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Abstract

This thesis contains three contributions to cross quadrature amplitude modulation (XQAM)

systems. Paper A and paper B are concerning error performance analysis, and paper C involves

the design of a space-time labeling diversity scheme for XQAM.

1)

In paper A, an approximation of the symbol error probability (SEP) of a single-input multiple-
output (SIMO) XQAM modulated system over dual correlated fading channels, including
Rayleigh, Nakagami-m, Nakagami-n (Rice) and Nakagami-q (Hoyt), is derived. Diversity
combining is achieved using maximal-ratio combining (MRC), and the moment generating
function (MGF) is used to derive the average SEP equations. Tight approximations for the
Gaussian Q-function and the generalized Gaussian Q-function are derived using the
trapezoidal rule. The resulting expressions consist of a finite sum of MGF’s which are
accurate and easily evaluated. In addition, a transformation technique is used to convert
the correlated channels into independent channels which are then used in the analysis. SEP

simulation results show a tight match with the derived approximation expressions.

In paper B, the results from paper A are extended to consider an SIMO XQAM modulated
system over an arbitrary number of non-identical, correlated fading channels. Rayleigh,
Nakagami-m and Nakagami-q fading channels are considered. Diversity combining is
achieved using MRC. The MGFs for the fading channels are used to obtain the average SEP.
A transformation technique is proposed that uses knowledge of the channel covariance
matrix to convert an arbitrary number of non-identical, correlated fading channels into
independent channels, which are then used in the analysis. SEP simulation results are

shown to match well with the theoretical results.

In paper C, an uncoded space-time labeling diversity (USTLD) system with improved
bandwidth efficiency for XQAM is proposed. The proposed system is a combination of
USTLD with XQAM and M-ary phase shift keying (MPSK) modulation. A low complexity
detection scheme is proposed based on the maximum likelihood (ML) detection scheme. A
simple approach is discussed to design mappers for XQAM and MPSK which are then used
in the proposed system. Rayleigh flat-fading conditions are considered, and the tightness
achieved by a theoretical average bit error probability (ABEP) bound is investigated. By
introducing extra bits to a USTLD system via a 16-PSK phase component, the data rate for

32XQAM and 128XQAM USTLD can be improved by 20% and 14.3% respectively. Simulation



results show that the performance of the proposed system closely matches performance of

the standard USTLD system at high SNR.

Vi



Contents

Declaration 1 - PlagiariSmMi.......cccuieeieiieee ettt e et e e et e e e e are e e e e aba e e e enrae e e eenreeas i
Declaration 2 - PUBICAtIONS......c.uiiiiiiiiecccee et ree e e e s iii
Yol g Lo 1Ty 1= o F =T o Y=Y o PSR iv
Y o1y - ot AP OTSPPPRR v
I o) 7=V =TSR STR X
I o B =] o L= PRSP Xi
I o] =Tl o] o 1Y/ o o PRSP Xii
N\ Te] =1 { (o] o DO PP U UPPPU PP Xiv

Part 1: Introduction

1

4

Ta 1A ge o [N Tot i o] o DRSO PP TUU TP UPTU PPN 2
1.1 Cross quadrature amplitude modulation ..........cceeecviieeecieee e 2
1.2 Fading channel MOdelS.......uueii i 3
1.3 YT a1 e o Lo T I - 1 o RPN 5
1.4 Moment generating fUNCLION ........coooiiiii i e 6
1.5 Correlated fadiNg........oeccciiie e et tre e e et e e e e araaeaean 7
1.6 DiIVEISItY SCREMES ..coi ettt e et re e e s sabae e e e enbee e e enreeas 7
1.7 Diversity Combining SChEMES .......coiiiiiiiiiie e 8

Motivation and Research ObJECHIVE .......ccoccuiiieieiiiee ettt 10

Contributions of INClUdEd PAPEIS.......cccuvviiieciieeeeceee ettt e 11
[ 1= o N PP PPPTPPPPPPPPPPPRt 11
L] o<1 g = TP PP PPPPPPPPPPPPPPPTRt 11
=T 1= o Ut 12

FUBUPE WOTK. e ettt ettt st ettt s be e e sab e e sne e e sareesmeeesareeeane 13

vii



Part 2: Included Papers

Paper A
ADSTIACE .ttt sttt b e bt sbe e sttt ebe e beesneenas 20
1 INErOAUCTION .ttt e st s bee s e et e et esbeesaeesane et 21
B V7 =T o 10 Vo o [ IR UUPPRPPRPPN 23

3 Average SEP of Cross QAM over Dual Correlated Nakagami-m, -n, and —q Channels...25
3.1 Exact SEP expression over AWGN channels ..........ccoeecvieeieiiiee e 25

3.2 SEP Approximation of XQAM in AWGN channel using trapezoidal approximation
26

33 Approximated SEP of XQAM in single fading channel using MGF method............. 27

3.4 Approximated SEP of XQAM over dual independent fading channels using MGF

3.5 Approximated SEP of Cross QAM over dual correlated fading channels using MGF

10114 g oo IR TP USRS TS PPUPROPRRR 28

4 SIMUIGEION RESUILS ..eoneiiiiiieeiie ettt ettt e st e e sab e st e e sbae e sabeeenes 30

D CONCIUSION ittt ettt et e s bt e s bt e e s bt e s bt e e st e e sbbeesabeesabeeesars 34

