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Abstract

The first contribution is based on M-ary quadrature amplitude modulation (M-QAM) constellations
with signal space diversity (SSD) using a single transmit and L receive antenna system in the presence
of Rayleigh fading. Two commonly used techniques to derive an angle of rotation is investigated
across different ordered M-QAM signal constellations to determine the optimum angle of rotation for
this system. Thereafter a closed form expression using the nearest neighbour (NN) approach to
quantify the symbol error rate (SER) in the presence of fading channels is presented. The diversity
order and the signal-to- noise ratio (SNR) gap is investigated for different generalised selection
combining (GSC) cases for an M-QAM with SSD system.

The second contribution is based on an Alamouti coded M-QAM scheme with SSD and GSC using a
two transmit and L receive antenna system in the presence of Rayleigh fading. A closed form
expression using the NN approach is used to accurately derive the SER performance of an Alamouti
coded M-QAM with single rotated SSD and GSC system. An additional level of diversity is added by
rotating a constellation once again. Simulation results of M-QAM with double rotated SSD and GSC
are used to compare the actual performance differences between single and double rotated SSD for
this system. All deductions presented are validated with the aid of simulations.



Table of Contents

DECIAIALION L.ttt b e st b ettt b e bbb bt et ettt ne bt e nen ii
DIECIATATION 2....c..eieiitcirtete ettt b ettt et iii
ACKNOWIEAGEMENTS......c.victieiictictete ettt ettt e s be e b e s teere e beste e st e beesaestesreensestaessessesseensenes iv
AADSITACT ...ttt bbbt a bbbt b ettt n bbbt nre e v
LIST OF FIGUIES ...ttt st b ettt b e b sa e b e e e s an st ens viii
ST OF TADIES...... e et e e iX
LISE OF BCTONYIMS ...ttt sttt et b bt b e sb e bt et et eaeebeebenaenen X
PAIT L. e s r et sr e 1
Lo INETOTUCTION ...ttt b et bttt s ettt b ettt b e 2

1.1  Spatial diversity — Generalized Selection Combining (GSC) .......ccevevvveeceieeiereceereceenn, 3

1.2 Signal Space dIVErSILY (SSD).......cceriririerieieieiieiirieeteste sttt ettt b et se et sse s e 4

1.3 Alamouti COdING SCNEIME.......c.eiuiiiiriiriiteietete ettt sttt sse b e 6
2. Motivation and ReSearch ODJECTIVE .........ccueieiriiirieresereee ettt 7
3. Contributions Of INCIUAEA PAPELS ......ooviirieieceeeeceeee ettt st ra et s an et reeanas 8

3.1 T 01T RS SR 8

3.2 10 1=] = RS SR 8
A, FULUIE WOTK ...ttt b ettt n et 9
5. RETEIBINCES. ...ttt 9
P T oo e e 12
e 01 USSR 13
AADSTIACT ...ttt h bbbt h bbbt b et h et b et n bt ne e 14
AL INTOTUCTION ...ttt 15
A2, SYSEEM MOEI ...ttt st e e beste e st e sseessestesseensesreeneens 17
A3, Optimal Angle OF ROLALION. ........ccieierierieere ettt st re e e e sreennens 18
A, Performance ANAIYSIS .......coiiieciiiceece ettt et sttt e s teebe et e ste et e beeaeeresbeeneas 20
A.5.  Diversity Order and SNR GaP ....ccoeeeiieieereeee ettt et 25

AL, DIVEISIEY OFULE ..ttt ettt sttt et e st st et esbeestenbesaeentesseeneeneesneeneas 25

TS | N\ T o USRS 28
ALB.  RESUITS ..ottt 30

A6.1  SER of M-QAM with SSD in Rayleigh fading..........ccccoeevveveniecenicesesecee e, 31

AB.2  SNR gap relationShip ....ccooieieeieeese ettt 33
AT, CONCIUSION .ttt b e e b s et be st ene e 35

Vi



PADEE Bttt bbbt b e Rt bRt s h e Rt e e e et be e renreene e resreenes 38
AADSITACT ...ttt bbb bbbttt b et n e 39
Bl INIOUUCTION ...ttt ettt naeae s 40
B.2. Alamouti coded M=QAM with single rotated SSD and GSC ..........ccccevveeevereeriereeeerecveenn, 41
B.2.1 SYSLEM MOUEL ...ttt st ne ettt be e nes 41
B.2.2 Performance aNalYSIS.......cceoueieieirirentisicreeteiee ettt st 44
B.3.  Alamouti coded M-QAM with double rotated SSD and GSC.........cccceevvevieeiieeieereecee e 48
B4, SIMUIALIONS ..ottt ettt 50
B.4.1.  Alamouti coded M-QAM with single rotated SSD and GSC SER performance.............. 51
B.4.2.  Alamouti coded 4-QAM with 0, 1 and 2 rotation SSD using GSC with a constant number
OF FECEIVE BNTENMNAS. ...ttt ettt b et s ettt sb et 53
B.4.3.  Alamouti coded 4-QAM with 0, 1 and 2 rotation SSD using GSC with a varying number
OF FECEIVE BNTEIMNAS......c.viteneeieeiieitett ettt ettt ettt bttt sttt ettt ea e bt b e sb e s b et e s et et e st eseebesbeebeneens 55
B.4.4.  Alamouti coded 4-QAM with 0, 1 and 2 rotation SSD using SC and MRC with L=3
TECRIVE ANTEINAS. ....eveetirtertertetet ettt ettt sttt sttt et et b bt b st et et e b et e ae e st ebeeb e sb e b e st e s et enteneebeebesaeebenee 58
B.5.  CONCIUSION ..ttt sttt ettt b e bbbt e s ene e bt eaeebenten 59
2 T Y oo T=1 Vo [ OSSP 60
B.6.1 APPENUIX BL ..ottt ettt ettt st sttt st be et s beeraenbesreenes 60
B.6.2 APPENUIX B2 ...ttt ettt sttt e st s b et e s te st e beeae e teereenbesteeraentesreenes 61
B.7.  RETEIENCES. ..ottt 62
Pt T oo e e 64
CONCIUSION <.ttt b et bbbt se et b et b et b et b e 65

vii



List of Figures

Fig. 1: SSD diagram for 4-QAM ........ceoiiiiee ettt ettt aa et e b e sreenaens 4
Fig. 2: Alamouti COdiNG SCNEIME .......ccuieiiiieeeeceee ettt sbesreeneans 6
Fig. A. 1: Summary of SyStem ProCEAUIE ........ccveecviiiieeieieeeetesee ettt 18
Fig. A. 2: 4-QAM Constellation to derive angle using design criteria to maximise MED.................... 19
Fig. A. 3 : Simulation results for optimal angle using the two Criterions ...........c.cceceveveveirenencreennes 20
Fig. A. 4: Un-rotated constellation for 16-QAM ... ... 30
Fig. A. 5: Rotated constellation fOr 16-QAM .......cc.ccueiiirirenirereeieeeeee e 21
Fig. A. 6: SNR difference between using full SER expression or PXA — XB only for 4-QAM......... 26
Fig. A. 7: SNR difference between using full SER expression or PXA — XB only for 256-QAM.....27
Fig. A. 8: SER - 4-QAM SSD with GSC in Rayleigh fading channel.............ccccocoveneninnininnnee. 31
Fig. A. 9: SER - 16-QAM SSD with GSC in Rayleigh fading channel..............cccoeveviienninincnee. 31
Fig. A. 10: SER - 64-QAM SSD with GSC in Rayleigh fading channel............ccccccvviiieeineeieiecneene, 32
Fig. A. 11: SER - 254-QAM SSD with GSC in Rayleigh fading channel..............cccocovveeeieeviennenene. 32
Fig. A. 12: SNR gap for different L values (MRC-SC) .....ccooviiieieieeeeeceeese et 34
Fig. A. 13: SNR gap for different Lc values at L = 3,5......ccveviiiecieceeeeeceeece ettt 34
Fig. B. 1: Summary Of SYSteM PrOCEAUIE........ccueiveeieeiecteete ettt sttt ettt ettt besbeeaa e b ereenes 42
Fig. B. 2: Rotation of 16 QAM DY @ngle 0 ...........coiiiiiiiiiee s 46
Fig. B. 3: Summary of Alamouti coded SSD with double rotation and GSC reception system........... 48
Fig. B. 4: SER of Alamouti coded 4-QAM with 1 rotation SSD and GSC - simulations vs. theory....51
Fig. B. 5: SER of Alamouti coded 16-QAM with 1 rotation SSD and GSC - simulations vs. theory.52
Fig. B. 6: SER of Alamouti coded 64-QAM with 1 rotation SSD and GSC - simulations vs. theory..52

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

DWW W E P W W T OO0 ®

Fig.

7: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (1,3)..cccceevvrvrcvereereennnn. 54
8: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (2,3). ..ccccevvvrveverrernnne 54
9: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (3,3). .cccceeererreenernennen. 55

. 10: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (1,1) ..ccceevvvevenurenenne. 56
. 11: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (2,2) ...cccccevveverrernenne 56
. 12: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (3,3) ...ccccoevveverrennnnne 57
. 13: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD with SC and MRC ................... 58

viii



List of tables

Table 1 : AlamOouti traNSMIt SEQUENCE. .......ceevviireeierieereete e et estesteete st e eestesreessesreessesbesraessesseessessesseennes 6
Table A. 1: Rotational angles for different constellations ............cccceoeeeeveeeeiicecceseeeseseee e, 19
Table A. 2: Nearest NEIGNDOUIS. ........ccvoiiiiirieeeee ettt 22
Table A. 3: Values for AM , BM and €M .........coevuerieiieieininiiriesesiesieieeee et 24



List of acronyms

3G 3 Generation

4G 4™ Generation

AWGN Additive White Gaussian Noise

BER Bit Error Rate

CsSlI Channel State Information

DVB-NGH Digital terrestrial Video Next Generation Handheld
DVB-T2 Digital terrestrial Video Broadcasting system
FER Frame Error Rate

GSC Generalised Selection Combining

GSM Global System for Mobile communications
i.i.d Independent and Identically Distributed
LTE Long Term Evolution

MED Minimum Euclidean Distance

MGF Moment Generating Function

MIMO Multiple Input —Multiple Output

MISO Multiple Input —Single Output

ML Maximum likelihood

MPD Minimum Product Distance

M-QAM M-ary Quadrature Amplitude Modulation
MRC Maximum Ratio Combining

MSLB Multiple Sphere Lower Bound

MSUB Multiple Sphere Upper Bound

NN Nearest Neighbour

PDF Probability Density Function

PEP Pairwise Error Probability

SC Selection Combing

SER Symbol Error Rate

SNR Signal-to-Noise Ratio

SSD Signal Space Diversity.

STBC Space Time Block Codes




Part |

Introduction



1. Introduction

Technology has revolutionised the way in which the world is now connected with wireless
connectivity becoming more prominent in recent devices. In the last decade wireless communication
usage increased at an exponential rate leading to bottle necking of data throughput, increased

interference and other communication shortfalls in terms of reliability and speed.

Previously wireless communications were primarily required for less intensive, low bandwidth
consumption such as voice calls and text messaging. Today wireless communication is employed for
video streaming/calling, broadband internet and even gaming, all of which requires high bandwidth
and a low latency connection. This creates an increased requirement for enhanced, faster, more

steadfast wireless communication systems.

There have been many advances in different wireless communication techniques which are applied in
communications today. Previously the global system for mobile communications (GSM) was the
primary underlying communications infrastructure which provided low bandwidth connectivity for
basic mobile cell-phone activity. Today, we have fourth generation (4G) mobile networks, such as the
long term evolution (LTE) and LTE advanced networks [1] which offer high speed connectivity. New
advances in mobile wireless communications strive for minimising power consumption and size
whilst having an overall net improvement on communications. However, just as GSM became
inadequate to connect the world, these new advances in LTE networks will soon be incapable of
keeping the world connected too. This drives a constant demand for further advances in

communications and motivates one into investigating alternative means to improve communications.

