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ABSTRACT

The single most important technique providing reliable communication over
wireless channels is diversity. One of the diversity techniques is space diversity. Typical
examples of space diversity are multiple transmit and/or receive antenna
communications. By employing multiple antennas either at the transmitter or at the
receiver, multiple antenna communications introduce a space diversity to combat fading
without necessarily sacrificing bandwidth resources; thus they become attractive
solutions for broadband wireless applications.

Space-time coding is a new diversity method for communication over wireless
channels using multiple transmit antennas. Two types of space-time coding have been
studied for a few years: trellis and block coding. Space—time trellis codes perform
extremely well at the cost of relatively high complexity. Owing to this, in this thesis,
space-time block codes are investigated in detail. Not only these codes support an
extremely simple maximum likelihood detection algorithm based only on linear
processing at the receiver, but also they can be used for multiple transmit antenna
differential detection.

In this thesis, coherent and differential detection schemes for space-time block
coding are investigated in detail over non-dispersive Rayleigh fading channels. In
coherent detection systems, Alamouti's and Tarokh's codes with two, three and four
transmit antennas are simulated for BPSK and QPSK modulation. Furthermore,
Tarokh's and Hughes' differential detection schemes with two transmit antennas are
investigated and a unifying approach to these structures is developed with a new design
criteria for optimal unitary group codes. Then, the codes chosen by Tarokh and Hughes
are simulated using a generalized differential detection scheme for BPSK and QPSK
modulation. Moreover, codes of Hochwald are also simulated in order to compare them

to the codes of Tarokh.
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Cesitleme, kablosuz kanallar {izerinden giivenilir bir haberlegsme saglanabilmesi
icin tek ve en onemli yontemdir. Cesitleme tekniklerinden biri uzay cesitlemesidir.
Uzay cesitlemesinin tipik ornekleri ¢oklu verici ve/veya alict antenli haberlesme
sistemleridir. Vericide ya da alicida ¢oklu anten kullanimi ile, ¢oklu antenli sistemler,
gerekli bant genisliginden feda etmeksizin bayilma ile bas edebilen, bir uzay cesitlemesi
olustururlar. Boylece wuzay c¢esitleme sistemleri, genis bant kablosuz iletisim
uygulamalari i¢in cazip ¢éziimler olurlar.

Uzay-zaman kodlama, ¢oklu verici anten kullanilan kablosuz kanallar iizerinden
haberlesmek ic¢in kullanilan, yeni bir ¢esitleme yontemidir. Bir ka¢ yildir iizerinde
calisilan, uzay-zaman kodlamanin iki sekli, kafes ve blok kodlamadir. Uzay-zaman
kafes kodlamanin bagarimi, oldukc¢a yiliksek karmagikliginin yaninda, son derece iyidir.
Bu karmagsiklik sebebiyle, bu tezde uzay zaman blok kodlama ayrintili olarak
incelenmistir. Bu kodlar sadece, alicida yalnizca dogrusal islemlere dayanan oldukca
basit en biiyiik olabilirlik algima metodunu desteklemekle kalmayip, bunun yaninda
coklu antenli ayrimsal algilama i¢in de kullanilabilir.

Uzay-zaman blok kodlama i¢in evreuyumlu ve ayrimsal algilama yontemleri,
bozucu olmayan Rayleigh bayilmali kanallar i¢in ayrintili olarak incelenmistir. Uyumlu
algilama sistemlerinde, BPSK ve QPSK kiplenimleri ic¢in, Alamouti ve Tarokh
kodlarinin 2,3 ve 4 verici antenli sistemler i¢in benzetimleri yapilmistir. Buna ek olarak
Tarokh ve Hughes ayrimsal algilama yontemleri 2 verici antenli sistemler i¢in incelenip,
bu yapilara iliskin biitiinlestirici bir yaklagim ile en iyi birimcil kodlar i¢in yeni tasarim
kriterleri gelistirilmistir. Daha sonra Tarokh ve Hughes tarafindan segilen kodlar, BPSK
ve QPSK i¢in genellestirilmis ayrimsal algilama yontemleri kullanilarak benzetimleri
yapilmistir. Tarokh'un kodlarinin performanslar1 ile kiyaslanmak iizere, Hochwald'in

sectigi kodlar i¢in de benzetimler yapilmistir.



TABLE OF CONTENTS

LIST OF FIGURES . ... .ottt st X
LIST OF TABLES...... oottt et xi
ABBREVIATIONS . ...ttt ettt et e saesae e e ssaesseenaenseens Xii
INTRODUCTION.....c..ctiititieiieiteitete sttt sttt sttt ettt sttt et sae et sinenaeens 1
Chapter 1 Fading In Communication Channels..............cccoccveveiieniienciienienciienieeeene, 5
L1 Path LoSS. et 5

1.2 ShadOWING....cuiiiiriiiiiiieeteeeet ettt e 6

L3 FAINE. ittt ettt ettt et as 6

1.3.1 Parameters of Fading Channel..............c.ccccceveiiiiienieniiiiie, 7

1.3.2 Classification of Fading Channels............cccccceevviieencieenciieennenn. 9

1.3.3 A Mathematical Model for Fading Channels...........c..cccceeneee. 10

1.3.4 Rayleigh Fading Channel Model.............cccoooveviiiiniiniinniieene, 11

1.3.5 Rayleigh Fading Simulator............ccccoeveviieiiieniiiiiieeieeeeeeene 11

Chapter 2 Diversity in Wireless Radio: Principles and Methods...........cccccccuvveennennns 14
2.1 ObjectiVe Of DIVETSILY...cueriiriiiiriiriienienieriteteeteee et 14

2.2 Diversity TEChNIQUES.......c.ceiuieiiieiieiieeiie ettt 14

2.3 Space Diversity TeChNIQUES.........c.cecveeiierieeiieiieeieeeieeree e eve e 16

2.3.1 Receive Diversity Techniques..........cccocveeeviiiercieencieeeee e 16

2.3.1.1 Selection DIVersity......cccceeeevereenierieneenenicnecieennen 16

2.3.1.2 Switched DIiVersity........ccocveevueerieeniienieeieeie e 17

2.3.1.3 Linear CombINING.......ccccvveervreerreeeiieeniieenieeeneeeennes 17

2.3.2 Receive Diversity Performance...........cccceevvveeiieeeniieenieeeieenns 19

2.3.3 Transmit Diversity Techniques..........ccceevveeeiiieenieeeriee e, 19

2.3.3.1 Transmit diversity with feedback from receiver........ 19

2.3.3.2 Transmit diversity via Delay diversity...................... 20

2.3.3.3 Transmit diversity with Frequency weighting........... 21

2.3.3.4 Transmit diversity with Channel coding................... 22

2.3.4 General structure of transmit diversity schemes..........c...c......... 23

Chapter 3 Space-Time COodiNg........c.cccueeiiiiriiiiiieiieeiieeie ettt see e 25
3.1 Basic System Model...........cccueeiiiiiieiiieieeieeeeeie et 25

vi



3.2 Performance CrItEIIOMN. ... un ettt e e e e e eeeeeeeeeeeeeeeraaaeeees 26

3.3 Code CONSIUCTION. ....cuueeiuiieiieeiieeiee ettt ettt ettt et bee e e siee e 30
3.3.1 Space-time trellis COdes........covuiriirniiniieiieniieie e 30

3.3.2 STC: 4-PSK EXaMPIC....cceeeruiieiieiiiiiiecieecieeeie et 32
Chapter 4 Space-Time BIock Coding..........ccccueveiiiiiiiiieiiiecciieceeeee e 34
4.1 INErOAUCTION. ....eeiiitieiii ettt ettt ettt e s eneeas 34
4.2 Maximal Ratio Receive combining Scheme...........cccceevviriiniincniinennens 34
4.3 Space-Time Block Codes.........coovieriiiiiiniieiieiecieee e 38
4.3.1 Two Branch transmitter diversity based STB codes.................. 39

4.3.1.1 two branch transmit diversity with one receiver....... 40

4.3.1.2 two branch transmit diversity with two receiver....... 42

4.3.1.1 two branch transmit diversity with N receiver.......... 44

4.3.2 Generalized ortogonal designs as ST block codes...................... 46

4.3.2.1 real orthogonal designs..........ccccveeeiiiieeciieeeiieeeiieeens 46

4.3.2.2 complex orthogonal designs...........cceceeeveeriieniennnne 48

Chapter 5. Differential Space-Time Block Coding..........cccceevieeiiiniiiciieniieiienieenen. 50
5.1 INtOAUCHION. ...ttt st 50
5.2 A simple differential detection scheme for transmit diversity.................. 51
5.2.1 The encoding algorithm for alamoutis' code (4.18)................... 53

5.2.2 The differential decoding algorithm for alamoutis' code (4.18). 54

5.3 General approach to differential space-time schemes.............c.cccceeuvenenn. 55
5.3.1 differential @nCOdeT.........coceiriiiiiiiiiiiiieee e 56

5.3.2 differential decOder...........ccoeeviieiiieiiiiiiiiieee e 57

5.4 DESIZN CIIteIIA .cuuieiuiietieeiieriie et eeiee et eete et e steeaeesereebeesaaeeseesnseenseesnseas 60
5.5 Group Design Preliminaries.........ceecveeerieeerieeeniieeiee e 61
5.6 Optimal Unitary Group Codes.........c.eeevuvieriieeriiieeniieeniee e eeveeeivee e 64
5.7 Selection Of the MAIIX Gueeeeeeeveeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeaeees 65
Chapter 6. Performance Results...........cccoecieiiiiiiiiiiiiiieieccceceee e 66
6.1 Performance Comparison of various STBC in coherent systems.............. 67
6.1.1 MRRC and STBC Ca..eovveeniieiieiieieeeseee e 67

6.1.2 STBC (C,, Csand C4) with one rate (1-BPS).........ccoceeiieene 69

6.2 Performance Comparison of Various Differential STBC.......................... 69

vil



6.2.1 Differential And Coherent Detection For STBC C,................... 70
6.2.2Comparison of chosen ST-Codes (Hochwald, Hughes, Tarokh) 71

6.3 Discussion on Coherent Space-Time Block Coding..........ccccccvveruveennennnee. 72

6.4 Discussion on Differential Space-Time Block Coding...............ccueenneenee. 73
Chapter 6. CONCIUSIONS......cccuuiiiiiiieiiieeeiieeeieeeeieeesteeesteeesteeessaeeessaeeessaeeensseessseesnsees 74
Appendix 1 Derivation of an Upper Bound on the Average Pairwise Error Prob...... 77
Appendix 2 Proof Of Equality For Two Receiver Models In Eq 5.31.........cccccceeee. 79
Appendix 3 A Short Review on Group Theory.........ccoceeviieiiieriiiiiiiecieeieeeee 81
Appendix 4 All of The Simulation ReSUlts...........cccevvvieriiniiieniieiiecieeieecee e, 83
RETRIEIICES. ...ttt st 90

viii



LIST OF FIGURES

Figure 1.1 Multipath delay profile .........ccccoevviieiiieiiiieeeeeeeee e 7
Figure 1.2 Doppler pOWEr SPECLIUML........ccuiiiiiiiiieiieeieeiie ettt 8
Figure 1.3 Types of small-scale fading............ccccoevieriiieiiiiiiiiniieiieeceee e, 9
Figure 1.4 Generation of Rayleigh fading coefficients at baseband................c......... 12

Figure 1.5 Rayleigh fading envelopes of signals with different max. Doppler freq... 13

Figure 2.1 Selection DIVETSItY......cocuivuiriirierieriinieieeieeieee ettt 17
Figure 2.2 SWitched DIVETSItY.....ccceeciieiiieiieriieeieeeie ettt 17
Figure 2.3 Linear combining diVersity.........ccoeeieriieriieniieiiienieeiieeie e eveeeee e eneees 18
Figure 2.4 Transmit diversity with feedback from receiver...........ccccoevvvveecieeecnneennen. 20
Figure 2.5 Transmit delay diversity........ccoceeriieiieniiieiie e 21
Figure 2.6 Transmit diversity with frequency weighting.............c.cocceeviiniiininnnenne. 22
Figure 2.7 Transmit diversity with channel coding.............ccccocveviiiiiiiniiiiienieeiee, 23
Figure 2.8 General structure of transmit diversity schemes............ccccoccveerciveenneeenne. 23
Figure 3.1 A basic system model...........cccooiiiiiiiiiiniiieeee e 25
Figure 3.2 TCM encoder block diagram............ccceoeeviieiiiiiiinieniieieeeeee e 31
Figure 3.3 STTC feed forward encoder with k input bits...........ccceevvevvienienciienieennen. 31
Figure 3.4 4-PSK constellation [abelling.............cccoeeviieiiiienciiieieeee e 32
Figure 3.5 4-PSK 4-State Space-Time Code with 2 Tx Antennas..........ccccceeeeenneenee. 33
Figure 4.1 Configuration of MRRC..........ccoooiiiiiiiiiiieiee e 35
Figure 4.2 Transmitter of Space-Time Block Coding..........c.cccveevvreviiiniienienciiennnne 40
Figure 4.3 Two-Branch Transmit Diversity Scheme with One Receiver................... 41
Figure 4.4 Two-Branch Transmit Diversity Scheme with Two Receivers................. 42
Figure 5.1 Block diagram of the encoder............cccceoeriiriininiiniiniinccceecee 53
Figure 5.2 The block diagram of the differential receiver...........ccccoeverveninierienncnne. 55
Figure 5.3 Expansion of constellation set from QPSK to 9QAM..........cccoeviieiennnne. 56
Figure 5.4 General Differential Encoder...........cccooouiieiiiiiiiiieiieceeeeeee e 56
Figure 5.5 General Differential Decoder...........cccooueviiiiriiniiniiiiniiccicececee 59

Figure 6.1 Performance comparison of the MRRC technique and space-time code
C, using BPSK over uncorrelated Rayleigh channel..............cccoccoeviiiiiiiniiiiennnnne, 68
Figure 6.2 Performance comparison of the MRRC technique and space-time code

C, using QPSK over uncorrelated Rayleigh channel...........c..coccooiiininiinnne. 68



Figure 6.3 Performance comparison of the space-time codes C,, C; and C4 having
an effective throughput of 1 BPS over uncorrelated Rayleigh fading channels.........
Figure 6.4 Performance comparison of differential detection and coherent
detection for BPSK constellation in the system with two transmit and one receive
AIECTIIIAS. ...ttt ettt ettt eh e bbbt e s et et et e s bt e bt e bt ebe e st e st et e s b e e bt e bt e bt e st e st et et et e nbe st
Figure 6.5 Performance comparison of different codes over general differential
detection scheme using BPSK with full rate..........ccccoooviiniiiininiiiiceeee,
Figure A4.1 Performance curves (P.C.) of no diversity scheme using BPSK and
QPSK over uncorrelated Rayleigh channel.............cccoocoiiiieiiiiiiiiiiiniiciecceeee,
Figure A4.2 P.C. of Alamouti's scheme with two transmit and one receive antennas
using BPSK and QPSK over uncorrelated Rayleigh channel...............ccccooennniniin.
Figure A4.3 P.C. of Alamouti's scheme with two transmit and two receiver
antennas using BPSK and QPSK over uncorrelated Rayleigh channel......................
Figure A4.4 P.C. of MRRC scheme with one transmit and two receive antennas
using BPSK and QPSK over uncorrelated Rayleigh channel............c..cccccooeninniniin.
Figure A4.5 P.C. of MRRC scheme with one transmit and four receive antennas
using BPSK and QPSK over uncorrelated Rayleigh channel...............c.ccooevirnnnne.
Figure A4.6 P.C. of Tarokh's scheme in Eq. (4.42) with three transmit and one
receive antennas using BPSK and QPSK over uncorrelated Rayleigh channel..........
Figure A4.7 P.C. of Tarokh's scheme in Eq. (4.42) with four transmit and one
receive antennas using BPSK and QPSK over uncorrelated Rayleigh channel..........
Figure A4.8 P.C. of Tarokh's differential scheme with two transmit and one receive
antennas using BPSK and QPSK over uncorrelated Rayleigh channel......................
Figure A4.9 P.C. of Tarokh's differential scheme with two transmit and two
receive antennas using BPSK and QPSK over uncorrelated Rayleigh channel..........
Figure A4.10 P.C. of Hughes' differential scheme with two transmit and one
receive antennas using half rate BPSK over uncorrelated Rayleigh channel..............
Figure A4.11 P.C. of Hughes' differential scheme with two transmit and one
receive antennas using 3/2 rate QPSK over uncorrelated Rayleigh channel..............
Figure A4.12 P.C. of Hochwald's differential scheme with two transmit and one

receive antennas using BPSK over uncorrelated Rayleigh channel............................