LS Y oo 1T T [ PR URURRRNE 35

T REFEIENCES ..ttt ettt et b e s b st s e be e 37
Paper B

ADSTIACT .t ettt et e r e saee e 40

R [0 1 oo 18 ot [o ] o FA PSP PORTOPRTI 41

D V73 =1 o 0 Je s Vo Yo [ RPNt 43

3 SEP of XQAM over Non-identical, Correlated Fading Channels .........ccccceeveiiveeencnnennn. 45

3.1 SEP of XQAM over a single fading channel..........cccoviviiiieiiccie e, 45

3.2 MRC diversity reception for multiple independent fading channels ..................... 46

33 Approximated SEP of XQAM over non-identical, correlated fading channels ....... 47

4 SIMUIGEION RESUILS ...eeeeiiiiieee ettt st st e e s 49



L 0o Y o Vol 11 [o Y TR 51

B REFEIENCES ...ttt s st 52
Paper C
ADSTIACE .ttt et s bt sttt ebe e bt e saee e 55
1 INErOAUCTION .ttt s be e s et e st e sbeesaeesane e 56
2 Labeling diversity with XQAM and MPSK modulation...........cccoeevieiiniiieiiniiieesccieeeeene 58
2.1 YA L= 4 T 1Y, o o 1= PSPPI 58
2.2 Detection SCREMES ......coiuiiiieie ettt 59
2.3 Receiver complexity analysis and compariSoN .........cccoveeiecieeeeccieee e e 61
2.4 Performance analysis for USTLD using union bound approach .......ccccceevvcvieennns 62
2.5 Mapper design for USTLD XQAM and MPSK constellation ........ccccccvvvveeeeeeeincnnnns 64
3 SIMUIAION RESUILS ..ottt st 66
A CONCIUSION ettt et ettt sttt b e s bt e sbe e sab e e beenbeesbeesanenas 70
LT Y o T o1 o o | PSRRI 71
B REFEIENCES ..ottt st 75

Part 3: Conclusion

(000 Y 1o LY To Y TR 78



List of figures

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

Fig.

1 32XQAM constellation diagram .......cuuiiieciiieiiiiiee et srree e 3
2 SISO, SIMO, MISO and MIMO SPace diVErSity.....ccceveeririeeiriiieeesieee e e esiee e ereeeeseaeeas 8
A.1 Dual Rayleigh channels with varying levels of correlation .......ccccccvvvcieiiniiiieiiniiennn. 30
A.2 RAYIEIZN ChANNEIS ..oviiiiee e e aree e 31
A.3 Nakagami-m channels With M = 3. ... 32
A.4 Rician channels With Ki=Ks = 3 ..o 32
A.5 Rician channels With Ki=3, Ka=4.5.....oooooiiiiiiiiiiiieiieeieeeeeeeeeeeeeeeeeeeee ettt ee e ee e eeeeeees 33
A.6 Hoyt channels With Q= 0.6........cccuiiiiiiiiieeciiee et tre e e e srr e e e eaaae e e e aaeeeens 33
23 A 1V 1T o Wl o =T Y =Y [ USRI 49
B.2 Nakagami-m Channels........cooiiiiiiiiiieecee et s s e s ree e e areeas 50
B.3 Nakagami-g ChannelS........cuiiiiiiiiiiee et ree e s aree e e 50
C.1 USTLD XQAM with MPSK system model.......cccccouviiiriiiiiiiiiieeccieee e 58
C.2 32XQAM USTLD With IMPSK .....eeeiieeiciieee ettt ettt e ettt e et e e s svte e e s saee e e s sneeeaseanes 66
C.3 128XQAM USTLD With IMPSK ......oiiiiiiiiiieiieeteeeeereesee e 67
C.4 32XQAM USTLD vs Alamouti, fast fading........cccoceeeeeciiiiieiiiee e 67
C.5 32XQAM USTLD vs Alamouti, quasi-static fading .........cccccoveeieiiieiieciiee e 68
C.6 128XQAM USTLD vs Alamouti, fast fading........ccccceeeciiieiiiiiie e 68
C.7 128XQAM USTLD vs Alamouti, quasi-static fading .........ccccceeeeiiieeieciiee e 69
C.8 32XQAM diagonal BroUPINGS .....vveiiiiiiiee ittt et e e et e e s sate e e s ssaeaeeesanes 71
C.9 32XQAM SYMbBOl MaPPINGS ..ccciccuiiieiiciiieeeeiieee et ee et e e e et e e e ssbre e e e srteeessaeeeessseeeassanes 72
C.10 128XQAM MAPPINES .eeeerrurrreeiiiiieeriiiteeearteeessaieeeessarteeessasereessasereessaseeeessssseeessaseeeessanes 73
(O 21 e (1Y =T o] o1 = O T P U U P PP 74
C.12 dBPSK MapPiNgS.ccceeieiiieieiiiiieiiieieeee et e e e e e e e e e e e e e e e e e e e e e e eeeeaeseaanaaaanasenns 74