Reducing the effects of multipath fading will result in communication improvements as multipath
fading contributes considerably to performance reductions in wireless networks [2]. Diversity
techniques have been applied to combat the effect of fading and increase transmission link reliability.
One of the most popular diversity techniques which has been investigated and applied in electronic
devices is the use of multiple signal paths via the introduction of spatial diversity. Spatial diversity has
been at the forefront of diversity techniques for many years and has been investigated and applied to
mitigate fading. Recent electronic devices take advantage of spatial diversity techniques such as in the
Samsung Galaxy S5, where multiple antennas are evident [3]. Mobile receiver nodes have the
drawback of size and power constraints being imposed upon them, allowing only a certain number of
antennas on the device. This fuels the demand for alternative diversity techniques which balance

power, complexity and physical receiver size.

A simple transmit diversity technique more commonly known as Alamouti space time block coding

(STBC) was proposed in [4] to introduce diversity into a system. It is one of the most commonly



applied space time block codes [5]. Alamouti makes use of transmit antenna diversity and time

diversity in order to increase the overall diversity of a system.

Another example of a diversity technique that offers performance improvements is known as signal
space diversity (SSD). SSD introduces diversity into a system without the cost of additional
bandwidth or antennas [6], hence making it a suitable diversity technique for mobile communication

enhancements.

The three main diversity techniques which are considered in this dissertation are spatial diversity with
the use of generalised selection combining (GSC), SSD and Alamouti coding scheme. More details of

these schemes will now be presented.
1.1 Spatial diversity — Generalized Selection Combining (GSC)

A typical signal travelling between two points which are not in line of sight, will in most cases
experience what is known as multipath fading. This refers to the multiple paths a signal may follow
during each transmission. Reflections, refractions, phase shifts, attenuations as well as interference all
contribute to multipath fading. Spatial diversity is a diversity technique used to reduce the effects of
multipath fading.

Multiple receive and/or transmit antennas provide multiple signal paths and the probability of all
channels experiencing a deep fade at the same time is low, therefore providing diversity. Multiple
channel systems use this as a means to improve bit error rate (BER) and/or symbol error rate (SER)
performance [7]. Multiple — input multiple — output (MIMO), multiple — input single — output (MISO)
and single — input multiple — output (SIMO) are systems which apply spatial diversity. The SER

and/or BER performance can be improved by combining signals from multiple channels [8].

Two commonly used signal combing techniques are Maximum ratio combining (MRC) and selection
combining (SC). MRC involves the combination of all receive antennas and hence results in optimal
performance but at the cost of increased detection complexity due to combining signals from multiple
antennas whilst SC selects a single branch based on the highest instantaneous signal-to-noise ratio
(SNR) [9]. The complexity of combining signals with MRC is relatively high and becomes even more
complex when applied to high complexity communication networks of today, such as when applying
MRC to the popular third generation (3G) communication technique, wide band code division
multiple access (WCDMA). On the other extremity SC, does not fully exploit all available receiver
diversity [7]. In order to balance performance and complexity a hybrid scheme can be applied known

as generalized selection combining (GSC) [7, 10].

Let L be the total available receiver antennas. In GSC a subset L denoted as L. antennas are chosen

from the highest SNR. GSC has the following terminology and is typically expressed as GSC (L, L).



Suppose that there are L independent and identically distributed (i.i.d.) fading channels. Let h; be the

fading coefficient and y; = % |h;|? be the instantaneous SNR of each It diversity branch where
0

le[1:L]and % is the SNR per symbol. Then the combined SNR using GSC can be written as [10].
0

YGsc = ZlLil )4} 1)

GSC can result in SC or MRC depending on the value of L.. Due to the complexity drawback of
MRC, GSC appeals as a more efficient solution to combat fading.

1.2 Signal space diversity (SSD)

The idea of rotating a signal constellation was first proposed in [11]. Rotated constellations form the
basis of SSD which involves rotating a signal constellation about a certain angle. The rotation of a
signal constellation is important in SSD, but the diversity which is gained can only be realised after
the signal points have been component interleaved. These two operations exploit the inherent

diversity of signal constellations.

A conventional M-ary quadrature amplitude modulation (M-QAM) signal constellation is rotated by a
certain angle. Constellation rotations makes the system more immune to deep fading as no two points
will collapse at the same time as stated in [6]. This is illustrated in the Fig.1 below and can be seen
that if fading does occur, unlike the non-rotated constellation, the rotated constellation’s four points

each have different in — phase (real) and quadrature — phase (imag) components.

¢ S[e—- e
v v
Real
F M
1| Real
e =SS ®
Imag

Fig. 1: SSD diagram for 4-QAM [6]

Each constellation is rotated by a certain angle. The purpose of rotating is to achieve the maximum
number of distinct components in the new rotated signal constellation [6], as this will ensure
maximum performance in terms of SER. Two dimensional SSD has a maximum attainable diversity

order of two [6]. In order to achieve diversity, is it assumed that no fading correlation between the in-



phase and quadrature components occur and this is achieved through the addition of component

interleaving and de-interleaving before and after transmission respectively [12].

One of the benefits of exploiting SSD is that it does not require any additional bandwidth,
transmission power or antennas. It does however require a more complex maximum Likelihood (ML)
detector at the receiver. In [6], it was shown that the performance of a rotated constellation in a
fading channel can perform as good as a non-rotated constellation in a pure additive white Gaussian
noise (AWGN) channel. This shows that SSD focuses on combating the effects of fading. SSD results
in a diversity order of two for 16-QAM [6]. Due to the many advantages of employing SSD, it has
made its way into current communication standards which are being used today such as in the digital
terrestrial video broadcasting system (DVB-T2) [13]. Conventional DVB-T2 applies a single rotation
to achieve a maximum attainable diversity order of two with SSD.  Further rotations have been
applied in [14] to further increase the diversity of SSD. There is no limit on how many rotations one
can have in SSD, but with each rotation an additional level of interleaving is required and hence a
more complex detector will need to be used at the receiver. However, the BER/SER performance
improvements will not be significant. According to [14], a new attainable diversity of four is
achieved with the addition of a second rotation and interleaving/de-interleaving process. This was
applied to increase the performance of digital terrestrial video next generation handheld (DVB-NGH).
However, current literature does not present any analytical solution for double rotated constellations.

Rotational matrixes are applied to rotate the signal constellation. In [15], a complex matrix was
applied whilst the most common matrix type still remaining the real matrix as can be viewed in [16,
17]. For the purpose of this dissertation a real rotational matrix will be applied for all constellation
rotations given by [16].

g _[cosB sinf
R _[—sine 6059] 2)

where 0 is the rotational angle.

Different optimal angles have been applied depending on the system model. In [18], two methods
were considered for rotation angle. The design criterion as defined in [18] which is based on
maximising the minimum Euclidean distance (MED) is a popular technique used to derive an optimal
angle [18, 19]. The maximising of the minimum product distance (MPD) approach is an alternative

criterion used to evaluate an optimal angle of rotation [18, 20].

SSD performance has been evaluated using various methods. Two of the most common evaluation
methods which have been applied are the union bound and the nearest neighbour (NN) approximation.

The union bound was applied in [6, 17, 20 - 23] whilst the NN approach was applied in [5, 16, 24].



Alternative performance evaluation techniques include the recently applied multiple sphere lower
bound (MSLB) and multiple sphere upper bound (MSUB) approximations [25,26].

This dissertation applies SSD to an M-QAM constellation as a method to improve diversity.
13 Alamouti coding scheme

The Alamouti coding scheme was first presented in [4], as a means to introduce transmit and time
diversity for wireless communications. The scheme consists of two transmit antennas and one
receiver. This is a typical MISO system which utilises two channels for transmit antenna diversity.
Furthermore a coding scheme proposed by Alamouti in [4], encodes the symbols to further improve
performance of the system. The conventional Alamouti scheme is as follows.

Tx1 Tx 2

A4 A4

hy h,
Rx 1

Channel Alamouti
estimator Combining

ML detector

Fig. 2: Alamouti coding scheme

It is assumed that during each pair of time slots the fading remains constant with full channel state
information (CSI) available at the receiver. Suppose two symbols will be transmitted s; and s, where
both symbols are elements of a M-QAM signal constellation set with E(|s;|?) = E(|s,]?) = 1.
Transmitting these symbols using Alamouti coding results in the follows during time slot T and T + t.
The Alamouti combining scheme which is presented in [4] is applied before a conventional ML

detector is used to estimate the symbols. Details of the transmit sequence can be viewed in Table 1.

Table 1 : Alamouti transmit sequence

Time X1 TX?2
T S; S,
T+t —5," 5.

where (-)* represents the complex conjugate operator.

6



Alamouti provides an extremely useful method to improve SER/BER performance as it achieves
double the receive antenna diversity without the addition of any receive antennas [4]. Similar to SSD,
an Alamouti coding scheme requires the addition of an ML detector at the receiver, which brings one
to recognise that combining an Alamouti coding scheme to SSD will result in both using the same ML

detector and therefore not increase physical hardware requirements.

Performance evaluation of Alamouti coding is fairly simple to evaluate as it is mathematically
equivalent to a single transmit antenna system with two receive antennas and half the transmit power
[4]. This approach can be extended to an Alamouti coded M-QAM system with MRC to be
mathematically equivalent to an MRC system with 2L receive antennas where L is the available

receive antennas using half the transmit power.

2. Motivation and Research Objective

In [16, 17], M-QAM with SSD and MRC was presented and evaluated using the NN approach.
However, [16] did not provide a closed form solution, but this was remedied in [17], where the union
bound and NN was investigated and presented a closed form solution for M-QAM with SSD and
MRC. Alamouti coded hierarchal modulated QAM with SSD was presented in [5]. As previously
mentioned MRC has the drawbacks of high complexity, therefore motivating a suboptimal combining
scheme choice known as GSC. M-QAM with SSD and GSC has not been presented in current
literature. This motivates an investigation of an analytical closed form SER expression for M-QAM
SSD using GSC.

Optimal angles of rotation have been researched in [17, 18, 20], different angles were considered
dependent on the SSD system. In [18], the frame error rate (FER) for signal space cooperative
communication was compared for two angles derived from the MED and MPD approach. Current
research presents the importance of each criterion. However a direct comparison for the SER of M-
QAM with SSD and GSC reception has not been presented for the different optimal angles. A direct

comparison between the two primary techniques to derive an optimal angle will be presented.

The advantages of combining Alamouti STBC with other diversity techniques is significant and hence
it has already been applied with SSD in [27] and this approach was extended for hierarchal modulated
M-QAM with SSD in [5]. To the authors’ best knowledge the SER of Alamouti coded M-QAM with
SSD and GSC has not been investigated, revealing an avenue yet to be discovered. A closed form
solution for an Alamouti coded M-QAM with SSD with GSC will be presented.

SSD with two rotations has been previously researched in [14] but this has not been investigated with
Alamouti coded M-QAM or with GSC at the receiver. This motivates one to apply a second rotation
and interleaving process on an Alamouti coded M-QAM with SSD and GSC system. The SER



improvements as well as the difference between a single and double rotated SSD in an Alamouti

coded system will be presented.