70

71

72

83

84

84

85

85

86

86

87

87

88

88



LIST OF TABLES

Table 4.1 Transmitted signal sequence in space and tiMe............ccceeveeerieereeeereennnenns 40
Table 4.2 Transmitted and received signal sequence in space and time.................... 43
Table 4.3 The channels between transmit and receive antennas..............ccccveeeeveennee. 43
Table 6.1 Cyclic codes for differential schemes............cccoceeviieiiiniiiiienieeeeeeee, 69

X1



AWGN
BER
BPSK
CDMA
CSI
DPSK
GSM
IEEE
IFFT
ISI

ML
MMSE
MRC
MRRC
OFDM
PDF
QAM
QPSK
SNR
SF

ST
STBCing
STBCs
STTCing
STTCs
TCM
TDD
TDMA

ABBREVIATIONS

Additive White Gaussian Noise
Bit Error Rate

Binary Phase Shift Keying
Code Division Multiple Access
Channel State Information
Differential Phase Shift Keying

Global System for Mobile Communications

Institute of Electrical and Electronics Engineers

Inverse Fast Fourier Transform
Intersymbol Interference
Maximum Likelihood

Minimum Mean Squared Error
Maximal Ratio Combining
Maximal Ratio Receive Combining
Orthogonal Frequency Division Modulation
Probability Density Function
Quadrature Amplitude Modulation
Quadrature Phase Shift Keying
Signal to Noise Ratio
Space-Frequency

Space-Time

Space-Time Block Coding
Space-Time Block Codes
Space-Time Trellis Coding
Space-Time Trellis Codes

Trellis Coded Modulation

Time Division Duplex

Time Division Multiple Access

xii



INTRODUCTION

Future wireless communication systems are expected to provide users with a
variety of multimedia services. In order to achieve this, high data rates are needed to
enable reliable transmission over wireless channels. So research efforts are carried
through to evolve efficient coding and modulation schemes and signal processing
techniques to improve the quality and spectral efficiency of wireless communications
and better techniques for sharing the limited spectrum among different high capacity
users.

Incidentally, these evolutions must overcome the performance limitations. The
first of the major design considerations is the physical limitations of the wireless
channels. The channel is capable of receiving time varying harm such as noise,
interference, and multipath. The second one is limitations on the power and size of the
communications and computing devices in a mobile handset. Most personal
communications and wireless services portables are carried in a briefcase and/or pocket.
Therefore they are also small and lightweight. In order to using small batteries, low
power requirement is needed.

Perhaps the single most important technique providing reliable communications
over wireless channels is diversity techniques, which provides the receiver some less-
attenuated replica of the transmitted signal.

According to the domain where the diversity is created, diversity techniques may
be divided into three categories, time diversity, frequency diversity and space diversity.
Time and frequency diversity introduces redundancy in time and frequency domain
respectively, and therefore causes loss in bandwidth efficiency. Typical examples of
space diversity are multiple transmit and/or receive antenna communications. By
employing antennas at the transmitter or the receiver, multiple antenna communications
come into space diversity to combat fading without necessarily sacrificing bandwidth
resources; thus they become attractive solutions for broadband wireless applications.

Depending on where multiple antennas are used (transmitter or receiver), two
types of space diversity can be used: receive antenna diversity and transmit antenna
diversity. Receive antenna diversity has been integrated in wireless systems such as
Global System for Mobile Communications (GSM) and IS-136 to improve the uplink

(from mobiles to base-stations) transmissions. However, due to the cost, size, and power



limitations of the remote units, receiver diversity appears impractical for downlink
(from base-stations to mobiles) transmissions. The use of multiple antennas makes the
remote units larger and more expensive. As a result, diversity techniques have almost
exclusively been applied to base stations. A base station often serves hundreds to
thousands of remote units. It is therefore more economical to add equipment to base
stations rather than the remote units. There is now a large works on coding and
modulations for receive diversity [4, 11-13].

Theoretical expressions of transmit diversity were covered in [5, 10]. Telatar
[10] was the first to obtain expressions for capacity and error exponents for multiple
transmit antenna system in the presence of Gaussian noise. Here, capacity is derived
under the assumption that fading is independent from one channel use to the other. At
about the same time, Foschini and Gans [5] derived the outage capacity under the
assumption that fading is quasistatic; i.e., constant over a long period of time, and then
changes in an independent manner. A major conclusion of these works is that the
capacity of a multi-antenna system far exceeds that of a single-antenna system. In
particular, the capacity grows at least linearly with the number of transmit antennas as
long as the number of receive antennas is greater than or equal to the number of
transmit antennas.

Among various transmit antenna diversity schemes, particularly popular recently
in space-time (ST) coding that relies on multiple antenna transmissions and appropriate
signal processing at the receiver to provide diversity and coding gains over uncoded
single-antenna transmissions. Space Time Codes are a new approach that it improves
the error rate performance or the capacity of the system by provide diversity gain
without any feedback from the receiver to the transmitter, without bandwidth expansion.

More recently, space-time trellis coding (STTCing) has been proposed [1]. This
technique combines signal processing at the receiver with coding techniques appropriate
to multiple transmit antennas and provides significant gain over [2, 3]. Specific space-
time trellis codes (STTCs) designed for 2-4 transmit antennas perform extremely well in
slow fading environments and come within 2-3 dB of the outage capacity computed by
Telatar [10] and independently by Foschini and Gans [5]. The bandwidth efficiency is
about 3-4 times that of the previous systems. The ST codes presented in [1] provide the
best possible trade-off between constellation size, data rate, diversity advantage, and
trellis complexity. Space—time trellis codes perform extremely well at the cost of

relatively high complexity. When the numbers of transmit antennas are fixed, the



decoding complexity of STTCing (measured by the number of trellis states in the
decoder) increases exponentially as a function of both the diversity level and the
transmission rate.

In addressing the issue of decoding complexity, Alamouti discovered a
remarkable scheme for transmissions using two transmit antennas [7]. This scheme has
a simple decoding algorithm that can be generalized to an arbitrary number of receiver
antennas. And also this scheme is significantly less complex than Space—time trellis
coding using two transmitter antennas, although there is a loss in performance [8].
Despite the associated performance penalty, Alamouti's scheme is appealing in terms of
its simplicity and performance. Introduced in [6] and [8], Space—time block coding
generalizes the transmission scheme discovered by Alamouti to an arbitrary number of
transmit antennas and is able to achieve the full diversity promised by the transmit and
receive antennas. These codes retain the property of having a very simple maximum
likelihood-decoding algorithm based only on linear processing at the receiver [6, §]. For
more details on transmit diversity for the case that the receiver knows the channel see
[1, 6, 8] and the references therein.

The coherent decoding in both STTCing and STBCing requires that perfect
estimates of current channel fading are available at the receiver. The channel state
information can be obtained at the receiver by sending training or pilot symbols or
sequences to estimate the channel from each of the transmit antennas to the receive
antenna [14-21]. However, it is not always feasible or advantageous to use these
schemes, especially when many antennas are used or either end of the link is moving so
fast that the channel is changing very rapidly. Since the fading rate or number of
transmit antennas increases, learning channel state information becomes increasingly
difficult. In an effort to increase channel capacity or lower error probability, it is
accepted practice to increase the number of transmitter antennas. But increasing the
number of transmitter antennas increases the required training interval for learning the
channel and reduces the available time in which data may be transmitted before the
fading coefficients change. The number of pilot signals used to track the channel must
also grow. Given a restriction on total pilot or training power, we must allocate less
power per antenna with every added antenna. Finally, instability in local oscillators and
phase-lock devices and inaccurate knowledge of Doppler shifts, which may be different

for each antenna, may also limit channel-tracking ability at the receiver.



Motivated by these considerations, there is much interest in ST transmission
schemes that do not require either the transmitter or receiver to know the channel. A
natural way of dealing with unknown channels is differential modulation.

For one transmit antenna, differential detection schemes, such as differential
phase shift keying (DPSK), exist that neither require the knowledge of the channel nor
employ pilot symbol transmission. These differential decoding schemes are used, for
instance, in IS-54 standard of the Institute of Electrical and Electronics Engineers
(IEEE). It is natural to consider extensions of these schemes to multiple transmit
antennas.

The basic idea behind all of these considerations is to introduce proper encoding
between two consecutive code matrices so that the decoding at the receiver is
independent of the underlying channels [22-28]. As expected, the price paid for is code
advantage in addition to 3 dB loss in SNR compared to coherent decoding.

In this thesis, first three chapters are introduction to space-time block coding
(STBCing). In fourth chapter, Alamouti's and Tarokh's schemes on coherent detection
systems are researched for two, three and four transmit antennas [6-8]. Then Tarokh's
and Hughes's schemes on differential detection of space-time block codes (STBCs) are
investigated for two transmit antennas [22,24] and a general scheme is formed with
generalized code design criteria in fifth chapter. In the last chapter, performance results
of various codes for coherent and differential detection schemes are given. Furthermore,

discussion on these results is also given in this chapter.



CHAPTER 1

FADING IN COMMUNICATION CHANNELS

In order to fully understand wireless communications, we need to have a basic
idea on the characteristics of wireless channels. The behavior of a typical mobile
wireless channel is considerably more complex than that of an additive white Gaussian
noise (AWGN) channel. Besides the thermal noise at the receiver front end (which is
modeled by AWGN), there are several other well-studied channel impairments [29] in a

typical wireless channel:

Path Loss, which describes the loss in power as the radio signal, propagates in space

Shadowing, which is due to the presence of fixed obstacles in the propagation path of
the radio signal

Fading, which accounts for the combined effect of multiple propagation paths,

rapid movements of mobile units (transmitters/receivers) and reflectors.

We will give a brief introduction on these three impairments. Our focus is on
fading and how spread spectrum techniques can help to combat fading in wireless

channels.
1.1 Path Loss

In any real channel, signals attenuate as they propagate. For a radio wave
transmitted by a point source in free space, the loss in power, known as path loss, is
given by

47d ?
L ‘[Tj | (L.1)

where 4 is the wavelength of the signal, and d is the distance between the source and
the receiver. The power of the signal decays as the square of the distance. In land
mobile wireless communication environments, similar situations are observed. The

mean power of a signal decays as the n® power of the distance:



L=cd". (1.2)

where ¢ is a constant and the exponent n typically ranges from 2 to 5 [1]. The exact
values of ¢ and n depend on the particular environment. The loss in power is a factor

that limits the coverage of a transmitter.
1.2 Shadowing

Shadowing is due to the presence of large-scale obstacles in the propagation path
of the radio signal. Due to the relatively large obstacles, movements of the mobile units
do not affect the short-term characteristics of the shadowing effect. Instead, the natures
of the terrain surrounding the base station and the mobile units as well as the antenna
heights determine the shadowing behavior.

Usually, shadowing is modeled as a slowly time-varying multiplicative random

process. Neglecting all other channel impairments, the received signal r(¢) is given by:

r(t) = g(0)s(1), (1.3)

where s(f) is the transmitted signal and g(¢) is the random process which models the
shadowing effect. For a given observation interval, we assume g(¢) is a constant g,
which is usually modeled [29] as a lognormal random variable whose density function
is given by
1 Ing—u)
p(g)= \/Z_Tcrgexp[_%) €=
0 g<0.

(1.4)

We notice that /n g is a Gaussian random variable with mean y and variance o”.
This translates to the physical interpretation that 4 and ¢” are the mean and variance of
the loss measured in decibels (up to a scaling constant) due to shadowing. For cellular
and micro cellular environments, o, which is a function of the terrain and antenna

heights, can range from 4 to 12 dB [2].

1.3 Fading

Fading is the term used to describe the rapid fluctuations in the amplitude of the

received radio signal over a short period of time. Fading is a common phenomenon in



mobile communication channels caused by the interference between two or more
versions of the transmitted signals which arrive at the receiver at slightly different
times. The resultant received signal can vary widely in amplitude and phase, depending
on various factors such as the intensity, relative propagation time of the waves,
bandwidth of the transmitted signal etc. The performance of a system (in terms of
probability of error) can be severely degraded by fading. Special techniques may be

required to achieve satisfactory performance.

1.3.1 Parameters of Fading Channels

The following parameters are often used to characterize a fading channel:

Multipath spread 7,

Suppose that we send a very narrow pulse in a fading channel. We can measure
the received power as a function of time delay as shown in Figure 1.1. The average
received power P(7) as a function of the excess time delay t (Excess time delay = time
delay - time delay of first path) is called the multipath intensity profile or the delay
power spectrum. The range of values of 7 over which P(7) is essentially non-zero is
called the multipath spread of the channel, and is often denoted by 7. It essentially
tells us the maximum delay between paths of significant power in the channel. For

urban environments, 7,, can range from 0.5us to Sus [29].

average
received power
A A
T
>
. . t <«4—— > excessdelay 1
transmitted impulse Tm

Figure 1.1 Multipath delay profile

Coherence bandwidth (Af).
In a fading channel, signals with different frequency contents can undergo
different degrees of fading. The coherence bandwidth, denoted by (Af)., gives an idea of

how far apart in frequency for signals to undergo different degrees of fading. Roughly



speaking, if two sinusoids are separated in frequency by more than (Af)., then they
would undergo different degrees of (often assumed to be independent) fading. It can be

shown that (Af). is related to 7, by
(AF), =1/T,. (1.5)

Coherence time (A?),

In a time-varying channel, the channel impulse response varies with time. The
coherence time, denoted by (At)., gives a measure of the time duration over which the
channel impulse response is essentially invariant (or highly correlated) . Therefore, if a
symbol duration is smaller than (Af)., then the channel can be considered as time
invariant during the reception of a symbol. Of course, due to the time-varying nature of
the channel, different time-invariant channel models may still be needed in different

symbol intervals.

Doppler spread B,

Due the time-varying nature of the channel, a signal propagating in the channel
may undergo Doppler shifts (frequency shifts). When a sinusoid of frequency is
transmitted through the channel, the received power spectrum can be plotted against the
Doppler shift as in Figure 1.2. The result is called the Doppler power spectrum. The
Doppler spread, denoted by By, is the range of values that the Doppler power spectrum
is essentially non-zero. It essentially gives the maximum range of Doppler shifts. It can

be shown that (A¢). and B, are related by

(At), =~1/B, (1.6)
average
received power
A A
S
> < >
f - » Doppler shift
Single tone B4

Figure 1.2 Doppler power spectrum



1.3.2 Classification of Fading Channels

There are different types of fading according to the relation between signal and
channel parameters [29]. Signal fading can be either flat or frequency selective
determined comparing the signal bandwidth to the coherence bandwidth of the channel
which can be defined as the maximum frequency separation for which the signals are
still correlated. If the coherence bandwidth is greater than the signal bandwidth, the
transmitted signal undergoes flat fading. Otherwise, the transmitted signal undergoes
frequency-selective fading. On the other hand, based on Doppler spread, signal fading
can be either fast or slow. Relative motion between the transmitter and the receiver
results in Doppler spread in the received signal. If the Doppler spread of the channel is
much less than the signal bandwidth, the signal undergoes slow fading. Practically, fast
fading occurs at low data rates. Figure 1.3 shows a tree of the four different types of
fading.

Small-Scale Fading
(Based on multipath time delay)

Flat Fading Frequency Selective Fading

1. BW of signal < BW of 1. BW of signal > BW of
channel channel

2. Delay spread < Symbol 2. Delay spread > Symbol
period period

Small-Scale Fading
(Based on Doppler spread)

Fast Fading Slow Fading

1. High Doppler spread 1. Low Doppler spread

2. Coherence time < Symbol 2. Coherence time > Symbol
period period

3. Channel variations faster 3. Channel variations slower
than baseband signal than baseband signal
variations variations

Figure 1.3 Types of small-scale fading



1.3.3 A Mathematical Model for Fading Channels

Consider a transmitted signal s(t) = Acos(2nf.t) through a fading channel.

Ignoring the effects of noise, the received signal can be expressed as:

r(t) = Aﬁ: o, cos(2af.t+6.) (1.7)

where the number variables a; and 6; are the attenuation and the phase-shift of the i

multipath component, respectively. The above expression can be rewritten as:

r(t) = A([ﬁ: o, cos(6, )J cos(2xf.t) — (i o, sin(6, )j sin(27zfct)J (1.8)

We introduce two random processes X;(¢) and Xx(¢), such that the above equation

becomes:

r(t) = A(X, (¢) cosQf,t) — X, (t)sin(27f, 1)) (1.9)

When there are a large number of scatterers in the channel that contribute to the
signal at the receiver, X;(¢) and X,(¢) become Gaussian random variables with zero mean
and ¢ variance according to the central limit theorem. Eq. (1.9) can be rewritten as:

r(t) = AR(t) cos(2af.t + O(t)) (1.10)

where the amplitude R(7) and the phase 6(¢) of received waveform r(¢) are given by:

R(t) = X,(6)* + X, (¢)° (1.11)
e X ()
0(t) = tan [—Xl (t)J , (1.12)

respectively.

Since the processes X;(¢) and X,(¢) are Gaussian with zero mean, the envelope of
the channel response at any time instant, R(f), has a Rayleigh probability density
function (pdf) and the phase is uniformly distributed in the interval [0,27].

The Rayleigh probability density function (pdf) is defined as:

r 1’2
—€Xp| ———; 0<r<ow
Proyteign (1) =10 20 (1.13)

0 r<o0,
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where

ol = . (1.14)

When there are fixed scatterers or signal reflectors in the medium in addition to
randomly moving scatterers, R(¢) can no longer be modeled as having zero mean. In this
case, the envelope R(¢) has a Rician distribution and the channel is said to be a Rician
fading channel. Another distribution function that has been used to model the envelope
of fading signals is the Nakagami-m distribution. These fading channel models are
considered in [29,30].