file:///F:/phd%20thesis%20update%2017Nov2019.docx%23_Toc25270202

List of tables

Table 1 PDF of y for selected fading channels ........ccooeviciiiiiiiiiii e

Table 2 MGF of y for selected fading channels ..........cooovciiiiiiciiii e

Xi



List of acronyms

ABEP Average Bit Error Probability

ADSL Asymmetric Digital Subscriber Line
ASK Amplitude Shift Keying

AWGN Additive White Gaussian Noise
BER Bit Error Rate

BICM-ID Bit-Interleaved Coded Modulation

with Iterative Decoding

DD Direct Detection

DVB Digital Video Broadcasting

EAST Embedded Alamouti Space Time

EGA Exhaustive Gaussian Approach

FSO Free Space Optical

HARQ Hybrid Automatic Repeat Request
HDRAC High Data Rate Alamouti Codes

IID Independent and Identically Distributed
LC Low Complexity

LOS Line of Sight

MGF Moment-Generating Function

MIMO Multiple-Input Multiple-Output

MISO Multiple-Input Single-Output

ML Maximum Likelihood

MRC Maximal-Ratio Combining

OFDM Orthogonal Frequency Division Multiplexing

xii



PD Product Distance

PDF Probability Density Function

PSK Phase Shift Keying

QAM Quadrature Amplitude Modulation

SEP Symbol Error Probability

SER Symbol Error Rate

SIMO Single-Input Multiple-Output

SISO Single-Input Single-Output

SNR Signal-to-Noise Ratio

SQAM Square Quadrature Amplitude Modulation
SSD Signal Space Diversity

STBC Space-Time Block Code

STTC Space-Time Trellis Code

SvD Singular Value Decomposition

TCM Trellis Coded Modulation

TQAM Triangular Quadrature Amplitude Modulation
USTLD Uncoded Space-Time Labeling Diversity
VDSL Very High Speed Digital Subscriber Line
XQAM Cross Quadrature Amplitude Modulation

xiii



Notation

E[]

)"
argmin,, ()
argmax, ()
Re{'}

|l

Il

OF

04

re)

CN(w,0%)

Iy()

Expectation

Conjugate

Minimum of the argument with respect to w
Maximum of the argument with respect to w
Real component of a complex argument
Euclidean Norm

Frobenius Norm

Transpose

Hermitian Transpose

Incomplete Gamma Function

Complex Gaussian (normal) distribution with
2

mean p and variance o

Modified Bessel function of the first kind with

order zero

Xiv



Part |

Introduction



1 Introduction

Wireless communication is an area of high interest nowadays and has applications in many
different fields. There are ever increasing demands for high speed data communication over

varying distances and channel conditions.

New transmission schemes and techniques are being researched to meet the symbol error rate
(SER) or bit error rate (BER), system throughput and delay requirements for specific
applications. Diversity techniques are one such method, and include space diversity, time
diversity, frequency diversity, cooperative diversity, and more. Diversity schemes use multiple
copies of the same information to improve the BER or SER of a system. In recent works, a
promising new diversity scheme called uncoded space-time labeling diversity (USTLD) has been

proposed.

The choice of modulation scheme for a system can have a significant effect on system error
performance. Different modulation schemes exist in the literature. An important and widely
used scheme is quadrature amplitude modulation (QAM). There are various different possible
configurations of the QAM constellation, including square QAM (SQAM), rectangular QAM,
triangular QAM (TQAM), and cross QAM (XQAM).

It is important to be able to predict the BER or SER performance of a wireless communication
system to ensure that the system will meet the BER or SER requirements for a particular
application. In aid of this, probability distributions are commonly used in modelling real-life
fading channel conditions. Some commonly used distributions include Rayleigh, Nakagami-m,
Nakagami-n (Rice) and Nakagami-q (Hoyt) distributions. Other aspects of the channel condition
need to be considered as well in order to accurately predict the behaviour of a system. These
include the effects of correlation between multiple fading channels, or channels that are not

identically distributed.

1.1 Cross quadrature amplitude modulation

Digital QAM is a modulation scheme widely used in wireless communication. QAM consists of
two carrier signals that are amplitude modulated. The carriers are also 90 degrees out of phase

with each other (orthogonal), and are called quadrature carriers [1].



The most common configuration for a QAM constellation is square QAM, as this minimizes
symbol error probability by maximizing the Euclidian distance between any two constellation
points. However, this configuration can only be used when the number of bits to be transmitted
is even: 4QAM for 2 bits, 16QAM for 4 bits, etc. Historically, rectangular QAM was used for
systems that required the transmission of an odd number of bits: 8QAM for 3 bits, 32QAM for
5 bits, etc.

XQAM is an alternative configuration used in place of rectangular QAM for odd bit transmission.
It was proven in [2] that using XQAM instead of rectangular QAM results in greater power
efficiency and at least a 1dB signal-to-noise ratio (SNR) gain. Due to the benefits of the scheme,
XQAM is used in adaptive modulation schemes as it allows for smaller steps in modulation size
[3-7], in blind equalization [8], and is also used in various systems such as ADSL, VDSL and in

DVB-C [9-11].
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Fig. 1 32XQAM constellation diagram

1.2 Fading channel models

For SER or BER performance analysis, we need a mathematical model that approximates the
behavior of a wireless fading channel. Covered here is a brief overview of the fading channel

models relevant to this thesis, based on the material in [12] and [13].
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1.2.1 Rayleigh

Rayleigh fading refers to a channel that experiences fading according to a Rayleigh distribution.
This model is applicable to wireless systems without a dominant line of sight component, such
as the scattered paths in tropospheric [14] and ionospheric [15-16] signal propagation. Other
examples include propagation in heavily built up city centres [17] and the reflected and
refracted paths in ship-to-ship radio links [18]. For Rayleigh fading, the probability density

function (PDF) of the channel fading amplitude « is given by

2
pe(a) = %exp (—;7), a=>0 (D

where 2 is the channel variance.