3. Contributions of included papers

All research has been covered in detail in two papers which are presented in Part Il. The details of the
papers are as follows:

3.1 Paper A

A. Essop and H. Xu, “Symbol Error Rate of Generalized Selection Combining with Signal Space
Diversity in Rayleigh Fading Channels,”2014

In paper A, M-QAM with SSD and GSC reception is presented. The NN approach is implemented
and used to evaluate a closed form expression for the SER of M-QAM with SSD and GSC reception.
The SER for different optimal rotation angles is also presented. The diversity gain of SSD with GSC
is analysed for GSC and found to be related to the total number of receive antennas. The SNR gap
power relationship between SC and MRC and hence GSC is also analysed, giving one a visual
representation of the physical performance that is realised when using GSC and changing from SC to

MRC. All findings presented are confirmed via simulations and can be viewed in paper A.
3.2 Paper B

A. Essop and H. Xu, “Alamouti Space-Time Coded M-QAM with Signal Space Diversity and
Generalized Selection Combing in Rayleigh Fading Channels,” Symbol Error Rate of Generalized

Selection Combining with Signal Space Diversity in Rayleigh Fading Channels”, 2014

In paper B, Alamouti M-QAM with SSD with GSC is investigated. Making use of the approach in
paper A, paper B will expand this approach to include the SER of Alamouti coded M-QAM with SSD
and GSC. A closed form expression for the SER is presented. The MGF for the fading coefficient of
Rayleigh fading is used to evaluate the closed form SER solution. The use of a second rotation on an
Alamouti coded M-QAM with SSD and GSC is investigated. The simulated performance is compared
directly to an Alamouti M-QAM with SSD and GSC system. The simulation results is analysed and a

conclusion is drawn from it.



4. Future Work

The first paper presents the SER performance of an M-QAM system with SSD and GSC reception
whilst in the second paper, the SER performance of Alamouti coded M-QAM with SSD and GSC is

investigated.

Both papers can be adapted to include a GSC switching algorithm which alters the value of L.
depending on the current SNR level. This is an interesting addition to the systems. The application of
double rotated SSD has been discussed in previous literature, but to date no analytical solution has
been presented, providing a further avenue of research.
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Abstract

This paper concerns M-ary quadrature amplitude modulation (M-QAM) with signal space diversity
(SSD) in Rayleigh fading channels and generalised selection combining (GSC) reception at the
receiver. The symbol error rate (SER) performance of SSD for different optimal rotation angles is
firstly investigated. Secondly a theoretical SER expression in Rayleigh fading channels for M-QAM
with SSD and GSC is derived. The theoretical approximation for GSC reception is confirmed via
simulations. Thereafter, the diversity gain of M-QAM with SSD and GSC is also analysed. Finally the
signal-to-noise ratio (SNR) gap of M-QAM with SSD is investigated between selection combining
(SC) and maximal ratio combining (MRC). The findings for the SNR gap will be verified via

simulations.
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A.l. Introduction

Over the last decade there has been a substantial increase in the number of wireless devices that utilise
wireless connectivity with a large bandwidth. This drives a demand to improve wireless
communications. In wireless communications, multipath fading is one of the main factors contributing
to a decrease in bit error rate (BER) and/or symbol error rate (SER). The application of diversity into
a wireless communication system can play a role in improving SER and/or BER performance [1].

The use of rotated signal constellations known as signal space diversity (SSD) results in a diversity
known as modulation diversity being added into a wireless communication system to improve BER
or SER performance [2, 3]. SSD can be thought of as a conventional M-ary quadrature amplitude
modulation (M-QAM) constellation, rotated by a certain angle. Rotating the constellation would allow
any two constellation points to achieve a maximum number of distinct components (constellation
coordinates) [2, 3]. With the addition of component interleaving each of the components is affected by
independent fading [3, 4]. As a result SSD offers superior immunity to noise as no two points will
collapse at the same time [2, 3].

Receiver diversity can also be used to improve BER or SER performance. Receive diversity
effectively provides multiple signal paths. This particular diversity technique takes advantage of the
low probability that deep fading is unlikely to occur simultaneously on all signal paths [1]. Maximal
ratio combining (MRC) and selection combining (SC) are two commonly used techniques which take
advantage of multiple paths [5]. MRC offers superior performance at the cost of high implementation
complexity since the receiver needs to estimate and combine all paths. SC has a much lower
implementation complexity since the receiver only needs to estimate all paths and select one path, but
the low complexity of SC results in poorer performance. To tradeoff between performance and
complexity a hybrid selection combining scheme can be used [1]. This hybrid selection combining
scheme more commonly known as generalized selection combining (GSC), is typically applied to
offer simplicity instead of optimal performance. In GSC, a subset of receive antennas are selected
based on each receiver path’s signal-to-noise ratio (SNR). This subset is then combined using MRC.
GSC is typically expressed as GSC (L, L), where L is the total number of receive antennas and L. is
the number of receive antennas which are being combined (L, < L ). GSC will result in MRC when

L. = L and similarly SC when L, = 1.

Implementing SSD together with receiver diversity can further improve BER or SER performances
when compared to a single receive antenna SSD system. Receive diversity techniques with SSD were
previously considered in [6]. SSD with MRC reception in Rayleigh fading channels was presented in
[6]. MRC has higher resource requirements when compared to SC, such as power consumption and

processing speeds. GSC allows for MRC to be used when required or a suboptimal choice between
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MRC and SC. This makes GSC more feasible, as it allows the user to select an option to favourably
use the available resources. For example in portable applications, battery capacity can be a weak
point. A system which applies a variable GSC, depending on bandwidth load or signal strength can

save significant battery power and other system resources.

GSC is a generalized combining scheme to trade-off between performance and complexity. To the
authors’ best knowledge M-QAM with SSD and GSC has not been discussed in literature. This
motivates us to investigate the SER performance of M-QAM with SSD and GSC reception in this

paper.

In a SSD system, the BER or SER depends on the rotation angle of the constellation points. This
paper focuses on two previously applied methods to derive an optimal rotation angle, namely the
minimum product distance (MPD) and the design criterion [6, 7]. In this paper the design criterion
refers to the criterion of minimum Euclidean distance (MED) on the compound constellation. In [7],
there is no discussion or direct comparison to show us which optimal rotation angle has better BER or
SER performance. The first contribution of this paper is a more direct comparison of the above two
methods with simulation results to support the choice of rotation angle. BER or SER of M-QAM with
SSD and MRC reception has been discussed in [6, 8].The second contribution of this paper is to
extend the approach in [6] to derive a closed form expression for the SER of M-QAM with SSD and
GSC reception, which has not been presented in literature.

A comparison between different methods can help one to decide which method best suits an
application. It is vital to know the BER or SER performance difference between the two extreme
cases of GSC, as this will allow one to correctly apply a blend between SC and MRC. Diversity
analysis between the two extreme cases would theoretically provide insight on the performance
difference. There has not been any recent work on the diversity analysis of SSD with MRC and SC.
Should the diversity analysis result in no change, it then becomes important to analyse the signal-to-

noise (SNR) gap between the two extreme cases.

Previous work showing the SNR gap between SC and MRC for conventional M-QAM has been
presented in [9]. However, [9] did not provide any claims as to how SSD would influence this
relationship. This also motivates us to present a diversity and SNR gap investigation for M-QAM with
SSD and GSC.

The paper is organised as follows: a system model will be presented in section A.2. In section A.3 the
optimal rotation angles derived from design criteria and product distance criteria are discussed and
presented. The theoretical SER performance is derived in section A.4. In section A.5 the diversity
gain and SNR gap are analysed. Simulation results and discussions are presented in section A.6.

Finally section A.7 draws the conclusion of the paper.
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A.2. System Model

We consider a two dimensional M-QAM SSD system as shown in Fig. A. 1, [6]. The information bits
are firstly mapped to two conventional M-QAM symbols. These two M-QAM symbols are then
rotated. Finally the rotated M-QAM symbols are interleaved prior to transmission. These can be
mathematically expressed as follows: let the original constellation and the rotated constellation be
denoted by S and X, respectively. The rotated M-QAM symbols are given by.

X; = Sl'Rg (Al)

where s; €S,s; = [s! s?]and x; € X,x; = [x! x?]. ()" and (-)? are the in-phase and quadrature

components of a signal, respectively, and the rotating matrix R? is given by [6].

g _[cos6 sinb
R —sinf cos0O (A2)

A pair of M-QAM rotated symbols is interleaved prior to transmission. A typical pair of interleaved

symbols is given by.
uy = x} + jxd (A.3.1)
uy = x + jx? (A.3.2)

The interleaved symbols w;, i € [1: 2], are transmitted in two subsequent time slots by a single
transmit antenna over L receive antennas. Each symbol is transmitted at different time slots; however
a pair of symbols needs to be received prior to retrieving the sent symbols due to the interleaving, as

de-interleaving is required.

Let the received symbols at antenna j at time slot i be denoted by r;;, where i € [1:2],j € [1:L]. 7

can be given by
rij = hijui + ni]- (A4)

where n;; is the additive white Gaussian noise (AWGN) with distribution CN~(0, Ny). h;; is the
fading amplitude of the channel which can be modelled according to the Rayleigh distributed random

variable with distribution given by Equ. (A.5).
ny i
f(hij) = a—z’exp(——’z) (A.5)

where E[ hfj] = 20% = 1.
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We assume that full channel state information is available at the receiver. Maximum likelihood (ML)
detection is performed after the interleaved pair is successfully de-interleaved. At the receiver GSC is

used to estimate the transmitted symbol. A summary of the system can be viewed in Fig. A. 1.

Component
Map data to . P i . h;;
interleaving Transmit 7
rotated
> =+ jx? Data
oints Wy = X457 J%;
Data p I, a0 W
x, = s¢R® Uzj = Xz; + JXy;
Xz = S'zRg
GSC with ML Component Receive
RX Detection | deinterleaving Data N
in% € _ o .0 € €
Data Resul;s:? X LTI ETR LY T
and ¥ I ] /
2 Yzj =T2; T JTy; s
ij

Fig. A. 1 : Summary of System Procedure

A.3. Optimal Angle of Rotation

Since the SER performance of the above system varies with the rotation angle, an optimal angle has to
be found for optimal SER performance. The purpose of finding an optimal angle is to maximise the
diversity which is gained from SSD. An optimal rotation angle can be determined by either
maximising the MPD [2, 7, 10] or by the design criterion [7]. The optimal angles derived from the
above two techniques are different. It is therefore necessary to determine which method and thus

angle will result in superior performance for M-QAM with SSD system.

Current literature discusses the importance of each method used to determine an optimal angle [2, 7,
10]. The angles which have been applied in previous literature vary depending on the system and what
the author wished to optimise. In [7], the authors showed that the MPD would result in superior
overall performance whilst the other option results in maximising the coding gain. It is important to
establish which method best suits the SER performance for M-QAM with SSD system. This section
will first provide information regarding the derivation of both optimal angles. The difference in SER
performance when using both optimal angles will be presented, along with how constellation size

influences this difference.

The design criterion is based on rotating the constellation at an angle which ensures that every point
has different in phase and quadrature components. The design criteria approach is based on

maximising the MED of the expanded constellation [10, 11]. This is done by analysing the geometry
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of the constellation and deriving an angle at which the MED is maximised. The basic concept of the

design criterion method [7] is to ensure that each component is uniquely spaced out from each other.

Real (x)
2o H A C TTTTTYTTTTTTYITTTTTYTTTTTTTY
A IS VO O OO W A
P ® I @
L R A S S b Ot
P a A T
. IR S !
: : 3 cemadioooy ilmag X
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I S R
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-2 1.5 1 0.5 0 05 1 1.5 2

Fig. A. 2: 4-QAM Constellation to derive angle using design criteria to maximise MED.

Consider the rotated 4-QAM constellation in Fig. A. 2. The Euclidean distance between the real

components of points A to B and A to C are given by d, and d,, respectively. Due to symmetry by

optimising this distance, all other distances are optimised. The system is optimized when d, = d, .