The distortion in the phase can be easily overcome if differential modulation is
employed. Whereas the amplitude distortion R(?) severely degrades the performance of
digital communication systems over fading channels. It is usually reasonable to assume

that the fading stays essentially constant for at least one signaling interval.
1.3.4 Rayleigh Fading Channel Model

Assuming the transmitted signal undergoes slow fading, the amplitude and phase
of the received signal are constants during one bit duration. The received baseband

signal at the base station is

= 1/E,./Te-"‘g"oz,.Cij +n (1.15)

where the amplitude /E, /T, has a Rayleigh distribution, the phase 6, is uniformly

distributed between [0,2n], 4, =./E, /Te’”a, is defined as the complex parameter to be

estimated, and »; is complex baseband white Gaussian noise with bandpass power

spectral density N, / 2=0" for both real and imaginary parts. 4; has a Gaussian

distribution. The estimated power is the square of 4, We assume that systems are

synchronized and there is no intersymbol interference (ISI).
1.3.5 Rayleigh Fading Simulator

Clarke’s model [29] is used to generate Rayleigh fading coefficients. It is

assumed that each arriving wave at the receiver has arbitrary phase and angle of arrival
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and equal average amplitude. There is no direct line-of-sight path and no excess delay
for each wave. The Doppler shift is bounded by the maximum Doppler frequency f,,:
_ Y.

c

(1.16)

S

where v is the vehicle speed, f. is the carrier frequency and c is the speed of light. For
normal highway driving, f,, is around 80 Hz. The spectral shape [29] in Clarke’s model
is

S, = L5 . (1.17)

Z f-£Y
1—-| L L

g*(N/Z)-l g (N2)-1 \/ S E. (f )
* : IFFT

(41811 [eatl =]

'f;n 'f;n

| independent complex (. )1/2 _;(t)
gaussian samples form
line spectra

_g*rxl/zz(;(N/Z)-1 e g2 P SEZ (f) > IFFT T
SIS
0 fu

'f;n 'f;n 0 ﬂn

Figure 1.4 Generation of Rayleigh fading coefficients at baseband

Figure 1.4 shows the block diagram of the Rayleigh fading simulator. The first
step is to generate independent complex Gaussian random variables to form baseband
line spectrum for positive frequency components. Negative frequency components are

obtained by conjugating positive frequency components. Then, the line spectrum is

multiplied with the spectrum /S . Next, inverse fast Fourier transform (IFFT) is

performed on these signals obtaining the real and imaginary parts for the complex

12



Rayleigh fading output x(¢)e’’", here x(¢) is Rayleigh distributed and &¢) is uniformly

distributed in the interval or between 0 and 2n [0,27].

Figure 1.5 shows the Rayleigh fading envelopes with maximum Doppler

frequencies of 10Hz and 70Hz. Slow fading is observed when the vehicle speed is low

and the Doppler frequency is small. Increased vehicle speed and Doppler frequency

results in faster fading.

fd =10 Hz

Magnitude of coefficients

Mumber of coeficients w10*

Figure 1.5 Rayleigh fading envelopes of

frequencies

fd =70 Hz

Magnitude of coefficients
=]

Murmber of coefficients

signals with different maximum Doppler
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CHAPTER 2

DIVERSITY IN WIRELESS RADIO: Principles and Methods

2.1 Objective of Diversity

Diversity is a powerful communication technique that provides wireless link
improvement. The signals in terrestrial communication systems experience multipath
interference and fading. This fading can become quite severe in urban environments.
Mobiles in motion also experience fading due to the Doppler spreading of various
multipath components. If the fading causes many channel errors, methods to combat
fading must be used. One of the most efficient and simple techniques to overcome the

destructive effects of fading is diversity.

2.2 Diversity Techniques

Diversity is an efficient technique to exploit the random nature of radio
propagation by finding methods to generate and extract independent signal paths for
communication. The concept behind diversity is relatively simple [29]: if one signal
path undergoes a deep fade at a particular point of time, another independent path may
have a strong signal. By having more than one path to select from, both the
instantaneous and average signal to noise ratio (SNR) can be improved in the receiver
by a large amount. There are many different types of diversity that have been employed

in various systems. These are:

Frequency diversity, transmitting or receiving the signal at different frequencies;
Time diversity, transmitting or receiving the signal at different times;

Space diversity, transmitting or receiving the signal at different locations;
Polarization diversity, transmitting or receiving the signal with different polarizations;

Others: Angle diversity, Path diversity ... etc.

One method of frequency diversity is the transmission of the same data on two

frequencies separated by more than the coherence bandwidth of the channel that
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frequencies will not experience the same fades. This type of frequency diversity,
however, is rarely used in conventional mobile systems because the coherence
bandwidth is large. Frequency diversity is inherent in spread spectrum systems, where
the chipped rate is greater than the coherence bandwidth. Some multicarrier (orthogonal
frequency division modulation - OFDM) and multitone systems can also achieve
frequency diversity if the separation in frequency is more than the coherence bandwidth.
In time division multiple access (TDMA) systems, frequency diversity is obtained by
the use of equalizers when the multipath delay spread is a significant fraction of a
symbol period. GSM uses frequency hopping to provide frequency diversity. A major
disadvantage of frequency diversity is its ineffectiveness on flat (non-frequency
selective) channels.

Time diversity repeatedly transmits information at time spacings that exceed the
coherence time of the channel so that multiple repetitions of the signal will be received
in independent fading conditions. A more efficient and practical method of time
diversity for digital spread spectrum systems is the use of interleaving and error
correcting codes, as employed in IS-95 system. Another modern implementation of time
diversity involves the use of the RAKE receiver for spread spectrum code division
multiple access (CDMA) where the multipath channel provides redundancy in the
transmitted information. Major disadvantages of time diversity are delay and
ineffectiveness over slowly fading channels.

Space diversity, also known as antenna diversity, is one of the most popular
forms of diversity used in wireless systems. Space diversity can be used in many
different forms at either the mobile or the base station, or both. Spatial diversity usually
implies receive diversity, although transmit diversity is also a form of space diversity.
Spatial diversity requires far enough separation between the antennas depending on the
angular spread. For handsets the angular spread and the corresponding required spatial
separation are 360° and A/4, respectively whereas these values are a few degrees and 10
to 20 A for outdoors base stations. Currently, multiple antennas at base stations are used
for receive diversity at the base. However, it is difficult to have more than one or two
antennas at the portable unit owing to the size limitations and cost of multiple chains of
RF down conversion.

At the base station, space diversity is considerably less practical than at the
mobile because the narrow angle of incident fields requires large antenna spacing [31].

The comparatively high cost of using space diversity at the base station prompts the
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considerations of using orthogonal polarization to exploit polarization diversity. In
polarization diversity, two antennas with different polarization are used to receive (or
transmit) the signal. Different polarization will ensure that the fading channel
corresponding to each of the two antennas will be independent without having to place
the two antennas far apart. The use of polarization diversity, though not currently in use
in IS-95, is certainly a future possibility to be considered for signal reception

enhancement to combat fading.

2.3 Space Diversity Techniques

Depending on whether multiple antennas are used for transmission or reception,
two types of spatial diversity can be used: receive-antenna diversity and transmit-

antenna diversity.

2.3.1 Receive Diversity Techniques

In receive-antenna diversity schemes, multiple antennas are deployed at the
receiver to acquire separate copies of the transmitted signals these antennas are well
separated to ensure independent fading channels and their outputs are properly
combined to mitigate channel fading. In fact, receive-antenna diversity has been
incorporated in wireless systems such as GSM and IS-136 to improve the up-link (from
mobiles to base station) transmissions (see Reference [32] and references cited therein).

There are several possible diversity reception methods employed in

communication receivers. The most common techniques are:

2.3.1.1 Selection Diversity:

Selection Diversity is one of the most simplest diversity techniques. The best
received signal is used, and this signal can be chosen based on several quality metrics,

including total received power, SNR, etc.
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Figure 2.1 Selection Diversity
2.3.1.2 Switched Diversity:

This is very similar to selection diversity. The received signals are scanned in a
fixed sequence until one is found to be above the predetermined threshold. This signal is

then received until its level falls below the threshold and the scanning process is again

Iy RF front

end 0 switch

initiated.

Detector

Data ‘ Datg

9] RF front

end 1

Figure 2.2 Switched Diversity

2.3.1.3 Linear Combining:

As the name implies, the signal used for detection in linear combining

techniques is a linear combination of a weighted replica of all received signals.
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Figure 2.3 Linear combining diversity

In Figure 2.3, let rp and r; be the received signals at antennas 0 and 1,
respectively,
r, = Aoejgos +n,
_ (2.1)
r, = Ae’%s+n,
where s is the information symbol, ny and n; are the additive white Gaussian noise at
antenna 0 and 1 respectively, and 4; and 6; (i = 0, 1) are the corresponding amplitude

and phase of the fading channel, respectively. The receiver uses the linear combination

r =a,r, +a,r,. The weighting coefficients ay and a; can be chosen in several ways.

In equal gain combining, all the received signals are co-phased at the receiver
and added together without any weighting. Therefore the weights are chosen as
o,=e’" and a, =e /.

A second approach is maximal ratio combining (MRC), where the two signals
are co-phased and also weighted with their corresponding amplitudes 4y and 4; to

provide the optimal SNR at the output. In this case a, = 4, /" and o, = 4,¢7/*.

A third approach is minimum mean squared error (MMSE) combining, where

the weighting coefficients are chosen during a training phase such that

. 2
(0,0,) = aurg{lmmn|0z0r0 +a,r, —s| . (2.2)
0%
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2.3.2 Receive Diversity Performance

The performance of MMSE linear combining and MRC are essentially the same.
In general, there will be a dramatic improvement in the average SNR, even with two-
branch selection diversity. For all the above approaches to receive diversity, the average
SNR will increase with the number of receive antennas. However, for the selection
diversity, the SNR increases very slowly with the number of receive antennas. For
MRC, the average SNR will increase linearly with the number of receive antennas. For
equal gain combining the rate of SNR increase will be slightly less than that of MRC. In
fact, the difference between the two is only 1.05 dB in the limit of an infinite number of

receive antennas [33].
2.3.3 Transmit Diversity Techniques

Owing to size/power limitations at the mobile units, receive antenna diversity
appears less practical for the downlink (from base stations to mobiles) transmissions. As
a result, the downlink becomes the capacity bottleneck in current wireless systems
[34,35], which has motivated rapidly growing research work on transmit antenna
diversity. Transmit-antenna diversity relies on multiple antennas at the transmitter and
is suitable for downlink transmissions because having multiple antennas at the base
station is certainly feasible. The information theoretic aspects of transmit diversity were
addressed in [5,10,36,37]. Previous work on transmit diversity can be classified into
three broad categories: schemes using feedback, schemes with feedforward or training

information but no feedback, and blind schemes.
2.3.3.1 Transmit Diversity with Feedback from Receiver

The first category uses feedback, either explicitly or implicitly, from the receiver
to the transmitter to train the transmitter. Figure 2.4 shows a conceptual block diagram
for transmit diversity with feedback. A signal is weighted differently and transmitted
from two different antennas. The weights @, and a, are varied such that the received

signal power |r(t)|2 is maximized. The weights are adapted with feedback information

from the receiver.
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Figure 2.4 Transmit diversity with feedback from receiver

For instance, in time division duplex (TDD) systems [38], the same antenna
weights are used for reception and transmission, so feedback is implicit in the
exploitation of channel symmetry. These weights are chosen during reception to
maximize the receive SNR, and during transmission to weight the amplitudes of the
transmitted signals, and, therefore, will also maximize SNR at the receiver. Explicit
feedback includes switched diversity systems with feedback [39]. However, in practice,
movement by either the transmitter or the receiver or the surroundings such as cars, and
interference dynamics causes a mismatch between the channel perceived by the
transmitter and that perceived by the receiver. Thus, usage of transmit-antenna diversity
schemes with no feedback is well motivated for future broadband wireless systems that

are characterized by high mobility.

2.3.3.2 Transmit Diversity via Delay Diversity

Transmit diversity schemes mentioned in the second category use linear
processing at the transmitter to spread the information across antennas. At the receiver,
an optimal receiver recovers information. Feedforward information is required to
estimate the channel from the transmitter to the receiver. These estimates are used to
compensate for the channel response at the receiver. The first scheme of this type is the
delay diversity scheme (see Figure 2.5) proposed by Wittneben [2] and it includes the

delay diversity scheme of [3] as a special case. The linear processing techniques were
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also studied in [40, 41]. Delay diversity schemes are indeed optimal in providing
diversity, in the sense that the diversity gain experienced at the receiver is equal to the
optimal diversity gain obtained with receive diversity [42, 43]. The delay diversity
scheme provides diversity benefit by introducing intentional multipath which can be
exploited at the receiver by using an equalizer. The linear filtering used at the
transmitter to create delay diversity can also be viewed as a channel code that takes
binary or integer input and creates real valued output. The advantage of delay diversity
over other transmit diversity schemes is that it will achieve the maximum possible
diversity order N, i.e. number of transmit antennas, without any sacrifice in the

bandwidth.

Tx 0
s(t)
Tx 1
Channel Delay
Encoder
T s(t-T)
* <7 Tx(M-1)
Delay
M-1)T s(t-(M-1)T)

Figure 2.5 Transmit delay diversity

2.3.3.3 Transmit Diversity with Frequency Weighting

The third category does not require feedback or feedforward information.
Instead, it uses multiple transmit antennas combined with channel coding to provide
diversity. An example of this approach is the use of channel coding along with phase
sweeping [44] or of frequency offset [45] with multiple transmit antennas, to mitigate
the harm of scenario B, as shown in Figure 2.6. An appropriately designed channel

code/interleaver pair is used to simulate fast fading.
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Figure 2.6 Transmit diversity with frequency weighting

2.3.3.4 Transmit Diversity with Channel Coding

Another approach in the third category is to encode information by a channel
code which has a minimum Hamming distance d,,;, < N (Figure 2.7) and to transmit the
code symbols using different antennas in an orthogonal manner. This can be done by
either time multiplexing [44], or by using orthogonal spreading sequences for different
antennas [46]. Channel coding schemes can achieve a diversity of order N using
maximum likelthood (ML) detection or MRC at the receiver. After receiving the N
symbols, the decoder performs ML decoding to decode the received codeword. The
disadvantage of these schemes as compared to the previous two categories is the loss in
bandwidth efficiency by a factor of 1/N owing to the use of the channel code. Using
appropriate coding, it is possible to relax the orthogonality requirement needed in these
schemes and to obtain a diversity as well as a coding gain without sacrificing
bandwidth. This will be possible if one views the whole system as a multiple
input/multiple output system and uses channel codes that are designed with that view in

mind.
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Figure 2.7 Transmit diversity with channel coding

2.3.4 General Structure of Transmit Diversity Schemes

In general, all transmit diversity schemes described earlier can be represented by

a single transmitter structure as shown in Figure 2.8.

JRIXO

Pa (1) é T
(t)
Channel é T

»| Encoder Py (D
one1(t) onn® T Tx (M-1)

information
Figure 2.8. General structure of transmit diversity schemes

bits

P (1)

By appropriately selecting the pulse shaping function p,(#) and the weight
a,(t)e’”, we can obtain any of the transmit diversity schemes. For example, the delay

diversity scheme can be obtained from the above structure by setting all the weights to 1
and the pulse shaping functions to simple time shifts. Note that for all the transmit
diversity schemes in the third category any channel code could be used. As pointed out,

the use of a channel code in combination with multiple transmit antennas would achieve
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diversity, but will suffer a loss in bandwidth owing to channel coding. However, by
using channel codes that are specifically designed for multiple transmit antennas, one
can achieve the needed diversity gain without any sacrifice in bandwidth. These codes
are called ST codes. ST coding [1,6-8,22,23,47-51] is a coding technique that is
designed for use with multiple transmit antennas. ST codes introduce temporal and
spatial correlation into signals transmitted from different antennas, so as to provide
diversity at the receiver, and coding gain over an uncoded system without sacrificing
the bandwidth. The spatio—temporal structure of these codes can be exploited to further
increase the capacity of wireless systems with a relatively simple receiver structure [52].
In the next section we will review ST coding and its associated signal-processing

framework.

24



CHAPTER 3

SPACE-TIME CODING

3.1 Basic System Model

In this section, we will describe a basic model for a mobile communication

system that employs space—time coding with M transmit antennas and N receive

o // \\
Space-Time Encoder

Information .

™ L

Figure 3.1 A basic system model

antennas as shown in Figure 3.1.

Receiver

At the transmitter, information data symbols s(/) belonging to constellation set A
are analyzed with a vector of size z,x1. The space-time encoder maps this information
symbol vector s(/) at frame / to one of the M code vectors, ci(/), c2())...cp(l) . At each
frame slot /, 7.x1 code vector c(/), j = 1,2...M are transmitted simultaneously from the
M transmit antennas. It is emphasized that the M vectors are transmitted simultaneously
each from a different transmitter antenna and that all these vectors have the same
transmission period t.7. The encoder chooses the coded M vectors to transmit in a way
to maximize both the coding gain and diversity gain.

We assume that the channels’ delay spread is small compared to 7 but their
coherence time is larger than z.7. Under these assumptions, the channels between pairs
of transmit- and receive-antennas are flat faded and can be modeled as complex
constants within one block. When the channels are flat, no ISI occurs in the time
domain. The path gain from transmit antenna j to receive antenna i is defined to be 4;;
and this gains are modeled as samples of independent complex Gaussian variables with
variance 0.5 per real dimension. The wireless channel is assumed to be a quasi-static

fading channel for which the path gains are constant over a frame of length L and vary
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from one frame to another. Also, let us assume that Es is the total energy transmitted
from all antennas per input symbol. Therefore, the energy per input symbol transmitted

from each transmit antenna is E/M. The constellation points are scaled by a factor
of \/E, /M such that the average energy of the constellation points is 1.