1.2.2 Nakagami-n (Rician)

A channel experiencing Rician fading shows the characteristics of the Rician distribution. This
model is applicable to systems where the signal arrives at the receiver via multiple paths, but
at least one of the paths is dominant, typically a line of sight (LOS) component. This fading model
is applicable to microcellular urban and suburban land—mobile [19], picocellular indoor [20],
and factory [21] environments with LOS paths. It also applies to the dominant LOS path of
satellite [22-23] and ship-to-ship [18] radio links. The PDF of the channel fading amplitude a for
the Rician distribution is given by

Pa(a) = Sexp (-2 1, () @)

o2

where I, () is the modified Bessel function of the first kind with zero order, and s is the power
of the LOS component, and o2 is the power in the remaining multipaths. We can define Rician
fading in terms of two parameters: K represents the ratio of the power in the LOS component

to the power in the other components:

K=o ®)
and Q represents the average fading power and is given by

Q= s?+ 202 @)

From (5-7) we can write the PDF for Rician fading in terms of K and Q as

14K 14K K(1+K)
Pa(@) = 2a——exp (—K — Taz) -1y <2a T) (5)



With no LOS component (K = 0), Rician fading becomes Rayleigh fading.

1.2.3 Nakagami-m

Nakagami fading was originally developed empirically based on measurements, and provides a
better estimation for the behaviour of certain wireless fading channels [24]. For example,
Nakagami fading is used to model interference from multiple sources in a cellular system [25]
or for urban radio multipath channels [26]. Other applications for the Nakagami-m distribution
include land—mobile [27-29] and indoor—mobile [30] multipath propagation, as well as
scintillating ionospheric radio links [31-34]. PDF of the channel fading amplitude a for
Nakagami-m distribution is given by

2mm 2m-1 2 1
pola) = Za%exp(—%), a=20, m= - (6)

where m is the Nakagami-m fading parameter, I'(*) is the incomplete gamma function, which

is defined as I'(a) = fooo t*le~tdt and Q is the average fading power.

1.2.4 Nakagami-q (Hoyt)

The Nakagami-q (Hoyt) distribution is used in the modelling of certain systems affected by
wireless fading [35-36]. It has found particular relevance to modelling cellular communications
for satellite channels [36-38]. The PDF of the channel fading amplitude a for Nakagami-q
distribution is given by

_ o atd) a+a>? 2\).; (=4 2
pa(a)—aq—ﬂexp(—w—ma) Io(él-q—zﬂa ), a=>0 0<qg<1 (7)

where q is the Nakagami fading parameter and (1 is the average fading power.

1.3 Signal-to-noise ratio

In analyzing the performance of a system, one of the most important metrics is the signal-to-
noise ratio (SNR). As the name suggests, it’s the ratio between the signal power and the noise
experienced by the signal by the time it reaches the receiver. For error performance analysis,
the average SNR is of interest, which is obtained by averaging the instantaneous SNR over the

PDF of the fading distribution. This can be shown mathematically as [3, eq. 1.1]

72 [y, (dy (8)



where y is the instantaneous SNR, and p, (y) is the PDF of the fading distribution in terms of y.

The PDF of the instantaneous SNR for the fading chan
21]

Table 1 PDF of y for selected

nels described above are given by [3, pg.

fading channels

Fading channel PDF p,, (¥)
Rayleigh 14
) = sexp(~5)
Nakagami-m () = Ty ( ) 1
Ym Y —m[‘( ) -2
Nakagami-n 1+ K 1+ K 1+ K
B, ) = > e K exp(— y)]o —Ky |, K=>0
Nakagami-q 1+ g2 1+ ¢g?)? 1-q*
= -y , 0<q<1,
v () 27 P 297y o\ 2g7 7 q

1.4 Moment generating function

The moment generating function (MGF) is a useful alternative representation of the probability

distribution. The moment generating function, where

equation [3, eq. 1.2]

M, (s) = [, py(y)e¥dy

The MGF for the fading channels described above are

it exists, can be found using the following

©)

given by [3, pg. 21].

Table 2 MGF of y for selected fading channels

Fading channel MGF M., (s)
Rayleigh M, (s) =1+ ys)~!
Nakagami-m Y 1
M =14+ —s5)™ , > =
rm(8) =1+ ms) m >
Nakagami-n 1+ K ( Kys )
My, (s) = ————— exp(———>——), > 0,
A 1+ K+7Ys P\ K+7vs
Nakagami-q 205 \2 _%
_ 5 avy 2
Myq(s)—<1+2ys+(1+q2)s> , 0<qg<1




1.5 Correlated fading

SER or BER performance analysis for diversity systems usually assumes independent fading for
multiple paths at the receiver. However, there are many practical systems in which the fading

for multiple paths is correlated.

