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ABSTRACT

PERFORMANCE OF SPACE TIME BLOCK CODED BIT INTERLEAVED
CODED MODULATION SYSTEMS FOR MOBILE COMMUNICATION
CHANNELS

ISMAEIL, Omar Khaza’al
M.Sc., Department of Electronic and Communication Engineering
Supervisor: Assoc. Prof. Dr. Orhan GAZI

September 2014, 61 pages

In this thesis concatenated systems involving bit interleaved coded modulation
(BICM) and space time codes (STC) are inspected in detail. Space time block codes
(STBCs) are used while forming the joint structures. Performance of the joint
structures involving BICM and STCs for additive white Gaussian and mobile fading
channels are measured via computer simulations. Iterative decoding logic is applied
for the decoding of these joint structures. An alternative feedback path for the
iterative decoding of BICM-STBC joint structures is proposed and simulation results
showed that the proposed path result in better bit error rate performance.
Concatenated BICM-STBCs are also used in cooperative communication structures.
A signal combination method based on the linear combination of the signal
probabilities coming from the relays is proposed and it is seen that proper choosing
of the coefficients for the linear combination of the probabilities is an important

criteria for the performance of the cooperated systems.

Keywords: Bit Interleaved Coded Modulation, Space Time Codes, Concatenated

Structures, Iterative Decoding, Cooperative Communications.



0oz

UZAY ZAMAN KODLAMAL I VE BIT SERPISTIRILMIS KODLAMALI
MODULASYON ICEREN ILETiSIiM SISTEMLERININ GEZGIN ILETISIM
KANALLARI iCIN BASARIMLARI

ISMAEIL, Omar Khaza’al
Yiksek Lisans, Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Tez Yoneticisi: Dog Dr. Orhan GAZI
Eylil 2014, 61 sayfa

Bu tezde bit serpistirilmis kodlanmali (BICM) sistemlerle uzay zaman kodlamali
(STC) sistemlerin birlesik yapilari ele alinmis ve detayli olarak incelenmistir. Uzay
zaman kodu olarak blok uzay zaman kodlari kullanilmistir. Olugturulan birlesik
yapilarin basarim grafikleri beyaz giiriiltiilii ve mobil sonmeli iletisim kanallar1 i¢in
bilgisayar benzetimi yardimi ile 6lgtilmiistiir. Birlesik yapilarin ¢éziimleri esnasinda
yinelemeli ¢6ziim metodu kullanilmistir. BICM-STBC birlesik yapisinin yinelemli
¢Oztmi icin alternatif bir geri besleme yontemi 6nerilmis ve bilgisayar benzetimleri
sonucunda Onerilen yontemin literatiirde kullanilan klasik yonteme gdre daha iyi
performans sergiledigi goriilmiistiir. Onerilen birlesik sistemler isbirlikli iletisim
sistemelerinde uyarlanmustir. Isbirlikli sistemlerde, son alicida, rolelerden gelen
sinyallerin olasiliklarinin dogrusal olarak birlestirildigi bir yontem Onerilmis ve
sistemin performansinin dogrusal birlesim esnasinda segilen katsayilara ¢ok fazla

bagli oldugu goriilmiistiir.

Anahtar Kelimeler: Serpistirilmis Kodlanmis Sistemler, Uzay Zaman Kodlama,

Birlesik Yapilar, isbirlikli Sistemler, Yinelemeli Céziim.
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CHAPTER 1

INTRODUCTION

1.1 Background

The wireless communication systems are becoming an important and necessary part
of our life in every day, for example, GSM, WLAN, internet applications, etc.
Although the next-generations of mobile systems such as 3GPP (LTE) and fourth
generation (4G) are able to support the different needs of users on different
communication environments (mobile/cellular, office, home, etc.) [1], there is still
a tendency to increase the data rate to deal with the growing demand for multimedia
services such as network game, video teleconferencing, etc.

The technical challenge in the design of communication systems is to increase
transmission data rate with an efficient bandwidth and an efficient power. The
efficiency of the bandwidth means the minimum channel bandwidth needed for data
transmission at the required data rate [2]. The minimum value of SNR (signal to
noise power ratio) needed to get the required quality of service is defined as the
power efficiency.

In mobile communication systems, the propagation path of radio signal from the
transmitter to the receiver consists of multipath. The radio signal suffers from high
noise and fading gain due to energy absorption by objects along the propagation
paths and due to rapid fluctuations of the signal caused by the motions of receiver
[3]. Fading gain is a random variable with distribution. One such distribution is the
Rayleigh distribution which its real and imaginary parts are zero mean Gaussian
random distributed.

A predominant way of adapting with the randomness of the fading channel is to use

more than one antenna either at the transmitter or receiver or both, called MIMO



systems (multiple-inputs and multiple-outputs systems). A MIMO system increases
the diversity gain (spatial and coding diversity) by transmitting multiple copies of
each symbol by multiple antennas over independent fading channels [4, 5]. The
coding diversity means increasing the transmission reliability by transmitting
multiple copies of each symbol. The spatial diversity means increasing the

transmission data rate (capacity).

Transmitting multiple copies of each symbol results in the symbol rate of the MIMO
system seems to decrease, but leads to increase the diversity of the system. The
MIMO system increases the probability of arriving one copy of the signal at least to
the receiver with low fading. This increment can be maximized by multiplying the
number of transmitter antennas with the number of receiver antennas [4]. The use of
multiple antennas in communication systems is practically limited in the base
stations because of leading to increase the complexity of mobile devices. MIMO
schemes are considered to be the preferred candidate for the next-generation of
mobile systems due to providing high data rate and high quality of services.

Two basic schemes of the space-time codes (STC) are space-time trellis codes
"STTC" and space-time block codes "STBC" [4]. Both schemes can provide high
spatial diversity. STBC is different from STTC in the sense that STBC provides
coding gain less than STTC. STBC is considered more appropriate for practical
systems because its complexity and its cost are less than STTC.

STBC scheme proposed by Alamouti [6] is a simple communication system
employing two antennas at the transmitter and uses a simple decoding algorithm
which can be generalized to any arbitrary number of antennas at the receiver.

In STBC communication systems, the transmitter diversity is achieved by
transmitting two independent copies of the same symbol taking into consideration
that if one of the copies is faded seriously the other copy is received with higher
power [5].

STBC scheme does not provide coding gain, but only diversity gain. In order to get
coding gain in addition to spatial gain, suitable coded modulation schemes can be
concatenated with STBC to improve performance. In this approach STBC is
concatenated with bit-interleaved coded modulation with iterative decoding (BICM-

ID) proposed by Li and Ritcey which was studied in [6, 7].



In BICM-ID scheme, convolutional encoding is connected with the 8-PSK modulator
process (Mapper) through S-random bit interleavers to improve the spectral
efficiency of the wireless communication systems. This leads to increase Euclidean
distance between symbol sequences and hence improve the performance of
communication systems.

The use of S-random bit interleavers in BICM-1D scheme improves the performance
of the system over Rayleigh slow fading channel by increasing the diversity gain.
The S-random bit interleaver breaks the correlation that may occur between the
transmitted bits. However, the S-random bit interleaver results in the decrement of
the Euclidean distances which decreases the performance over AWGN channel. The
iterative process in BICM-ID scheme is used to improve the performance of the
system through decreasing the bit error rate at the receiver by repeating the decoding
process several times.

The BI-STC-ID joint structure is preferred in mobile communication systems
because it provides high data rates on Rayleigh slow fading channel [8]. The
transmitter of BI-STC-ID joint structure consist of a concatenated structure involving
an outer convolutional encoder, bit interleaver, 8-PSK modulator, symbol interleaver
and an inner STBC encoder. At the receiver side to extract the transmitted data
information from the received signal, the receiver structure consists of an inner
decoder, symbol de-interleaver, demodulator, bit de-interleaver and an outer decoder
which function iteratively [8].

The joint structure involving STBC and BICM provides spatial diversity and coding
gain through using multiple antennas at the transmitter and receiver sides. This leads
to an increment in the area covered and the data rate without increasing the
bandwidth and the transmitted power. The small size of the receiver mobile unit
limits the number of antennas because of the power consumption and the complexity.
A cooperative diversity suggested by Nosratinia is applied on BI-STC-ID scheme to
get enormous potential for the next generations of wireless communication networks.
In cooperative systems several intermediate stations named as relays are distributed
between the source and the destination in different paths. The cooperative
communications make the whole system more reliable with respect to the amount of

throughput and the term of bit error rate (BER).



1.2 Objectives

In this thesis, the main aim of this study is to improve the performance of the
wireless systems without increasing the transmitted power and the data rate by using
the coding techniques. We studied the performance of BICM-ID communication
system over AWGN and mobile fading channels. We simulated this communication
system by C++ programming and we got the simulation results as a BER vs. E,/N-
curve. A comparison between the performance of this system and the performance of
the conventional BICM schemes is conducted. We tried to improve the performance
of communication systems by merging the performance of two schemes together
involving a BICM-ID scheme and STBC to form BI-STC-ID joint structure with
iteration process. Next curve. We improved the performance of the joint structure
scheme more by executing the iteration process between the outer convolutional
decoder and the inner STBC decoder rather than being between the outer
convolutional decoder and the demodulator. This modification in feedback
connection leads to decrease the BER curve as we will see in Chapter-5. The
Cooperative communication systems were studied which involves the joint structure
BI-STC-ID scheme. The Cooperative diversity converts the single source and single
destination communication structures to structures consist from multiple sources and
multiple destinations by adding cooperative secondary stations with a DF protocol
between the transmitter and the receiver. This cooperative system has been simulated

and the simulation results have been sketched as a BER vs. E,/N- curve.

1.3 Organization of the Thesis

The outline of this thesis is as follows, Chapter-1 is an introduction and literature
review for the main and secondary communication schemes used in this thesis like
cooperative BI-STC-ID scheme in addition to review the purpose of this thesis.
Chapter-2 contains the description of the transmitter and receiver modules for BICM-
ID scheme to review the parameters of the system's design in detail. The methods of
labeling process on the transmitter module are described to illustrate its importance
on optimizing the different methods of decoding at the receiver module. The rules of

4



designing S-random interleavers are also reviewed. In addition the computations of
bit metrics, branch metrics and feedback metrics at the receiver model are reviewed.

Chapter-3 describes the encoding and decoding processes for STBC in detail and
reviews its importance to improve the wireless systems by increasing the spatial
diversity and coding gain. This chapter also reviews the process of connecting the
coded modulation BICM-ID scheme with the STBC to form BI-STC scheme and
illustrates its importance to improve the wireless systems by increasing the data rate
and the reliability of the received data. In addition, this chapter describes the wireless

channel models used in this thesis and computes their parameters.

In Chapter-4 the cooperative communication systems have been studied to illustrate
its improvement in the performance. The cooperative BI-STC scheme has been
described and formed by using secondary stations (relays) between the transmitter
and the receiver. Several types of signal combination techniques are reviewed in this
chapter to combine the received signals from the source and relay nodes at different

time slots.

Chapter-5 contains the simulation results of BICM-ID, BI-STC-ID and cooperative
BI-STC-ID schemes over AWGN and Mobile fading channels as BER vs. E,/N-
curves. This chapter also reviews a comparison between the performances of these

wireless schemes by observing their simulation results.

Finally, Chapter-6 contains the conclusions from simulating the different
communication schemes after observing the simulation results, also this chapter

contains the future works which we got them according to the simulation results.



CHAPTER 2

BIT INTERLEAVED CODED MODULATION WITH ITERATIVE
DECODING (BICM-ID)

2.1 Introduction

The frequency spectrum of the radio signals is considered as a rare resource. Thus,
one the most important goal in the design of digital wireless communication systems
is to exploit the available spectrum efficiently to meet the demands of growing traffic
with time. In 1982, Ungerboeck proposed a Trellis-Coded Modulation (TCM)
scheme for AWGN channels to increase the efficiency of frequency spectrum in
communication systems which was developed for mobile communications later.
TCM scheme improves the spectrum efficiency by merging the coding and
modulation processes which lead to the large Euclidean distances between the
symbols [9].