Signals arriving at different receive antennas undergo independent fading. The
signal at each receive antenna is a noisy superposition of the faded versions of the M
transmitted signals. Let r(/), i=1...N be the received signal at antenna after matched

filtering. Assuming ideal timing and frequency information, we have

1;(1):1/ES/M-ihy.(l)cj(l)+77i(l), i=1,..,N 3.1)

where 7,(/) are independent samples of a zero-mean complex white Gaussian process
with two-sided power spectral density Ny/2 per dimension. It is also assumed that #,(/)
and #(/) are independent for i # k, I < i, k < N. The gain h;(/) models the complex
fading channel gain from transmit antenna j to receive antenna i. It is assumed that /;(/)
and /4(/) are independent for i # g or j # kwherel<i, g< N, 1< jand k <M . This
condition is satisfied if the transmit antennas are well separated corresponding to a
distance more than A/2, or by using antennas with different polarization.

Letc;=[ci (1), c2 ()...cm (D] "be the MXz, code matrix transmitted from the M
antennas at frame /, i; (1) = [hi; (), hi> (1)...ha (1)] T be the corresponding M x I channel
vector from the M transmit antennas to the i receive antenna Because of quasi-static
flat fading channel, and (1) = [r; (1), r> ()...rx ()] T be Nxz. the received signal vector.
Also, let (1) = [1 (1), 12 (1)... mur ()] " be the Nxz, noise vector at the receive antennas.
Let us define the NxM channel matrix H (1) = [h; (1), h> (I)... hx ()] " from the M

transmit to the N receive antennas. Eq. (3.1) can be rewritten in a matrix form as

r(1)=Es -H(D) ¢, + () (32)
: . . E

We can easily see that the SNR per receive antenna is given by p = N (3.3)
0

3.2 Performance Criterion

We assume that the elements of the signal constellation are contracted by a

factor of /E /M so that the average energy of the constellation is 1. In this light, the
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design criterion to be established here is not constellation dependent and applies equally
well to 4-PSK, 8-PSK and 16-QAM.

Suppose that the code vector sequence C =c,,c,,...,c, was transmitted. We
consider the probability that the decoder decides erroneously in favor of the legitimate
code vector sequence C =C,,,,...,C, .

We define the pairwise block error event {c - E} as the event that the receiver
decodes the block ¢ erroneously when the block ¢ is actually sent. Let Pric — &} be
the pairwise block error probability averaged over the fading channels. The goal is to
pursue optimal ST codes so that Pr{c - E} is minimized.

Assuming that for each frame or block of data of L length the ideal channel state

information (CSI) H(/),[=1,...,L are available at the receiver, the probability of
transmitting C and deciding in favor of C is well upper bounded by [30]

D*(C,C)E,
2N

o

P(C = C|H(),=1,...,L) = Q[ ] <exp(-D*(C,C)-E,/4N,) (3.4)

where Q(x) = (I/v27 )T exp(—x?/2)dx and D*(C,C)= i”H(Z)(cl —e)f

X

It is clear that in order to minimize the pairwise error probability we need to
maximize DZ(C,G). However, DZ(C,G) is a function of the maximum Doppler
frequency. Therefore, we will derive the performance criterion for designing the ST
code, assuming that the fading is constant during a frame and vary from one frame to

another. In this case H () = [h; (1), h > (1)... hy ()] ', I = 1...L and we can easily verify
that

Dz(Ca 5): Z”H(I)(C‘, _E/)”2 = Zzhi*(cl —E,)(C, _51)*}11' = Zh:A(C,G)hi (3.5)

AC.E) = (e, ~E)e, -8 (3.6)

where (.)" denotes the conjugate operation for scalars and the conjugate transpose for
matrices and vectors.
To this end, the required mathematical background on linear algebra is first

reviewed [53]:
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1. Letx = (x;, x2... xy) and y = (1, y2... ) be complex vectors in C*. The inner
product of x and y is given by x-y= Zil x,y, where y.denotes the complex
conjugate of y;.

2. For any matrix 4 (VA e C"xC" ), let A" denote the Hermitian, i.e. the transpose
conjugate of 4.

3. An nxn matrix 4 is Hermitian if and only if A = 4°A4 is non-negative definite if
xAx" > 0 for any 1xn complex vector x.

4. An nxn matrix U is unitary if and only if UU" = I where I is identity matrix.

5. Ann x [ matrix B is a square root of an nxn matrix 4 if BB = A.

6. An eigenvector v of an n x n matrix 4 corresponding to eigenvalue 4 is 1xn
vector of unit Euclidean length such that v4 = Av for some complex number A.
The number of eigenvectors of A corresponding to eigenvalue zero is n — r,
where r is the rank of 4.

Any matrix 4 with square root B is nonnegative definite.

8. Given a Hermitian matrix 4 with the eigenvectors of span C", the complex space
of n dimensions, it is easy to construct an orthonormal basis of C" consisting of
eigenvectors A.

9. There exists a unitary matrix U and a real diagonal matrix D such that UAU =D.

The rows of U are an orthonormal basis C" consisting of eigenvectors of A.

And so, under these conditions we can say that the MXM matrix A(C,5 ) is Hermitian
and is equal to B(C,é ) B*(C,é ) where B(C,5 ) is MXL and represents the error

sequence C — C . The matrix B is a square root of 4. Since 4 is Hermitian we can write 4
as UAU where U is unitary and A is a diagonal matrix where the diagonal elements

A,,n=1,...,M are the nonnegative eigenvalues of A4. Therefore, we can write

Dz(C,G) as

p*(C.C)= ihi*UAU*hi _ i BIAB, 3.7)
i=1 i=1

where S, =U"h, and ﬂi:( l,i""’ﬁM,i)' Since U is unitary and 4 is a complex
Gaussian random vector with zero mean and covariance /, then S, will be also a

complex Gaussian random vector with zero mean and covariance /. Hence, we will have
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D%C,é):iixj\ﬂj’if. (3.8)

j=1i=1
. 2 e .
The random variable v, = ‘ p j’i‘ has a y’ distribution with two degrees of freedom, that
is

v, ~ f,(v)=e" for v>0 and 0 otherwise. (3.9

Thus, to compute an upper bound on the average pairwise error probability [49] we

simply average the right-hand side of Eq. (3.4) (see Appendix 1) to arrive at

~ M 1 N
P(C—)C)S(HH/%_(ES/A‘NO)J . (3.10)

j=1

Let » denote the rank of the matrix 4 which is also equal to the rank of B. Then, 4 has
exactly M — r zero eigenvalues. Without loss of generality, let us assume that

A A,,..., A, are the nonzero eigenvalues, then it follows from Eq. (3.10) that

M 1 N r 1 N r 1 N
(Huzj -(ES/4N0)J - (Hlmj -(ES/4N0)J < (H A, -(ES/4N0)J

j=1 j=1 j=1

P(C—)@)S(ﬁﬂj] (Eg/4N,) "™ (3.11)

J=1

We can easily see that the probability of error bound in Eq. (3.11) is similar to
the probability of error bound for trellis coded modulation (TCM) for fading channels

and, thus, a diversity gain of »N and a coding gain of g, = (/11,2,2,...,2,)1/ "are achieved

[4]. From the above analysis, we arrive at the following design criteria.

The Rank Criterion: In order to achieve the maximum diversity MN, the matrix
B(C ,C ) has to be full rank for any two code vector sequences C and C.If B(C ,C ) has

a minimum rank » over the set of two-tuples of distinct code vector sequences, then a
diversity of »N is achieved.

The Determinant Criterion: Suppose that a diversity benefit of »N is our target. The

minimum of g, = (4,4,,...,4,)"" taken over all pairs of distinct code vector sequences

Cand C is the coding gain. The design target is to maximize g,.
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Some remarks are now in order:

Remark 1: The diversity advantage »N and the coding advantage g, affect the bound in
Eq. (3.11) in different ways. At high SNR, it is clear that 7N plays a more important role
to reduce the upper bound in Eq. (3.11) than g,. Thus, ST coding designs should first
satisfy the rank criterion and then the determinant criterion. If a tradeoff has to be made,
the coding advantage should be the candidate.

Remark 2: The aforementioned ST coding design criteria are based on ML decoding and
provide guidelines to design ST coding schemes.

Remark 3: In order to achieve the maximum diversity advantage, we infer from the

dimensionality of B that one should select 7, > M .

Remark 4: Although multiple receive antennas (N > 1) are helpful to increase the
diversity advantage, they are optional in ST coding designs. All design criteria are

meaningful even for a single receive antenna provided that the SNR is high.

3.3 Code Construction

3.3.1 Space-Time Trellis Codes

We advance to use the criteria derived in the previous section to design trellis
codes for a wireless communication system that employs transmit antennas and optional
receive antenna diversity where the channel is a quasi-static flat fading channel.

STTCs are defined by a trellis and a signaling constellation such as BPSK,
QPSK and 16QAM. In our example, suppose that the transmitter has a two antenna
(M=2), and the signal constellation is QPSK.

A TCM encoder for ST coding is shown in Figure 3.2. At each symbol time, k
information bits are fed into the convolutional encoder. The encoder has v memory
elements, hence it has V'=2" states. Every symbol time, the encoder outputs m coded bits
which are mapped to a signal constellation with M=2" possible symbols. At each
symbol time, the output symbol vector C = [C} C; ... Cy] has M symbols for the M

transmit antennas.
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I(k) —» | >

I Rate k/m | Signal -

| Convolutional ' Mapper —3 C (t,:)
I Encoder 1(2)

(1) — ERAONEY

Figure 3.2 TCM encoder block diagram

The trellis is a graph that shows which symbols the convolutional encoder is
allowed to transmit given the current state, and also which future state the encoder will
enter when a particular symbol is transmitted. There are V=2" states and K=2" branches

from each state. Each branch has M symbols, one for each transmitter antenna.

C(t,)

G (0)

&

G (1)

&

ACk(2)

ap=lamEly

B

G ()

&

Figure 3.3 STTC feed forward encoder with k input bits.

Figure 3.3 depicts that an encoder is implemented as a feedforward shift register

with a memory order v. The input to the encoder is a binary sequence (I;, I,... Ix). The
encoder memory for each input may be written /,(¢) = [1 () L= - L(t—v, )]T .

The encoder for each input bit may have different memory length v;, and the total
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memory of the encoder is v = Z; v, . The encoder may be represented by k generator
matrices as i=1:k, G, =[G,(0) G,(1) --- G,(v,)]. The output is obtained as a modulo

M sum of the linear combinations of the current and delayed binary inputs. The linear

combination vectors are Gi(l):[gi(l,l) g2, - gi(M,Z)]T, i=1:k, [=1:v;. The
output can be expressed as,
k T
s(t,:) = mod((z G, -1, (t)j ,MJ, C(t,)) = map(s(t,:)) (3.15)
i=1
Ct) =[c@) C@2) - C@t.M)] (3.16)

Given this encoder structure, we would like to find a set of coefficients, i.e.
generator matrices that will satisfy the design criteria presented in previous section. It is
important to note that this structure does not guarantee geometrically uniformity of the
code [54].

STTCing employs ML decoding and its encoding is optimal in terms of

maximizing both diversity and coding advantages [1].

3.3.2 STC: Q-PSK Example

For example, consider Q-PSK, 4 states STTC with two transmit-antennas

(M=2). Figure 3.4 depicts the corresponding 4-PSK constellation labeling.

Figure 3.4 QPSK Constellation
Figure 3.5 depicts the corresponding Q-PSK encoding trellis (see Reference [1]
for further details).
Generator matrices constructed by Tarokh in [1] are

2 0 10
G, = , G, = ,v=2, m=2, k=2, M=2 .
0 2 0 1
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With necessary computations as mentioned before, we found trellis diagram such as in

Figure 3.5.

0 0001 02 03
1 10111213
2 20212223
3 30313233

Figure 3.5 Q-PSK 4-State Space-Time Code with 2 Tx Antennas

Using this encoding trellis method, the ST encoder maps the data frame s(/) to
the code matrix C(/). As an example, when s(l):[l, 3, 2, 3, 0, 1, --~]T, the
code matrix is given by

0 0132301 -- (3.17)
c(l)= .
132301 -

where we observe that this example is exactly the delay diversity scheme in Reference
[3].

STTCing achieves the maximum diversity advantage MN and the maximum
coding advantage. However, for a fixed number of transmit antennas, its decoding
complexity increases exponentially with the transmission rate [1]. As discussed in
section 3.2, when a tradeoff has to be made between coding advantage and diversity
advantage, it is appropriate to sacrifice the coding advantage. We show next how

STBCing trades decoding simplicity with possibly reduced coding advantage.
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CHAPTER 4

SPACE-TIME BLOCK CODING

4.1 Introduction

STBCing is a new method for communication over wireless channels using
multiple transmit antennas. It is now adapted for use in third generation wireless
systems by WCDMA and CDMA 2000 standardization bodies. Not only these codes
support an extremely simple maximum likelihood detection algorithm based only on
linear processing at the receiver, but also they can be used for multiple transmit antenna
differential detection.

The STTCs presented in [1] provide the best possible tradeoff between
constellation size, data rate, diversity advantage, and trellis complexity. STTCs perform
extremely well at the cost of relatively high complexity. When the numbers of transmit
antennas is fixed, the decoding complexity of STTCing (measured by the number of
trellis states in the decoder) increases exponentially as a function of both the diversity
level and the transmission rate.

In addressing the issue of decoding complexity, Alamouti discovered a
remarkable scheme for transmissions using two transmit antennas [7]. This scheme has
a simple decoding algorithm that can be generalized to an arbitrary number of receiver
antennas. And also this scheme is significantly less complex than STTCing using two
transmitter antennas, although there is a loss in performance [8]. Despite the associated
performance penalty, Alamouti's scheme is appealing in terms of its simplicity and
performance. Introduced in [6,8], STBCing generalizes the transmission scheme
discovered by Alamouti to an arbitrary number of transmit antennas and is able to
achieve the full diversity promised by the transmit and receive antennas. These codes
retain the property of having a very simple maximum likelihood-decoding algorithm

based only on linear processing at the receiver [6,8].

4.2 Maximal-Ratio Receive Combining (MRRC) Scheme

In conventional transmission systems, we have a single transmitter, which
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transmits information to a single receiver. In Rayleigh fading channels, the transmitted
symbols experience severe magnitude fluctuation and phase rotation. In order to
mitigate this problem, we can employ several receivers that receive replicas of the same
transmitted symbol through independent fading paths. Even if a particular path is
severely faded, we may still be able to recover a reliable estimate of the transmitted
symbols through other propagation paths. However, at the station, we have to combine
the received symbols of the different propagation paths, which involves additional

complexity. An optimal combining method often used in practice is referred to as the

MRRC technique.
So
/ T h

Io Linear g

combiner

a

No n;

Maximum
Likelihood
Detection

Figure 4.1 Configuration of MRRC

Figure 4.1 shows the baseband representation of the classical two-branch
MRRC. At a given time, a signal sy is sent from the transmitter. The channel may be
modeled by a complex multiplicative distortion composed of a magnitude response and
a phase response. The channel between the transmit antenna and receive antenna zero is
denoted by /4y and between the transmit antenna and receive antenna one is denoted by

h; where

hy=a,e’, h =ae’ (4.1)
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In this formulas, «,, a, are the fading magnitudes and 6,,60, are the phase

values. For simplicity, all channels are assumed to be constituted of a single
nondispersive or flat-fading propagation path.

Noise and interference are added at the two receivers, as shown in Figure 4.1.
Therefore the resulting received baseband signals are

vy =hys,+n,, 1, =nhs,+n (4.2)

where ny and n; represent complex noise and interference. In matrix form, this can be

n) (e ny 4.3
”1_h1so+n1 (4.3)

Assuming that perfect channel information is available, the received signals 1o

written as

and r; can be multiplied by the conjugate of the complex channel transfer functions hy
and hy, respectively, in order to remove the channel’s effects.
Maximal-ratio receive combining scheme:

S =ar, +br,, a,b = coefficients
= (ah0 + bh, )Sm +an, + bn,

B lah, + b |ah, +bh [

SNE E{an0 + bnl|2}_ ([a|2 + |b|2)0'2

SNR = max if a = c.h;,b = c.h; where c is an arbitrary constant.

Assuming c=1, output of the combination is
So = hiry +hir = b (hys,, +ng )+ (s, +m) = (a2 +ab)s, +hing +hin, — (4.4)

The combined signal s, is then passed to the ML detector, as shown in Figure 4.1.

The conditional pdf p(r | sm) or any monotonic function of it is usually called the
likelihood function. The decision criterion based on the maximum of p(r | s,) over M
signals is called the maximum-likelihood (ML) criterion [30].