Spatial correlation occurs due to insufficient antenna spacing [37-38], angle spread [39], or poor
scattering conditions [40]. For example, small-size mobile units may have physical constraints
that do not allow for sufficient antenna spacing. It is also possible for a system to undergo
temporal correlation. This can be caused in time diversity schemes where there is imperfect

interleaving (the channel symbols are not fully interleaved), or due to delay constraints [41-42].

Correlated fading affects the diversity gain of the system, and does not match the prediction
obtained from assuming independent channels [43]. This issue was first explored in [44].
Correlated fading also has an effect on the channel capacity of a system. For example, [45]
investigates the effect of correlated fading on the channel capacity of multi-element antenna

systems.

1.6 Diversity schemes

A diversity technique is one that improves system error performance through redundancy: by
having multiple copies of the information signal, the system is better able to recover the
originally transmitted information. There are many diversity techniques, and more are still

being researched. Below is a brief overview of diversity schemes relevant to this thesis:

1.6.1 Space Diversity

Space diversity is a method used to achieve either transmit diversity, receiver diversity or both
transmit and receive diversity. Space diversity uses multiple antennas that are physically
separated by a distance greater than half a wavelength at either transmitter, receiver or both
transmitter and receiver [46-47]. This allows multiple copies of the transmitted signal to be
received. Based on the number of transmit and receive antennas the transmission system can
be classified into single-input single-output (SISO), single-input multiple-output (SIMO),
multiple-input single-output (MISO), and multiple-input multiple-output (MIMO) which are

illustrated in Fig. 2.
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Fig. 2 SISO, SIMO, MISO and MIMO space diversity

1.6.2 Space-Time Diversity

Time diversity is achieved by transmitting multiple copies of the information signal over
multiple timeslots. A space-time diversity scheme is one which utilizes both space and time

diversity, such as space-time trellis codes (STTCs) or space-time block codes (STBCs).

1.6.3

Labeling diversity is an emergent technology which uses multiple different bits-to-constellation

signal mappers within the spatial streams at the transmitter. Recent research shows this to

Labeling Diversity

improve the performance of multi-antenna transmission systems [48].

1.7 Diversity Combining Schemes

In order to benefit from the diversity schemes in operation, the individual signals need to be

combined at the receiver.
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1.7.1 Maximal-ratio Combining

The optimal combining scheme at the receiver is maximal-ratio combining (MRC). In MRC, the
signal from each receiver is multiplied by a weight factor that is proportional to the signal
amplitude [49]. The signals are then added together. This causes the stronger signals to be
amplified, weaker signals to be attenuated, and the received signal-to-noise ratio (SNR) to be

maximized. MRC requires the knowledge of all channel parameters at the receiver.

Assuming the receiver has N antennas in SIMO system, the received signal is given by

y=.,EHx+n (10)

wherey = [y, y, - yNR]T, x is the transmitted symbol, E is the transmit symbol power, H =
[~y Ry - hNR]T represents the channel fading, and n = [n; n, - nNR]T represents the
additive white Gaussian noise (AWGN) with noise power N,. Using MRC, the estimated signal §

is given by [50]

R T Ry
S = —==1 7" 11
NS WATHE b

where * represents conjugate operation.

For MRC, the combined conditional SNR is given by

E
Ye= T =hl? = Ty (12)

i=1 N;



2 Motivation and Research Objective

In [51], the exact average symbol error probability (SEP) of XQAM signal with MRC reception
over independent, identically distributed Nakagami-m, -n and -q fading channels was analysed.
However, correlation between fading channels was not considered. This motivates the
derivation of expressions for SEP performance analysis of systems where it cannot be assumed
that the fading channels are independent. The importance of considering correlated fading

scenarios was discussed in Section 1.6.

Various approximations for the Gaussian Q-function and generalized Q-function were derived
in [51] using numerical integration methods. However, the SEP expressions still include integral
functions with exponential sums which are not analytical. This also motivates the derivation of
approximation expressions that are in closed-form. In this thesis, the trapezoidal rule was used
instead which produces closed-form expressions that also provide arbitrarily tight

approximations for the Gaussian Q-function and generalized Gaussian Q-function.

In [52], a new diversity scheme called uncoded space-time labeling diversity was developed.
Whilst the paper suggested design criterion for the signal mapper, it provided no practical
method of finding an optimal mapper. It also only provided possible mappers for square-QAM
systems. This motivates finding mappers for the modulation scheme of interest in this thesis
i.e. XQAM. This new scheme also provides opportunity to find methods to develop new systems

with improved error performance or spectral efficiency.

In the literature, analysis has been done for the SEP or BEP performance of various systems with
specific detection, modulation and diversity schemes. An example is Digital Video Broadcasting-
Cable (DVB-C), the details of which are found in [3]. The papers included in this thesis are
contributions to this field, as they consider the case of a system using MRC detection, XQAM

modulation, and either space or space-time diversity schemes.
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3 Contributions of Included Papers

The work covered in this thesis has been detailed over three papers, which are presented in

Part Il. The details of the papers are summarized below.

Paper A

M.W. Kamdar and H. Xu, “SEP Performance Analysis of Cross QAM with MRC over Dual

Correlated Nakagami-m, -n, and -q Channels,” 2014.