An equation which represents the above criteria can be written as [10] follows.

dgc =arg mangC{dml-n (d1 ) dz)}

(A.6)

Based on the above approach, the optimal angles for M-QAM can be derived and are shown in Table

1- [10]. The alternative method to determine the optimum angle is by maximising the MPD, which is

given by Equ. (A.7) [2,11,12].

dy = argmaxg,, {minxjixiexKx} - xi’)(xJQ —x?)| }

The optimal angles which arise from the MPD can

(A7)

also be derived and are also shown in Table A. 1.

Table A. 1: Rotational angles for different constellations

. Design Criteria Approach Minimum Product distance approach
Constellations
Opc (Degrees) Opp (Degrees)
4-QAM 26.5624 31.7
16-QAM 14.035 31.7
64-QAM 7.1250 31.7
256-QAM 3.5763 31.7
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Fig. A. 3 : Simulation results for optimal angle using the two criterions

Fig. A. 3 shows the simulation results for M-QAM with SSD using a single receive antenna and the
optimal angles derived from the MPD and the MED approach. The MPD criterion and MED are
distinguished by the dotted and solid line, respectively.

Both the design criterion MED and MPD criterion exhibit an almost identical SER performance curve
for 4-QAM. However, for 16, 64 and 256-QAM, the preferred optimal angle is the angle derived from
MPD. Thus the MPD angle of 31.7 degrees will be used for all constellation sizes. As mentioned in
[2], the optimisation angle of 31.7 degrees optimises the diversity which is gained. The results also
depict that as the constellation size increases the SER performance difference of the system when
applying each of the two angles increases. This becomes more prominent at higher M-QAM
constellation sizes and at high SNR, where the difference in the two methods amounts to a SNR gap

of approximately 6 dB

A.4. Performance Analysis

The SER performance of SSD systems has been investigated in previous work. The union bound and
pairwise error probability (PEP) are used as techniques to evaluate the SER performance of rotated
constellations in [11]. In [13], the sphere lower bound is used to evaluate the performance of rotated

constellation lattices. The authors in [14] presented a combinatorial geometrical approach based on
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parallel-type geometry to evaluate the performance of SSD and [15] extends this approach to
multidimensional lattices. The nearest neighbour (NN) approach is used to evaluate the SER of
component interleaved rotated constellations with MRC reception in [8]. Similarly to [8] the NN
approach was also used to evaluate the BER of hierarchical modulated QAM with SSD in Nakagami-
m fading channels with MRC reception in [11]. Due to the complexity of this system, the NN
approach will be implemented in this paper to evaluate SER performance. This approach considers the
nearest points to that of the test point. These nearest points are the immediate perpendicular
neighbours and diagonal neighbours. This makes the theoretical equations simpler to evaluate, with
negligible loss in accuracy [11].

| X
i mag () A Imag (X)

[a,iaa] (3a, 3a)

(aja) | (3a,a) A
i 6 .
LLLE EEUEY SRR EES EEEEE - -
i Real (X) Real (X)
Fig. A. 4: Un-rotated constellation for 16-QAM Fig. A. 5: Rotated constellation for 16-QAM

Consider Fig. A. 4.1 and Fig. A. 4.2 above, for 16-QAM, the points can be grouped into three
categories: the four points at the corners X, (the square points), the eight points on the sides,
Xsiq (the diamond) and the centre four points, X.., (the star points). Based on the NN approach the
SER for 16-QAM can be written as follows [11]

— 1 1 1
Posr M = 2P (Xeor) + 3 Pe (Xeen) + 5 Pe (Xig) (A.8)

where P, (X.0r) , P, (Xcen) and P, (X5;q) are the error probabilities of incorrectly estimating the
corner, centre or side point immediate neighbours, at the respective locations shown in Fig. A. 4.2.
Each of the above points will have immediate diagonal and perpendicular neighbours. Based on the
NN approach only the closest perpendicular and diagonal points will be considered for the SER. Table

A. 2 summarises the number of closest neighbours for each point in the respective categories.
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Table A. 2: Nearest Neighbours

Points Diagonal neighbours Perpendicular neighbours
Side 2 3

Centre 4 4

Corner 1 2

Suppose that X, is the transmitted symbol in Fig. A. 5. The nearest received symbols to X, are the
perpendicular Xz and Xj, and diagonal X¢. Based on P[X, — Xg] = P[X, —» X, ] and the NN
approach the SER for rotated 16-QAM can be given as [6, 8-11]

P @M = 3 P[X, - Xp]+2.25 P[X, - Xc ] (A.9)

where P[X, — Xp] and P[X, — X ] are the probabilities of an error occurring due an incorrect
detection of a nearby perpendicular and diagonal point, respectively. The coordinates of X, and Xg

from Fig. A. 4 and Fig. A. 5 can be given by

X, = [3a 3d] _Csoisfg g;';g (A.10.1)
_ cosf  sinf
X = [a 3a][_sin9 0059] (A.10.2)

Then the Euclidean distance between X,, Xg and X,, X can be evaluated as follows.

di_p = 4a*hf cos® 0 +4a*hf sin* 6 (A11.1)
dfc = 4a®hi (1 — sin26) +4a®h§ (1 + sin20) (A.11.2)

where h;and hg, are two different fading channels.

Given hyand hq as that fading amplitudes that the in-phase and quadrature components experience,

the conditional PEP of choosing Xg given that X, was transmitted is given by [16].

P[XA - Xp |hy, hQ] = Q< ’dziT_f> (A.12)

where Q(+) is the Gaussian Q function.

Substituting Equ. (A.11.1) and Equ. (A.11.2) into Equ. (A.12) results in the following.

P[XA - Xg |y,,yQ] =Q (\/%(y, cos? 0 +yq cos? H)) (A.13)

P[X4 = Xclv1,v0] = Q <\/§ (v; (1 +sin26) +7v, (1 — sin26) )) (A.14)
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where y; = SNR(h; )2 and v = SNR(hy )",

The error probability P[X, — Xg] can be obtained by averaging the conditional PEP in Equ. (A.13)
over the independent fading for GSC reception as shown in Equ. (A.15).

P[X, - Xg] = fooo fOOOP[XA - Xg v Yo ] fy, (VI)ny (VQ)dYIdVQ (A.15)

where f, and ny are the probability density functions (PDF) for GSC in Rayleigh fading channel
given by Equ. (A.16) from [5, Eq. 9.325].

L 1
£ = (1) [+ v (10
Le=1,-v/¥ L—L¢ _1(L—L L¢ Lem1
Where wy = ﬁ , Wy = Zl=1 (_1)Lc+l 1( ] C) (T) and
4 ly m
= ( —= Lo—2 1 l
ws =e Y(e Ly — Zﬁ:oﬁ(—é) )

The trapezoidal approximation of the Q function [11], is used to simplify the above analysis and is
given by

2 X

2
Q(x) =—(-e77 + Xpcte 2ok (A.17)
2n\ 2 k=1

where 6, = I;—Z and n is the upper limit for the summation.
The definition of a moment generating function (MGF) is given by [5].

My (s)= [ f,() e dy (A.18)

The MGF for GSC in Rayleigh fading channels can be found in [17] and [5, Page 383 Equ. 9.321]

\—Lc+1 L s7Lc\ !
Mygsc(s) = (1 = sp)~het i, o (1 — ) (A.19)
where the average SNR y = E[y;] = E[yq], E() denotes expectation.

Using Equ. (A.13) and simplifying Equ. (A.15) with the Q approximation Equ. (A.17), results in the

following.
PIXs = Xp1= [ [ {41 + A2} £, ) o (o) dvidyg (A.20)
1 o.z(yl cos? 6+y sin? 6) L B 0.2()/1 cosz. 9;-yQ sin? 6)
where 4, = ™ 05e 2 and 4, = = nle 25inZ 0y,
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Using Equ. (A.19), the error probability can be further simplified as.

1

P[X, - Xg] = aMszc (—

Z0)

em ) Myasc (_ Sizz,,fe))Jr

(A.21)
1 - 2(9) in?(6)
3 My (- Yy (SO )

- Em Sin2(6y) - Em Sin2(6y)

where: g, = 10.

Similarly, P[X, — X, ] is derived as

1 1-sin26
P[Xy » X, ]= EM)/GSC (— M, ¢sc (— Sin ) +

1 n-1 (_ 1+sin26 )M (_ 1-sin26 )
2n2k=1 YGSC\ ™ ¢, sin2(0,)) " YESC\' &, sin2(6y)

1+sin26)
(A.22)

A more general expression for GSC M-QAM SSD can be written as.
PR = AyPIXs > X1+ ByPX, — X ] (A.23)
where Ay, By and g, vary with each M-QAM constellation and are tabulated in Table A.3.

Table A. 3: Values for Ay, By and g,

Constellations | Ay By Em
4-QAM 2 1 2
16 - QAM 3 2.25 10
64 - QAM 35 3.0625 42

256 - QAM | 3.75 3.5156 170

&n 1S the average expected energy per symbol and this is calculated based on the M-QAM
constellation size. The values for A,, and B,, are the numbers which relates to the constellation size.

They represent respectively the number of immediate perpendicular and diagonal neighbours.
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A.5. Diversity Order and SNR Gap

Diversity analysis gives an indication of the diversity of a system. The amount of diversity a
communication system possesses effects the overall SER/BER performance of a communication
system. The diversity order has not been analysed for M-QAM with SSD system in current literature.
Thus this section will trace the analysis of diversity and SNR gap between the extreme cases of GSC
which is SC and MRC.

This paper shown that GSC (L. # L) achieves the same diversity order as MRC for conventional M-
QAM due to the diversity analysis. However the SER performance of GSC is worse than MRC [9].
There is in fact an SNR gap between GSC and MRC even in conventional M-QAM. The SNR gap
between SC and MRC in Nakagami-m fading channels has been investigated in [9]. However, it has
not commented on the SNR gap between SC and MRC for M-QAM with SSD. In this section the
same approach proposed in [9] will be used to investigate the SNR gap for M-QAM with SSD.

A.5.1. Diversity Order

Consider that the fading is identically distributed with the same fading parameters and the same
average SNR y for all L. channels. For the purpose of this paper the diversity gain for the extreme
cases will be derived. The extreme cases are L. = 1and L. = L, which are the SC and MRC case,
respectively. The diversity order G of a communication system can be defined as the slope of its error
probability P.(SNR) in log-scale at values where the SNR tends to infinity [18], which can be
calculated as follows [18]

_ . loglPe)]
G = limy_,o 1097) (A.24)

When L. = 1, GSC becomes SC and the PDF of SC in Rayleigh fading is given by [5]:

- L—17 -2
R () =Tt D" e (A.25)

The SER is largely dependent on the MED. Since most errors are caused by only the perpendicular
closest neighbour and not the diagonal neighbour at high SNR the SER performance of M-QAM are

greatly affected by the nearest neighbour. Therefore for diversity analysis, the SER can be simplified

so that it only considers SER introduced by P[X, — X3 ].

This above assumption is validated in Fig. A. 6 and Fig. A. 7. In Fig. A. 6 the dotted line represents
the theoretical SER which takes into account both P[X, — Xp] and P[X, — X.] for that of an
arbitrary M-QAM system, while the solid line represent the same SER expression, but with the

assumption that P[X, — X.] = 0. Fig. A. 6 and Fig. A. 7 illustrates this assumption for 4 and 256-
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QAM SSD respectively, each applying GSC with L, = 3 and L = 3. The difference in SNR when
considering the diagonal neighbours and when neglecting the diagonal neighbours is only 0.5 dB
whilst operating at 97.5 dB Fig. A. 7 illustrates the same effect for that of 256-QAM SSD.