Assuming ny and n; are Gaussian distributed N (0, o’ ), the monotonic function

of conditional pdf p(ro,r; | Sm) 18

vy —hys

Inp(ry,n|s,)=—(r, —hys, .5 — hlsm)*( " j + constant 4.5)

m

rn—=hs
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The criterion for deciding on the transmitted symbol sy is

¥ =arg r%in{dz (rorhysy ) +d* (r ys,) ) (4.6)

where d’(x,y) is the squared Euclidean distance between signals x and y calculated by
the following expression: d”(x,y) = (x — y)(x" = ")
Thus, the ML decision rule at the receiver for the received signals is to choose

signal 5, =, if and only if (iff)

d*(ry,hys, ) +d* (v, hys, ) <d?(ry, hys, ) +d* (1, s, ), Vm#k (4.7)
dz(roahosk) = (hy(s,, =) +ny) (1 (s, —5,)+ng)
2 2 2 * * 2 * * * % * %
:ao(‘sm‘ +‘sk‘ -5, —Sksm)+‘n0‘ +hys, ny —hys,n, +hys, nyg—hys,n, (4.8)
d*(r,hs,)=(h(s, —s)+n) (B (s, —s;)+n)

2
=a1(

summing Eq. (4.8) and Eq. (4.9) with —s_ s, —s,5 =— 2Re{smsZ} we get,

2
A

m

sy =8, =SS, | | Hhys,ng —hsng +his,n —hisin o (4.9)

dz(ro,hosk) + dz(rl,hlsk) = (aé +a12)|sm|2 + (aé +a,2) ? +|no|2 +|n1|2 —2(053 +af)Re{smsZ}

+ (hon; + hyny )sm —(hon; + hyn; )vk + (h;no +h'n, )9; —(h;n0 +h'n, )yz

Sk

d*(ry,hys,) +d*(r,hys,)) = |ng|” +|ny|”
choose 5, =s,, iff,
0< (a2 +at)ls,[* +(a2 +a? )s,[" —2(a? +a? Rels,s; |
+2Rels, (hyng + by )| - 2Rels, (kg + myny )} (4.10)
= —(a+a)ls,[ —2Rels, (my + 1 )}
< (o2 +a?)|s,|" -2l +a? )Rels,s; |- 2Rels, (hyn + 1 )} (4.11)
The maximal-ratio combiner may then construct the signal 5,, as shown in

Figure 4.1. So, we have
~ % 2 2 2 * * *
S,S, = (ao +a, )|sm| + (hono + h, nl)sm (4.12)

S,8; = (ag +a; )smsz - (hgno +h'n, )sZ (4.13)
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Using Eqgs. (4.12, 4.13) with Eq. (4.11), we have
(aoz + af)|sm|2 - 2Re{§08,’;}£ (aoz +0¢12)|sk|2 —~ 2Re{§0s,’;} =
(2 + a2 =1)s, [ +]s,|" —2Refysy, J+lso|” < (ol +a? =1)s,[* +s.]” —2Ref, s |+]so|

= (ag +a) —1)|Sm|2 +d*(5,,s,)< (aoz +a) —1)|s,{|2 +d*(5,,s,) Vm=#k (4.14)

For PSK signals (equal energy constellations)

s, _ Vm,k (4.15)

2 2
:|Sk| :E

where E; is the energy of the signal. Therefore, for PSK signals, the decision rule in Eq.

(4.14) may be simplified to choose s, iff
d*(5,,s,)<d*(5,.s,) Vm # k (4.16)

We can see that ML transmitted symbol is the one having the minimum

Euclidean distance from the combined signal §,. The ML detector may produce s, ,

which is a ML estimate of s, .

4.3 Space-Time Block Codes

In analogy to the MRRC matrix formula of Eq. (4.3), a STBC describing the
relationship between the original transmitted signal s and the signal replicas artificially
created at the transmitter for transmission over various diversity is defined an ™M
dimensional transmission matrix C. Hence, a general form of the transmission matrix of

a STBC is written as

Ci Cnp Cim
€y Cp Com
C=| . . . . (4.17)
_crl ch o CrM n

The entries of the matrix c; are linear combinations of k-ary input

symbolss,,s,,...,s, and their conjugates. The k-ary input symbols are used to represent

the information-bearing binary bits to be channels. In a signal constellation having 2°

constellation points, a number b of binary bits are used to represent a symbol s;. Hence,
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a block of kxb binary bits is entered into the ST block encoder at a time and it is,
therefore, referred to as a STBC. The number of transmission antennas is M, and it is
used to separate different codes from each other. If ¢; represents the element in the #th

row and the j th column of C, the entries cj, j=1L12,...,M are transmitted
simultaneously from transmit antennas 1,2,...,M at each time slot # =1,2,...,7. So, the

j th column of represents the transmitted symbols from the j th antenna and the ¢th row
of C represents the transmitted symbols at time slot 7. Since 7 time slots are used to

transmit &£ symbols, we define the code rate R of the code tobe R =k/7.

4.3.1 Two-Branch Transmitter Diversity Based STBCs

The technique proposed in Alamouti’s paper [7] is a simple transmit diversity
scheme which improves the signal quality at the receiver on one side of the link by
simple processing across two transmit antennas on the opposite side. The obtained
diversity order is equal to applying MRRC with two antennas at the receiver. The
scheme may easily be generalized to two transmit antennas and N receive antennas to
provide a diversity order of 2N. This is done without any feedback from the receiver to
the transmitter and with small computation complexity. The scheme requires no
bandwidth expansion, as redundancy is applied in space across multiple antennas, not in

time or frequency.

Steps of Alamouti’s scheme
(a) Encode (ST code) at the transmitter
(b) Combine at the receiver(s)

(c) Detect using ML.

At a given symbol period, two signals are simultaneously transmitted from the
two antennas. The signal transmitted is shown in Table 4.1 and also Figure 4.2. In
Table.4.1, the encoding is done in space and time (ST coding). The encoding, however,
may also be done in space and frequency. Instead of two adjacent symbol periods, two

adjacent carriers may be used (SF coding).
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Table 4.1 Transmitted signal sequence in space and time

Antenna 0 | Antenna I
Time t S, s,
Time t+T — Sl* S:;
Space
—>
t So Si ¢ =
t+T -Si So (BD
_U>° MOD _Sg Space-time
block
o¢ Antenna 0
U, S,| encoder
» MOD » Antenna 1
Figure 4.2 Transmitter of STBCing
The signal represented in table can be written in the matrix form:
C{ Yo SL}. (4.18)
S5 S

The channel at time t is modeled by a complex multiplicative distortion #,(¢)

for transmit antenna j. Assuming that fading is constant during two symbols time

h()=h,(t+T)=h,=a,e’”, j=0,1 (4.19)

where 7 is the symbol duration.

4.3.1.1 Two-Branch Transmit Diversity with One Receiver

Let us now consider that the C code in Eq. (4.18) is sent from two transmitter.
The channel vector may be defined as H = (h,,h,)" .
The receiver in each time slot adds independent noise samples and so the
received signals can be expressed as
vy =1r(t) = hys, + hys, +n,

. ; (4.20)
n=r@t+T)=-hs, +hs, +n,
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where 1y is the first received signal and r; is the second. Note that the received signal 1
consists of the transmitted signals sy and s;, while r; consists of their conjugates.

. Yo n,
in vector form Y = =C-H+n n= (4.21)

h

where n, and nare complex random variables representing receiver noise and

interference.

The scheme showed in Figure 4.3 uses two transmit antennas and one receive
antenna.

In order to determine the transmitted symbols, we have to extract the signals sy
and s; from received signals ry and r;. Therefore, both signals 1y and r; are passed to the
combiner.

The outputs of the combiner shown in Figure 4.3 are

S, =hyr, +hr ~ |5 hy h 7,
oo T in vector form C = [NO} = { 0*} (4.22)
Sy = hy 1y = hypy 51 hi =h ] L
So S1 t
-S1 So t+T

(S0, S1) : " h,
N Space-time

encoder

Channel /
estimates (h,,h,)
Maximum Linear

<«4—— Likelihood jq¢—— .

(so,s1) Detection (5,5,) combiner

Figure 4.3 Two-Branch Transmit Diversity Scheme with One Receiver

Then we obtain the estimated code vectors as:

*

30 B 2 2, | S hy h 'no
{51}_(|h0| +|hl| ).Ll}{hf _ho} [”J @2

By using the channel coefficients under assumption that perfect CSI,
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5, = (ag +a12)-s0 +hyn, +h, n,
(4.24)
s, :(ag +0{12)~s1 —hyn, +hn,

Both signals 5, and s, are then passed to the maximum likelihood detector of

Figure 4.3, which applies Eq. (4.16) to determine the most likely transmitted symbols.

The maximum diversity advantage = 2 is achieved.

4.3.1.2 Two-Branch Transmit Diversity with Two Receiver

STBC with one receiver introduced in previous section can be extended to an
arbitrary number of receivers. The encoding and transmission sequence will be identical
to the case of a single receiver.

For illustration, we discuss the special case of two transmit and two receive
antennas in detail. The generalization to N receive antennas will be given in the next
section.

The scheme showed in Figure 4.4 uses two transmit antennas and two receive

antennas.

So S1

-Sl* SO*
h()() h

hio ho;

11

I Linear I

combiner

No n;

Maximum
Likelihood
Detection

Figure 4.4 Two-Branch Transmit Diversity Scheme with Two Receivers
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The encoding and transmission sequence of the information symbols and
notation for the received signals at the two receive antennas are shown in Table 4.2.

Table 4.2 Transmitted and received signal sequence in space and time

Tx Antenna 0 Tx Antenna I | Rx Antenna 0 | Rx Antenna 1
Time t S, s

oo "o

1 * *
Time t+T -5, S, ol .

Table 4.3 defines the channels between transmit and receive antennas.

Table 4.3 The channels between transmit and receive antennas

Rx Antenna 0 | Rx Antenna 1
Tx Antenna 0 oo hy,

Tx Antenna 1 hy, hy,

The subscript 1 in the notation hyj, nj;, ri; represents the receiver index, 1=0,1...N-
1. The subscript j denotes the transmitter index in h;; and the subscript t denotes time
slots in nj, rj;.

Therefore, at the receiver side, we have

Too = PooSo + hgys, + 1y, Tor = —hoSy + hgysy + 1y,
(4.25)
Ho = PigSo + sy + ny = —hs, +hysg +ny,
These equations can be also presented in matrix form:
T
Sy S [roo r01]: [hoo hm]c + [noo nm]
C= o — (4.26)
—S. S T
Lo [”10 ”11]:[1’110 hll]'c +[n10 nn]

For convenience, we have conjugated the equation for ro;and r;; so that the

signal sp and s; don't need to be conjugated.

{”oo}z{hoo hy, }{So}_’_{”oo} {FIO}:|:hIO hy, }{So:|+[”10:| 4.27)
rO*l hgl _hgo Sy n;l ’ ”1*1 hl*l _hl*O Sy ”1*1

At the combiner of Figure 4.4, the received signals are combined to extract the

transmitted signals sy and s; from the received signals 1o, 191, I'10, and r;; according to

So = hooToo + hoyToy + Iyt + hym) 4.28)

~ * * * *
S, = hyryy = by roy + g — oy

Again we can show the above expressions in matrix form and we can simplify:
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1
h

_ {hgo My | { }{ |:th hy, }{h hy, :H:So}

hgl hoo - hyy = hy b - hl*O S
_’_[hoo hy, “:”oo |:h }[”10}

Ry, hy’ Ay

= ([(hgo g + oy B, )(hgo gy = Ry g )} 4 |:(h1*0 Jyo + By by )(hl*o gy = hyy g )D{So}
(hgl Py = hy hm)(hm gy + by, hgo) (hl*l By — th'hl*l)(hl* 1+ th'hl*O) Sy

I= (el +lm” +lmef” +1 ) : X '[SO}
0 ) §

qh00| +|hm|2 +|h10|2 +|h11|2

{Eo}:{hgo hy, }_roo} {h* hy, }{rw} (4.29)
5 hgy = by, _rO*l 10 L
10

Thus, we have

(.2 2 2 2 . . . .
= (aoo Q)+, +a )90 + hoongy + o ng, + hignyg + hyyny,
(4.30)
_ 2 2 2 2 * * * *
= (aoo to, o, tag )91 = hoghg, + hg oo — hyony, + by
These combined signals are then sent to the ML detector, which for signals sy and s;

uses the decision criteria expressed in Eq. (4.16). Hence the maximum diversity

advantage of 4 is achieved.
4.3.1.3 Two-Branch Transmit Diversity with N Receivers

There may be applications where a higher order of diversity is needed and
multiple receive antennas at the remote units are feasible. In such cases, it is possible to
provide diversity orders of 2N with two transmit and N receive antennas.

Using the notation hjj, ni, 1y in previous section (4.3.1.2), we can generalize
equations to N receive antennas.

Generalization of the received signals given in Eq. (4.25) is

T = RSy + hys, + 1y
(4.31)
=—hys, +h,s, +n,

Where i =0,1...(N —1) and N is the number of receivers.

At the combiner, generalized receiver signals in Eq. (4.31) are combined
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N-1
~ % *
So = zhiorfo +h,r,

i=0

(4.32)
N-1
5 = Zolh;rio - hiOFiT
We can also simplify Eq. (4.32) to
N-1 P )
S = Z(‘hio‘ +‘hil‘ jso + highyg + hyn}
. (4.33)

~

N—
S =

2 2 . .
Z(‘hio‘ +‘hil‘ jsl +hyny, = hon,

1
i=0

These combined signals are then sent to the maximum likelihood detector. So
we have 2N different (independent) channels, so the degree of spatial diversity is 2N.
All of these equations given above can be represented in matrix form:

If the channel matrix is

(4.34)
h(N—l)O h(N—l)l
where hg./. = aije‘/ o = 01...(N-1), j=0,1 , Received signal matrix whose elements
are given in Eq. (4.31) is
Ro a0
y=| ™ B (435)

Toveno Hv-in

Matrix Y is also derived with matrix computations

Y=CH+n (4.36)

Where C is given in Eq. (4.18) and noise matrix 0,

n=| . -y (4.37)

Pov_o  Pv-in
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Combination process in matrix form is
~ |5, | XAk .
S:[j}z o {0} (4.38)
S i=0 hil _hio T

4.3.2 Generalized Orthogonal Designs as STBCs

In previous sections, we have detailed Alamouti's simple two-transmitter
complex orthogonal STBC of Eq. (4.18). It is shown that using two transmit antennas
and one receive antenna, this scheme provide the same diversity order as MRRC with
one transmit antenna and two receive antennas. It also shown that it may be generalized
to two transmit and N receive antennas.

It is natural to ask for extensions of these schemes to an arbitrary number of

transmit antennas with real or complex orthogonal designs.
4.3.2.1 Real Orthogonal Designs

A real orthogonal design of size M is an M x M orthogonal matrix whose rows
are permutations of real input symbols *s,,ts,,...,t5,,. Without loss of generality, the
first row can be assigned as (s1 38558y, )

The existence of real orthogonal designs for different values of M is known as
the Hurwitz-Radon problem in mathematics [55]. It was shown that real orthogonal
designs exist if and only if M = 2, 4, or 8.

For example, real orthogonal designs for M =2, M =4 and M = 8 are
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A STBC based on real orthogonal designs of size n (n = 2, 4, or 8) can be
constructed as follow. The encoder takes in a block of Mb bits. For each 1, 1<i< M,
the encoder select a symbol s; from a real constellation A4 of size 2°. The encoder then

uses s; to build an orthogonal matrix C (sl,sz,...,s " )based on real orthogonal designs

of size M. At time t, the M antennas transmit the t" row of C(s,,s,,...,s,, ).

Theorem:  The diversity order of the above coding schemes is MN.

Proof: The rank criterion requires that the matrix C(5,5,,...,5, )-

C(s,,5,,...,5,,) be nonsingular for any two distinct code sequences

C=C5 5,5, =5...5y, =5, )= C(5,5,,...,5, )= C(5,,5,,....5,, ) (4.39)
where C is the matrix constructed from C by replacing s, with 5, —s, for all i =

1,2,...,M. The determinant of the orthogonal matrix C is easily seen to be

02
det(cc™)"” = {fo} (4.40)

i

where C” is the transpose of C. Hence

nf2

det(ééT)l/2 _ {2(51 —s )5 —S,«)*} [Z|(§ _Si)rr (4.41)

1

which is nonzero. It follows that C(5,,5,,...,5, )= C(s,,s,,...,s,,) is nonsingular and
maximum diversity order MN is achieved.

Clearly, since the maximum rate is b bits/s/Hz and the block length is T = M, is
p, the rate of this code is defined as ratio between the actual transmitted bits and the
maximum transmitted bits, which is R =Mb/w =M /M =1, full rate. It is shown to be

optimal under the diversity order MN for the constellation size 2°.
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Not only does this create transmission schemes for any number of transmit
antennas, but also generalizes the Hurwitz-Radon theory to non-square matrices, which
have not full rate [8]. In this paper, generalized real orthogonal designs of size 3, 5, 6,
and 7 are explicted constructed. Therefore, block codes for any number of antennae

between 2 and 8 are available.
4.3.2.2 Complex Orthogonal Designs

A complex orthogonal design of size M is an M x M orthogonal matrix whose

rows are permutations of complex input symbols *s,,%s,,...,£s,,, their conjugates, or

multiples of these indeterminates by +/—1. Without loss of generality, the first row
can be assigned as (s,,5,,...,5,, ).

It is shown that full rate complex orthogonal designs exist if and only if M = 2
[8]. Again, allowing linear processing of transmit signals does not increase the set of M
for which the designs exist. To extend the set of M for complex orthogonal designs,
generalized complex orthogonal designs are defined in an analogous fashion as
generalized real orthogonal designs. However, block codes are guaranteed to exist for
any value of M only for rate R <1/2. For rate R >1/2, by allowing linear processing of
transmit signals, block codes of rate 3/4 for M =3 and 4 are shown to exist by explicit
construction. The problem of complex orthogonal designs of rate R >1/2 is still not
well understood.

For instance, rate 1/2 codes for transmission using three and four transmit

antennas are given by

s, s, S s, s, S, S,
—-s, s —s, —s, 8 =8, S
—-s; S, 5 ~-s, S, 5 -5,
-5, -8, & -5, -8, s s
c,=| ) > and C,=| ! ) 2 : (4.42)
£ £ * £ £
s s s st sy sys,
£ * £
-5y s =, -5y s —s, s
£ £ £ * £ £ £
-5y s, s -5, -8, s -
£ £ £ * £ £ £
-5, -5y 8 -5, —s3 s, sy

Note that matrices obtained first four rows of C; and Cy4 are the same in real

orthogonal designs. These transmission schemes and their analogs for higher M give
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full diversity but lose half of the theoretical bandwidth efficiency. Furthermore, the
number of transmission slots across that the channels is required to have a constant
fading envelope is eight, namely, four times higher than that of the space-time code at
Eq. (4.18).