An approximation of the symbol error probability (SEP) of a single-input multiple-output (SIMO)
XQAM modulated system over dual correlated fading channels, including Rayleigh, Nakagami-
m, Nakagami-n (Rice) and Nakagami-q (Hoyt), is derived. Diversity combining is achieved using
maximal-ratio combining (MRC), and the moment generating function (MGF) is used to derive
the average SEP equations. Arbitrarily tight approximations for the Gaussian Q-function and
the generalized Gaussian Q-function are obtained from the numerical analysis technique; the
trapezoidal rule. The resulting expressions consist of a finite sum of MGF’s which are easily
evaluated and accurate enough. In addition, a transformation technique is used to derive
independent channels from the correlated channels which are then used in the analysis. The

simulation results show a tight match with the derived approximation expressions.

Paper B

M.W. Kamdar and H. Xu, “SEP Performance Analysis of Cross QAM with MRC over Non-ldentical
Correlated Fading Channels,” 2019.

An approximation expression is derived for the SEP of a single-input multiple-output (SIMO)
XQAM modulated system over an arbitrary number of non-identical, correlated fading
channels. Rayleigh, Nakagami-m and Nakagami-q fading channels are considered. SEP
expressions for independent channels are derived using the MGFs for the fading channels, with
MRC diversity combining. A transformation technique is proposed that uses knowledge of the
channel covariance matrix to convert an arbitrary number of non-identical, correlated fading
channels into identically distributed, independent channels. Simulations are performed in

Matlab to verify the accuracy of the derived expressions.
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Paper C

M.W. Kamdar, H. Xu and N. Pillay, “Uncoded Space-Time Labeling Diversity for Cross QAM with
MPSK,” 2019.

An uncoded space-time labeling diversity (USTLD) system with improved bandwidth efficiency
for XQAM is proposed. The proposed system is a combination of USTLD with XQAM and M-ary
phase shift keying (MPSK) modulation. A low complexity detection scheme is proposed based
on the maximum likelihood (ML) detection scheme. A simple approach is discussed to design
mappers for XQAM and MPSK which are then used in the proposed system. Rayleigh flat-fading
conditions are considered, and the tightness achieved by a theoretical average bit error
probability (ABEP) bound is investigated. By introducing extra bits to a USTLD system via a 16-
PSK phase component, the data rate for 32XQAM and 128XQAM USTLD can be improved by
20% and 14% respectively. Simulation results show that the performance of the proposed

system closely matches performance of the standard USTLD system at high SNR.
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4 Future Work

The derived expressions, whilst providing a very good approximation, are still not exact. Further

research should be done into deriving exact closed-form expressions for the Q-function.

The expressions derived in paper A apply only to dual channel systems. Whilst Paper B’s
expression applies to systems of any order, it requires knowledge of the covariance matrix.
There is still need for expressions to solve the problem of arbitrary order correlated fading

channels where knowledge of the covariance matrix is not possible.

Using the MGF function, analysis has been performed over AWGN channels as well as Rayleigh,
and various Nakagami channels (-m, -n and -q). There still remain other more generalized
channel models that have not been considered. This includes Weibull,  — u and ¥ — p and log-
normal shadowed fading, from which the channels considered can often be derived as special

cases.

The papers presented in here focus only on SEP performance analysis. There are other

performance metrics that can be considered as well, such as outage probability.

It is possible a better performing mapper design than that proposed in paper C exists, but it is
yet to be proven. The error performance analysis expression provided only provides a bound

on performance, an exact expression is yet to be derived.
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Abstract

An approximation of the symbol error probability (SEP) of a single-input multiple-output (SIMO)
cross QAM (XQAM) modulated system over dual correlated fading channels, including Rayleigh,
Nakagami-m, Nakagami-n (Rice) and Nakagami-q (Hoyt), is derived. Diversity combining is
achieved using maximal-ratio combining (MRC), and the moment generating function (MGF) is
used to derive the average SEP equations. Arbitrarily tight approximations for the Gaussian Q-
function and the generalized Gaussian Q-function are obtained from the numerical analysis
technique; the trapezoidal rule. The resulting expressions consist of a finite sum of MGF’s which
are easily evaluated and accurate enough. In addition, a transformation technique is used to
derive independent channels from the correlated channels which are then used in the analysis.

The simulation results show a tight match with the derived approximation expressions.
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1 Introduction

Quadrature amplitude modulation (QAM) is a modulation scheme widely used in
communication systems due to its bandwidth and power efficiency. Square QAM can be used
when there is an even number of bits per symbol. However, when the number of bits per symbol
is odd, it has been shown in [1] that greater power efficiency is achieved using cross QAM
(XQAM) over square QAM. Due to this, XQAM has found use in adaptive modulation schemes
as it allows for smaller steps in modulation size [2-6] and has been adopted in practical systems

as well [7-9].

An important issue in the performance analysis of communication systems is the effects of the
multipath fading channels. It has been shown in [10-11] that the received signals from different
antennas can only be assumed to be statistically independent if the antennas are separated by
a distance, generally larger than a half wavelength [11-12]. In systems where this condition is
not met, the channel fading becomes correlated. Therefore, it is also important to consider the

effects of correlation on the performance of diversity systems [12-16].

In [17], exact expressions in closed-form for the SEP of XQAM have been derived for the additive
white Gaussian noise (AWGN) channel and independent fading channels. These expressions
contain the Gaussian Q-functions and a finite number of numerically evaluable single integrals.
In order to facilitate expression manipulations, much research has been done into trying to
evaluate the Q-function, or to derive accurate approximations to the alternative Q-function. A

summary of the latest research results in this field is found in [18].