In practical wireless systems such as mobile radio and indoor wireless systems, the
radio signals propagate from the transmitter to the receiver in a multipath
environment. The communication channel in these systems can be represented as a
Rayleigh fading channel. TCM scheme usually has low performance on a fading
channel because it has low diversity [9]. The performance of coded scheme in
communication systems over fading channels depends on a code diversity strongly.
In order to improve the performance of TCM over Rayleigh fading channels, bit
interleaved coded modulation (BICM) scheme proposed by Zehavi is considered one
of many adaptations for the improvement [10].

BICM scheme provides high improvement by increasing diversity gain through using
bit interleaver in conjunction with Gray labeling instead of symbol interleaver in
traditional TCM. The use of bit interleaver leads to increase the reliability of the
coded system on fading channels, but also leads to deterioration in the performance

on AWGN channels. This deterioration occurs due to the reduction in Euclidean
6



distance between the coded symbols due to the random modulation caused by bit
interleaver. In order to take full benefits of bit interleaver, an iterative process at the
receiver is employed to improve the performance on the AWGN channel through

reducing the bit error rate.

2.2 Principle of BICM

The structure of the transmitter module for BICM scheme is shown in Fig. 1. This
structure consists of rate-2/3 non-recursive convolutional encoder, S-random bit-
interleavers, and 8-PSK modulator (with Gray labeling), [11].

8-PSK Modulator

2 Bit 3 Bit o
BitO ° e
Bit1 Bit Interleaver 010 001 -
Convolutional Bit 1 g
Encoder Bit Interleaver ®110 oooe® 3
ST Rate -2/3 g
1 =
Bit Interleaver .111 100.
Bit 2 101
[ ]
( Bit2, Bit1, Bit0)

Figure 1 The structure of the transmitter module for BICM scheme

The purpose of S-random interleaver is to improve performance of the BICM scheme
by dispersing the similarity between the transmitted bits on fading environment. The
interleaved bits are grouped and converted to complex symbols using an 8-PSK
modulator. The Gray labeling is used in the modulator to get optimal system
performance [12].

The type of the convolutional encoder used in BICM scheme is Paaske's non-
recursive convolutional encoder which was suggested in [13]. It provides larger
Hamming distance to get optimal performance on fading channel. Paaske's non-

recursive convolutional encoder of 8-state with rate-2/3 is shown in Fig. 2.

Convolutional Encoder Rate -2/3 8-PSK Modulator
L
i ! 011
Bit1 Bit0 P
SR® + ! Bit Interleaver 010 001 &
=¥
I Bitl o
Hics : Bit Interleaver ®110 000® 2
it
SR? SR? Bit2 (o
+ Bit Interleaver .111 100.
101
®
(Bit2, Bitl, Bit0)

Figure 2 Paaske's non-recursive convolutional encoder with 8-state and rate-2/3



The structure of the receiver module for BICM scheme is shown in Fig. 3. The
receiver implements similar processes as the transmitter does, but in an inverse
manner. The inverse list of processes consists of the concatenation of the 8-PSK
demodulator and convolutional decoder [14]. For each received symbol, the

demodulator computes six values of bit metrics related to the three bits positions in

each symbol.
8-PSK De-Modulator

[ J

Bit0 ° 011
Bit 1 Bit De-Interleaver 010 001 o
Convolutional Bit1 g
] Bit De-Interleaver ®110 000® 3
— Rate -2/3 3
y —

z Bit De-Interleaver .111 100.
Bit2 101
[ ]

(Bit2, Bitl, Bit0)

Figure 3 The structure of the receiver module for BICM scheme

The computed values of the bit-metrics at the output of demodulator are de-
interleaved by using three S-random bit de-interleavers to estimate the original
codewords. Then the estimated codewords are decoded by the convolutional decoder
through generating the best suitable estimation of the information bits sequence [14].
BICM scheme shows low performance on AWGN channels comparing to TCM
scheme due to the bit interleaver. The bit interleaver minimizes the free Euclidean
distances between the coded symbols through randomizing the modulation process.
The 3-bits assigned to each of 23 symbols are randomized by using three
independent bit interleavers [16].

Paaske's non-recursive convolutional encoder has rate-k/n, where k is the number of
information bits at the input of the encoder and n is the number of bits at the output
of the encoder. Paaske's encoder has 2" states, where h represents the constraint
length of the convolutional encoder.

The convolutional encoder used in this thesis has 8 states. The impulse responses and

the generator matrix in polynomial form are given as follows:

g1=1[9° g*.... g"l = [D* D D+D?]
g=1[9° g*.... "l =[1 D*> 1+D+D?

=[5 0 il &



where g4, g, are the generator polynomials of convolutional encoder which can be
represented in octal form as :
g=1[426] g,=1[147] (2.2)

2.3 Example of Encoding Process in BICM

In order to illustrate the encoding process in BICM scheme, an example of Paaske's
non-recursive convolutional encoder is shown in Fig. 4. It is obvious from the figure
that the convolutional encoder has 2 inputs and 3 outputs with rate-2/3. Each 2-bit
dataword of the information bits denoted by d= (d*, d°) are encoded to generate 3-bit
codeword denoted by c= (c?, c*, ¢°). The convolutional encoder consists of 3 memory
cells denoted by (SR? SR', SR [17]. This convolutional encoder has 8-states

according to the content of these cells as follows:

SR = SR? SR! SR’
State= 000, 001,.,111
State= 0, 1,....., 7

d° 0
° SR? + &

| &
[ +
d 1
s SRZ = SR! c2

Bl
Figure 4 Example of Paaske's non-recursive convolutional encoder

After each encoding process, a new codeword (c) is generated depending on the new
dataword (d) of the input sequence and the previous state of the memory cells. A new
state of the memory cells is generated depending on the new dataword of the input
sequence. Table 1 shows the generated codeword and the related state of the memory
cells after each encoding process. For example, if the dataword of input sequence is d
= (d*, d% = (1, 0) = 2 and if the state of cells is SR = (SR? SR', SR = (1, 0, 0) = 4
thus after one time slot, the new state of the cells will be SR = (SRZ, SR, SRO) = (1,
1, 0) = 6 and the new generated codeword will be ¢ = (c2, c, c°) = (0, 1, 0). Hence, if
the sequence of information bits is d= {10 11 10 11 01} with assuming that the

9



rightmost bit is the first input bit, thus the datawords of input sequence are {2 3 2 3
1}. Before the encoding process, the state of memory cells is initialized to zero. So,
when the first dataword of the information source d(1) = 1 arrives to the encoder, the
first codeword c(1) = 5 is generated after one time slot at the output of the encoder
and the state of cells is changed from State “0” to State “1”. When the second
dataword of the information source d(2) = 3 arrives to the encoder, the second
codeword c(2) = 5 is generated after the second time slot and the state of cells is
changed from State “1” to State “5”. The encoding process is done for all datawords
of the information source in the same manner and the generated codewords will be as
follows c = {12 4 5 5}, also the states of the cells will be as follows State = {6 7 6 5
1 0}. The outputs of convolutional encoder are interleaved randomly by using S-
random bit-interleavers as shown in Fig. 1. The interleaved bits are labeled to 8-PSK

Gray constellation to generate complex symbols.

State Information Word d= (d*, d°)

(SR? SRY, SRY) 00=1 01=1 10=2 11=3
000=0 000=0 101=5 110=6 011=3
00 =1 110=6 011=3 000=0 101=5
010=2 101=5 000=0 011=3 110=6
011=3 011=3 110=6 101=5 000=0
100=4 100=4 001=1 010=2 111=7
101=5 010=2 111=7 100=4 001=1
110=6 001=1 100=4 111=7 010=2
111=7 111=7 010=2 001=1 100=4
State

Codeword c= (c? ¢, c?)

(SR? SR?, SR?)
000=0 000=0 001=1 100=4 101=5
001=1 000=0 001=1 100=4 101=5
010=2 000=0 001=1 100=4 101=5
011=3 000=0 001=1 100=4 101=5
100=4 010=1 011=3 110=6 111=7
101=5 010=1 011=3 110=6 111=7
110=6 010=1 011=3 110=6 111=7
111=7 010=1 011=3 110=6 111=7

Next State = (SR?, SR, SR")
Table 1 The Generated Codeword and the Related State of the Encoder’s Cells

After Each Encoding Process
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2.4 BICM with Iterative Decoding

In spite of improving the performance of Ungerbock's TCM scheme by maximizing
the minimum Hamming distance as proposed in Zehavi's BICM scheme, but this
improvement is still limited to AWGN channel because the free Euclidean distance
(FED) between the coded symbols is still low. Li and Ritcey proposed new scheme
using the iterative decoding process in BICM scheme (BICM-ID) to improve the
performance on Rayleigh fading channel [6, 7]. The system performance is improved
by taking advantage of using Gray labeling at the transmitter side and using the
iterative decoding process at the receiver side. The iteration process makes the soft
information which comes back from the convolutional decoder to the demodulator

more reliable after each iteration process.

2.4.1 Labeling process

This section shows the mapping of encoded bits to the constellations’ points of the 8-
PSK modulator. Fig. 5 illustrates the process of partitioning the interleaved encoded
bits to subsets according to the three bits' positions in the constellation for set
partitioning (SP) and Gray labeling methods [18]. As shown in Fig. 5, there are two
subsets X(i,1) and X (i,0), i = 0, 1, 2, where i refers to one of the three bits'
positions for 8-PSK symbols. The positions of the bits in the subset X(i,1) are
represented by the shaded areas, while in the subset X(i,0) are represented by the
unshaded areas. These shaded and unshaded areas are considered as decision areas
for each bit assigned to a symbol. The hard-decision demodulation process in BICM
scheme depends on these areas to detect each bit of the symbol. Both Gray and SP
labeling methods have the same Euclidean distance between the transmitted symbols.
Each method has a different number of nearest neighbors. For instance the subset
X(1,1) refers to the area where bit-1 equal to 1, where it has one area with regard to
the Gray labeling method as shown in Fig. 5 (a). On the contrary, with regard to the
SP labeling method, the subset X(1,1) is divided into two areas as shown in Fig. 5
(b). Therefore, it is obvious that the Gray labeling method has less number of nearest
neighbors than the SP labeling method. For the latter when the number of nearest
neighbors is large, it increases the probability of decoding error. Thus, the Gray
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labeling method is considered as a more suitable mapping of the bits for BICM
without iteration [18] as shown in Fig. 3.

During the iterative decoding process in BICM-ID scheme, the feedback information
Bit 1 and Bit 2 are used to compute the a-priori probability for the constellation relate
to Bit O because they represent the original information bits as shown in Fig. 2. The
constellation relates to Bit O is limited to pairs of points in the constellation as shown
in the right part of Fig. 6. In the same manner, the a-priori probabilities for the
constellation relate to Bit 1 and Bit 2 are computed depending on the feedback
information about the other two bits. Therefore the 8-PSK constellation can be
expressed as 4 BPSK constellations for each of Bit 0, Bit 1, and Bit 2 [19].

(Bit 2, Bit 1, Bit 0)

Bit 2 Bit 1 Bit 0
o X (2,0 X (1,0):
1L o

~ 001

0109. g 0‘00

110 of © 000 1100 © 000

J ‘ X (0,0)°
o 0 =
i 77100 1
51
£O.1),

(a) Gray labelling.

i (L

Bit2 Bit 1 Bit 0

011 011
o 011 Q

010,,° " 001
o Q 010 gy, 001

Poco 110 0 © 000 © ooo

o)
100 111 -~ 100

) -
101 101
(b) Set partitioning based labelling.

Figure 5 The process of partitioning the interleaved encoded bits to subsets for both

labeling methods [7]

The performance of BICM-ID scheme can be optimized during each iterative
decoding process by maximizing the minimum Euclidean distance between the two
points of four pairs at all the constellations related to Bit 2 (the left), Bit 1 (the
center), Bit O (the right) of Fig. 6 (a).
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(Bit 2, Bit 1, Bit 0)

Bit 2 Bit 1 Bit0

011 o011
\ 011

001
o0 / o 010\ 010/ o1
110
110? 000 \ 110 \
111 / 100 111\ 100
- 101

} / 100

000

(a) Gray labelling.