In order to increase the associated bandwidth efficiency, for M =3 and 4,
Tarokh [8] construct rate 3/4 generalized complex linear processing orthogonal designs

given by

S
V2

C; _ 2 1 \/5
S35 (—sl—sl*Jrsz—s;)
NERE 2
sy Sy (Sz-‘rS;-f-Sl sl)
V2 V2 2 1
_ S ) -
8 A T; Taz
s,s % %
_ : 23 _ 3
¢ - V2 V2 O (443)

* * * * * *
A A (—SI—S1+S2—S2) (—S2—S2+S1—S1)
V22 2 2
* * * * *
A S (S2+S2+S1—S1) (S1+S1+S2—S2)

SERNG 2 2

These codes are designed using the theory of amicable designs [55].
Because of orthogonality, the same procedure used for decoding the simple 2x2

STBCs can be used for this code too.
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CHAPTER 5

DIFFERENTIAL SPACE-TIME BLOCK CODING

5.1 Introduction

The coherent decoding in both STTCing and STBCing requires that perfect
estimates of current channel fading are available at the receiver. The channel state
information (CSI) can be obtained at the receiver by sending training or pilot symbols
or sequences to estimate the channel from each of the transmit antennas to the receive
antenna [14-21]. However, it is not always feasible or advantageous to use these
schemes, especially when many antennas are used or either end of the link is moving so
fast that the channel is changing very rapidly. Since the fading rate or number of
transmit antennas increases, learning CSI becomes increasingly difficult. In an effort to
increase channel capacity or lower error probability, it is accepted practice to increase
the number of transmitter antennas. But increasing the number of transmitter antennas
increases the required training interval for learning the channel and reduces the
available time in which data may be transmitted before the fading coefficients change.
The number of pilot signals used to track the channel must also grow. Given a
restriction on total pilot or training power, we must allocate less power per antenna with
every added antenna. Finally, instability in local oscillators and phase-lock devices and
inaccurate knowledge of Doppler shifts, which may be different for each antenna, may
also limit channel-tracking ability at the receiver.

Motivated by these considerations, there is much interest in ST transmission
schemes that do not require either the transmitter or receiver to know the channel. A
natural way of dealing with unknown channels is differential modulation.

For one transmit antenna, differential detection schemes, such as DPSK, exist
that neither require the knowledge of the channel nor employ pilot symbol transmission.
These differential decoding schemes are used, for instance, in the IEEE 1S-54 standard.
It is natural to consider extensions of these schemes to multiple transmit antennas.

A partial solution to this problem was proposed in [23] for the 2x2 code, where
it was assumed that the channel is not known at the receiver. In this scheme, the

detected pair of symbols at time #—7 is used to estimate the channel at the receiver and
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these channel estimates are used for detecting the pair of symbols at time t. However,
the scheme in [23] requires the transmission of known pilot symbols at the beginning
and hence is not fully differential. The scheme in [23] can be thought of as a joint data
channel estimation approach, which can lead to error propagation. In [22], a true
differential detection scheme for the 2x2 code was constructed. This scheme shares
many of the desirable properties of DPSK: it can be demodulated with or without CSI at
the receiver, achieves full diversity gain in both cases, and there is a simple noncoherent
receiver that performs within 3 dB of the coherent receiver. However, this scheme has
some limitations. First, the encoding scheme expands the signal constellation for non-
binary signals. Second, it is limited only to the M =2 STBC for complex constellations
and to the case M <8 for real constellations. These observations are based on the
results in [8] that the 2x2 STBC is an orthogonal design and complex orthogonal
designs do not exist for M > 2.

In [24], another approach for differential modulation with transmit diversity
based on group codes was proposed. This approach can be applied to any number of
antennas and to any constellation. The group structure of these codes greatly simplifies
the analysis of these schemes, and may also yield simpler and more transparent
modulation and demodulation procedures.

A different differential approach to transmit diversity when the channel is not
known at the receiver is reported in [25, 26] but this approach requires exponential
encoding and decoding complexities.

Currently, there are many researches on differential modulation schemes such as
unitary codes based on amicable orthogonal designs in [27] and double differential ST
coding schemes in [28].

The basic idea behind all of these schemes is to introduce proper encoding
between two consecutive code matrices so that the decoding at the receiver is
independent of the underlying channels. As expected, the price paid for is code

advantage in addition to 3 dB loss in SNR compared to coherent decoding.

5.2 A Simple Differential Detection Scheme for Transmit Diversity

Let us assume that we use a constellation 4 with 2°-PSK for some b = 1,2,3,...,

but in reality only BPSK, QPSK, and 8-PSK are of interest [30]. Thus,
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k=0,1,...,2b—1} (5.1)

where j=+/-1.
Given a pair of 2°_PSK constellation symbols x; and x,, we first observe that the
complex vectors (x, x,) and (— X, X ) are orthogonal to each other and have unit

lengths. Any two-dimensional vector X, = (x3 x4) can be uniquely represented in the
orthonormal basis given by (x, x,) and (— X, X/ ) as
(x3 x4): A(x1 x2)+ B(—x; xl*) (5.2)

The coefficients A and B can be given by

XX + X, X,
x; = Ax, — Bx, - |x1|2 +|x2|2 bl el 4= xox" +x,x]
= = . (5.3)

*®
x, = Ax, + Bx, — XX, XX B=-x;x, +x,x,

B= 2 2
|+ x|
The pair of 4 and B, which create Xy, can be represented with a unique complex

vector P, = (4 B). All the vectors P, consist of the set vy. Since X, € Ax A4, the

set vy has the following properties:
« Property A: Tt consists of 2* unit-length distinct vectors with P elements
corresponding to the pairs of constellation symbols.
* Property B: The minimum distance between any two distinct elements of vy is equal
to the minimum distance of the 2°-PSK constellation A.

We define an arbitrary one-to-one mapping S shown in Eq. (5.3), which maps 25
bits onto v4. Note that the choice of the set v, and the mapping f is completely

arbitrary as long as vectors P, are unit-length and the mapping f is one-to-one. These

properties hold because the mapping £ is just a change of basis from standard basis

given by the set of vectors {(I 0),(0 1)} to the orthonormal basis given by

{(xl X, ), (— X, X, )} which preserves the distances between the points of the two-
dimensional complex space.

We start with an arbitrary vector X, € Ax 4 and let v = {vqk , Vv, edx A} .

X, = (1/ V2 1/\2 ) can be chosen because the 2°-PSK constellation 4 always contains

the signal point 1/ V2. Given a block of 2b bits, the first b bits are mapped onto a
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constellation symbol x4 and the second b bits are mapped onto a constellation symbol xi

using Gray mapping. Then, P, is defined by Eq. (5.3) with x3 = xq and x4 = xx.
Conversely, given P, = (A &« B " ), the pair Xq can be recovered by Eq. (5.2).

5.2.1 The Encoding Algorithm for Alamoutis' Code (4.18)

The transmitter begins the transmission by sending arbitrary symbols s, and s,
at time 1 and symbols —s, and s, at time 2 which are unknown to the receiver. These

two transmissions do not convey any information. The transmitter subsequently encodes
the rest of data by Eq. (5.2) and Eq. (5.3).

The block diagram of the encoder is given in Figure 5.1.

SZt-l,Zt

Xot1,8 P12t Calculate Saeri 212 Syt~ S22
4{ P — Symbol ™ STBC .
L [ S22 San

Figure 5.1 Block diagram of the encoder

v

Suppose that s,, , and s,, are sent, respectively, from transmit antennas one and

two at time 2¢—1, and that —s,,,—s,, , are sent, respectively, from antennas one and
two at time 2¢. At time 2¢+1, a block of 25 bits arrives at the encoder. The transmitter

uses the mapping £ and computes ﬂ(X 2t_m,): P,,_,,, as shown in Eq. (5.4). Then the

pair §,,,,, ., 1s recovered and transmitted like s, , and s, . This process is
inductively repeated until the end of the frame or end of the transmission represented by
the set of equations:

* *
AZt—l,Zt =X X T XX,
(5.4)

By 1 ==X 0% + X5,
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* *
S2z+1,2z+2 = (Szm Sz:+2): A2z71,21 (52171 So; >+ By, 1 (_ So; S2z—1) (5.5)

5.2.2 The Differential Decoding Algorithm for Code (4.18)

We will first present the results for one receive antenna and then the ones
generalized for more than one antenna. Channel coefficients are assumed to be the same

for four-time interval

h,2t=1)=h,,2t)=h,2t+1)=h,,(2t+2) = h,,

(5.6)
h,2t=1)=h,2t)=h,2t+1)=h,(2t+2)=h,,.
Let us assume that signals r,, |, 7,,, 7,,,, and r,, ,, given as:
Py = S ihyy + 850, +105,
Py = Syihiy = Sy, + 10,
(5.7)

Far = SaraPiy + S0y + 1150

Paes = Saialiy = Sa0aly + 10
are received. In order to detect which information bits X, _, ,, are sent at times 2¢+/
and 2¢+2, we must estimate the pair of P,,_,,, using the rule:

* *
Azm,z; =808 T 82125

(5.8)
BZH,zt = =S8 T 821052+
This can be attained by
% * 2 2
Ry =1y 1y + 100, = Qh11| +|h12| )A2t—1,2t + Ny,
(5.9)
* * 2 2
Ry =—1y 1y s 1ty = Qh11| +|hlz| )BZt—l,Zt +N,.
Thus, we can write
2 2
(Rl Rz):Qh11| +|h12| )PZt—l,Zt +(N1 Nz)- (5.10)

The receiver now computes the closest vector of v to (R, R,) as the solution of

ML =argmin|(R, R,)-P, ,,,|. (5.11)

2t-1,2¢
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Once this vector is computed, the inverse mapping of S is applied and the

transmitted bits are recovered. The block diagram of the receiver is given in Figure 5.2.

Closest
r Calculation (R1,R2) vector of P 7] Xoeiot
R el ¥
(Rl, Rz) to
(Rla Rz)

Figure 5.2 The block diagram of the differential receiver

The same procedure can be used for more than one receive antenna. For each
receive antenna i, using the same method for (Rl Rz) given above, (Rl’ R;) can be

computed. Then, the closest vector in v to
N ) N )
(ZR{ ZR;] (5.12)
i=1 i=1

is computed. Subsequently, the transmitted bits are computed by applying the inverse
mapping of £.

This technique also can be generalized to more than 2 transmit antennas
employing the theory of STBCing introduced in section ST block code M transmit

antennas [56].
5.3 A General Approach to Differential Space-Time Schemes

In this section, a general approach to differential modulation for multiple
transmit antennas based on group codes are proposed. This approach can be applied to
any number of transmit and receive antennas, and any signal constellation.

In the previous section, a differential detection scheme for M=2 transmit
antennas based on Alamouti’s code (4.18) is introduced. This scheme shares many of
the desirable properties of DPSK. However, the scheme also has a limitation. The
encoding procedure significantly expands the signal constellation for nonbinary

signaling (e.g., from QPSK to 9QAM) as shown in Figure 5.3.

55



0sp 1 05k

a5k gk

AF -

A L} L] L]

I L I I L
| 05 o 0s 1

L I L I L
-1 05 o 0s 1

Figure 5.3 Expansion of constellation set from QPSK to 9QAM

In order to cope with this problem, the group structure, which greatly simplifies

the analysis of these schemes, is proposed [14].

5.3.1 Differential Encoder

Transmitter sends X, = D to initialize transmission where D is a M x T matrix

suppose that D is chosen such that it satisfies DD" =7/ . Then, as shown in Figure 5.4

messages are differentially encoded as

X, =X,,G, [=1,...,L. (5.13)
where G, are any T X T unitary matrices such that G,G, = G;G, =1 and X, refers to

code matrices C given in previous sections with constellation 4.

Gy Xi= X11Gy
symbols Mapping

Figure 5.4 General Differential Encoder
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Hughes calls the collection of matrices DG = {DG, : VGI} a group code of

length 7 over constellation 4 [24].

The group structure ensures that X, € DG whenever X, , € DG . Moreover, the

rate of the code in units of b/s/Hz is essentially

R =(1/7)log,|DG]| (5.14)

for large L, where |DG| denotes the cardinality of DG.

We have two additional restrictions for considering the structure and

performance of differentially encoded group codes. First, we assume that DG is a

unitary code obeying DG(DG)* =1l . Clearly, DG is unitary if and only if DD" =1

and G,G, =G,/G, =1. Second, we assume for simplicity that M = 7.

5.3.2 Differential Decoder

We now derive a receiver for differentially encoded unitary group codes Y

denotes the entire received sequence givenby ¥ =[Y, --- Y, ], where
EY
Y,:W/MHX,+N, [=0,1,...,L. (5.15)

When receiver estimates Gy, it is natural to look only for the last two received blocks

V=, : 1] (5.16)

Y, are affected by the code matrices (_?G] =[X,, : X_G]. Note that DD" =,
DD =MI and M =7 imply that DD =D D" = MI . From this, we can easily show
that

GG =G/G, =1 (5.17)
which in turn leads to X, X, = XX, = MI where X, = DG, . It follows that the Mx2M
matrices (_?G] satisfy

X*
" )*} =2MI forall X, . (5.18)
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If X, , were known at the receiver, the optimal decoder for this block code

would be the quadratic receiver [1] characterized by the detection rule:

m = arg max p(Y Cm)= arg max Tr{YC,’;CmY*} : (5.19)
This equation depends only on the cross-product matrices
= X Ml MG
CG, CG, = . [Xl—l X6, ] = . "l (5.20)
(X -1 Gl) M Gl Mi

As these matrices do not depend on X, |, the receiver does not require knowledge of

the past in order to decode the current message. The quadratic receiver in Eq. (5.21) can

reduce to a simple form as shown in Eq. (5.23) following the steps

G, =arg max Tr{nglfGlz*} (5.21)
. _ Ml MG «
“C.Y =Y., 7Y "y, Y
GRS T vl T
= MY, Y, +YY +Y,GY,, +Y,,G, Y, ) (5.22)

Because the term of ¥, ,Y,", +Y,Y," is independent of choosing G,, G, can be written as

~

G, =arg max Tr{Y,G;“Y,f1 +Y,.,G, Yl*}z arg max Tr{(Y,_lGl Y )* +Y,.,G, Y,*}

DG,eDG DG,eDG

leading to

(YHGI Yy )* +Y.,G Y = ZRC(YHGI Yl*): G, = arg max Tr{Re(Yl—lGl Yl*) } ’

DG,eDG

and finally the simple form of the receiver is reached as

G, = arg max ReTr{YHG, Y,*}=arg max ReTr{GZ Y'Y, } (5.23)

DG, eDG DG,eDG

where last step in Eq 5.23 follows from the identity 7r(A4B)=Tr(BA). It is illustrated

in Figure 5.5. Here, “arg” denotes the argument of the maximum and “ReTr” is the real
part of the trace.

This receiver has a one-block delay. If the receiver knows both X, | and fading

matrix H, then receiver in Eq 5.23 reduces to

G =arg max ReTr{HX_G,Y |. (5.24)

DG,eDG
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Figure 5.5 General Differential Decoder

Note that H can be estimated by the previous received block as

E
Y, = /ﬁHXH +N,, (5.25)

H=Y_X =H+N,_X/,. (5.26)

Thus this differential receiver has the same form as the receiver for perfect CSI and the
difference are only in the quality of its channel estimates.

Generalization of differential ST schemes mentioned in the previous sections is
only considered in dimension. In other words, this representation is the matrix form of
the simple differential detection scheme mentioned in section 5.2.

Messages, X, , defining in Eq. (5.13) can be shown in a similar code form to Eq.

(4.18):

X, = {gzm _Szz+2} ‘ (5.27)

.
Sy ot

Note that messages, X,, are the transpose of C in Eq 4.18 introduced to simplify the

notation in the subsequent derivations.

X, can be represented using Eq 5.5 in terms of X, ;:

{Szm _S;:+2:| _ |:S2t—1 _S;t:||:A _B*} (5.28)
S2t+2 S;t+l S2t S;t—] B A*
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where A, B are defined in Eq. (5.4). In fact equation above is equal to Eq. (5.13). Thus
G is obtained in terms of (A, B):

A -B*
G= e (5.29)
B 4
Initial matrix can be also chosen as in section 5.2:
p- Lt (5.30)
2011 '

The general approach to differential ST schemes developed in this section shows
that Tarokh’s and Hughes’s encoding algorithms for differential ST coding are
essentially the same algorithm.