Based on the work of [17], [18] analysed the average SEP of XQAM signal with maximal-ratio
combining (MRC) reception over independent, but not necessarily identical, Rayleigh,
Nakagami-m, Nakagami-n and Nakagami-g channels. The composite rectangular method and
Simpson rule are both used to derive close approximations for the Q-function and generalized
Q-function. The resulting approximate SEP expressions for the AWGN and fading channels are
in the form of a sum of exponential functions and MGFs, respectively. SEP performance analysis
of XQAM with MRC reception over generalized n — u fading channels is also derived in [19].

However, the SEP expressions in [17-19] still include integral functions which are not analytical.

All the above performance analysis of XQAM has been only considered over independent fading

channels. The assumption of statistical independence between the diversity channels is valid
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only if they are sufficiently separated in space, in frequency or in time. However, there are many
cases of practical interest where the assumption of statistical independence is not valid. The
behaviour of the correlated channels affects the performance of the system. These effects need
to be taken into consideration to gain a more accurate analysis of system performance. This
paper extends the work of [17-19] to derive SEP performance of XQAM with MRC over dual
correlated Nakagami-m, -n, and -g channels. Firstly, using the trapezoidal approximation rule
the arbitrarily tight approximations of Q-function and the generalized Q-function are obtained,
respectively. Secondly a transformation technique proposed in [20] is used to convert two
correlated fading signals into two independent fading signals. And finally based on the moment
generating function (MGF), approximations of the SEP over dual correlated fading channels are

obtained in this paper.

The rest of the paper is organised as follows. Section 2 entails a description of the system model
and all necessary parameters. In Section 3, approximate SEP expressions of XQAM in AWGN
channel, single fading channel, dual independent fading channels and dual correlated fading
channels are derived based on MGF, the trapezoidal approximation technique and the
transformation technique. In Section 4, simulations are performed to test the accuracy and

validity of the theoretical approximation expressions. Section 5 contains concluding remarks.
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2 System model

A dual-branch single-input multiple-output (1 X 2 SIMO) system is taken into account in this
paper. In the system model an R = log, M bit binary input is mapped according to an XQAM
constellation as shown in [18]. We define the constellation size M = 22" *1 withr > 2ie. M =
32,128,512, ---. After mapping we obtain the transmit symbol x. This symbol x is then

transmitted over the 1 X 2 SIMO Nakagami fading channels. The received signal is given by

y=EHx+n (A.1)

where y = [y; y,]7, x is the transmitted XQAM symbol with E[|x|?] = 1. E; is the transmit
symbol power, n = [n; n,]7 is the complex additive white Gaussian noise (AWGN) with
independent and identically distributed (IID) entries according to the complex Gaussian
distribution with CN(0,1). The amplitude a = [a; @,]7 of fading channels H = [h; h,]"
including Rayleigh, Nakagami-m, Nakagami-qg and Nakagami-n, are taken into account in this
paper. h; = (h{ +jhiQ) + (hg +jhgi), i € [1:2] where h! and h? are Gaussian random
variables with zero mean values, and hg and hg" are constant values. hg" =0and hg" = 0 for

Rayleigh, Nakagami-m and Nakagami-g channels while hg # 0 and hgi # 0 for Nakagami-n
channel.

It is assumed that

E[rl] = E[n?] =0, i €[1:2] (A.2.1)
E[(n)*]| =E[(n0)"] = 02, i €[1:2] (A.2.2)
E[h;] = hil +jhS, i€ [1:2] (A.2.3)

E[h{n?] =0, i€[1:2]; je[1:2] (A.2.4)

Cpint = E[hiRn}] = po? (A.2.5)
Chope = E[rShS] = pa? (A.2.6)

where p is the correlation coefficient for dual fading channels. In Nakagami-n fading channels,
parameter K is defined as the ratio of the power of the line of sight (specular) component to

the average power of the scattered component [10]. K; is given by

Il 2+ Ql 2
g, = () () (A.2.7)

202
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Since the noise components are independent of the signal components and uncorrelated with

each other, we have
E[nyn,] = E[n;hl] = E[n;h¢] = 0 i €[1:2];k €[1:2] (A.2.8)

Consider a single channel, definey = a? E;/N, as the instantaneous signal-to-noise ratio (SNR)
at the receiver, where a is the channel’s instantaneous fading amplitude. Then the probability
density function (pdf) of the received instantaneous SNR y over Rayleigh, Nakagami-m,

Nakagami-g and Nakagami-n channels are given as, respectively, [18]

Py, = sexp (=) (A.3)
Py, ) = S exp (- 2y), m> 2, (A.4)
py, () = ;qi exp( o) ) V>I (iq"y y) 0<q<1, (A.5)

V() = e K ex p(——y)[o (2 /ﬂxy) K >0, (A.6)

where [,(*) is the modified Bessel function of the first kind and order zero, and I'(+) is the

incomplete Gamma function. m, q and K are parameters for Nakagami-m, Nakagami-q and
Nakagami-n, respectively. ¥ = E{y} is the average SNR at the receiver, where y = 202 % is for
0
Rayleigh, Nakagami-m and Nakagami-g channels while y = (1 + K)% for Nakagami-n fading
0

channels.