This translates to an accuracy error for 4-QAM and 256-QAM of 0.51 % as can be seen in
Equ. A.26.1 and Equ. A.26.2 respectively.

2%~ 051 % (A.26.1)
97

05 _

=051 % (A.26.2)

The difference of 0.5 dB remains constant at all high SNR values for all M-QAM. This validates the
above statement, that at high SNR values the diagonal immediate neighbour has a negligible effect on
performance. Since the diversity gain is analysed when the SNR tends to infinity the need for

considering P[X, — X ] is negligible.

— = Theory SSD4QAM: P[X, — X, ]and P[X, — X,]
s2[, | = Theory SSD4QAM: P[X, — Xz ] only .

10

Symbol Error Rate (SER)

94 95 96 97 98 99
Average SNR (dB)

Fig. A. 6: SNR difference between using full SER expression or P[X, — Xg | only for 4-QAM
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......... — = Theory SSD 256QAM: P[X, — X, ] and P[X, — X, ]
—— Theory SSD 256QAM: P[X, — X, ] only

Symbol Error Rate (SER)
=

! : : !
97 4 9786 978 98 982
Average SNR (dB)

Fig. A. 7: SNR difference between using full SER expression or P[X, — Xg | only for 256-QAM

The SER is simplified by neglecting the effects of P[X, — X.] . Based on the Chernoff bound of
the Q function found in [19], Equ. (A.15) can be approximated as:

%(y, cos? 0+vq sin? 6)

P[X, —» Xp] < %fow fooo e 2 fy, (VI)ny (YQ)dYIdVQ (A.27)

Substituting Equ. (A.25) into Equ. (A.27) results in the following:

1+1

o _L — 1
PXy - Xp] <3 [ e e Oyttt [F T eV ay

1+1

w L in2 L _ L—11 -vo—
[ eTsve sine x§z§=(}(—1)l[ z ]e 2T dy, (A.28)

This can be simplified as follows

L! 1 L!
P[XA - XB] E (Hf’zl(l+%cosz 9)) X <H%‘:1(l+%sin2 9)> (A29)

So the SER approximation for 16-QAM which neglects the effects of the diagonal points is as follows

=~ = 12 ;_ ;_
Psgr ~ Ay P[Xy = Xp] = 0.54y(LY) (Hle(l%cosz 6)> X (Hlel(H%sinz 9)> (A.30)

Using the definition of the diversity order in Equ. (A.24) we have the diversity order of SC as

log[Am P(Xa—>xp)M—CAM]
e = 2L (A.31)

GSC = llm7_)°0
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When L, = L, GSC becomes MRC and the PDF of MRC in Rayleigh fading is given by [5]:

X
]/L_1 e ¥V

f =crar (A.32)

Similar to the diversity order derivation of SC we find the diversity order of MRC to be:

log[Ay P(X4—Xp)M—QAM]
log(¥)

Considering the results of the diversity analysis we see that both MRC and SC have the same result.
This is due to the SER difference becoming negligible as the SNR approaches infinity. This means
that the diversity which is gained between SC and all GSC cases will always be the same, as proved
by the extreme cases of SC and MRC as GSC is based on combining a subset of receivers, whilst

MRC is based on combining all available receivers.

It becomes important to perform a SNR gap analysis between the two extreme cases of SC and MRC
to provide insight on the performance differences between SC and MRC and hence GSC. The extreme
cases resulted in a diversity order of —2L each. In the next subsection the SNR gap between SC and
MRC will be derived.

A5.2. SNR Gap

An SNR gap is defined in [9] as the difference in SNR or power that is required for that of SC and
GSC to achieve the same SER when the diversity order is the same. At high SNR this gap will be
constant since the slope of the SER for both SC and MRC/GSC is invariant. This paper will derive
and discuss the SNR gap for SC and MRC. Adopting the approach proposed in [20], the SNR gap, can

be determined by the following expressions

SERMRC(y) = SERS¢(¥ G,,) (A.34)
where G, is the SNR gain.

SNR gap = 10log G,, dB (A.35)

Similar to the diversity order analysis of section A.5.1, we only consider the errors introduced by the
perpendicular point errors. The exact SER equation presented in this paper is of high complexity and
hence a closed form approximation is used to solve for the SNR gap. An approximation of the Q
function shown in Equ. (A.36) [21], will be used to derive the SER of L. = Land L. = 1 which
corresponds to the extreme cases of GSC.

Qx) = % exp (— x?z) + iexp (— sz) (A.36)

3
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Using the PDF of SC (25) and the Q approximation Equ. (A.36) to simplify Equ.
(A.15) results in the following.

o _24 - L—11 -y
P[Xy, - Xp] = (fo (126 2+% 3 )% leol(—l)l[ ] ]e Y1y d]/,)
(A.37)

B

o (1 _B 1 _2B\p _ L—1 Y=
(I G+ 3o )z [P e an)
_ 2 2 _ 2 2
where A = —cos“0 and B =—sin“0.
€x €x

Using the same SER approximation which neglects the effects of the diagonal points and evaluating
the integral above Equ. (A.37), gives

SERS¢ = A,, - P} - P%. (A.38)

where
Pslc_12<2 Gl ]ﬁ) i( Sy il ](HfTAy)) and

P& = ( YiZe (1) [L ]@) +%<%Z%=_01(_1)1[L?1]$23y)>
Similarly we have:

SERMRC = A, - Plrc Pirc (A.39)

L L L L
Am 1 1 1 2 _ Am 1 1 1
where Pygpc = 12 <_A*1 +1> +Z<—A*Z +1> and Pispe = 75 (—B*l +1> +Z<—B*3 +1)
VA% VA% YE Lear

By comparing the terms found in Equ. (A.38) and Equ. (A.39) a simplification can be made. Pgrc

can be compared directly to P. and the same applies to Pgrc with PZ. This simplification can be

used to evaluate Equ. (A.34) which results in the following

L
(5) = (Fen [ ntemy ) a0

Using basic mathematics, from Equ. (A.40) the value of G, can be determined as

- @) (A41)

SNR gapsc_mrc = %log(L!) dB (A.42)
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The same result was obtained in [20]. This proves that the SNR gap is not related to the rotation angle
or constellation size. Thus the SNR gap between a rotated and non-rotated constellation will be equal.
Since the SC-MRC SNR gap is angle independent, the SNR gap for other cases of SC-GSC SNR gap
is also. Hence a more general expression for the SNR gap between SC and GSC can be simplified for

Rayleigh fading channel directly from [20]:
SNR gapsc—csc = log(Lc! (L)' L) dB (A43)
where L. <L.

The above expression provides the SNR gap for any SC to GSC system for different values of L.. In
[20], the result was derived for non-rotated constellations, but since Equ. (A.42) for the MRC case
proved the derivation to be angle independent, Equ. (A.43) can be used directly for other GSC values
for rotated constellations. Furthermore (A.43) does not contain any angle or constellation size

dependent variables; this concisely proves the above statement.

Equ. (A.42) is verified by comparing simulation results with the expressions evaluation. Similarly

Equ. (A.43) is also verified by simulation results. Both figures can be viewed in the results section.

A.6. Results

The aim of this section is to validate the theoretical derivations produced in this paper by means of
simulations. The SER performance for rotated constellations of 4, 16, 64 and 256-QAM, at the
optimal angle of 31.7°, for L, =1, 2,3 and L = 3 is presented. Please note the extreme cases of

MRC and SC at the extreme ends of GSC is also presented in the results, i.e. L, = 1and L, = 3.

The full SER expression given by Equ. (A.23) is graphed for each case above and compared to
simulation results. This will be a means to verify the mathematical expression as well as compare how

good the system performs compared to what we would expect.

The simulated SNR gap of SC and MRC, is presented, to verify Equ. (A.42). The SNR gap between
SC and MRC for L = 1:5 is verified in the results section via simulations. Thereafter the SNR gap
for SC and GSC (L. = 1: L) will be graphed for values of L = 3,5 to verify Equ. (A.43). The SNR
gap provides more insight as to the performance compromise when switching from MRC to a specific
GSC case. It would allow one to visualise the gain/loss in performance as the L. value is increased or

decreased.

The SER simulations were performed over independent and identically distributed (i.i.d) Rayleigh flat

fading channels with AWGN and perfect channel estimation at the receiver.
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A.6.1 SER of M-QAM with SSD in Rayleigh fading
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Fig. A. 8: SER - 4-QAM SSD with GSC in Rayleigh fading channel
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Fig. A. 8 - Fig. A. 11 shows the simulated and theoretical SER performance of SSD systems with
L = 3 and different L, values for 4, 16, 64, and 256-QAM, respectively. All exhibit a small difference
in performance between the simulation results of the SER and the theoretical SER at low SNR values
(SNR < 17 dB). If more than a single bit error occurred this will still count as a single SER and hence
a slight difference in the theory vs. simulations at low SNR values. At medium to high SNR the
theoretical SER and simulation SER, for M-QAM in all GSC cases, closely overlap each other. This
difference becomes more prominent as the constellation size increases because higher order
constellations produce a greater number of errors at low SNR values and hence in practical
applications the lower SNR values are seldom used, making the difference at lower SNR values

unimportant. .

Also noticed is a performance improvement as L. increases from SC to MRC. By utilising a GSC

scheme a designer can use this information to decide on a suitable L. value for a device.
A.6.2 SNR gap relationship

The theoretical SNR gap using Equ. (A.42) and Equ. (A.43) are compared to actual simulation results.
Due to the fact that the SNR gap is constellation size independent, the simulation results are only
analysed for a 16-QAM constellation size at the optimal angle of 31.7 degrees.

Fig. A.12 shows the results for the SNR gap which has been derived in section A.5.2. From Fig. A 10
one can observe that the simulation results closely overlap the theoretical results, confirming that the
relationship is true. As the number of receive antennas is increased the SNR gap between SC and
MRC will increase at the same rate for M-QAM with and without SSD. The simulations were
performed at a constant SER of 10~7, for that of SC and MRC and the dB difference is calculated and
graphed for different number of receive antennas. At high SNR values the SER will be very small,
thus making it hard to simulate. The relationship which was derived in section A.5.2 holds when the
SNR is substantially large (SER is low at high SNR). It is then that the SER of SC and MRC will be
parallel to each other and hence a constant SNR gap between them. Due to computational
requirements and accuracy when simulating at low SER, the SNR gap has been graphed up to five

receive antenna.
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A non-linear curve representing the SNR gap between SC and MRC can be observed in Fig. A.12.
From the graph one can observe that when L =2 the SNR gap is 1.5 dB but when L =5 the difference
is4.1dB
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Fig. A.13 illustrates the SNR gap for different L. values when L=5 and L=3. This is to verify that
Equ. (A.43) from [20] is correct. As can be seen the SNR gap increases as L. increases. The graph
gives a visual representation of the SNR gap which is gained when switching from SC to GSC and
then to MRC. As can be seen the relationship is a curve which has the least SNR gap gains when L.
approaches L. For example with L =5 and L. = 2 there is an increase in the SNR gap of 2.4 dB from
that of L, = 1 (SC). But when L. =5 there is an increase of 0.2 dB from that of L. = 4. This is
useful information as one is able to realize that even though MRC is the best performing, it might not

be worth the extra complexity.

A.7. Conclusion

The use of GSC on a SSD system is presented in this paper as a possible method to improve reliable
communication. The SER performance of SSD using GSC with L receive antennas is derived in
Rayleigh fading based on the nearest neighbour approach. A closed form solution based on the MGF

function was presented in this paper.

