTCs from
Tables 1 and 2 over Nakagami fading channels (m = 2) for n,=1and 4 and n, =2.
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Figure 3.20: Performance comparison of the 4-PSK 4 and 16-state STTCs fromTables
2, 5 and 6 over Nakagami fading channels (m = 2) with n,=1and n,=2,3 and 4.
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Figure 3.21: Performance Comparison of the 4-PSK 4 and 16-state STTCs of Tables 2,
5 and 6 (Chen et al.) over Nakagami fading channels with n,=4 and n,=2,3 and 4.
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Figure 3.24: Performance Comparison of the 4-PSK 4-state STTC from Table 1 over

cortrelated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with n,=1, 2 and 4 and

n, =2,
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Figure 3.25: Performance Comparison of the 4-PSK 8-state STTC from Table 1 over
correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with n,=1, 2 and 4 and

n,=2.
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Figure 3.26: Performance Comparison of the 4 PSK 16-state STTCs from Table 1 over
correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with 7n,=1, 2 and 4 and

ny=2.



63

FER

10'3 § & l l V) [l
0 5 10 15 20 25
SNR

Figure 3.27: Performance Comparison of the 4-PSK 32-state STTC from Table 1 over

correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with n,=1, 2 and 4 and

n, =2,
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Figure 3.28: Performance Comparison of the 8-PSK 8-state STTCs from Table 1 over
correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with »,=1, 2 and 4 and

n, =2,
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Figure 3.29: Petrformance Comparison of the 8-PSK 16-state STTCs from Table 1 over

correlated Nakagami fading channels for o =0 and 0.5 with n,=1,2 and 4 and n,=2.
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Figure 3.30: Performance comparison of the 4-PSK 4-state STTCs from Table 2
(Chen et al.) over correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with

n,=1,2and 4 and n,=2.
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Figure 3.31: Petformance Compatison of the 4-PSK 8-state STTCs from Table 2

(Chen et al.) over correlated Nakagami fading for p =0, 0.5, 0.8 and 1 with 7n,=1, 2

and 4 and n, =2.
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Figure 3.32: Performance Comparison of the 4-PSK 16-state STTC from Table 2 over

correlated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with n,=1, 2 and 4 and

ny=2.
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Figure 3.33: Performance Compatison of the 4 PSK 32-state STTC from Table 2 over
cotrelated Nakagami fading channels for p =0, 0.5, 0.8 and 1 with 7, =1, 2 and 4 and

n,=2.



CHAPTER 4
CONCLUSION AND FUTURE WORK

In this chapter, an overview of the results is presented and possible extensions of the

research on STTCs are discussed.

4.1 Summary

We have presented the evaluation and the petformance of the Space-Time Trellis Codes
(STTCs) proposed in [1], [2] and [19] over different fading channels. In [1], [2] and [19] a
design ctiteria for STTCs was proposed and presented for Rayleigh fading channels. In [22]
the performance of the STTCs of Table 1 (proposed by Tarokh et al. [1]) over independent
and correlated Nakagami fading channels was presented. In this thesis we presented the
performance of the STTCs in both Table 1 and Table 2 (Proposed by Chen et al. [12] and
[19]) over Rayleigh, Ricean and Nakagami fading channels. We mainly focused on
independent and correlated Nakagami fading channels.

In Chapter 2 we presented the theory of STTCs. We presented the performance analysis of
STTCs over Rayleigh, Ricean and Nakagami fading channels [1], [12] and [19]. We discussed
the space-time trellis code construction and design criteria in detail.

In Chapter 3 we presented the simulation results. From these results we found that the
space-time code design ctiteria proposed for Rayleigh and Ricean fading channels is suitable
for Nakagami fading channels. From Figures 3.7 and 3.8, we found that over Ricean fading
channels, the STTCs in Table 2 outperform the STTCs in Table 1. From Figures 3.12 to 3.33
we found that the performance of the STTCs in Table 2 is better than the STTCs in Table 1
over Nakagami fading channels. It was reported in [19] for Rayleigh fading channels with a
single receive antenna, that when n;is increased from two to three and four, worse
performance was degraded for the 4-PSK 4-state STTC in Table 2. In Figure 3.20 we
observed that in a Nakagami fading channel, this code also petform worse with a single

receive antenna, when n; is increased from two to three and from three to four. Even when

we used four receive antennas as shown in Figure 3.21, performance did not improve.
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Except for this case we found that significant performance improvements can be achieved if
we increase the number of transmit antennas from two to three and four. By increasing the
number of transmit antennas at the base station a significant performance improvement can
be achieved without increasing the burden of the receivers. In Section 3.4.2 we discussed
correlated fading channels and found that this correlation may degrade performance. The
codes in Table 2 showed good performance over correlated fading channels. For a system
with a single receive antenna, performance was worse in cotrelated channels than the
uncorrelated channels. However employing multiple receive antennas can reduce the effect

of the channel cortelation.

4.2 Future Work

In Section 3.4.2, we showed the effect of correlated fading channels. It is important to
reduce the effect of the correlation, and this can be achieved in several ways. An interesting
way to reduce the correlation is proposed in [64]. Here it is proposed to use two different
base stations to transmit the STTC coded signal instead of transmitting from a single base
station.

In [5] Tarokh et al. proposed a 16-state 16-QAM (Quadrature Amplitude Modulation) STTC.
There has not been much work done in STTC design for QAM, so it will be interesting field
for future research.

Another active area of research is the combination of space-time codes with orthogonal
frequency division multiplexing (OFDM). For high data rate wireless applications OFDM is
widely used because of its ability to combat intersymbol interference (ISI). In a recent work it
was shown that the performance of OFDM systems could be improved using STBCs [66].
Another interesting topic that may be pursued in future work is iterative decoding for
STTCs. In [53] [40], an iterative decoding technique for STTC was presented. They found
that significant coding gains could be obtained, but at the cost of higher decoding

complexity.
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