011
011

011
010 001
[ 010 001 010 001
110

| 000 110 \
110 000 000
111 100 /oo

100 111
101 111

101

101

(b) Set partitioning labelling.
Figure 6 The minimum Euclidean distance between the 2-points of all pairs in the 8-

PSK constellation for both labeling methods

The SP labeling method is better than Gray labeling method. The SP labeling method
provides high minimum Euclidean distances between symbol sequences than a Gray
labeling method for Bit 1 and Bit 2 as shown in the left and center parts of Fig. 6 (b).
The performance of the first iteration of BICM-ID scheme is very important, since it
IS necessary to prevent the increase in error propagation due to occur the errors in
feedback information bits. The propagation of error in the received bits can be
controlled effectively depending on the soft decision feedback of the convolutional
decoder. Thus, the SP labeling method is preferred to use at BICM-ID scheme [18,
19].

For instance to achieve high Euclidean distance between the two points of all pairs at
the constellation relate to Bit 2 as shown in Fig. 6 (b), the values of Bit 0 and Bit 1
must be decoded correctly and returned to the SP labeling demodulator. If the values
of Bit 0 and Bit 1 are not decoded correctly, the requested Euclidean distance
between symbol sequences at the constellation relate to Bit 2 will not be high and
lead to occur errors propagation in the received bits. From the other side, if the
Hamming distance between the codewords generated by ideal convolutional encoder

is high, these convolutional codes have the capability to decode the received bits
13



correctly. The use of ideal convolutional codes with suitable labeling method have
the capability to convert the maximum Hamming distance between the generated
codewords into a maximum Euclidean distance between the two points of all pairs at
the constellations shown in Fig. 6.

In brief, BICM-ID scheme uses m independent bit interleavers to rearrange the order
of bits sequence and generate m independent parallel streams. It uses 2™ labelling
scheme to convert the independent parallel streams to complex signals. Also it uses
an iterative decoding process to reduce the bit error rate. The use of m independent
bit interleavers is to improve system performance on a Rayleigh fading channel by
increasing the diversity gain. The use of the SP labeling method and iterative
decoding process is to improve the system performance over AWGN and Raleigh
fading channels by increasing FED between the symbol sequences. Hence, BICM-ID
is considered as a powerful scheme because it combines between the perfect binary

codewords and the efficient bandwidth provided by M-ary Modulator [18, 19].

2.4.2 Design of interleavers

The performance of BICM-ID scheme can be improved by using the perfect design
of interleavers such as Block interleavers, Helical interleavers, Random interleavers
and S-Random interleavers. Li and Ritcey imposed restrictions on the interleaver’s
design to maintain high Euclidean distance between the two signal points of all pairs
in BPSK constellations. In this thesis S-random interleaver is used, where three
independent S-random interleavers are designed with M-ary modulator. The
designed interleavers are generated independently and randomly. The error
propagation caused by the correlation over a fading channel will be distributed
randomly and effectively by using separated bit interleavers. This results in better
performance over Rayleigh fading channels at the expense of little degradation in the
system performance over AWGN channels [16, 20].
The objectives of the design of the S-random interleaver used in this thesis are:-
1) To improve the performance of the system over Rayleigh fading channel by
increasing the diversity order through partitioning the correlation that may
occur between the transmitted bits or that may occur in the environment of

the Rayleigh fading channel.
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2) To reduce the effect of error propagation in the received bits that may occur
due to the feedback during the iteration process of demodulation and
decoding.

The purpose of the interleaver is illustrated in Fig. 7, where the first row represents a
stream of bits in the original sequence, while the second row represents rearrange the
order of bits sequence by using Random interleaver [21]. A burst of noise may
appear in the fading channel affects on one or more bits of the stream as illustrated in
red color causing concatenated bit errors at the receiver. By using de-interleaving
process at the receiver, the concatenated bit errors will be distributed by returning the
original order of bits sequence as illustrated in the third row of Fig. 7. This bit error
distribution makes easy for the convolutional decoder to correct the bit errors. If the
interleaver is not available in the system, the concatenated bit errors will not be
distributed which make difficult for the convolutional decoder to correct the bit

errors and retransmission is needed.

= L Ea | [ e

Interleaved data stream

ST e .

Re-assembled stream

Figure 7 Example illustrates the purpose of the interleaver
2.5 The Operation of BICM-ID Scheme
2.5.1 General description

The structure of BICM-ID system with iterative decoding process (soft-decision
feedback) is illustrated in Fig. 8. The transmitter module consists of a non-recursive
convolutional encoder with 8-states. The rate of the convolutional encoder equals
2/3. Three independent bit interleavers of type S-random are used. A modulator of
type 8-PSK is employed [11]. The receiver module of BICM-ID system consists of
8-PSK demodulator, three bit de-interleavers, and MAP decoder [22]. The MAP
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decoder has been chosen for SISO model. MAP decoder computes two values of a-
posteriori probability, one of them to compute the feedback and the second to make
the hard decision to recover the information bits. The demodulation and decoding
processes are iterated for sufficient number of times.

The principle of iterative decoding process is to feed back the probabilities to the
demodulator input after interleaving them to reduce the effect of error propagation in

the received bits through improving the received weak bits [11].

[ ]
® 011 001.
Bit Interleaver 1Y 9-PSK
Source Convolutional
Modulator
Informa Encoder i i
i el Bit Interleaver @110 Labeling x
d! _ ; Mapper ]
e Bit Interleaver s .111 100
ve 101 @
(]
(a) Transmitter ( Bit2, Bit1, Bit0 )
Received Bits Bit De-Interleaver
Convolutional De-Modulator
Decoder Bit De-Interleaver Bit Metric
pte =i Calculation ¥
. Bit De-Interleaver
P(cy,D) P(v},0)
P(vi,I)
P(ci,0) Bit Interleaver

Bit Interleaver

Bit Interleaver

(b} Receiver

Figure 8 BICM-ID system using iterative decoding

2.5.2 Transmitter module

The transmitter module of BICM-ID system is illustrated in Fig. 8 (a). The input pair

to the convolutional encoder is denoted by:

d, = [d?, di] (2.3)

The bit groups at the output of convolutional encoder are denoted by:

Ct = [C?, CL}! CL?] (24)
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where ¢! represent the ith bit in a symbol at each time slot 't' as defined in Table 1.
Each output of convolutional encoder is interleaved by using independent S-random
bit interleavers [11]. The interleaved bits are grouped together at each time slot 't

using a 8-PSK modulator to form the bits groups given:

ve = [V, v, v¢] (2.5)

Next, each bits group is mapped (labeling process) to a point in the 8-PSK

constellation Y according to its binary value. Depending on symbol labels p in the

8-PSK constellation Y , the complex symbol is chosen as:

xe =uwe), xc € X (2.6)

where ¥ represents the signals set in the 8-PSK constellation defined as:

Z — {ejn21t/8 n= 0, ’7} (27)

The received signals over Raleigh and AWGN channels are represented by:

y: = he JEsx, +n,  [Received signal over Rayleigh fading channel]

ye =Es x; + 1, [Received signal over AWGN channel] (2.8)

where h, represents the fading amplitude with Rayleigh distribution [24] and
variance '1' (the real and imaginary coefficients of the Rayleigh fading have a
variance equals '0.5'). The fading amplitude is assumed to remain constant along
each frame. Let Eg represent the transmitted energy per symbol. For BICM system
which consists of a convolutional encoder with rate-2/3, the energy per bit equals
E, = E;/2. n, represents a complex noise of type additive white Gaussian noise. The
real and imaginary parts of the complex noise have a variance equals '0.5' (o/ =
o4 = N-/2). The Rayleigh channel coefficients have E(hf) = 1. In this thesis, we

assumed that there is an ideal channel side information (CSI) [25] at the receiver
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module, where the fading amplitude is estimated perfectly and the receiver knows the

fading coefficients.
2.5.3 Receiver module

The receiver module of BICM-ID system is illustrated in Fig. 8 (b). The demodulator
receives the faded complex symbol from the channel and computes six bit metrics.
Then these bit metrics are de-interleaved and sent to the decoder. The decoder
computes the transition metrics in order to make the decision and restore the original

information bits by computing the likelihood metrics [11].

2.5.4 Demodulation process

The 8-PSK demodulator receives the faded symbols and computes six bit metrics for

each received symbol [11, 26]. The bit metrics are computed as:

P =bly,)x 3 P(x/vip)= TPy /%.p)P(x) 2.9)
%<z(ib) xex(ib)

where i takes values from the set {0, 1, 2}, b takes one of the values {0, 1}, x, =
u(v,) represents the signals’ set in the 8-PSK constellation and P (x,) represents the
a-priori probability of each symbol in the constellation. During the first iteration, the
a-priori probabilities are assumed to have the same values for all the symbols in the
constellation. However, in the other iterations the a-priori probabilities are updated
depending on the soft information fed from the convolutional decoder.
The probability of the transmitted symbol over an AWGN channel is written as [11,
26]:

1 lye — x/?
Pye/xehe) = 5— exp [— o5z (2.10)
where the constant factor (211102 ) can be neglected leading to the equation:
_ lye = x.[?
P(y:/x¢, hy) = exp|— gz (2.11)
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The probability of the transmitted symbol over a fading channel is given as:

—h 2
|y ¢ Xel ] (2.12)

1
P(ye/xe he) = 557 €XP [— o2

Furthermore, the demodulation process is the process of de-mapping the bits, where
the received symbols are recovered to its binary values [0 (x.), V1 (x;), V2 (x;:)] as
they were before the modulator [11, 26].

The subset ¥ (i, b) can be written as:

X (i,b) = {u([V°Cx,), V() V2(e)DIV () € {0,1}, j # i} (2.13)

Each subset contains all the points (signals) in the 8-PSK constellation which holds
the following values V! (x,) =b. In 8-PSK constellation, the number of bits
assigned to each symbol equals m = 3, thus each subset ¥ (i, b) consists of 2™ —
1 =4 terms as illustrated in Fig. 5. The computations of a-priori probabilities are
dependent on the probabilities of two bits out of three bits assigned for each symbol.
These a-priori probabilities are taken into consideration in each iteration process
when computing the bit metrics for each received symbol.

Depending on Benedetto's blogging [27], the original information bit d: at position
index i and time index t, has a-priori probabilities P(di = 0; I) and P(dL = 1; I)
refer to being 0 or 1 sequentially, where I denotes the a-priori probability of the bit.
This blogging can be simplified to P(d!; I) as illustrated in Fig. 8. In similar
manner, the coded bit ¢}, which is at position index i and time index t has a-priori
probabilities P(ct; I) for simplicity. Each of the original bits (d) and the coded bits
(c}) have a-posteriori probabilities information (APP) P(di; 0) and P(c!; 0)
sequentially, where O denotes the a-posteriori probability of the bit.

In the first iteration process, the a-priori probabilities P(x;) are not computed and
assumed equal (1/2™). Then the a-posteriori probabilities of the original transmitted
bits P(d},0) are computed by using the MAP decoder. Also the MAP decoder
computes the a-posteriori probabilities of the coded bits P(c}, 0) depending on bit

metrics probabilities P(v: = b/0) after de-interleaving them as illustrated in Fig. 8
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(b) doesn't exist, thus it will not take into consideration in the computations of the
whole decoding process [26, 27].

In all iterative decoding processes the a-posteriori probabilities of the coded bits
P(ct; 0) are interleaved, then the interleaved a-posteriori probabilities P(v}; I) are
fed back to the demodulator input as illustrated in Fig. 8 (b). These independent
interleaved probabilities are used to compute the a-priori probabilities for each
symbol x, € ¥ as follows:

PCxe) = P(uIV(xe), V' (xe), V2 (xe) 1)
=[5P(vi = 7/ (%) D)
where 7/ (x,) € {0, 1} represents one of the three bits assigned to each symbol x,

(2.14)

in the 8-PSK constellation through labeling process. After computing the a-priori
probabilities P(x,) for all transmitted symbols x;, thus in all the iterative decoding
processes which following the first iterative decoding process, the bit metrics (a-
posteriori probabilities APP) are computed for all received symbols by using Eq.
(2.10) and Eq. (2.14) as follows [26, 27]:

P(vti :b;O):%\%g
. =b;

( 2Py /%, pt)P(xt)J

_ Xlel(i,b)

- P(v =b;1)

= 3Py /% p) [TPW =v(x) ;1) i=123b=01  (215)

As observant from Eq. (2.15), the computations of bit metrics for each received
symbol are recalculated in all iteration processes depending only on the a-priori
probabilities of two bits out of three bits assigned to the symbol. These a-priori
probabilities are updated in each iteration process by making a feedback connection
between the convolutional decoder and the demodulator. The updated bit metrics are
sent to the convolutional decoder and the iteration process continues several times
between the decoder and the demodulator. In the last iteration process, the a-
posteriori probabilities of the original information bits P(d}, 0), are computed to

recover the transmitted information bits.
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2.5.5 Decoding process

The type of SISO decoder used in the receiver module of BICM-ID scheme is MAP
decoder. As illustrated in Fig. 8 (b), the MAP decoder receives six bit metrics for
each received symbol from the demodulator. Depending on the bit metrics and using
the Viterbi algorithm, the MAP decoder computes the branch transition metrics for
all states of trellis diagram. In MAP decoder forward transition metrics, backward
transition metrics, and max likelihood metrics are computed depending on the
computed branch transition metrics. These metrics are used to make the decision to
recover the original information bits and to compute the soft-decision feedback
during all iterative decoding processes.