The relationship between applying GSC (L, =1) - SC or GSC (L. = L) - MRC is derived and
proved to be positively related to the number of receive antennas. Similarly the power gain between
SC and MRC and hence SC and GSC are presented in this paper and proved to be positively related to
the number of receive antennas. GSC proved to be useful as illustrated by the SNR gap curve and the
small increase in performance as L. approaches L. This was demonstrated by the small increase in
SNR gap as L. approaches L. The scheme presented in the paper proved to be successful as it is

demonstrated that the theoretical performance closely matches the simulated performance.
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Abstract

This paper presents Alamouti coded M-ary Quadrature amplitude modulation (M-QAM) with single
and double signal rotated space diversity (SSD) and generalized selection combining (GSC) in
Rayleigh fading channels. The symbol error rate (SER) performance of M-QAM with Alamouti
coded single SSD and GSC is derived and presented in this paper. A moment generating function
(MGF) approach is used to simplify a closed form SER expression. The use of double rotated
constellations is also investigated. Simulations of Alamouti coded SSD with single and double
rotation using GSC reception are compared to each other.
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B.1. Introduction

The demand for enhanced wireless communications is perpetually increasing at an exponential rate as
new devices utilise large quantities of bandwidth and often require a low latency connection to
maintain services such as high quality video calls. Improved wireless communication systems are
therefore required and the reduction in symbol error rate (SER) can lead to better communication
links. This can be achieved by combating the effects of multipath fading via the introduction of
diversity into a communication system [1, 2].

There are various methods to introduce diversity into a system. The use of multiple-input multiple-
output (MIMO) systems is a common method employed to increase spatial diversity. Spatial diversity

provides multiple replicas of the same signal travelling through uncorrelated channels [3].

Multiple receive antennas are typically combined using three popular techniques namely: maximal
ratio combining (MRC), selection combining (SC) and generalized selection combining (GSC) [1, 4].
MRC combines the signals from all receive antennas and is hence the best performing of the three
methods. This comes at the cost of high detection complexity. SC involves choosing the best receive
antenna based on the greatest signal-to-noise ratio (SNR). It has the lowest detection complexity and
results in the poorest performance. GSC selects L. out of L branches based on largest SNRs and then
combines these signals. GSC offers a solution between the two extreme cases: MRC (L, = L) and SC
(Lc = 1) [1]. GSC is generally expressed as GSC (L, L), where (L, < L).

A two- branch transmitter diversity system, Alamouti space-time block coding (STBC), was
proposed in [5]. Alamouti (STBC) requires the use of two transmit antennas and two time slots [6, 7].
An advantage of employing Alamouti (STBC) is in the addition of transmit diversity without any
physical impact on the size and power requirements of receivers. For the purpose of this paper
Alamouti coded M-QAM will be abbreviated as Alamouti coded M-QAM.

Signal space diversity (SSD) is another diversity technique which can be applied without sacrificing
bandwidth or power [7]. Furthermore SSD does not require additional antennas or physical hardware.
It involves rotating a signal constellation about a certain angle [7, 8]. Single rotated SSD was
considered in [6, 8, 9, 10] as a method to improve SER or bit error rate (BER) performance. SSD is
not only confined to single rotated constellations therefore leading to double rotated constellations
being investigated. In [11], a double rotated SSD system was considered to provide communication
advances in digital terrestrial video next generation handheld (DVB-NGH) by improving the BER

performance.
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Alamouti space-time block coded modulation with SSD was previously considered in [6] and [9].
Alamouti space-time block coded hierarchal modulation with SSD and MRC is presented in [6] whilst

Alamouti space-time block coded conventional modulation with SSD and MRC is presented in [9].

To the authors’ best knowledge Alamouti coded M-ary quadrature amplitude modulation (M-QAM)
with SSD and GSC has not been discussed in current literature. This motivates us to investigate the
SER performance of Alamouti coded M-QAM with single rotated SSD and GSC reception.
Additionally Alamouti coded M-QAM with double rotated SSD and GSC reception will be

investigated and its performance compared with its single rotated SSD counterpart.

This paper will be organized as follows: Alamouti coded M-QAM with single rotated SSD and GSC
reception is presented in section B.2, Alamouti coded M-QAM with double rotated SSD and GSC is
presented in section B.3. Section B.4 will provide simulation results and section 5 will conclude the

paper, followed by appendix B1 and B2 in section B.6.

B.2. Alamouti coded M=QAM with single rotated SSD and GSC

The first system model considered in this paper is Alamouti coded M-QAM with single rotated SSD
and GSC reception.

B.2.1 System model

Both single rotated SSD and Alamouti coded conventional M-QAM require two time slots to transmit

and receive two symbols [5, 7].

In order for SSD to be realised in an Alamouti coded system, four symbols will need to be transmitted
during four time slots [6, 9]. Alamouti coded M-QAM with SSD requires the assumption that during
each pair of time slots the fading remains constant, i.e. over time slot pair one (time slot 1 and 2) and
over time slot pair two (time slot 3 and 4) while different time slot pairs will experience independent
fading. Two modulated symbol pairs will be transmitted across the two transmit antennas during each

pair of time slots.

For the purpose of this analysis we assume that full channel state information (CSI) is available at the
receiver. At the receiver GSC will be used to combine the signals according to the value of L.. A

summary of the procedure can be viewed in Fig. B 1.
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Fig. B. 1: Summary of system procedure.

Let the original data symbols and the rotated symbols be denoted by X and S, respectively.

Define the rotational matrix R? as [12]

g _ [cosB. sind
R [—sinG cos@ (B.1)

where 6 is the rotation angle.

Applying Equ. (1) with & = 6, the rotated points s, can be written as
s; =x; R%, i€[1:4] (B.2)

where 6, is angle of rotation, s; € S,s; = [s! s?]andx; € X,x; = [x! x?], () and (-)? are the in-

phase and quadrature components of a signal, respectively.

The rotated symbols will be component interleaved as follows.

uj = s+ js2,, i €{1:2} (B.3.1)

w; = sl + js2,, i €{3:4} (B.3.2)

Let k represent the time slot and () represent the conjugate of a variable. Applying Alamouti coded
modulation on the interleaved signals results in (uq,u,) and (—u; ,uj) being transmitted in the first
pair of time slots (k € [1:2]) while (us,u,) and (—uy ,u3) being transmitted in the second pair of
time slots (k € [3:4]). Each pair will be transmitted using two transmit antennas and received by L

receive antennas.

Let ¢, d and [ represent the time slot pair, transmit antenna and receive antenna numbers respectively,

where t € [1:2], d € [1:2]and ! € [1 : L]. Each receive antenna will receive data through a
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frequency flat fading Rayleigh channel with additive white Gaussian noise (AWGN) with
distribution CN{0, 1}.

The received signals at receive antenna [ during time slots k € [1: 4] and time slot pairs t € [1: 2] are

given below.
it = hMug + hPu, +nf (B.4.1)
rf = —h}'lui + hll'zui +n? (B.4.2)
3 _ 121 2,2 3
7 = hy uz + hy""uy + nj (B.4.3)
= —hPtuy + hPug +ng (B.4.4)

where 7 is the received signal during time slot k at receive antennal. hy¢, hi¢ = ¢M* (ef‘Pf'd),
represents the channel fading coefficient between transmit antenna d and receive antennas [ during
time slot pair t. The amplitude ((f'd) of the fading coefficient follows the Rayleigh distribution and

@@ is uniformly distributed over [0: 2r]. nf, nf = n°* +nj** is the AWGN.

Since GSC is considered in this paper the received signals for L. branches are now combined using

GSC techniques and the combining scheme given by [5, 6].

Cry= S (hY) () + 2 () (B.5.1)
Cry = YH —hA(i2) + (h) () (B.5.2)
Crs = Bt (RFY) (r2) + R () (B.5.3)
Cry = B —h () + (2) () (B.5.4)

Component de-interleaving will be performed between the time slot pairs as per Equ. (B.6.1) and Equ.
(B.6.2)

Cre= Crii+ jCrd, i €[1:2] (B.6.1)

Cry=Cri+jCrl, i €[3:4] (B.6.2)
where Cr. = [cri crd]and C = [Cr C7°.

Similar to [6], maximum Likelihood (ML) detection is used to estimate the transmitted symbols using

the decision rule provided in [5]. The estimated symbols [1:4] will be given by y,, k € [1:4] .
. ~ 1 NIK ~ Q ~Q 2
Yk = argminges (Vz |Crk — Vi%; | ) + (V1 |Crk = Vox; | ) ke [1:2] (B.7.1)

2))} k€ [3:4] (B7.2)

i — 1 NIL —Q o
Vi = argming s {(V1 |Cre’ — vl | ) + ((V2 (AR
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2
where V, = Ab1 + A2 A4 = Yo |nbd|", 2 = [z 22|t €[1:2],d €[1:2],and i € [1:4].

SSD requires an M-QAM constellation to be rotated at a specific angle to achieve optimal
performance in terms of SER. There are two commonly used techniques to derive this angle namely
the minimum product distance approach and the minimum Euclidean distance approach [13]. The
minimum Euclidean distance approach is based on maximising the minimum Euclidean distance
between points and this is done by analysing the geometry of the constellation itself. The minimum
product distance approach is based on maximising the minimum product distance. It has been shown
that the minimum product distance approach results in superior overall performance [7, 13, 14]. This
system will apply an optimal angle of 8, = 31.7° degrees derived using the minimum product

distance approach given by Equ. (B.8) [7].

d, = argmaxg {minsiisied(s} - si’)(sz —s9)| } (B.8)

B.2.2 Performance analysis

The SER of Alamouti coded M-QAM with SSD was previously evaluated by applying the nearest
neighbour (NN) approach with ML detection in [15]. In [9], the NN approach was used to evaluate the
SER of a SSD system. Alamouti coded hierarchical modulated M-QAM with SSD was evaluated
using the union bound NN in [6]. The authors in [16] present the exact SEP in AWGN of
multidimensional signal sets using two closed form bounds namely: multiple sphere lower bound
(MSLB) and multiple sphere upper bound (MSUB), whilst this approach was extended over fading
channels in [17].

This paper will consider the NN approach to evaluate the SER of Alamouti coded M-QAM with SSD
and GSC. The NN approach only considers the nearest perpendicular and diagonal points from that of

any other point in the constellation. A similar approach was implemented, in [6, 10].

In [14], it was proved that an Alamouti two transmit antenna diversity system is mathematical
equivalent to a conventional MRC system with a single transmit antennae using half the transmit
power and double the receive antenna number. This section uses this relationship to evaluate the SER

of this system.

Let the SER of an Alamouti coded M-QAM with SSD and GSC be denoted by u(Y,L., L) and a
conventional M-QAM with SSD and GSC be denoted by o(Y, L., L). A relationship between the two

has been derived in [5] and is represented below in Equ. (B.9).
Y
.U(Yi L, L) = Q(E' 2L, ZL) (89)
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where Y is the instantaneous SNR.

The SER of 16-QAM Alamouti coded SSD will be derived with aid of the relationship presented
above in Equ. (B.9). This relationship will be used to evaluate the SER of this system. This system
will be analysed as if it were a single transmit antenna system with double the L. and L values and
half the instantaneous SNR value. For a single transmit antenna system with SSD, the SER
performance can be analysed with the assumption that the in-phase and quadrature components

experience amplitude fading only.

Lety, = % (hl’f'd)2 be the instantaneous SNR for [*" branch. Then the average SNR for [t* branch
0

is given by y; = E[y;], where E; is the symbol energy. In this paper we only consider independent

and identically distributed (i.i.d.) channels, therefore we have y;, = 7.

The probability density function (PDF) for Alamouti coded M-QAM with GSC in Rayleigh fading
channels has been adapted from [[4], Eq. 9.325] for Alamouti coded M-QAM by applying the
relationship presented in Equ. (B.9).