Furthermore, we can show that their decoding algorithms are also equal. But
because of very complex mathematical implementations, we provide the details of this
proof in Appendix 2. Briefly giving the results of Appendix 2, both approaches have the

same receiver models given by:

MLy poxy = arg mvin”(R1 R,)- Py

=argmin|(R, R,)-(4 B)|

and

ML e = 51 =arg max ReTr{Gl Y,*Y,_l} ) (5.31)

DG,eDG

5.4 Design Criteria

For large SNR, the performance of differential ST modulation is approximately
3dB worse than the performance of the block code DG with coherent detection. Thus,
the design criterion for differential modulation is the same as the one for coherent
modulation: the rank and determinant criteria of [41,1]. In [1], the pairwise error
probability of this receiver, Pr{C0 - Cl} was shown to be bounded by

-r

‘1{%} (c,-c)(c,-cy (5.32)

where I is the identity matrix and | . | denotes the determinant. For large SNR (p), this

bound behaves like ( Ap/4 )", where v is the rank of C, —C, and A is the geometric

mean of the non-zero singular values of this matrix [41,1]. Thus, v can be interpreted as
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the diversity advantage of the code pair [41], and A can be interpreted as the coding
advantage [1]. For codes with maximum diversity v = ¢, the coding advantage (or

product distance) reduces to a simple form:

1/v

Ap( C,,C, ):” ¢, -C

(5.33)

where || A || = | AA*| . Since the error probability is determined mainly by determinant

criterion, v, however, it is natural to focus exclusively on codes with full rank, v = ¢

(equal to the number of transmit antennas). In this case, using DD" = D*D =t , we

can express this in terms of the distance between the messages

1/t 1/¢ ~

-t|6,-G,

1/t

b

AP(CG/ ’CG/ ):H CG/ _Céz

=| pG, - DG,

Ale e, )=m,(6,.6 ) (5.34)

G’7G,

These results have important implications for the theory and design of
differential ST modulation. The most important one is that the design criteria for
differential ST modulation are the same as in perfect CSI at receiver: choose DG so that

v = t and such that A, is as large as possible. From Eq. (5.34), we can clearly choose D

to be any matrix that satisfies DD" = 7/ . Note that A, does not depend on D. Thus, the

initial matrix controls only the scalar constellation of DG but the choice of D does not

affect the performance.
5.5 Group Design Preliminaries

We assume familiarity with linear algebra at the level of [53] and group theory
at the level of [57]. A short review on group theory can also be found in Appendix 3.

In this section, we characterize all unitary group codes with M =z, full rank,
and we identify those with maximum product distance, /A,

We begin some useful results on 2x2 unitary matrices. Consider the matrix

G = . (5.35)
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If matrix G is unitary, G must satisfy det(G): exp( j 49) and G°G =1, respectively.

Under these conditions, matrix G takes the form

d=a"e’? .
a c d -c a —be’

G= G =G'=e =l G = (5.36)
b d -b a b a‘e’l

where coefficients a and b must also satisfy |a|2 + |b|2 =1 for the unitary. We say that G
is a diagonal matrix if =0 in Eq. (5.36), which we write as G = diag{a,a*eje} . We
say G is a off-diagonal matrix if a=0, and we write G = oﬁdiag{b,—b*eﬁ} .
Additionally, the nonzero entries in diagonal and off-diagonal unitary matrices always
have unit magnitude.

As mentioned before, Tarokh's differential scheme has a limitation in the
dimension issue. The encoding procedure significantly expands the signal constellation
for nonbinary signaling. In Figure 5.3, we can see that constellation growing for QPSK

signals where the constellation is expanded from QPSK to 9QAM.

This expansion is always obtained by transmitting some symbol couples in two
consecutive time slots. Therefore, we should guarantee that the codes in DG* have unit

energy in order to find optimal codes without constellation expansion. Because of Eq.
(5.36), DG and DG* must be

a —be’ (a—b) —(b*+a*)ej9
G= = DG =
b ae” (b+a) (a* —b*)ejg
(a—b)a —b(b* +a*)ej‘g ) —a*(b* +a*)e-’29
= DG’ = , (5.37)
(b+aa +b(a* —b*)ej‘g —(b+a)pe’ +a*(a* —b*)eﬂg

where D is chosen as Eq. (5.30).

We have five equations to obtain unit energy codes DG and DG’ :

|a|2+|b|2 =1, |a—b|2 =1, |a+b|2 =1
‘(a—b)a—b(b* +a*)eﬂ"2 =1, ‘(b+a)a+b(a* —b*)ew‘2 =1, (5.38)

where unknown variables are a, b and exp( Jj 6?).
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Let us get a=x+yj, b=z+vj. Thus, from the first three equality in Eq.
(5.38), we can find

x*+y*+z°+v? =1 and xz=—yv. (5.39)

If exp( Jj 9) is not a complex vector, it will be 1 or -1. Under this condition, group G is a
special unitary group. Thus we can get
xz=0and yv=0 for exp(j6)=10r—1. (5.40)
Finally, we have three equations with four unknown variables:
x*+y’+z°+v =1, xz=0and yv=0 (5.41)
Now, we analyze unitary groups in the perspective of capacity. The minimum

product distance in Eq. (5.34) is
alc, ., )=tmina, (G .G ).

G, #G,

Every unitary ST group code is equivalent to one with initial matrix D. For this D, We

can chose the minimum product distance criterion to design group codes such that

A,= min A,(D.DG, ) (5.42)

G, €G,G, =1

is as large as possible. Once again, A, >0 if and only if the code achieves the

maximum diversity advantage with full rank. Eq. (5.42) can be reduced to a simple

form:
A= min [DI-GYi-GYD| = min |1-G]". (543
G, €G,G, #I G, €G.,G, #1
From Eq. (5.37), we have the unitary matrix G
X+ (—z+vj)ej9 l—x—yj (z—vj)ejg
G- = |r-6|= (5.44)
24y (x=yj)e’ —z=y 1=(x—yj)e’’

For special unitary group codes, e/’ =1. Hence after necessary calculations, we obtain

Ap as:

A, = 4mxax 1- x| for M = 7, (special unitary group codes). (5.45)

And finally, we can design optimum group codes which supply Eq. (5.41) and
maximize Eq. (5.45).
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5.6 Optimal Unitary Group Codes

For M =17, Hughes showed in [24] that all full rank unitary group codes are
equivalent to either a cyclic group code or a dicyclic group code (also called dihedral).

For example, if u,, = exp(2nj/m), the matrix

X = (5.46)

generates a cyclic group of order m, which we call the (m, k) cyclic group. This group

supplies the design criteria given in the previous section: a=u,, b=0,

m

0 =2n(k+1)/m. It is easily shown that the minimum distance of this group is

A, = l<Ingin_l8|sin(z;z/m)sin(lk;z/m)| (5.47)

P

which is positive for all odd %k For a given m, the smallest distance is
A, =8sin*(x/m), which is achieved by k=1 and k=m—1.
These groups can often be represented in smaller constellations by using an
offdiagonal generator. For example, the group generated by
0 u,,
X = (5.48)
1 0
is equivalent to an (m,m/2+1) cyclic group since the eigenvalues of X are +u, . This
group code takes values in the m/2-PSK constellation if it is used with the initial matrix
in Eq. (5.30). This group is also unitary: a =0, b=1, 0 =x(m+1)/m.
We can also consider dicyclic (dihedral) group codes for differential ST coding

schemes. These groups can always be generated by two elements. For example,

u,, 0 0 -1
G=(x.7)= , (5.49)

is also unitary: 6 =27, b=u,,,, a=0.
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5.7 Selection of The Matrix G,

In section 5.2, Tarokh uses the orthogonality property to choose the vector
couple of (A B). The information bits are mapped to this vector couple by one-to-one
mapping. Group code matrices G; given in previous sections are also chosen in the same
way if we use orthogonal codes as Alamouti’s codes. Note that this mapping algorithm
is used only in the case that the determinant of all G;is equal to 1 or —1. Otherwise,
another mapping algorithm can be used, but it must be more complex than orthogonal
mapping.

Another approach to mapping algorithms is introduced in [27]. In that paper, in

order to get G,, the authors mapped information bits to G,/G, , instead of G,. Using

this algorithm, they could find a new double differential receiver structure.
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CHAPTER 6

PERFORMANCE RESULTS

In this section, unless otherwise stated, all simulation results are obtained over
uncorrelated narrowband or nondispersive Rayleigh fading channels as mentioned in
Chapter 1.

Our main assumptions are given as follows:

* The average signal power received by the each receiver antenna is the same.

* The total transmit power is always 1 for orthogonal codes.

* The receiver interference and noise are assumed to have Gaussian distribution with
zero mean and variance 6> = 0.5/SNR per complex dimension.

* We use independent complex Gaussian random variables with variance 0.5 per real
dimension to model the path gains.

* Speed of remote unit v is assumed to be 6 km/hour.

* Operating carrier frequency f. is assumed to be 1900 MHz.

* The fade coefficients are assumed constant over a block of transmitted code in
theoretic aspects. This is a reasonable assumption given that the symbol duration T is
small when compared to the speed of change in a wireless channel described by the
maximum Doppler frequency f,, (As mentioned in Chapter 1, Eq. (1.10) can describe
maximum Doppler frequency). Choosing 10 Hz for f,, this assumption is almost
obtained unless using the same coefficients in one block.

* We transmit 410° bits in order to reach a sensitivity level of 107 for bit error rate.

In the following sections, we compare the performance of various combinations
of STBCs in coherent and differential systems.

In coherent systems, the information source is encoded using a space—time block
code, and the constellation symbols are transmitted from different antennas. The
receiver estimates the transmitted bits by using the signals of the received antennas. The
theory of coherent STBCing was examined in Chapter 4. In the simulations, our main
assumption is that the receiver has the perfect knowledge of the channels' fading
amplitudes.

In differential systems, the information sequence is mapped onto a matrix G and

then G is differentially encoded and transmitted. The receiver estimates the matrix G by
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using the signals of the received antennas and then the transmitted bits are obtained with
the aid of an inverse mapping algorithm as described in detail in Chapter 5.

In this chapter, we present the simulation results for comparing various coherent
and differential STBCs. All of the simulation results including the ones in this chapter

are given in Appendix 4.

6.1 Performance Comparison of Various Coherent STBCing Systems

In this section, the performance of various STBCs with perfect CSI are
investigated and compared with each other and MRRC technique. All of the
investigated STBCs, namely, the C,, C;, C4 codes are

S, S, S5 s, S, S5 Sy
-5, s, =8, -5, s, =8, S5

— S, Sy S — S, Sy s, =S,

S A ) ) S ) ) S S

0 1 4 2 4 2 1

C, = C, = ) and C, = ’

2 * * > 3 * * * 4 * * * *
-8 S, S, S, S5 s, S, S5 Sy

* * * *

-5, S, =8, -, s, =8, S5

* * * *

=S, Sy S, -5, =S, s, =S,

* * * * *
| =S, —5; S, | =S, S8, S, Sy

6.1.1 MRRC and STBC C,

Figure 6.1 and Figure 6.2 show the bit error rate (BER) performance of MRRC
and the STBC C, for uncoded coherent BPSK and QPSK. As mentioned before, total
power received from both transmit antennas in the ST coded system using C, is the
same as the received power in transmit of the single transmit antenna system with
MRRC. It can be seen in Figure 6.1 and Figure 6.2 that the performance of the STBC C,
with two transmitter antennas and a single receiver antenna is about 3 dB worse than
two branch MRRC, even though both systems have the same diversity order of two. The
3 dB penalty is incurred because the transmit power of each antenna in ST coded
arrangement using C, is only half of the transmit power in the MRRC assisted system in
order to ensure the same total transmitted power. If each transmit antenna in STBCing
with C, was to radiate the same energy as the single transmit antenna for MRRC,

however, the performance would be identical. In other words, if the BER was drawn
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against the average SNR per transmit antenna, then the performance curves for ST
coded system using C, would shift 3 dB to the left and overlap with the MRRC curves.
Nevertheless, even with the equal total received power assumption, the diversity gain
for STBCing system using C, with one and two receive antennas at a BER of 10 is
about 13 dB and 23 dB, respectively, which are 3 dB worse than MRRC with one
transmit antenna and four receive antennas. The advantage of ST coded scheme is
nonetheless that the increased complexity of the ST coded transmitter is more affordable
at the BS than at the MS, where the MRRC system would have to be located in the

receive diversity case.

6.1.2 STBCs (C,, C;and C,) with Rate One (1-bps)

Figure 6.3 compares the performances of the STBCs C,, C; and C4 having an
effective throughput of 1 bps over uncorrelated Rayleigh fading channels using one
receiver antenna. BPSK modulation was employed in conjunction with the STBC C,.
As mentioned before, STBCs C; and C4 are half-rate codes. Therefore, QPSK
modulation was used in the context of C; and Cy4 in order to retain a throughput of 1 bps.
It is seen that at the bit error rate of 10'4, the rate 1/2 QPSK codes C; and Cy4 give about
6 dB and 6.5 dB gain over the BPSK system with STBC C,, respectively.

6.2 Performance Comparison of Various Differential STBCs

In this section, the performance of various differential STBCs are investigated
and compared with each other and coherent detection techniques. All the investigated

differential codes are given in Table 6.1.

Table 6.1 Cyclic codes for differential schemes

TAROKH HOCHWALD HUGHES
for BPSK for BPSK for BPSK
Y O S I P
1 0 0 j 0 -1
for QPSK for QPSK for QPSK
elm/®) 0 o010 =1
............ *) <{ . e(ﬂﬂ/g)D, R=2) <{é _jHl . D (R =1.5)

(*) Tarokh's code for QPSK is not a group code.
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Figure 6.3 Performance comparison of the STBCs C,, C; and C4 having an effective

throughput of 1 bps over uncorrelated Rayleigh fading channels

6.2.1 Differential and Coherent Detection for STBC C,

The performance of the proposed differential detection scheme in Section 5.2 is
3 dB worse than that of the transmit diversity scheme of Alamouti (which employs
coherent detection) at high signal-to-noise power ratios. In order to clarify the reason for

this 3 dB loss let us expand the noise terms N; and N, in Eq. (5.9) as follows:

N, = (Szm S142 )H Ny + N, H (SZH Szz) +NpyaNy

(6.1)
N, = (Szm S2t+2)HN;t + Ny H" (_S;z S;t) +N2z+1N;
h h
where H = and N, = (nk 77,;1).
hz _hl*

Noting that the multiplicative term in N, can be ignored at high signal-to-noise
power ratios, as it is much smaller compared to the other terms. Similarly, the term in

N, can be ignored at high SNR. The two remaining terms in N, and N, double the power
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of noise in Eq. (5.9) as compared to the coherent detection. This doubling of the noise
power is equivalent to the aforementioned 3 dB loss.

In Figure 6.4, we present the BER performance as a function of the bit energy
per noise power spectral density E,/N, for both of the coherent and differential detection
methods with the two transmit diversity systems. Only the results for BPSK modulation
are presented because the constellation set expands for other large M-ary PSK. The 3

dB loss due to differential detection can also be observed from these simulation results.

Differential versus Coherent Detection
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Figure 6.4 Performance comparison of differential detection and coherent detection for

BPSK constellation in the system with two transmit and one receive antennas.

6.2.2 Comparison of Chosen STBCs by Hochwald, Hughes & Tarokh

Fig. 6.5 shows the performance of the rate-1 space—time block code in
differential detection scheme for BPSK. As Figure 6.4 clearly depicts, noncoherent
detection performs about 3 dB worse than coherent detection as expected. We have also
included the results for the unitary space—time modulation scheme of Hochwald and
Sweldens from [9] in order to compare rate-1 differential codes. As it can be seen in the

figure, Tarokh's differential detection scheme performs more than 1 dB better than the
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code in table 6.1 at a bit error rate equal to 10™. The 1 dB loss is due to the codes used
in [9] which have not full rank as the ones in [22].

As mentioned before, Hughes shows that at rates larger than 1, Tarokh's scheme
has a limitation. Thus we provide Hughes' some other optimal unitary group codes at
different rates with the corresponding simulation results. Since these codes have

different rates, they are not comparable with other full rate codes.

comparison on codes of Tarokh and Hochwald
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Figure 6.5 Performance comparison of different codes over general differential

detection scheme using BPSK with full rate

6.3 Discussion on Coherent STBCing

The STBCing scheme requires the simultaneous transmission of M different
symbols out of M antennas. If the system is radiation power limited, in order to have the
same total radiated power from M transmit antennas the energy allocated to each
symbol should be divided by M. This results in some dB penalty in the error
performance. However, the corresponding reduction of power in each transmit chain

translates to cheaper, smaller, or smaller number of linear power amplifiers. Moreover,
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if the limitation is only due to RF power handling (amplifier sizing, linearity, etc.), then
the average radiated power from each antenna may be the same as it is in the one
transmit antenna case. Thus no performance penalty is incurred.

In coherent studies, it is assumed that the receiver has perfect knowledge of the
channel. The CSI may be derived by pilot symbol insertion and extraction. Known
symbols are transmitted periodically from the transmitter to the receiver. The receiver
extracts the samples and interpolates them to construct an estimate of the channel for
every data symbol transmitted. In the coherent transmit diversity schemes discussed in
this thesis, M times as many pilots as in the M.N-branch receiver combining scheme are
needed.

In receive diversity combining schemes, if one of the receive chains fail, and the
other receive chain is operational, then the performance loss is on the order of the
diversity gain. In other words, the signal may still be detected, but with inferior quality.
This is commonly referred to as soft failure. Fortunately, the new transmit diversity

scheme provides the same soft failure [7].

6.4 Discussion on Differential STBCing

As mentioned in the previous section, in coherent studies, it is assumed that the
receiver has perfect knowledge of the channel. The CSI may be derived by pilot symbol
insertion and extraction in slowly changing channels. But measurements show that the
statistics of wireless channels are highly variant and finding a general model that holds
in all scenarios seems to be a very difficult if not an impossible task. Therefore, there
may be scenarios or applications where coherent detection is not probable.