The algorithm of the MAP decoder was proposed by Raviv, Cocke and Bahle at 1974
[22, 27] to estimate the values of a-posteriori probabilities (APP) for noisy channels.
The MAP algorithm can be used to decode the convolutional and block codes.

The MAP algorithm computes three probabilities a; (s), vy, (s’ s) and B, (s), where
a(s) represents the probability of being in the previous state (s’) and transit to the
present state (s) (forward transition metric), y,(s', s) represents the probability of the
branch transition between the previous state and the present state, S, (s) represents
the probability of being in the present state (s) and transit to the previous state (s’)
(backward transition metric).

In order to compute all the probabilities a(s), yx(s’s), Pr(s) and the a-posteriori
probabilities, all the branch transitions between any two states in the trellis diagram
should symbolize using two sets of binary numbers. One of these sets lies in the left
side represents the input of the convolutional encoder, the second sets lies in the right

side represents the output of the encoder as illustrated in Fig. 9.

2.5.5.1 Computation of branch transition metrics y,(s’, s)

The value of y,(s’,s) represents the probability of branch transition between the
previous state (s’) and the present state (s) in each column of the trellis diagram. The
computation of y, (s, s) is considered as the basic computation in the MAP decoder

to extract the original information bits from the received symbols [22, 29]. Initially,
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the MAP decoder receives six bit metrics for each received symbol from the

demodulator after de-interleaving them to its original order by using de-interleaver.

Then the MAP decoder chooses three out of six received bit metrics according to the

binary value of the decoder output put on each branch transition. The values of

v (s’ s) for all branch transitions in the trellis diagram are computed for all received

symbols in log-domain as follows:

fk(S',S) :P(C?,I)'FP(CL},I)"‘P(C?,I)

(2.16)

where P(c}, 1) represent the received bit metrics from the demodulator after the

process of de-interleaving.
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Figure 9 The symbol-based trellis diagram used in the MAP decoder.
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2.5.5.2 Computation of forward transition metrics a(s)

The value of a,(s) represents the probability of being in state (s) in the trellis
diagram. The computation of a;(s) for each state in the trellis diagram depends
mainly on the branch metric y,(s’,s) and the forward metric for the previous state
ar_1(s") [22, 29]. The computation of forward state metrics in log-domain is given

as:
o (s)= msax*{&k_l(s'% ;;k(s',s)} (2.17)

where 7,(s' s) represents the branch metric between the previous state and the
present state in log-domain, &@,_4(s") represents the forward metric for the previous
state. Initially, the initial state of the trellis is assumed to be zero in the first stage of
the trellis diagram. The initial value of the forward metric in the first stage of the

trellis is assumed to be 1 for the zero state and to be O for the other states.

2.5.5.3 Computation of backward transition metrics B (s)

The value of B, (s) represents the probability of being in state (s') in the trellis
diagram. The computation of S,_,(s") for each state in the trellis depends mainly on
the value of branch metric y,(s’,s) and the value of backward metric for the
previous state fS,(s) [22, 29]. The backward state metrics are computed in log-

domain as follows:

Beals)= m3X*[ﬂk(s)+7~/k(s" S)} (2.18)

where 7, (s’ s) represents the branch metric between the previous state and the
present state in log-domain, S, (s) represents the backward metric for the previous
state. We assumed that the trellis is terminated, so the last state of the trellis is
assumed to be zero state. The initial value of the backward metric in the last stage of
the trellis is assumed to be 1 for the zero state and to be O for the other states. When
the MAP decoder completes the computations of branch transition, forward, and
backward metrics for all the received symbols, then it computes all the a-posteriori

probabilities in each column of the trellis diagram as follows:
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APPs = a;_;(s) + yi(s', ) + Bi(s) (2.19)

2.5.5.4 Computation of max likelihood metrics L(d;)

The Computation of the max likelihood metrics represents the process of splitting the
values of a-posteriori probabilities in each column of the trellis diagram into groups
according to the binary input of the convolutional encoder put on each branch
transition. Then, the a-posteriori probabilities in each group are summed together.
A comparison between the products of summation for all groups is done to choose
the greater one [22, 29]. Checking the binary inputs of the convolutional encoder put
on the branch transitions which having greater products of summation, where these
binary inputs represent the original information bits. The Computation of max

likelihood metrics in log-domain is given as:

L(d,)= mgg*{&kl(s'ﬁ yls.s)+ ﬂk(s)}

- mgx*{o}k1(Sl)+7~/k(3',3)+[~3k(3)} (2.20)

2.5.5.5 Computation of soft-decision feedback metrics

The Computation of the soft-decision feedback metrics represents the process of
splitting the values of a-posteriori probabilities in each column of the trellis diagram
into groups according to the binary output of the convolutional encoder put on each
branch transition. Then, the a-posteriori probabilities in each group are summed
together. The products of summation for all groups represent the soft-decision
feedback metrics which are returned to the demodulator after de-interleaving them in
each iteration process. The Computation of soft-decision feedback metrics in log-

domain is given as:

P(ci,0) = max*[a,_1(s") + V(s s) + Br(s)] i=0,12 (2.21)
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CHAPTER 3

CONCATENATED STRUCTURE FROM BICM AND STBC WITH
ITERATIVE DECODING

3.1 Introduction

In mobile communication systems, a predominant way for adapting with the
randomness of fading channel is to use more than one antenna either at the
transmitter or the receiver or both called MMO systems (multiple-inputs and
multiple-outputs systems). The MIMO system increases the diversity gain (spatial
and coding diversity) in the wireless communications through transmitting multiple
copies of each symbol using multiple antennas over fading channels [4, 30].

The two types of the space-time codes (STC) in MIMO systems are space-time trellis
codes "STTC" and space-time block codes "STBC". Both schemes can provide high
spatial diversity. However, STBC provides coding gain less than STTC. STBC is
considered more appropriate for practical systems because its complexity and cost
are less than STTC.

The coding gain provided by STBC scheme is low [5, 31] and in order to achieve
maximum coding gain in addition to spatial gain, suitable coded modulation schemes
can be concatenated with STBC scheme to improve the performance. Bit-interleaved
coded modulation with iterative decoding (BICM-ID) scheme proposed by Li and
Ritcey can be concatenated with STBC to form BI-STC-ID which was introduced in
[6, 32].

In practical mobile systems, the transmitter model of the joint structure (BI-STC-ID)
is a concatenated structure involving a binary outer encoder, bit interleavers,
modulator (Mapper), symbol interleaver and an inner STBC encoder to protect the
transmitted data over Rayleigh fading channels. The receiver module involves STBC
decoder, symbol de-interleaver, demodulator, bit de-interleavers, and MAP decoder

which are run in an iterative manner.
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3.2 Classical Technique of Maximum Ratio Combining (MRC)

An introduction of the classical maximum ratio combining (MRC) technique is found
in [5, 34]. In traditional communication system, a single antenna at the transmitter
and receiver is used. If the channel between the transmitter and the receiver is a
fading channel, the transmitted symbols may suffer from amplitude fluctuations and
phase rotation. To overcome the problems of fading channel, several receivers can be
used to receive several copies of the same transmitted symbol. So even if the
received symbol from the direct path is faded severely, there is still a chance to
receive another copy of the same symbol with low fading from other paths. However,
all the received symbols from different paths should be combined with each other at
the receiver side. This combination leads to increase the complexity of the system. In

practice, the classical MRC technique is used to combine the received symbols.

by N\ e

n + «{— ny

v = hhx +ny Y2 = hox + 1y

Channel Channel

Estimator I3 >< X h, Estimator
1 2

+

X

Maximum Likelihood
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Figure 10 Classical MRC technique with one transmitter and two receivers

The classical MRC technique is represented by a system consists of two receivers as
illustrated in Fig. 10. For instance if the symbol x is transmitted, then the transmitted
symbol x will propagate over two independent faded channels hq, h, as shown in
Fig. 10. For simplicity, the number of propagation paths in each independent channel
is assumed to be 1 [5, 34]. Each propagation path is represented by the magnitude

and phase denoted as:
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hy = |hy| e/®? (3.1)

hy, = |hy|ef? (3.2)

where |h,| and |h,| represent the magnitude distortion of the fading channel, 6, and

6, represent the phase distortion of the fading channel. Also an additive white

Gaussian noise is added to the transmitted faded symbols by the channel, so the
received signal will be as follows:

y1= hyx +ny (3.3)

Y2 = hyx + ny (3.4)

where nq,n, represent complex noise. The received signals can be represented in the

matrix form as:

()= () + () 63)
In order to remove the effect of the fading channel, we assumed that there is a perfect
channel estimator at the receiver which means that the receiver has the exact
knowledge of the complex coefficients of fading channels. The received signals
y1 and y, are multiplied by the conjugate of the complex coefficients of the fading
channel h,and h, sequentially. At the input of the maximum likelihood detector
(MLD), the two received signals are combined after removing the effect of fading
channels as follows:

X =hyy; +hyy,
= hyhix + hyng + hyhyx + hon,

(11 ? + |ry1?) x + hyny + hyny (3.6)

The maximum likelihood detector (MLD) receives the combined signals and
computes all the Euclidean distances between the combined signal ¥ and all the
possible transmitted signals. Then, MLD makes the decision to recover the original

symbols by choosing the minimum Euclidean distance computed previously.

3.3 Space Time Block Code (STBC) Using Two Transmitters

Two receiver antennas are used to provide two independent faded copies of the same
transmitted symbol at the receiver. The STBC technique is used in the concept of

transmitter diversity rather than receiver diversity.
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The transmitter diversity with STBC can be achieved by transmitting two
independent copies of the same symbol by two transmitter antennas spaced from
each other a sufficient distance rather than using two receiver antennas. If one of the
transmitted copies is faded over the fading channel, the other transmitted copy may
be reached to the receiver with high power.

The system which uses the transmitter diversity will transmit each symbol twice,
each once is transmitted by one of the transmitter antennas. The two transmitted
copies of each symbol superimpose on each other and with the help of the receiver,
the two transmitted copies will be extracted from the received signal. In order to
circumvent on the previous problem, Alamouti proposed a simple solution from the
conceptual and executive side [5, 32]. He found that the most successful method to
transmit the two independent copies of the same symbol by two antennas is through
using the system outlined below. In more details, the transmission matrix which has

used in Alamouti's approach [5, 32] is defined as:

o= (5 7) e
where the transmitted symbols in the second row of the transmission matrix contain
bar above them which refers to their conjugate version. From Eq. (3.7), we notice
that the transmitted symbol x; and its copy are not transmitted at the same time by
the two transmitter antennas to avoid the superposition between them at the input of
the receiver. Each symbol and its copy are transmitted by two different transmitter
antennas and during two intervals of the symbol. The independent copy of the
transmitted symbol x; is transmitted after computing its conjugate value.
Transmitting two copies of each symbol leads the transmission rate to decrease to the
half.

The transmission matrix G, in Eq. (3.7) consists of two columns and two rows. The
number of columns represents the number of transmitter antennas p = 2 and it also
represents the number of input symbols. The number of rows represents the number
of time slot used for transmission. The encoding rate of STBC scheme according to
transmission matrix in Eq. (3.7) equals k/n = 1. The processes of encoding and
transmission relating to STBC scheme are illustrated in Table 2, where every two
signals are transmitted together for each time slot [31, 32]. One of the signals is

transmitted by the antenna Tx; while the other signal is transmitted by the antenna
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Tx,. For instance, the signals x; and x, are transmitted together from the antennas
Tx, and Tx, sequentially at the first time slot T = 1. The following two signals
—X, and x;, which represent the conjugate values of the signals x;, and x,
sequentially are transmitted together from the antennas Tx; and Tx, sequentially at

the second time slot T = 2.