F00 = (o) [6 + 52 03] (8.10)

-v/X _ 2L.~1
61 = —): : , 0, = lezLIZLC(—l)ZLCH_l (ZL I ZLC) (%) and

Similarly a moment generating function (MGF) for GSC in Rayleigh fading channels presented in
[18] and [[4], Page 383 Eq. 9.321] has been adapted using Equ. (B.9) and is presented below.

—2Lc+1

MYGSCAL(S) = (1 - Sg) H12=L2Lc (1 - ST/fLC)_l (B.11)
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Fig. B. 2: Rotation of 16 QAM by angle 0

An example of a single rotated constellation can be viewed above in Fig. B 2 where % and @ represent
the rotated and un-rotated points of 16-QAM, respectively. Similar to [15], the points in Fig. B 2 can
be divided into three categories: the four corner pints, X.,, (triangles), the eight points on the sides,

Xiq (circles) and the centre four points, X..,, (squares).

Using the NN approach found in [3, 6, 9], the SER for Alamouti coded 16-QAM with SSD and GSC
can be simplified as follows.

Po%M = 3 P[X, — Xz]+2.25 P[X, - Xc] (B.12)

where P[X, — Xz ] is the probability of error of incorrectly detecting immediate perpendicular points

and P[X, — X ] is the probability of error of incorrectly detecting immediate diagonal points.

Based on the derivation presented in [[10], Equ. (8),(12)]. The following equations are derived in
Appendix B1.

1
P[XA - Xp Y1, Yo ]AL = Q (J;(YI cos? 0; +yq cos? 91)) (B.13.1)

P[Xy - Xc Y1,y ]AL =Q <\/§ (v1 (1 +sin26;) +vq (1 —sin26;) )) (B.13.2)

where y; = SNR(h;)? and y, = SNR(hy )2. h; and hy, are the channel gains that both the in phase

10a?

and quadrature components experience. For 16-QAM, SNR =

0
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By averaging the pairwise error probability (PEP) over independent fading channels, P[X, — Xg 4L

can be evaluated with the following integral

P[Xy = Xpla, = fooo fomP[XA - Xp |YI'YQ]fy1(VI)ny (VQ)dYIdYQ (B.14)
where f,, and ny represent the PDF for Alamouti coded M-QAM with GSC, Equ. (B.10).

Simplifying Equ. (B.14) using an MGF function results in the following expressions, details can be

viewed in Appendix B2.

P[Xs = Xplar = ﬁMyGSCAl (— Q_;I) Mygsc™ (— &) +

& EmM

(B.15)

izn—l M Al (_ Q4 )M Al (_ L)
on &k=1 MyGsc emsin(8,)/) T YGSC ey sin?(6y)

where 6, = ’2‘—: and n is the upper limit of the summation, &,, is the average expected energy per

symbol with the values of 2, 10, 42, 170 for 4/16/64-QAM respectively. Q; = cos? 8,, Q, = sin? 6,
03 = (1 + sin 2 61), and 94 = (1 —sin2 01)

Similarly for P[X, — X141, We have

1 0 Q
P[Xy, = Xcla, = ™ yascAl (— ﬁ) MyascAl (— i) +
(B.16)
i n—-1 Al _ 3 Al _L
2n2k=1 My gsc ( em sinZ(Gk)) Mygsc ( em sinZ(Gk))

Substituting Equ. (B.15) and Equ. (B.16) into Equ. (B.12) results in the SER of Alamouti coded 16
QAM with SSD and GSC.

MQAM
Pt = AyP[X4 > Xglay + ByP[Xy > Xcla, (B.17)

where P[X, — Xp |4, and P[X, — X 141 1S given by Equ. (B.15) and Equ. (B.16), respectively. Ay,
is the number of perpendicular immediate neighbours. Byis the number of diagonal immediate
neighbours. 4y, = 2,3,3.5,3.75 and By, = 1, 2.25,3.06,3.51 for 4/16/64-QAM , respectively.

47



B.3. Alamouti coded M-QAM with double rotated SSD and GSC

The system model of Alamouti coded M-QAM with double rotated SSD and GSC is presented in this

section.

Double rotated SSD, consists of two rotations and two interleaving processes. For the purpose of this
paper both rotations will be implemented using 31.7 ° degrees (6; = 6, = 31.7 °) . For squared M-
QAM,, all rotation angles are 31.7 degrees and from a theoretical point of view it is still optimal. This
will be performed using the same rotational matrix presented in Equ. (B.1) with 6 = 6, A summary

of this system can be viewed in Fig. B 3.

xl’ XZ’
X3 X4 Alamouti
s s Rotate and Rotate and bl it N 2 Tx
X5 Xg Interleave 1 interleave 2 ransmi “| Antennas
(e sequence
X'?J XS,
Y1, V2,
V3, Va Al ti
E ,ﬂ Joint ML- Comg:_nent (_ a::?u i GsC
Vs, Ve, detection . . . combining
interleaving combining
Y7, Vs,

Fig. B. 3: Summary of Alamouti coded SSD with double rotation and GSC reception system

The first rotation procedure will follow directly from section B.2.1 but with eight symbols and
transmitted during eight time slots. Let the original data symbols and rotation no.1 symbols be

denoted by X and S. The rotated points can be computed using Equ. (B.1) with = 6, .

s; =x; R%, i€[1:8] (B.18)
where i is the symbol number, s; € S,s; = [s! s?]andx; € X, x; = [x! x?].
The first interleaving process can be written as follows.
u = s+ js2, i €{1,2,5,6} (B.19.1)
w = sl+js?, i€{3478} (B.19.2)

The interleaved data is then rotated with an angle of 31.7 ° for the second rotation.. Expanding the

rotated data will result in the following
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v = vl +jv? i €[1:8] (B.20)
where v; € V, v} =ul cosf, + uiQ(—sin 65), viQ =ulsinf, + ulQ cos 6, and 8, = 31.7 °.
A second interleaving process is required.

wy = vl + jvl i €[1:4] (B.21.1)

i+4

w; = vl +jv?, i €[5:8] (B.21.2)

The symbols are transmitted using Alamouti coding and follows the same approach as [5], which was
adapted for Alamouti coded M-QAM with single rotated SSD in section B.2.

Let t, d and [ represent the time slot pair, transmit antenna and receive antenna numbers respectively,
where te€[1:4], d €[1:2] andl € [1:L]. Similar to Equ. (B.4.1) to (B.4.4), we have the
following set of equations which represents each received signal during time slots k € [1: 8] at each

receive antenna [.
k _ 2-1 71 11 72 k
= wrh T w7y k € {1,3,5,7} (B.22.1)
k _ * Az,l * /12,2 k
= —Wh " + (Wi )h 2" + 1 ke{2468} (B.22.2)
where nf = nj"* +nf** isthe AWGN, 4, = - (k + 1) and 1, = 2 (k).

Similar to Equ. (B.6.1) to (B.6.4) , Alamouti coded M-QAM with double rotated SSD and GSC, is

combined as follows
Crie = Sy (W) () + W) ke1357  (B.231)
Crie = SHey —h2 () + (%) (") ke2468 (B.232)

where 4; = %(k +1and A, = %(k)..

In double rotated SSD only the second interleaving is recoverable and therefore one de-interleaving

process is applied before ML detection.
Cre = Cri+ jCcr2, k €[1:4] (B.24.1)
Cr = Cri+j Cr2, k €[5:8] (B.24.2)
Due to the first interleaving process in double rotated SSD each pair of interleaved symbols remains

related to each other. Consequently joint ML detection will be employed at the receiver in order to

retrieve the sent data of each interleaved pair resulting in two symbols being estimated at a time. Joint
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ML detection is based on estimating two symbols at the same time, X; and Z;. For example y; and y;

will be estimated using x; and Z; respectively.

(y1,3) = arg mingcy, {((f)l) 82| + 6 |B%Q|2) + ((pz) 63" + 69 |G§>Q|2)} (B.25.1)

Z,€eV

(r22) = argminger {61 B2'] + @ (83 ) + (60 ]62'] + @962 )} @252

Zj

(ys.7) = argming,ev, {((r’)3) |B§I|2 + (V) |BfQ|2) + ((()4) |c;z‘|2 + () |G;Q|2)} (B.25.3)

2iEV

(V6,ys) = argming.ev, {((r’r”) || + (%) |B16Q|2) + ((p‘*) 6| + (%) |G§Q|2>} (B.25.4)

Z€EV
I — 1 ~ — ~ I — 1 A 5~ A
where  BF = G — &l B = Y-Vl 6K = Gn' -2l 6k = R -2l
— ~ A A~ A A A 2
0T = XiZt Ve, Vo= AL+ A2 2 = (2] 27), 2 =[8] 22| . A% =3 |npY, ¢ €[1:4]

andd €[1:4],i € [1:8].

B.4. Simulations

This section will provide information pertaining to the SER performance improvements which are
realised when Alamouti coded M-QAM is combined with SSD and GSC. Monte Carlo simulations are
used to validate the theoretical SER expression of Alamouti coded M-QAM with single rotated SSD
and GSC. Thereafter the SER of Alamouti coding with 0, 1 and 2 rotation SSD and GSC is also is

also presented.

All simulations are conducted in i.i.d. Rayleigh fading channels in the presence of AWGN as per the
system model. It is assumed that full CSI is available at the receiver and that all antennas are

sufficiently spaced apart to avoid any correlation between channels.

Diversity analysis gives an indication of the diversity of a system. The amount of diversity a
communication system possesses effects the overall SER/BER performance of a communication
system. The diversity order has not been analysed for M-QAM with SSD system in current literature.
Thus this section will trace the analysis of diversity and SNR gap between the extreme cases of GSC
which is SC and MRC.
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This paper shown that GSC (L. # L) achieves the same diversity order as MRC for conventional M-
QAM due to the diversity analysis. However the SER performance of GSC is worse than MRC [9].
There is in fact an SNR gap between GSC and MRC even in conventional M-QAM. The SNR gap
between SC and MRC in Nakagami-m fading channels has been investigated in [9]. However, it has
not commented on the SNR gap between SC and MRC for M-QAM with SSD. In this section the
same approach proposed in [9] will be used to investigate the SNR gap for M-QAM with SSD.

B.4.1. Alamouti coded M-QAM with single rotated SSD and GSC SER performance

This subsection compares the theoretical expression derived in Equ. (B.17) to simulated performance
of Alamouti coded 4/16/64-QAM with single rotated SSD and GSC for different values of L. when
L=3.

10 —©—4QAM SSD 1 R + Alamouti (Lc=1)
—#—4QAM SSD 1 R + Alamouti (Lc=2)
10 BB~ } —0—4QAM SSD 1 R + Alamouti (Lc=3)
NN I % 4QAMSSD 1 R + Alamouti theory (Lc=1)
- e S P 4QAM SSD 1 R + Alamouti theory (Lc=2)

* 4QAM SSD 1 R + Alamouti theory (Lc=3)

R

[E=Y
o

H
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Fig. B. 4: SER of Alamouti coded 4-QAM with 1 rotation SSD and GSC - simulations vs. theory.
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Fig. B. 6: SER of Alamouti coded 64-QAM with 1 rotation SSD and GSC - simulations vs. theory

The simulated performance of Alamouti coded M-QAM with single rotated SSD (denoted by 1R) and
GSC closely match the theoretical expression derived in Equ. (B.17). These results can be viewed in

Fig. B 4 to Fig. B 6 for 4, 16 and 64-QAM, respectively. It is observed that an error in simulated vs.
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theoretical performance exists, for all M-QAM simulations when L, = 1. It is also observed as more
receive antennas are combined for L. > 2, this error between theory and simulated performance
reduces significantly. The worst case error in predicted performance compared to actual performance
amounts to a mere 0.2 dB at a SER of 107 when L. = 1. At high SNR values such as 20 dB, the
error in predicted performance vs. actual performance translates to an error of approximately 1%,
therefore becoming negligible. This verifies that the theoretical SER expression derived in Equ.
(B.17) is extremely accurate in predicting the performance of Alamouti coded M-QAM with SSD and
GSC.