This motivates researchers to consider transmit diversity schemes where neither
the transmitter nor the receiver requires channel state information. Differential
(noncoherent) detection is a scheme where channel estimation is not needed.

Last three years, many papers are published on differential detection schemes.
But, so far, in differential detection, full rate codes have not been found except for the

BPSK constellation set using unitary designs although they exist in coherent detection.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS
FOR THE FUTURE RESEARCH

ST coding is a new coding/signal-processing framework for wireless communication
systems with multiple transmit and multiple receive antennas. This framework has the
potential of dramatically improving the capacity and data rates.

ST codes designed so far come in two different types. STTCs offer the maximum
possible diversity gain without any sacrifice in the transmission bandwidth. When the
numbers of transmit antennas is fixed, the decoding complexity of STTCing (measured by the
number of trellis states in the decoder) increases exponentially as a function of both the
diversity level and the transmission rate. STBCs offer a much simpler way of obtaining
transmit diversity without any sacrifice in bandwidth and without requiring huge decoding
complexity. In fact, the structure of STBCing is such that it allows for very simple signal
processing (linear combining) for encoding/decoding and differential encoding/detection.

In this thesis, we provided examples of STBCs for transmission using multiple
transmit antennas. We described both their encoding and decoding algorithms. The encoding
and decoding of these codes have very little complexity. Simulation results were provided to
demonstrate that significant gains can be achieved by increasing the number of transmit
chains with very little decoding complexity. Because of superior performance and low
complexity at the receiver-end, STBCing is an attractive solution especially for downlink
applications.

In coherent systems, it is shown that using two transmit antennas and one receive
antenna, STBCs provide the same diversity order as MRRC with one transmit and two receive
antennas. It is further shown that the scheme may easily be generalized to two transmit
antennas and N receive antennas to provide a diversity order of 2N. An obvious application of
the scheme is to provide diversity improvement at all the remote units in a wireless system,
using two transmit antennas at the base stations instead of two receive antennas at all the
remote terminals. The scheme does not require any feedback from the receiver to the
transmitter and its computation complexity is similar to MRRC. When compared with
MRRC, if the total radiated power is to remain the same, the transmit diversity scheme has a

3-dB disadvantage because of the simultaneous transmission of two distinct symbols from
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two antennas. Otherwise, if the total radiated power is doubled, then its performance is
identical to MRRC. Moreover, assuming equal radiated power, the scheme requires two half-
power amplifiers compared to one full power amplifier for MRRC, which may be
advantageous for system implementation. STBCing also requires twice the number of pilot
symbols for channel estimation when pilot insertion and extraction is used.

For more than two antennas, it is shown that as we increased the effective throughput
of the system, the performance of the half-rate ST codes C; and C4 degraded in comparison to
that of the unity rate ST code C,. This was because higher modulation schemes had to be
employed in conjunction with the half-rate ST codes Cs and C4 in order to maintain the same
effective throughput; these codes are weaker to errors and hence the performance of the
system degrades.

We have also presented a differential detection transmit diversity method. The
transmission scheme exploits the diversity given by multiple transmit antennas when neither
the transmitter nor the receiver knows the channel. We summarize the existing results for this
scenario: Transmission schemes that approach the problem using differential detection were
first proposed in [22] and independently using another approach in [24]. These were then
extended in [25, 56].

This motivates us to consider the generalization of differential unitary STBCing in this
thesis. All of constructions with the two transmit antenna differential detection schemes are
generalized for unitary group codes.

The following is a brief discussion of possible avenues for future research. In this
thesis, the signal constellations used to test the robustness of STBCs against non-dispersive
channels were BPSK and QPSK. M-ary Phase Shift Keying using values of M other than two
and four should be tested but they will most likely confirm to the results already generated to
be fairly consistent for PSK with any value of M. It would be more beneficial to test the codes
with several different types of modulation, such as Quadrature Amplitude Modulation
(QAM), Frequency Shift Keying (FSK), or Minimum Shift Keying.

In this thesis, it was assumed that the fading that occurred over each transmitter-
receiver pair was independent. In a physical system it may not be possible to place the
antennas at the minimum required distance apart, thus leading to correlated fading between
different antennas. For this reason, the performance of the systems should be shown under the
condition that correlation exists between the different fading coefficients.

Future research should also focus on iterative decoding and estimation. This is a

process where pilot symbols are used to estimate the channel, and then decoding is done using
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the channel estimates. The decoded data is then fed back into the estimator and the data is
used as pilot symbols to refine the estimate of the channel. The refined estimate is then used
to decode the data a second time. This process can be repeated for any number of iterations
until the performance reaches a desirable level. This idea leads naturally to the concept of
turbo space-time codes.

As mentioned before, in differential detection, full rate codes have not been found
except for the BPSK constellation set using unitary designs although they exist in coherent
detection. For this reason, future research should also focus on full rate codes realizations of

order modulation schemes.
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APPENDIX 1

Derivation of an Upper Bound on the Average Pairwise Error

Probability

The probability of transmitting C and deciding in favor of C is well upper
bounded by [30]

D*(C,C)E
2N

o

P(C—> C |H(),l=1,...,L) = 0O( )< exp(—Dz(C,é)-ES/4N0)

From Eq. (3.8), this probability function is simplified as follows:

DZ(C,G):ZM:iAJ|ﬁJ,| = P(C - C| B,) < exp(~(E, /4N,) fzj_v:zjwﬁr)
P(C—>(~7|ﬁﬁ)ﬁﬁﬁexp(—E /aN,)-2,18,[). (A1.1)

j=1 i=l
B, are independent complex Gaussian random variables with zero mean and

variance (.5 per dimensions. Thus | p ﬁ| are independent random variables with

Rayleigh distribution

pqﬂ-/" |) = |i—j21| e“ﬂﬁ\z/zgz ’

Ji| —
and o =1/2 = pp,[)=2-|8,|-e" (A1.2)

. 2 .. . .
or the random variable v, = | p ﬁ| has a g’ distribution with two degrees of freedom,

that is
1 n/2-1 —v; o’
v, =———v," e Py 200 [30],
0'”2”/2F(5n)

n=20’=1/2andI(H=1 =  pv,)=e"” (A1.3)

Thus to compute a bound on the probability of error, we average the right side of Eq.
(A1.1) with respect to Eq. (A1.2) or Eq. (A1.3) (We can choose each one to arrive at
Eq. (3.10), in here we are using Eq. (A1.2).
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For simplify, let x = ‘ﬁji‘ and Aj= (E; /4N,) 4,
In the general case, suppose that x; are the real roots of the equation y = g (x).

p(x;)
g'(x)

From Eq. (A1.1), y =exp (-4; . x%) = X, = /—ALln(y) , X, =— /—Alln(y)
J j

But ‘ﬂﬁ‘ >0 = x>0 and x; is not a root of y. Thus from Eq. (A1.2)

Then the pdf of the random variable Y = g (X) may be expressed as p(y) = Z

p(x)=2xe " and —x* = Ailn(y) ,

J

, 1
g'(x ):_2ijy :_2Ajy _A_ln(y) >
J

1 ()
2 —A—ln(y) e’
d ==Ly (Al.4)

)=
w 2y -ty A
Rt

The average of y is defined by [30] as

EY)= [y p(y)-dy (A1.3)

From Eq. (A1.5) with Eq. (A1.4) and x € [0,0) = y €[1,0)

-1
1 " 1 va |1
EY = —- T —+1 =1/\1+ 4. Al.6
)= f Y [A. j (1+4)) (AL6)

J J
0

And finally an upper bound on the average pairwise error probability is found as:

P(C > C)<

M
j=

N N 1 M
.11;[1+1 (E /4N,) (1,._1[1+/1j-(ES/4N0)] '
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APPENDIX 2

Proof Of Equality For Two Receiver Models In Eq. (5.31)

Tarokh’s receiver model:

From Section 5.2, we have

* * 2 2
Ry =1yl 100, = Qh11| +|h12| )AZt—l,Zt + N,
(A2.1)

* * 2 2
Ry ==r) \Fyy + 1yl = Qh11| +|h12| )BZt—l,ZI +N,

MLy ok = arg r(rA}iBI)ln(Rl R, )_ (A B )” .

ML = argmin J (Re(R, — A)) +(Im(R, — A)) +(Re(R, - B)) +(Im(R, - B))’  (A2.2)

We can easily see that some terms in Eq. (A2.2) are taken out of the expression

for ML criterion.

First term is (Re(R,)) +(Re(R,)) +(Im(R,)) +(Im(R,))’. This term can be
omitted because it has always a positive value or it is zero and it is also independent
from (4 B).

Second term is (Re(4))’ +(Re(B))’ +(Im(4))* +(Im(B))’. This term can be
also omitted because its value is equal to 1 from the unity property of (A B).

Thus we have a simple form of MLzrokw:

ML = arg 1(1}31}[— 2(Re(R, )Re(4)+ Im(R, )Im(4)+ Re(R, )Re(B)+ Im(R, ) Im(B))]

ML = arg r(r}l%));(Re(Rl JRe(4)+Im(R, )Im(4)+ Re(R, )Re(B)+Im(R,)Im(B)).  (A2.3)

Hughes’s receiver model:

From Section 5.2, we have

ML youps = G, = arg max ReTr {Gz YI*YI—I}'

DG,eDG

As mentioned in Section 5.3, Tarokh’s and Hughes’s encoding algorithms for

differential space-time coding are equal.
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Let Y, =(ry,, 7,.,) and Y, =(r,, r,). Thus we can give ML,y

estimator in terms of Tarokh’s representation:
AV A =B ||
Y'Y, = = GYY,= >
rrorT B A" ||nn nr
Re Tr{G, Y'Y, } = Re(r;rlA +r,nA"+r,rnB—r,nB" ) (A2.4)

From Eq. (A2.4), we can easily show that
Re(r;rlA +r,nA ) = Re(r;rlA)+ Re(r:rzA* ) = Re(A*rl*r3 )+ Re(r:rzA* ),

Re(r;r,B—r;1B" )= Relr;r,B)-Re(r;r,B" )= Re(B'ryry )~ Re(r;7,B"). (A2.5)

Using Eq. (A2.1), we can simplify the equations in Eq. (A2.5) as follows:
Re(d'r'r, )+ Relr;r, 4 )=Rel4" (17, + 7.7, ))=Re(4'R, ),

Re(B'ryr; )-Relr;n B )=Re(B" (ryr; —rir ) =Re(B'R,). (A2.6)

And finally we put Eq. (A2.6) into Eq. (A2.4):
Re(4°R, )+ Re(B R, )= Re(R, )Re(4)+ Im(R, )Im(4)+ Re(R, )Re(B)+ Im(R, )Im(B),

ReTr{G, Y,'Y, , |=Re(R, )Re(4)+Im(R, )Im(4)+ Re(R, )Re(B)+ Im(R, )Im(B).

Thus the same receiver model is obtained like Eq. (A2.3):
ML = arg r(l}%))((Re(Rl JRe(4)+Im(R, )Im(4)+ Re(R, )Re(B)+Im(R, )Im(B)).  (A2.7)
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APPENDIX 3

A Short Review on Group Theory

A group is a set G together with a multiplication on G which satisfies three
axioms:
(a) The multiplication is associative that is to say (xy)z = x(yz) for any three
(not necessarily distinct) elements of G.
(b) There is an element e in G, called an identity element, such that xe = x = ex
for every x in G.
(c) Each element x of G has an inverse x~' which belongs to the set G and

satisfies x 'x=e=xx"".

A group is commutative, or Abelian, if xy = yx for any two of its elements.

The order (cardinality) of a finite group is the number of elements in the group.

A group that contains infinitely many elements is said to have an infinite order.

Mathematicians usually write |G| for the order of group G. If x is an element of a

group, and if x" = e for some positive integer n, then we say that x has a finite order,

and the smallest positive integer m such that x" =e is called the order of x.

Otherwise x has an infinite order.

A subgroup of a group G is a subset of G which itself forms a group under the

multiplication of G.

An nxn matrix A is orthogonal if 4" 4 is the identity matrix. The product of
two orthogonal matrices is another orthogonal matrix. In addition, the inverse of an
orthogonal matrix is an orthogonal matrix, as is the identity matrix. Hence the set of
orthogonal matrices form a group, called the orthogonal group. An orthogonal group

that has a determinant equal to +1 or —1 is called the special orthogonal group.
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A square matrix A is a unitary matrix if 4" = A4"', where 4" denotes the
adjoint matrix and A4~ is the matrix inverse. The definition of a unitary matrix

guarantees that 4“4 =1, where [ is the identity matrix. Note that transpose is a much

simpler computation than inverse. For real matrices, unitary is the same as orthogonal.

Also, the norm of the determinant of 4 is |det A| =1.If det 4 =1 then A4 is a special

unitary matrix. The product of two unitary matrices is another unitary matrix. The
inverse of a unitary matrix is another unitary matrix, and identity matrices are unitary.

Hence the set of unitary matrices form a group, called the unitary group.

The adjoint matrix, sometimes also called the adjugate matrix or conjugate
transpose, of an mxn matrix 4 is the nxm matrix defined by A4* = 4", where the

adjoint operator is denoted with a star, ()" denotes the transpose, and 4 denotes the

conjugate operation.

One very common type of group is the cyclic group. If there is an element x in

G that generates all of G (in other words, for which <x>: G), we say that G is a cyclic

group. nth powers of x must be the identity matrix and » is the order of G. Cyclic

groups are also Abelian.

Let m be an integer which is greater than or equal to 2. 4m elements form a

2m—1 2m 2

group G:{e,x,xz,...,x ,y,xy,xzy,...,xz’”*ly} where x*" =e, y*>=e and

_ W2m-1

yx =x"""y. Mathematicians call G the dicyclic group (dihedral group) of order 4m.

Dicyclic groups are not commutative.

The quaternion can be represented using complex 2x2 matrices like Eq. (5.36).
While the quaternions are not commutative, they are associative, and they form a group

known as the quaternion group.
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APPENDIX 4

All of The Simulation Results
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Figure A4.1 Performance curves of no diversity scheme using BPSK and QPSK over

uncorrelated Rayleigh channel
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Simulations on Scheme of MRREC

(O]
2
(]
Q
(D]
—
o L}
i 2 — R N =
Py A ERRT T - |2 5 |, TR TR
[ I I 1 1 e (=} | 1 IR NN [V I T I B
Lo | 1 1 i 2] HO O p-- + - -IHH+ + wirA + 4 —1- -
i 1 1 1 i - oo 1 IR NN [V I T R B 3
i unuu .". .". i iy = L Bt TR T R IR NN [V I T O B
EE _ _ B Hg  [EEL mn e ke o |
O Oy 1 1 o g9 M= = p--nnrmas-r--innTr _._._._._n_._.._.l_lllﬁ
= o TR N I | [TRN R | < = [ = TR I T R IR NN [T T R R
|l el LR T Y | e L«U < W LI T T (IR [ I R
— m— He = HHFIA ==+ = —IHH+ + + - - ”_m ekpuv i|=— =— | TR T R IR NN neeen o
Lol i 2 g ool e e B
1 TR N I | [TRN R | o ) o 1 TR I T R IR NN [T T R R
o= oE |, morr oo = o [ & OE |, TR T R IR NN [V I T O B
<ERE ; 2 22 EEE] o hem s |
I 1 w nWJ m u i T-nNnTT IMTAT T ......”
|+yA_u 1 1 o R = _+A_u 1 1 IR NN TN T T R
1 1 1 1 1 IR NN e
L L (] md a 1 1 IR NN e 1
NN R T B | 1 oy v O = 1 1 i nin [ o
IS I R R | 1 o <= mm @ T T-TnNTT TS =
IS I R R | 1 = o = = 1 IR NN [
IS I R R | 1 ) «“ O _u.ﬂ 1 IR NN [
UL L i _nun L {8 I T T Y DU ¥ 1 B N WO e Y ¥ 11 N O N SO S -t Q wu 1 IR NN [
TR — L o) = 1 i [
e R (&) o BT PRt | T 16 et T 1
Heen R [w] m IR N 1
Heen = = IR NN 1
Herr e e o rgd g o 0 e | i~ M I o IR NN 1
— Kriy i 1
R L =2 & i
IS I R R | [ - @) = IR N 1
IS I R R | [ IR NN 1
o £
g £ K mooaw - LSl N 1N el G _
IS R R mirerr o === [IRNIE
WL W ° o e
IS I R R | [IRTNR I mireer 1o O IR NN
HH+FF===HHFIA=1— - =+ 1= == 00 m = oo o _wpuowiaoa_gp Wi
IS I R [IRTN NI mirerr o = [IRNIE
IS I R R | [IRTNRIA mireer o IR NN
IS I R R | [IRTN NI mireer o MK IR NN
IS R | [IRTNRI mireer o [#p)] [IRRTN
IHH+ - - = = HH I B e B T nm [a ) _ UL
IS R R w1 = m i g
IS I R R | i mireer o [P i
IS I R R | i mireer o [a RN 1"
IS I R R | mireer 1o (e} g
1 m ] TR L -+ Aﬂm i 1
it o £ <+ 5 Xt =2 = 53 o
[ ] [ ] = < ., [} ] [
_ e Lyl - b a & ol - & ol
5]
439 = g 434
)
20 =
= <

85

Eb/Mo
Figure A4.5 Performance curves of MRRC scheme with one transmit and four receive

antennas using BPSK and QPSK over uncorrelated Rayleigh channel
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Figure A4.6 Performance curves of Tarokh's scheme in Eq. (4.42) with three transmit
and one receive antennas using BPSK and QPSK over uncorrelated Rayleigh channel
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