Antenna
Time slot, T
Tx, | Tx,
1 X, X,
2 —X, | %,

Table 2 The Processes of the Encoding and Transmission Relating to STBC [32]

3.4 STBC Using Two Transmitters & One Receiver

The signals transmitted by STBC according to the transmission matrix G, in Eq.
(3.7) can be decoded using the decoding approach employed for one receiver. Using
a similar approach decoding the space time block code can be done using an arbitrary
number of receivers. The basic representation of the STBC scheme which consists of
two transmitters and one receiver is shown in Fig. 11. The symbols are encoded and
transmitted according to the transmission matrix G, in Eq. (3.7). It is clear from the
figure that each two symbols are transmitted at the same time by using the two
transmitter antennas Tx, and Tx, [31, 35]. As previously mentioned, we assumed
that the fading amplitude is constant along two successive time slots. So, the

independent fading channels can be written as:

Also an independent complex noise is added to the transmitted signal over the fading

channel. So, the received faded signals will be as follows:

Y1 = hixy + hyx, + 1y (3.10)
Vo2 = —hl .7?2 + h27€1 + n, (311)
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Figure 11 Basic representation of the STBC consisting of two transmitters and one

receiver

where y; and y, represent the first and second received signals respectively. From
Eg. (3.10) and Eq. (3.11), it is obvious that the received signal y; consists of the
transmitted signals x; and x, and the received signal y, consists of the transmitted
conjugate signals x; and x,. At the receiver, the transmitted signals x; and x, are
extracted from the received faded signals y; and y,. The two received faded signals
are sent to the combiner as illustrated in Fig. 11. With the help of the perfect channel
estimator, the combiner performs a simple signal processing to extract the
transmitted signals x4, x,. The perfect channel estimator means that the receiver has
the exact knowledge about the fading channel coefficients h, and h, [31, 35].
Precisely, the transmitted signal x; can be decided from the combination of the two
received faded signals y; and y, given as:
% =h yl+h27,

= hyhy + hyhyx, + hyng — hyhyx, + hyhyXy + hyit,

= (lhe[* + [12]?) %1 + hyny + hy7i, (3.12)
In the same manner, the transmitted signal x, can be estimated from:
2 = hoys — Y,

= hyhyxy + hyhyxy + hyny + hyhyx, — hihyxy — i,

= (lh1]? + |hy|?) x, + hyny + by, (3.13)

all
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Depending on the orthogonality property of the STBC as illustrated in the
transmission matrix at Eq. (3.7), the process of extracting the transmitted signal x,
in Eg. (3.12) doesn’t depend on the transmitted signal x,, so the signal x, is
removed from Eq. (3.12). The transmitted signal x, is also canceled from Eq. (3.13)
because of the orthogonality. The two combined signals %, and X, are sent to the
maximum likelihood detector (MLD) as shown in Fig. 11 to restore the transmitted
signals. MLD computes the minimum Euclidean distances between each combined
signal and all the possible transmitted signals and chooses the transmitted signal

which gives maximum Euclidean distance according to this equation:

dist(%,x;) < dist(X,x;), YV # j (3.14)
In general, a simple rule can be concluded from Eg. (3.12) and Eq. (3.13) for
processing the received faded signal to extract the transmitted signal x;. Where each
received faded signal y; is considered a linear combination of the transmitted signal
x; multiplied by the fading channel h;. Also, if the equation of the received signal

y;j contains on the transmitted signal x;, thus this equation is multiplied by the

conjugate value of the fading channel h;. If the equation of the received signal Vj

contains on the transmitted conjugate signal =x;, thus the value of the fading

channel h; is multiplied by the conjugate value of the received signal y;.

3.5 STBC Using Two Transmitters & Two Receivers

The example in section (3.4) illustrates the encoding and decoding processes for
STBC using one receiver whose transmission matrix G, is given in Eq. (3.7). The
same approach can be easily applied to any number of receivers, where the process
of encoding and the sequence of transmission are similar to that used in the scheme
of single receiver. The STBC which consists of two transmitters and two receivers is
illustrated in Fig. 12. The variable i in the notations y;;, h;; and n;; refers to the
sequence of the receiver [35]. The variable j in the notation h;; refers to the
sequence of the transmitter. While the variable j in the notations y;; and n;; refers

to the time slot. Depending on the previous assumption there is a virtual fading
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channel between each transmitter antenna and receiver antenna, so the number of
virtual fading channels in the STBC scheme that consists of two transmitter and
receiver antennas equals to 4 as illustrated in Fig. 12. The received faded signals at
the first receiver Rx, after adding an independent complex AWGN to them can be

written as follows:

Y11 = hiixy +hipx, +nqq (3.15)
Y12 = —hiy1X; + hypXy + 1y (3.16)
2 * Tz
Xy Xy T,
!-": Tx,

hya hay

R =

Y = Ry X+ hypp + g M= hyx 4 hpxs + 0y
¥z by + hypy + gy Y= —huf + hpX + nn
Channel feyy e bz, Channel
ombiner
Estimator | ., iy | Estimator

1
Maximum Likelihood
Detector

Figure 12 STBC consisting of two transmitters and two receivers

With the same manner, the received faded signals at the second receiver Rx, after

adding an independent complex AWGN to them can be written as follows:

Y21 = ha1xy + hyyxy + 1y, (3.17)

Yoz = — hy1Xy + hyyXy + ny, (3.18)

In other words, the equations of the received faded signals at any receiver can be
generalized as follows:
Vi1 = hixy +hpxy + ny (3.19)
Yiz = — hi1X; +hip¥y + ny, (3.20)
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where i ={1,...,q} represents the receiver’s sequence, and q represents the
receiver’s number. The received signals y;;, V42, Y21 and y,, are combined
together to extract the transmitted signals x; and x, as shown in Fig. 12. The

generated combined signals are as follows:

all

%1 = hy1yi1 + RipVip +hog y21 + Ry 9o (3.21)

=l

1211 — M1y + }_122 Y21 — ha1 Y22 (3.22)

all

2:

The generated combined signals can be generalized to any number of receivers

equals to g as follows:
(hiryir + hiz¥i2) (3.23)

(3.24)

(hizyi1 — hi1¥iz)

The generated combined signals in Eq. (3.21) and Eq. (3.22) can be simplified as

follows:

%1 = (1 hygl® + | hygl? + [hgy|? + [hy 1)y + hygngy + hypfigy + hyyngy + hoyfiy,

(3.25)

%2 = (L hial? + | hial? + 1hp1 12 + |hop]®)x; + hupnay — hiaTlaz + hopNay — hpqTip,
(3.26)
The Eq. (3.23) and (3.24) which represent the generated combined signals in the

generalized form can be simplified as follows:

|Ri1]? + R |?) 3 + Riygngg + hipfigy (3.27)

q
B=) (
i=1
q
X2 Z (ha > + [hiz]?) x5 + hignyg + hygfi (3.28)
i=1
Finally, the combined signals %; and X, are computed and sent to the maximum
likelihood detector (MLD) as shown in Fig. 12. The MLD is dependent on Eq. (3.14)

to extract the transmitted signals by computing the minimum Euclidean distances
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between each combined signal and all possible transmitted signals and choose the
transmitted signal which gives a maximum Euclidean distance [35].

From Eg. (3.27), we can notice that the transmitted signal x, is multiplied with
|h;11? + |h;z]|? which represent a product of summation for all the amplitudes of
fading channels. Thus, the combined signal ; will be at high reliability if the fading
channel amplitudes are high. In Eq. (3.12) there are two values of the fading channel
amplitudes h, and h, which mean that the transmitted signal x, propagates in two
independent fading channels to reach the receiver. So, if one of the independent
fading channels has an effect on the transmitted signal with high fading, the other
independent fading channels may affect with low fading and may provide the
transmitted signal with high reliability to restore at the receiver. This explains that
the communication system which consists of two transmitters and one receiver has a
performance better than the system consists of one transmitter and one receiver. In
other words, in the traditional system which consists of one transmitter and one
receiver the transmitted signal propagates over single independent fading channel,
therefore if this single path has high fading the transmitted signal may attenuate
severely. We can notice in Eq. (3.27) that there are four amplitudes of the fading
channel h;;, hyy, hy; and h,, through which the transmitted signal x; and the
conjugated signal X, propagate over four independent fading channels to reach the
receiver. This leads to increment the reliability given to the combined signals %;, X,

to extract the transmitted signals x;, x,.

3.6 Maximum a-Posteriori (MAP) Decoding for STBC Scheme

The new simple rule for decoding called maximum a-posteriori (MAP) is used
recently to decode space time block codes introduced by Bauch [36]. The MAP
decoder used in STBC scheme provides soft outputs which are symbol probabilities,
where these outputs are sent to the concatenated decoder or demodulator to use them
as inputs to the following stage. For instance, the channel decoders such as TCM [9],
turbo codes and BICM-ID [20] schemes can be concatenated with STBC to improve
the system performance.

If there are k-ary transmitted signals x,,..,x; in STBC which consists of two

transmitters and two receivers, so the received signals are y;1,..,¥1n,Y12:--+ Ygn-
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The a-posteriori probabilities of the transmitted signals are computed according to

Baye's rule as follows:

PQeyse xielyin o Ygn) = Piae o Yanlxa, - x) * PQea, o Xi) (3.29)

where q represents the number of receivers, n represents the number of time slots
needed to transmit each symbol and the conjugated symbol. P(x4,..,x;) represents
the a-priori information related to the transmitted symbols which can get them
through the soft-decision feedback. Moreover, the conditional probabilities in Eq.
(3.22) are computed over Rayleigh fading channel according to Bauch [36] as

follows:
_ 1 1 q n p z
P()’ll--:)’qn|x1:--,xk) _(0'\/2_7T)qn exp _202 l=12i=1 YZi_Zj=1hlj gji|

(3.30)

where g;; represents all the elements of the transmission matrix in Eq. (3.7), sigma

represents the variance of the noise. In addition, the a-posteriori probabilities for

each transmitted signal x; can be computed by simplifying Eq. (3.29) as follows:

P(x; | Y11---x)’qn) = P(y11. .. ,}’qn| xi) . P(x;) (3-31)

where i =1,..,k represents the constraint length of the coded symbols. The STBC
used in this thesis relates to p = 2,k = 2,n = 2 according to the transmission matrix
G, in Eq. (3.7). The computation of a-posteriori probabilities for k-ary transmitted
signals in this STBC scheme can be done depending on Eqg. (3.29) and Eqg. (3.30) as
follows [36]:

PQxyy o X | Y110 Ygn) =

1 1 2 2
= C-WGXP{—E Z?=1[ |}’z1 - Zﬁ-}:lhu gj1| + |)’zz - Zi?:lhz;' gj2| ]}

' 1
=C.exp {—ﬁ Z?=1[ | yii — hin 11 — Rz 921 1P + 1 vz — Ry 912 — iz 9222 ]}
’ 1 _ _
=C.exp {—m Z?=1[ | yiu —hiixs — hyo X2|2 + | yi2 —hjp % — hyp X1|2 ]}
(3.32)
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where C = P(xq,....,X;) represents a constant which means that there is no a-priori
information (i.e. there is no iteration process at the receiver). Also C' =
C.1/(o v2n)qn represents a constant. So, because of the orthogonality of codes,

the computation of a-posteriori probabilities for each transmitted signal x; can be

done by removing the related terms x, from Eq. (3.32) as follows:

’ 1 _
P(x1| y11 ---,}’qz) =C.exp {—m Z?=1[|}’z1 —hypxi P+ lyip = by %2 ]}

" 1 _ = _ _
P(x1]| y11 .- ,}’qz) =C .exp {—m Zéz:l[ —hi1 1Y — i X1 yn— hia X Yo —
AR X1yR+ x12/=12 /12

(3.33)

where the transmitted signal x; does not depend on the terms |y;,|?and |y;;|? as
seen in EQ. (3.33), so these terms are considered as constant and are merged with the
other constant (C’) in the equation to form new constant (C"). By following some

simplification and shortcuts, Eq. (3.33) is simplified as follows:

P(x1ly11 -1 ¥q2) = C".exp {—i [| [Z?=1( hiyyin + hyy 712)] - x1|2 +
—“1+/=1g/=12402 K1

(3.34)

In the same manner, the computation of a-posteriori probabilities for each
transmitted signal x, can be done by removing the related terms x; from Eq. (3.25)
and by following some simplifications and shortcuts, Eq. (3.25) is simplified as

follows:
P(x1ly11 . ¥q2) = C'.exp {—ﬁ [| [Z?=1( hi2yin+ hi1 ¥z )] - x2|2 +

—1+/~=19i=12 Al2 22

(3.35)
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3.7 Concatenated BICM-ID and STBC (BI-STC-ID)

The conception of space time block code (STBC) was explained in detail. The
process of MAP decoding has been applied to STBC in section (3.6). By using this
process, soft outputs are provided by the STBC. These soft outputs can be used as
inputs to the following concatenated stage which may be one of the types of channel
decoder. This means that STBC scheme can be concatenated with other types of
channel codes to improve the system performance through achieving maximum
coding gain in addition to the spatial gain over Rayleigh slow fading channel [20].
The increment of coding gain means increment in the transmission reliability by
transmitting multiple copies of each symbol. The increment of spatial diversity
means increment the transmission data rate. In this section, due to the coding gain
provided by STBC is low, thus the BICM-ID scheme is concatenated with STBC
depending on the availability of ideal channel estimator at the receiver to form a new
enhanced BI-STC-ID scheme. The new BI-STC-ID scheme uses two types of
interleaver, one of the types is the bit interleaver to interleave the bits at the output of
convolutional encoder, and the other type is the symbol interleaver to interleave the
symbols at the output of the demodulator. Furthermore, after the success in turbo
codes, the new BI-STC-ID scheme contains on iterative decoding process at the
receiver to mitigate the interference which may occur over the channel or through the

receiver antennas.

3.7.1 System model

The communication system shown in Fig. 13 is a BI-STC-ID scheme with two
transmitter antennas and two receiver antennas. This system consists of BICM-ID
(bit interleaved coded modulation with iterative decoding) concatenated with STBC

(space time block code) scheme [32, 37].

At the transmitter side shown in Fig. 13 (a), the random information bits are
generated using the source information which are sent to the non-recursive

convolutional encoder for encoding. The convolutional encoder consists of two
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inputs and three outputs (rate-2/3). The coded bits at the output of convolutional
encoder are interleaved randomly using three independent S-random bit interleavers.
The role of S-random interleavers has been described in section (2.4.2). The

interleaved bits are grouped and sent to the 8-PSK modulator (Mapper) which uses a

Gray mapping technique.
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Figure 13 Communication system consisting of BICM concatenated with STBC with

iterative decoding

The mapping process means that each three bits are assigned to one point (symbol) in
the 8-PSK constellation which consists of 2™ =23 =8 points (symbols). The
symbols at the output of the 8-PSK modulator are interleaved using S-random
symbol interleaver. Then the interleaved symbols are sent to the STBC encoder.

STBC encoder receives the interleaved symbols and divides them into two groups.

The symbols in each group are encoded by generating the conjugated symbols. Two

symbols are transmitted to the channel using two transmitter antennas
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simultaneously. Then the two conjugated symbols are transmitted to the channel in
the next time slot [32, 37].

The transmitted symbols propagate over two independent fading channels to reach
the receiver antennas. The fading amplitude for each channel has a variance 1. The
fading amplitude for each channel is assumed constant during transmitting the
symbols of each frame. The communication channels used in this thesis are AWGN
and mobile channels.

At the receiver side shown in Fig. 13 (b), STBC decoder receives the transmitted
signals using two antennas. The received signals are decoded by applying the MAP
algorithm. The STBC decoder computes eight probabilities for each received signal
representing the Euclidean distances between the received signal and all possible
transmitted signals in the 8-PSK constellation [32, 37]. Then the computed
probabilities for all received symbols are de-interleaved to restore their original
sequence. The de-interleaved probabilities are sent to the 8-PSK demodulator. The 8-
PSK demodulator computes six bit metrics for each received symbol depending on
the eight probabilities. After that, all the bit metrics are de-interleaved using three bit
de-interleavers and sent to the convolutional decoder as shown in Fig. 13 (b). The
outer convolutional decoder depends on a simple Viterbi diagram to compute all the
branch metrics between the previous state and the present state in each column of the
Viterbi diagram. Finally, the convolutional decoder computes all the forward and
backward probabilities and all max likelihood metrics for each received symbol to
make the hard decision to restore the transmitted information bits and to compute the
soft values to return the feedback information in each iteration process.

The iteration process is an execution of the demodulation and decoding processes at
the receiver several times to overcome the interference and improve system
performance by reducing the bit error rate. The iteration process is executed by
returning the feedbacks from the output of the convolutional decoder to the input of
the demodulator after interleaving operation as shown in Fig. 13 (b). These
feedbacks are used to compute the a-priori probabilities for all received symbols at
the modulator.

In an attempt to develop system performance, we proposed a new method to execute
the iteration process by re-turning the feedbacks from the output of the convolutional

decoder to the input of STBC decoder instead of re-turning the feedbacks to the input
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of the demodulator as shown in Fig. 13 (c). As a result of using this new method for
iteration process in BI-STC-1D scheme, the system performance has been improved
with 0.5 dB as indicated in Chapter-5.

3.8 Wireless Channel Models

In wireless systems, the most important things to understand the characteristics of the
available wireless channels are the design of link budget between the transmitter and
the receiver, the design of transmission protocol, and the design of coherent receiver.
The behavior of the wireless channels is random and unreliable because of the quick
changes in the channels’ status in a too short time leads to make the communication
over these channels a difficult task.

The wireless channels are classified into different types which can discriminate
between them by the environment of propagation. There are many environments of
propagation such as suburban, orbital, urban, underwater, and indoor [38, 39].

The performance of the wireless systems is limited because of the impact of various
characteristics of the wireless channel. The wireless channel between the transmitter
and the receiver (transmission data path) may be a simple path like line-of-sight or
may be a path that contains on many obstructions like mountains, towers, buildings
and foliage. Also among the other factors that affect the signal transmitted over the
wireless channel is the speed of mobile unit. The speed of mobile unit affects the
speed of fading signal level. The design of any wireless communication system
requires the knowledge of the wireless channel modeling which is usually done using
a statistical method. The statistical methods depend mainly on the practical
measurements which were conducted for a particular communication system.

The propagation of electromagnetic waves over the wireless channel is attributed to
many mechanisms but generally they can be limited to the reflection, the scattering
and the diffraction as illustrated in Fig. 14. The reflection happens when the
electromagnetic waves fall on a surface with dimensions much larger than the
wavelength of the signals. The scattering happens when the wavelength of the
electromagnetic signals equal or much larger than the dimensions of the object that
fall on it as well as its irregular shape which cause to redirect the direction of the

transmitted energy into many directions. Diffraction happens when there is a large
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object blocking the direct path between the transmitter antenna and the receiver
antenna which causes to generate secondary waves in the back of the obstructive

object.

Transmitter

YT ~a A Line of Sight
B: Reflection
C: Diffraction
D: Scattering

Receiver

Figure 14 Propagation of electromagnetic waves over the wireless channel

The propagation of radio waves can be described approximately by the independent
phenomena shadowing, path loss, and fading. Each phenomenon resulting from the
principle of latent physicist. Each phenomenon should be taken into account when
designing and evaluating the wireless systems [38, 39]. The path loss has a
deterministic and known effect. And this effect is inversely proportional to the
distance between the transmitter and the receiver. On the contrary, shadowing and
fading phenomena don’t have a deterministic effect which means the effect of these
phenomena changes randomly. The shadowing phenomenon happens because of
presence the different shapes of terrain and the large buildings which stand between
the main station and the mobile unit and preventing the line-of-sight between them.
The fading phenomenon causes large changes in the attenuation during small periods
of time like microseconds, where this phenomenon occurs always as a result of the
multipath propagation environment. The transmitted electromagnetic waves which
pass through the multipath propagation environment are reflected several times
causing to generate multi-copies of the same wave which interfere with each other at
the receiver antenna.

In wireless systems, fading phenomenon is usually represented using the Rayleigh
distribution model. The Rayleigh fading model is described using the autocorrelation

function and the power spectral density function. The autocorrelation function relates
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to the motion of the receiver and the transmitter which in turn depends on Doppler
frequency [38, 39].

AWGN model is a transmission channel in many wireless systems. The AWGN
channel model is described as a poor model in practice. The channel model the most
frequent in practice is the fading channel. The fading channel is a non Gaussian
channel characterized with the precision and complexity. The mobile channel is a
powerful example of fading channel, where the radio waves are reflected several
times to compose multiple paths for the transmitted waves. There are two

conceptions of the fading large-scale and small-scale.

3.8.1 Large-scale fading

Large-scale fading is a type of fading on the transmitted signal value defined as the
path loss or the average attenuation value of the signal because of the motion of the
signal to longer distances. The fading in the signal value depends on the position of
the mobile unit, the distance between the mobile unit and the transmitter, the type of
antenna used, etc. The fading in the signal value may also depend on the existence of
large and high terrain and objects in the arriving path to the receiver which leads to
the shadowing phenomenon. This type of fading can be noticed after long distances

from the transmitter (equal several tens of wavelength of the carrier signal).

3.8.2 Small-scale fading

This type of fading occurs due to the large changes in the amplitude and the phase of
the transmitted signal, where the transmitted signal reaches the receiver from
multiple paths due to the reflected, diffracted and scattered waves from many
obstructions. The signal in each path has a different amplitude and phase. The
combined signal at the receiver antenna has different values that change randomly.

If the number of signal paths is large and there is no a line-of-sight path between the
transmitter and the receiver, thus the combined signal at the receiver has an envelope
which is described statistically as a Rayleigh PDF as shown in Fig. 15. On the other

hand, if there is a line-of-sight path between the transmitter and the receiver, thus the
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combined signal at the receiver has an envelope which is described statistically as a
Rician PDF [38, 39].

In wireless systems, several models were suggested to simulate the Rayleigh fading
channel. These models are either deterministic or statistical. The deterministic
models perform approximate processes for the Gaussian random operations by
combining a finite number of sinusoids which are selected properly. The statistical
models compute the densities of power spectral related to the white Gaussian random
operations using the filtering in frequency-domain or time-domain. For instance, the
deterministic models are Clarke model (Clarke 1968) [40] and Jakes model (Jakes
1974) [41], while the statistical models are Inverse Discrete Fourier Transform
(IDFT) (Smith 1975) [42] and White Noise Filtering (Omidi 1999) [43].

p(Inl)

0 0.5 1 1.5 2 25 3 35 4 45 5
Inl=r

Figure 15 Probability density function of the envelope of Rayleigh fading channel

3.8.3 Deterministic model of sum of sinusoids

The wireless fading channel has a complex envelope which can be represented by
combining several components of homogeneous waves. Each component of the
homogeneous waves is a sinusoidal wave with specific values of the frequency,
amplitude and phase. Thus, the waveform of the fading channel is represented
mathematically by summing several sinusoidal waves. This representation of the
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fading channel is "sum of sinusoids”. Many models were presented depend on the
sum of sinusoids to simulate the fading channel such as Clarke's model (Clarke
1968).

The reference model Clarke (Clarke 1968) [40] can be represented in mathematical
expression to define the complex gain of the fading channel under the following
assumptions non-selective frequency fading channel (flat fading) and non-dominant

path (non line of sight) as follows:

h(t) = \/% YN_ i [2m fat cos(an) + 05 ] (3.36)

where f,; represents the maximum value of Doppler frequency, N represents the total
number of multipath components, «,, ~ U[—m, ] represents the value of the arrival
angle to the receiver, and @,, ~ U[—m, ] represents the random value of the phase.
The efficiency of the Clarke's model is low because there are many random
variables. So, another model of the sum of sinusoids was proposed by Jake (Jakes
1974) [41] to simulate the fading channel using the following mathematical

expressions:

hi(t) = V2cos(2nfat) .2 X, cos (27”71) cos (andcos[ 2nn ]t)

4M+2

ho(t) =2 ¥y_;sin (Z%n) cos (2nfycos 42;::2 ] t) (3.37)
where M represents the total and the finite number of sinusoids, h;(t) represents the
in-phase (real) component, h,(t) represents the quadrature-phase (imaginary)
component. Jake’s model was the widely used model because it reduced the number
of sinusoids in the model by taking advantage of the presence of the symmetry in the
environment. For example, the values of arrival angles are distributed over the range
(=m,m) in Clarke's model which lead to positive and negative values for Doppler
frequencies but Jake's model take only the positive values of the Doppler frequencies
to decrease the number of the sinusoids.