B.4.2. Alamouti coded 4-QAM with 0, 1 and 2 rotation SSD using GSC with a constant

number of receive antennas

This subsection will present the SER simulated performance for Alamouti coded 4-QAM with
double/single and no rotated SSD with GSC reception. These results are compared to each other when
the number of receive antennas remain constant with L = 3, but with different GSC cases (different

values of L.).

The diversity order of M-QAM with SSD and GSC is constellation size independent [19] as illustrated
by the constant SNR gap between GSC (1,3) and GSC (2,3) at a SER of 107¢ in Fig. B 4 to Fig. B 6
for different M-QAM. Therefore only 4-QAM will be used to show SER performance improvements
of Alamouti coded M-QAM with double rotated SSD and GSC.
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Fig. B. 7: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (1,3).
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Fig. B. 8: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (2,3).
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Fig. B. 9: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (3,3).

It is observed in Fig. B 7 to Fig. B 9 that Alamouti coded 4-QAM with single rotated SSD and GSC
offers better SER performance when compared to Alamouti coded M-QAM with GSC only. Similarly
Alamouti coded 4-QAM with double rotated SSD and GSC outperforms Alamouti coded M-QAM
with single rotated SSD and GSC. As illustrated by the trend of Fig. B 7 to Fig. B 9, the first rotation
results in a larger performance improvement of approximately 2.6 dB whilst a second rotation adds
approximately 1 dB, following the same trend and speculating a third rotation will provide less than 1
dB performance enhancement and therefore will not be feasible for such a system. However,
Alamouti coded M-QAM with double rotated SSD and GSC does offer advances in SER performance

which can be realised in this system.

B.4.3. Alamouti coded 4-QAM with 0, 1 and 2 rotation SSD using GSC with a varying number

of receive antennas

In section B.4.2 the SER performance is investigated for single SSD, double SSD and different L.. It
can be seen that the SER performance not only depends on receive diversity, but also depends on
signal diversity. This subsection investigates how to choose signal diversity and receive diversity if a

target SER is required.
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Fig. B. 12: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD and GSC (3,3)

Fig. B. 10 shows that the addition of single and double rotated SSD to an Alamouti coded scheme
when L, = L = 1, results in an improvement of approximately 10 dB and 12 dB respectively. Whilst
in Fig. B 12 when L. = L = 3, the performance improvement amounts to approximately 2.5 dB and

3.5 dB respectively.

A key observation is the SER performance of Alamouti coded 4-QAM with double rotated SSD with
L. = L = 2, provides the same performance as Alamouti coded 4-QAM with L. = L = 3 from Fig. B
11 and Fig. B 9 respectively. The use of Alamouti coded M-QAM with double rotated SSD provides
the same level of diversity as adding an extra receive antenna to an Alamouti coded M-QAM with
single rotated SSD. The addition of a double rotated constellation to an Alamouti coded M-QAM with
SSD and GSC system does increase the detection complexity due to the joint ML detector being
applied, however it can result in similar performances as it’s single rotated SSD counterpart with an
extra receive antenna. This means that detection complexity can be increased in order to decrease
physical hardware requirements such as receiver antennas in order to achieve a desired SER
performance. In mobile applications this particular result is important as for mobile devices size,
weight and cost are always minimised. To conclude when less than three receive antennas are used at
the receiver, the use of double rotated SSD will provide a reasonable SNR performance improvement.
As the receive antennas are increased this performance improvement decreases substantially. The use

of a double rotated constellation can be used as means to provide further diversity to an Alamouti
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coded M-QAM with SSD and GSC system at the cost of added complexity but at the reduction of

physical antenna requirements.

B.4.4. Alamouti coded 4-QAM with 0, 1 and 2 rotation SSD using SC and MRC with L=3

receive antennas.

This section presents the simulation results for 4-QAM SSD with single and double rotation using SC
and MRC reception. The purpose of this figure is to show the performance differences between the
two extreme cases for single and double rotated SSD.

0

10

+— 4QAM SSD 0 R + Alamouti (Lc=1,L=3)
—©— 4QAM SSD 1 R + Alamouti (Lc=1,L=3)
—»— 4QAM SSD 2 R + Alamouti (Lc=1,L=3)
-3+ 4QAM SSD 0 R + Alamouti (Lc=3,L=3)
4 4QAM SSD 1 R + Alamouti (Lc=3,L=3)
- 4QAM SSD 2 R + Alamouti (Lc=3,L=3)

Symbol Error Rate (SER)

X R
10° w e X AN
0 2 4 6 8 10 12 14 16 18 20
Average SNR (dB)

Fig. B. 13: 4-QAM- SER of Alamouti coded 0,1 and 2 rotation SSD with SC and MRC

As expected the MRC case provides better SER performance compared to that of SC for both single
and double rotated SSD. However the actual SNR dB performance improvements which are realised
when implementing a second rotation is the same increase for both the SC and MRC as can be seen in

Fig. B.13, this is largely due to the total receive antennas remaining the same.
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B.5. Conclusion

The use of Alamouti transmit antenna diversity with GSC receiver diversity was applied on a rotated
constellation as a method to improve the SER. The SER performance of this system was derived for L
receive antennas in Rayleigh fading channels based on the NN approach. An MGF function was used
to approximate a closed form solution for the SER of Alamouti coded M-QAM with single rotated
SSD and GSC. The overall performance of this multiple diversity system outperforms single diversity
systems. The simulation results closely matched the closed form theoretical expression found in Equ.
(B.17). Alamouti coded M-QAM with double rotated SSD and GSC simulations proved to outperform
its single rotated equivalent system. Double rotated SSD can be used as means to introduce additional
diversity without the addition of physical antennas but at the cost of additional computational

complexity due to the joint ML detector.

The use of GSC with MIMO systems proved to be successful, especially when combined with SSD..
Alamouti coded M-QAM with SSD and GSC has many applications and can be applied to easily

introduce diversity into a communication system.
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B.6. Appendix

B.6.1 Appendix B1

Based on Fig. B 2, the rotation matrix (B.1) and the original constellation’s points results in the

following:
X, = [3a(cos 0) +3a(—sinf) +i (3a (sin8) + 3a(cos 9))] (B.26.1)
Xp = [a(cos 0) + 3a(—sinf) + i (a (sin@) + 3a(cos 9))] (B.26.2)
Using equation (B.26.1) and (B.26.2), the Euclidean distances can be computed as follows:
di_p = 4a*hf cos? 6 +4a*hf sin® 0 (B.27.1)
dic = 4a*hf (1 — sin260) + 4a*h} (1 + sin26) (B.27.2)

Given h;and h, the conditional PEP of choosing X given that X, was transmitted is given by [15,

19].
P[Xs = Xp Ihy, hol,, = Q< /%{f) (B.28)

where Q(+) is the Gaussian Q function, h; and hy, are the channel gains and d2_p is the Euclidean

distance between points X, and X. N, is the noise variance given by o2.

Using Equ. (B.27.1) and simplifying Equ. (B.28) results in

2a2 .
P[Xs = Xp |hy, ko], = Q(J (Nio) (h? cos? 6 + h sin? e)> (B.29)
Defining the SNR = 12{‘12 leads to
0
1
P[X4y = Xz V1, v ]AL =Q (J gSNR(h,2 cos? 6 + hg cos? 9)) (B.30)

Equ. (B.30) can be rewritten as

1
P[XA - Xp Y1, Yo ]AL = Q (JE(YI cos? 6 + yq cos? 9)) (B.13.1)

where y; = SNR(h; )? and v, = SNR(hy ).
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Similarly we have

P[Xy - Xc i vo ]AL =Q (\E (v1 (1 +sin26) +yq (1 —sin20) )) (B.13.2)

B.6.2 Appendix B2

A closed form SER will be evaluated using an MGF function. An MGF is defined as follows [4]

My ()= [, f,(¥) e dy (B.29)

A trapezoidal approximation for the Q function found in [6] presented below.
1 a2 X2
QM) =5 (ze 7+ Yicte 9k> (B.30)

where 0, = :—: and n is the upper limit of the summation.

Substituting Equ. (B.30) into Equ. (B.13.1) and using this result into Equ. (B.14) results in the
following:

1
2n

PIXs = Xplaw = [ [y {52+ (o2t 82)} £, 0 fy(vo)dvidyy  (B.3D)

%(y, cos? 6+yq sin? 9)

where f(y;) and f(y,) is given by Equ. (B.10), A, = e 2 and

%(YI cos? 9+yQ sin? 9)
A, =e 2sin? 6,

Simplifying the expression in Equ. (B.31) with Equ. (B.29) results in Equ. (B.15)

1 Q Q
P[Xq = Xplar = .- Myesc,, (— 1—3) Myesc,, (— 1—;) +

(B.15)
i n—-1 _ Q1 _L
2n2k=1 Mygsc ,, ( 10 sinz(Gk)) Myesc ,, ( 10 sinZ(Gk))

where Q; = cos? 6, Q, =sin?, Q; = (1 +sin286), Q, = (1 —sin26) and Mygsc ,, given by
Equ. (B.11).
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Conclusion

Performance of wireless communications is enhanced via individual diversity techniques and further
improvements can be realised by exploiting the benefits of combining multiple diversity techniques.
SSD with spatial diversity provides a substantial level of diversity making it more resilient to
multipath fading and improving SER performance. The content of this dissertation presents
communication schemes which improve the SER. Paper A, introduced M-QAM with SSD and GSC at
an optimum rotation angle whilst paper B expanded this approach to incorporate Alamouti coding

scheme.

In paper A, an M-QAM system with SSD and GSC in Rayleigh fading was investigated. A closed
form solution was presented and this was successfully validated via simulations. Rotation angles for
SSD were researched and two previously discussed methods to derive an optimal angle were
compared to each other with aid of simulations. An optimum angle derived by maximising the
minimum product distance resulted in optimal performance. A diversity analysis revealed that the
extreme cases of GSC when L.= 1 and L. = L, both provide the same level of diversity as the SNR
tends to infinity however there exists a small SNR gap between different GSC (different L, values). It
was proved that although MRC is the best performing, the dB in SER performance gained between
each L. step from SC to MRC, becomes increasingly smaller, therefore validating the use of GSC.
This phenomena was further researched with the presentation of the SNR gap between different L,
cases when L remains constant. The results revealed a mere 0.2 dB gain between switching from
GSC(4,5) to GSC(5,5) (MRC with L. = L = 5), questioning the application of the most complex

MRC and increasing motivation for the use of less complex high performing GSC.

Paper B, is an extension of paper A and includes an additional diversity compared to the system of
paper A. Alamouti coded M-QAM was applied to the system presented in paper A. The closed form
theoretical expression closely matched the simulated performance of the system, validating the
performance of Alamouti coded M-QAM with SSD with GSC for single rotation. Alamouti coded M-
QAM with double rotated SSD and GSC was also investigated. Simulation results revealed a
substantial gain in performance when applying two rotations. It was found that an Alamouti coded M-
QAM with double rotated SSD and GSC (L. = 2,L = 2) performed the same or better than an
Alamouti coded M-QAM with single rotated SSD with GSC (L. = 3,L = 3), providing an additional
level of diversity without the addition of more receive antennas but at the addition of detection

complexity.

In conclusion the work presented in this dissertation provides insight into new approaches to improve
wireless communications reliability in terms of SER performance and the aim to enhance wireless

communications was successfully fulfilled.
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