The recent researches (Beaulieu & Young 2001) [44] and (Xiao & Zheng 2002) [45]

proved that the envelope of the fading channel simulated by Jake's model is identical
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in each execution process because the parameters of the model does not change in
each execution process.

Xiao and Zheng (Zheng & Xiao 2002) [45] suggested new statistical methods to
simulate the fading channel. Each method uses different parameters in the simulation
model which change in each execution process. In this thesis, one of the statistical
methods is adopted as a special model of the fading channel for the wireless system
BI-STC-ID. This statistical method uses a specific number of sinusoidal waves to
simulate the fading channel efficiently. The mathematical expressions used in this

method to simulate the envelope of the Rayleigh fading channel are as follows:

hln] = hy[n]+ jhyln],

hy[n] = ﬁ Ts, cos(B,) cos(2mf,cosay + By)
holn] = ﬁ Zgil sin(B,)) sin(2nf, cos aj + @y)
@, = ﬂ:k;l\(’)s.Sn , Bn — icv_z: , (Z)k = o, 21 ranz:m(Ns) ,

3.3
f,=F5 k=12 N (3.38)

Where ¢, and @, are distributed uniformly over (—m,m) and they are changed
randomly and independently in a statistical manner for all values of k, Ny represents
the finite number of the sinusoidal waves, f; represents Doppler frequency shift, f
represent the frequency of the carrier signal, s represents the speed of the mobile
unit, C = 3.10~8 represent speed of the light.

In this thesis, we used the following parameters for our wireless channels, f =
1800 MHz the frequency of the carrier signal, s = 30 km/h the speed of the mobile
unit, N; = 8 the finite number of the sinusoidal waves. Also, we assumed that each
value of the envelope of the fading channels remains constant for all symbols of the

frame.
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CHAPTER 4

COOPERATIVE COMMUNICATION SYSTEMS

4.1 Introduction

The performance of communication systems over fading and AWGN channels is
improved using many techniques. As mentioned in Chapter-2, BICM-ID scheme
proposed by Zehavi [10] improves the performance over AWGN and fading channels
using the bit interleaver and the simple iterative decoding respectively.

BI-STC-ID [14] scheme was proposed by Li and Ritcey for data transmission from a
single transmitter to a single receiver as mentioned in Chapter-3. The BICM-ID
scheme is concatenated with STBC to increase the system performance over different
conditions of the fading channels. The STBC provides spatial diversity and coding
gain using multiple antennas at the transmitter and the receiver (MIMO) which lead
to increase the area coverage and the data rate without the need to increase the
bandwidth and the transmitted power. However, the spatial diversity is limited only
on the transmitter side because the small size of the mobile receiver unit which
creates several challenges concerning with the power consumption and the
complexity. In this chapter, a recent technique suggested by Nosratinia [46] called
the cooperative diversity is applied on BI-STC-ID scheme to address the problems to
get enormous potential for the next generations of wireless communication networks.
The use of cooperative technique distributes several intermediate stations (relays)
between the source and the destination in different paths to get the cooperative
communications as shown in Fig. 16. This technique makes the whole system more

reliable with respect to the throughput and the bit error rate (BER).

The use of cooperative communications convert the BI-STC-ID communication
system consists of a single source and a single destination to the communication

system consists of multiple sources and multiple destinations (virtual MIMO). In the
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cooperative systems, multiple copies of the signals are transmitted from the source to
one or more secondary stations (relays) and to the destination simultaneously. Each
secondary station (relay) receives, decodes, re-encodes and re-transmits the signals to
the destination. At the destination multiple copies of the signals from the source and
the relays are received in different time slots and then they are combined together
using several techniques of combination to extract the transmitted original symbols
from the source [46, 47].

Source Node

y & Destination Node

Relay-2 Node

Figure 16 Cooperative communication system using two relay nodes

In the cooperative systems, two types of cooperative protocols are used in the
secondary stations (relays) to overcome the effects of multipath fading channel
decode-and-forward protocol (DF) and amplify-and-forward protocol (AF). Each
protocol has certain abilities under different conditions of the channel. In the
cooperative systems which use the DF protocol, each relay node receives the signals
from the source node, decodes, re-encodes and retransmits them to the destination
node. In the cooperative systems which use the AF protocol, each relay node receives
the signals from the source, amplifies, and retransmits them to the destination. Both
cooperative protocols match well with the coding rates and with the highest order of
modulation (such as 8-PSK, 16-QAM) used in the source and relay nodes. To
increase the throughput of the cooperative systems, the source and relay nodes firstly
check the reliability of the wireless channels' condition between the source, relay and

destination nodes and then they increase their modulation order [47, 48].
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4.2 Cooperative System Model

An example of the cooperative BI-STC-ID-DF scheme is shown in Fig. 17. This
cooperative system consists of a single source, two relays and single destination. The
source and relay nodes are assumed have the same transmitter module mentioned in
Chapter-3 which consists of convolutional encoder with rate-2/3, 8-psk modulator,
and STC encoder with two antennas. The destination and relay nodes are assumed to
have the same receiver module mentioned in Chapter-3 which consists of STC
decoder with two antennas, 8-psk demodulator, and convolutional decoder. The
iteration process is formed by returning the feedback from the convolutional decoder
to the STC decoder. The cooperative protocol used in each relay node is DF which
means that each relay receives the signals, decodes, re-encodes and re-transmits them
again to the destination [47, 48]. The wireless fading channels between any two
nodes in the cooperative system, source, relay and destination are Rayleigh fading
channels and they are assumed independent from each other randomly. The
coefficients of the fading channels are distributed randomly and independently in a

Gaussian manner with variance equals N-/2 and mean equals zero.
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Figure 17 Cooperative BI-STC-ID-DF consists of single source, two relays and

single destination

The process of transmitting each frame is conducted in two phases. The first phase is

conducted in the source node. The second phase is conducted in the relay nodes.

4.2.1 Source node

The source node is considered the first phase of transmitting each frame. The
information bits are encoded firstly using the convolutional encoder with rate-2/3.
The coded bits at the output of the encoder are interleaved using three bit
interleavers. Three interleaved bits are grouped together at the same time slot using
8-psk modulator and converted to complex symbol. The symbols are interleaved

using symbol interleaver and sent to the STC encoder. The interleaved symbols are
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encoded again using the STC encoder. Each two symbols are transmitted together at
a certain time slot by two antennas, where each symbol is transmitted by one antenna
over different fading channel. The frames are broadcasted from the source to the

destination and relay nodes over different fading channels simultaneously [47, 48].

4.2.2 Relay node

The cooperative protocol used at each relay node is decode-and-forward (DF) which
means that the relay node decodes the received signals, re-encodes, re-transmits them
again. The received signals at each relay node from the source node are decoded
correctly by receiving two signals at a certain time slot and then receiving their

conjugated signals at the next time slot using two antennas as follows:

Y (s,17) = b Lhia(s,15) x1.(5,13) + hia(5,15) x2(5,15) + nia (5,77) (4.1)
in(Sl T-) = \/5 [ hil(sl T-) fZ(Sl T-) + hiZ(Sl T-) fl(S, T-) + niZ(Sl T-) (42)

where i € {1,2} represents the antenna's sequence, j € {1,2} represents the relay's
sequence and p represents the transmitted power from the source. The received
signals are decoded by applying the MAP algorithm in the STBC decoder as
mentioned in section (3.6). The a-posteriori probabilities produced from the STBC
decoder are de-interleaved and sent to the demodulator. The bit metrics produced
from the demodulator are sent to the convolutional decoder to restore the transmitted
information bits and compute the feedback for the iteration process.

The second phase of transmitting each frame is conducted at the relay nodes, where
after restoring the original information bits at each relay node, each relay node re-
encodes and re-transmits the original information bits again to the destination. Using
the same transmitter model at the source node, two symbols are transmitted together
at a certain time slot from each relay by two antennas. The transmitted symbols from
each relay node hold the same sequence of the original information bits transmitted

from the source node but with different representations of the symbols [47, 48].
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4.2 .3 Destination node

The destination node is considered the phase of receiving all the symbols transmitted
from the source and relay nodes. In the cooperative systems, the destination node
receives four signals from each node (source and relays) at different time slots by

two antennas as follows:

From the source node
yir(s,d) = \/p [hir (s, d)xy (s, d) + hyp (s, d)xy (s, d) + nyy (s, d)] (4.3)
Yi2 (Sl d) = \/5 [hil(sl d)fz (Sl d) + hiZ (Sl d)fl(sl d) + Niy (Sl d)] (44)

From the relay-1 node
yir(r,d) = \/E [ i1 (1, d) x1(r1, d) + hip (11, d) x5 (11, d) + 1 (rq, d)] (4.5)
Yiz(r1, d) = \/p1 [ hi1(r1,d) X5 (ry, d) + hip(ry,d) %y (1, d) + nyp(ry, d)] (4.6)

From the relay-2 node
Yi1(rz, d) = \/E [ hir (2, )x1(ry, d) + hip (12, d)x2(ry, d) + 1y (12, d)] (4.7)
Yiz(12,d) = \Jp; [ hia (rz, )%, (13, d) + hyp (15, )%y (r2, d) + 15 (1, d)] (4.8)

where Eq. (4.3) & Eq. (4.4) represent the received signals at the destination node
from the source node, Eq. (4.5) & Eq. (4.6) represent the received signals at the
destination node from the relay-1 node, Eq. (4.7) & Eq. (4.8) represent the received
signals at the destination node from the relay-2 node, i € {1,2} represents the
antenna's sequence, j € {1,2} represents the relay's sequence, p represents the
transmitted power from the source node, p; represents the transmitted power from
the relay-1 node, p, represents the transmitted power from the relay-2 node [47, 48].
All the received signals at the destination node are combined using different
techniques of the combination to get better extraction of the transmitted original
symbols from the source node to improve the system performance. One of these
techniques is a product of the sum of all the received signals to get the total received

signals as follows:
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Yir(d) = yir(s,d) + yi1 (11, d) + yi1 (12, d)

4.9
Yi2(d) = yi2(s,d) + yi2 (11, d) + yi2(r2, d)

(4.10)

These final received signals are decoded by applying the MAP algorithm in the
STBC decoder and generating a-posteriori probabilities for each final signal as
mentioned in section (3.6).

Another technique to combine all the received signals at the destination node is a
product of the sum of all the computed a-posteriori probabilities for the received
signals from each node. The received signals at the destination node from the source,
relay-1 and the relay-2 nodes are decoded separately by applying the MAP algorithm
in the STBC decoder and generating a-posteriori probabilities for each node. The

total a-posteriori probabilities are as follows:

1—- Ps(d) =[Ps(s,d) + Ps(ry,d) + P(r,,d)]/3

2— Ps(d) =[0.8Ps(s,d) +0.2 Ps(ry,d) + 0.2 P(r,,d)]/3
where Ps(s,d) > Ps(ry,d) & Ps(ry,d) OR

Ps(d) =[0.2 Ps(s,d) +0.8 Ps(ry,d) + 0.2 P(r,,d)]/3
where Ps(ry,d) > Ps(s,d) & Ps(ry,d)

3— Ps(d) =[Ps(s,d) +0.1 Ps(ry,d) + 0.1 P(ry,d)]/3

4 — Ps(d) =[Ps(s,d)+0.2 Ps(ry,d) + 0.2 P(ry,d)]/3 (4.11)
where Ps(s,d) represents the generated a-posteriori probabilities for the received
signals from the source node at a certain time slot, Ps(r,, d) represents the generated
a-posteriori probabilities for the received signals from the relay-1 node at a certain
time slot and Ps(r,,d) represents the generated a-posteriori probabilities for the
received signals from the relay-2 node at a certain time slot. All the generated a-
posteriori probabilities for all the received symbols are de-interleaved using the
symbol de-interleaver and sent to the demodulator to generate the bit metrics for all
the received symbols. All the generated bit metrics are de-interleaved using the bit

de-interleavers and sent to the convolutional decoder. The convolutional decoder
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depends on the bit metrics to generate four types of probabilities branch metrics,
forward metrics, backward metrics and max likelihood metrics for each received
symbol. The generated four probabilities are used to make the hard decision to
restore the original information bits and compute the feedback metrics for the
iteration process [47, 48].

The performance of the cooperative BI-STC-1D-DF system is illustrated in Chapter-5
for different techniques of the combination used at the destination node. We assumed

the same power are transmitted from all the antennas at the source and relay nodes.
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CHAPTER 5

SIMULATION RESULTS

5.1 Introduction

The mechanism of action of BICM-ID, BI-STC-ID and BI-STC-ID-DF schemes are
described and discussed in Chapter-2, Chapter-3 and Chapter-4 respectively. In this
chapter, these schemes have been simulated using C++ programming, where the
simulation results have been provided to describe the performance of these schemes
over AWGN and mobile fading channels.

From the simulation results below, we noticed the BICM-ID scheme has a good
performance over AWGN channel. The performance of BICM-ID scheme over
Rayleigh fading channel is improved by concatenating BICM-1D scheme with STBC
to meet the growing demand on the wide bandwidth over mobile networks. The STC
provides spatial diversity and coding gain to improve the system performance for
high data rate. The small size of the mobile unit leads to create several challenges
concerning with the power consumption and the complexity. The BI-STC-1D scheme
is improved using intermediate stations (relays) between the transmitter and the
receiver. All the wireless communication systems used in this thesis have an input
block of information bits equals 2048 bits. These systems use Gray mapping at the 8-
PSK modulator. The interleaver significantly affects the performance of the wireless
systems therefore two types of interleavers are used in these systems bit interleaver
and symbol interleaver. The different sequences of S-random interleavers are
designed in this thesis with length and depth equal 1024, 15 respectively according to
the rules mentioned in section (2.4.2). The wireless channels supported in this thesis
are AWGN and mobile channels that have been simulated using C++ programming
according to the sophisticated Jake's model mentioned in section (4.2). The mobile
channel is a Rayleigh fading channel with multiple paths between the transmitter and

the receiver and with the effect of Doppler frequency shift due to the
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motion of the receiver or the transmitter. In the multiple-inputs multiple-outputs
(MIMO) systems, it is possible to assume there is a virtual fading channel between
each transmitter antenna and each receiver antenna. All the coefficients of the fading
channels are assumed constant during transmitting all the symbols of each frame.
The speed of the receiver and the carrier signal frequency have been imposed to be
30 km/h and 1800 MHz respectively.

5.2 Simulation Results of BICM-ID Scheme

The structure of the BICM-ID scheme has been simulated using C++ programming.
The simulation results have been sketched on form BER vs. SNR curve to describe
the system performance over the AWGN and mobile fading channels. The BICM-ID
system is illustrated in Fig. 8. The transmitter module consists of non-recursive
convolutional encoder with rate-2/3, three independent bit interleavers and 8-PSK
modulator with Gray mapping. The receiver module consists of 8-PSK demodulator,
three bit de-interleavers and MAP decoder. The MAP decoder computes two types of
the a-posteriori probabilities to generate the feedback and make the decision to
recover the information bits. The demodulation and decoding processes are iterated
several times using the generated feedback. The performance of the coded

modulation TCM and BICM schemes have been sketched for comparison.

Perfromance of BICM-ID Scheme |-
with 8 lterative Decoding
Perfromance of Ungerboeck’ TCM |___
Scheme

Perfromance of Zehavi's BICM
Scheme

Ep/N, (dB)
Figure 18 Performance of the BICM-ID scheme over AWGN channel with 8-state

and 2048 information bits/block
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The BICM-ID performance over the AWGN channel is represented at the receiver by
sketching the BER vs. SNR curve as shown in Fig. 18. The BICM-ID performance
has been improved with 1.5 dB when BER = 10~ comparing with the performance
of the TCM and BICM schemes over the AWGN channel. The BICM-ID
performance over the mobile fading channel is represented at the receiver by

sketching the BER vs. SNR curve as shown in Fig. 19.

Performance of BICM-ID with & iteration |~
over Rayleigh fading channel

0 5 10 15 20 25 30 35
Ep/N, (dB)

Figure 19 Performance of the BICM-ID scheme over mobile fading channel with 8-
state and 2048 information bits/block

5.3 Simulation Results of BI-STC-ID Scheme

The structure of the BI-STC-ID scheme has been simulated using C++ programming.
The simulation results have been sketched on form BER vs. SNR curve to describe
the system performance over the mobile fading channel. The BI-STC-ID system is
illustrated in Fig. 13. This system consists of BICM-ID scheme concatenated with
STBC to increase the reliability of data transmission and the data rate by increasing
the coding gain and the spatial diversity of the system respectively. The use of MAP
algorithm in the STBC decoder facilitates the connection between the STBC with
BICM-ID scheme, where the soft outputs of the MAP algorithm are used as inputs to
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the BICM-ID decoder. The transmitter module consists of non-recursive
convolutional with rate-2/3, three independent S-random bit interleavers, 8-PSK
modulator with Gray mapping, symbol interleaver and STBC encoder with two
antennas. The receiver module consists of STBC decoder with two antennas, symbol
de-interleaver, 8-PSK demodulator, three bit de-interleavers and MAP decoder. The
MAP decoder computes two types of the a-posteriori probabilities to generate the
feedback and make the decision to recover the information bits. The performance of
BI-STC-ID scheme over mobile fading channel is represented at the receiver by
sketching the BER vs. SNR curve as shown in Fig. 20. The BI-STC-ID performance
has been improved more than 15dB when BER = 107° comparing with the
performance of the BICM-ID scheme shown in Fig. 19 over the mobile channel.
Also The BI-STC-ID performance has been improved with 0.5 dB when BER =
1075 by when conducting a new feedback connection between the MAP decoder
and the STBC decoder rather than the previous feedback connection between the
MAP decoder and the demodulator.

Performance of BI-STC-ID Scheme
"| —#— with 8 lteration from Outer Convolutional |~
Decoder to the Inner STBC decoder
Performance of BI-STC-ID Scheme B
—=<— with 8 Iteration from Quter Convolutional |2
Decader to the Demodulator =

6 8

Ep/N, (dB)

Figure 20 Performance of the BI-STC scheme over Mobile fading channel with 8-
state and 2048 information bits/block
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5.4 Simulation Results of BI-STC-I1D-DF Scheme

The structure of the BI-STC-ID-DF scheme has been simulated using C++
programming. The simulation results have been sketched on form BER vs. SNR
curve to describe the system performance over the mobile fading channel. The BI-
STC-ID-DF system is illustrated in Fig. 17. The structure of this system is similar to
the structure of BI-STC-ID system in section (5.3) with adding two secondary
stations (relays) between the source and the destination to improve the performance
by increasing its cooperative diversity. However, this cooperative system consists of
single source node, two relay nodes and single destination node. The source and
relay nodes have the same transmitter module’s structure for the BI-STC-ID scheme.
The transmitter module consists of convolutional encoder with rate-2/3, three bit
interleavers, 8-psk modulator, symbol interleaver and STC encoder with two
antennas. The destination and relay nodes have the same receiver module’s structure
for the BI-STC-ID scheme. The receiver module consists of STC decoder with two
antennas, symbol de-interleaver, 8-psk demodulator, three bit de-interleavers and
MAP decoder. The cooperative protocol used in each relay node is a decode-and-
forward (DF). Each relay node receives the signals from the source node, decodes,
re-encodes the information bits again and re-transmits them again to the destination.
At the destination node multiple copies of the transmitted symbols are received from
the source and relay nodes in different time slots. These copies are combined using
several techniques of the combination to extract the transmitted original symbols
from the source node. The BI-STC-ID-DF performance over mobile fading channel
is represented at the receiver by sketching the BER vs. SNR curve as shown in Fig.
21 and Fig. 22. The BI-STC-ID-DF performance has been improved when BER =
10~5 comparing with the performance of the BI-STC-ID scheme shown in Fig. 20

using several techniques of the signals combination at the receiver node.

58



*| —&— With Cooperative Pt=( Ps+01Pr)/2 | ]
--| —#— With Cooperative Pt=(0 8 Ps+02Pr)/2 |--4
—— With Cooperative St=(Ss+5r)/2

i —e— with Cooperative Pt=(Ps+Pr) / 2

~| —+— With Cooperative Pt={ Ps+0.2 Pr) / 2
-| =+ without Cooperative

Psis probability of signal from source
Pris probability of signal from relay
Ssis the signal from source

g Sris the signal from relav
=] S
10°
10"
10-5- 77777777777 i
0 2 4 6 8 10 12 14 16
Ep/N, (dB)

Figure 21 Performance of the BI-STC-ID-DF scheme with one-relay over mobile

fading channel using different techniques of signal combination at the receiver node
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Figure 22 Performance of the BI-STC-ID-DF scheme with two-relays over mobile

fading channel using different techniques of signal combination at the receiver node
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CHAPTER 6

CONCULUSION

The simulation results demonstrated that the performance of wireless communication
systems can be improved using different coding techniques without the need to
increase the transmitted power or data rate. Extra copies of the symbols are
transmitted for correcting the errors and decreasing the bit error rate. The simulation
results showed the performance of BICM-ID scheme proposed by Li and Ritcey is
better over the AWGN and Rayleigh fading channels than the performance of the
traditional schemes such as TCM and BICM limited over the AWGN channel. Also
the simulation results demonstrated that the performance of BICM-ID scheme is
approximately identical to the performance of the turbo code scheme proposed by
Berrou [28] but with low complexity. The ideal design of S-random interleaver,
signals mapping and iterative decoding in BICM-ID scheme leads to get a maximum
diversity. Also the simulation results demonstrated that this communication system
has a coherent and appropriate performance over the AWGN and Rayleigh fading

channels.

The use of multiple antennas at the transmitter or receiver units or both (MIMO)
leads to increase the data rate and the reliability of the received data at the receiver
through increasing the spatial diversity and the coding gain respectively. The small
size of the mobile receiver unit makes the use of multiple antennas limited only on
the base stations because of the limitation in the power consumption and the
complexity. The coded modulation schemes like BICM-ID can concatenate with the
STBC in series to form a more coherent BI-STC-1D scheme. The BI-STC-I1D scheme
improves the performance through merging the techniques which give the different
diversities like 8-PSK modulator, interleaver, multiple antennas and iteration
process. The receiver has perfect information about the channel coefficients by

assuming it has a channel estimator. The iteration process is executed in two ways,
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the first way by making the feedback connection between the convolutional decoder
and the demodulator, while the second way by making the feedback connection
between the convolutional decoder and the STBC decoder. The second way of the
feedback connection leads to improve the system performance greater than the first
way as shown in the simulation results. There is a virtual fading channel between
each transmitter antenna and each receiver antenna. Each virtual fading channel is a
multi-paths channel and the coefficients of its envelope can be imposed fixed
practically during transmitting all the symbols of each frame and changed from

frame to another.

The probability of arrival of the transmitted signals to the receiver can be increased
properly using secondary stations (relays) between the transmitter and the receiver to
improve the system performance. It is obvious from the simulation results for the
cooperative BI-STC-1D-DF system uses two transmitter and receiver antennas that
there is improvement in the performance compared with the performance of the same
communication system without using relay nodes. The transmitted signals by the two
antennas of the source node (transmitter) are received by the two antennas of the
destination node (receiver) and the two antennas of the relay nodes in different time
slots. The received signals at each relay node are decoded, re-encoded, and then re-
transmitted again to the destination node. All the received signals at the destination
node from the source and the relay nodes are combined together using different
several techniques of the signals combination to increase the probability of restoring
the transmitted information bits properly. For the linear combination of the signal
probabilities received from source and relays, it is seen that proper decision of the
coefficients used during linear combination is an important criteria for the

performance of cooperated communication systems.

One of the future works can be the integration of the BI-STC-ID-1D system with the
OFDM system to increase the transmitting data rate per user and to make the
received data more reliable over mobile fading channel. Another future work may be
the control on the relays’ signals at the destination node and choosing the best signals

and then applying the different combination techniques on them.
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