By defining the moment generating function (MGF) as M, (s) £ E{e™®'}. The MGFs

corresponding to (A.3-A.6) are given as follows, respectively, [11]

M, (s) =1+ ys)™! (A.7)
My (s)=(1+ Ls)™m, mz > (A.8)
2 _1
_ < 2qy 2
M, (s) = (1 + 2ys + (qu) 52) ) 0<g<1 (A.9)
14K __Kys
MVn(S) T 1+ K+ys exp( 1+ K+75)’ k=0, (A.10)
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3 Average SEP of Cross QAM over Dual Correlated Nakagami-
m, -n, and -q Channels

3.1 Exact SEP expression over AWGN channels
The exact expression for the SEP of XQAM in the AWGN channel is given by [18]
4 8 wy—
P(y) = 9:0(y2407) +5,0(J2417) — 920*(V2A0y) — . Zk=1 Qu(V/240Y, ax)

— = Y02 Qu(VZA0y. B) + 5 2423 (V240 B7) (4.11)

where y is the signal-to-noise ratio (SNR) at the receiver, M is the constellation size, and

G1=4- 7 (A.11.1)
gZ=4—jz—iM+% (A.11.2)

v =<VZM (A.11.3)
Ay = s (A.11.4)
A = 2k2Ag k = 1,2,-,v (A.11.5)
ay =arctan(ﬁ),k =1,-,v—1 (A.11.6)
Br = arctan (ﬁ)k =2,V (A.11.7)
B =arctan(£),k =1,--,v—1 (A.11.8)

Q(x) is the Gaussian Q-function which is given by

Q(x) = \/%fxooe‘tz/zdt (A.12)

and Q,(x, ) is a well-known integral function related to different forms of 1-D and 2-D

Gaussian Q-functions

x2

1
Qa(r, @) == [ exp (- =) d6,x 2 0 (A.13)

Note that, for M = 32, we have v = 1, and the last three terms of (A.11) reduce to 0.
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3.2SEP Approximation of XQAM in AWGN channel using trapezoidal

approximation

Since (A.15) still includes integral Q functions and Q, (x, @) functions, it is very difficult to derive
a closed-form SEP expression in fading channels. Several schemes have been proposed to
approximate the Q function, but not Q. (x, ¢) function [20-21]. Only the scheme based on the
trapezoidal rule can also be used to approximate Q,(x, ¢) function [21]. In this subsection, we
will use the trapezoidal rule to approximate both Q function and Q,(x,¢) function. The

trapezoidal rule is given as
b __b-a[f(a)+f(b) -1 b-a
fa f(x)dx = [T + 7,::1 (a +k T)] (A 14)

where n is the maximum number of summations. An alternate definition of Q(x) known as

Craig’s formula is given by (4.2) of [11] as

2
Q) =1 7% exp (— — ( 6)) do (A.15)

If we apply the trapezoidal rule to (A.15), then we have

xZ
1 (e 2 _ 2
Q) =5 (eT +XYpCiexp (— —ZSinxz(Gp))> (A.16)
where 6, = g. Q?(x) is also given by (4.9) of [11] as

2 _ 1 m/4 _ x2
Q@) == " exp (- 5 ( 9)) do (A.17)
If we apply the trapezoidal rule to (A.17), then we have

1

Q%(x) = — (e‘z"2 + ;)nz—ll exp (— #2(%)» (A.18)

4m

where 9, = %. In addition, if we apply the trapezoidal rule to Q,(x, ¢) we also have

2

Qur9) = 2 x 2 [M +Xptexp (- L)] (A.19)

1
T 2 2sinZ(pg/n)

We can then write an equation for the approximated SEP of XQAM in an AWGN channel by
rewriting (A.11), using the results of (A.16), and (A.18-A.19):

-A —2A
e 40V—g,e 240V g1 wam-1 240y 92 vm-1 240y
SL3em L exp | — —==¥YM"laxp|—
8m + 4m Zp_l p 2sin?(9p) am “p=1 p 2sin?(dp)

P (y) = =
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1 (emf1y 2m-1 241y )
+ mM( + Zp 1 €Xp Zsinz(ﬁp)

exp ZoY
+ 8 ]]é %ak[ ( sin (“k)) +2p 1eXp( Aoy )]

Mnn 2 sin2(pag/n)

-exp( sin ) -

Mnn 2 smz(pﬁ';/n)

4 _eXp(_ .'2‘22_)) Aoy
v—1 _ sin k 0
k=1 B [——— + Yrziexp ( —Slnz(PﬁE/n)> (A.20)

3.3 Approximated SEP of XQAM in single fading channel using MGF method

We can further derive the SEP of XQAM over a fading channel by averaging the approximated
SEP expression derived in (A.20) over the fading distribution of the received SNR, y, which is

given by
P = [°P(p, () dy (A.21)
Based on the definition of the MGF equation M, (s) = fooo exp(—sy)py (y)dy, we can write the

SEP expression (A.21) in a fading channel in terms of the MGF function as:

—_ _Ao
Ps(]/) = gl M ( AO) M( 2A0)+ f;l rpn=11MY (Sinzwp))

4m “p=1

4 yw-1,. ( ~4o ) 8. n- —fo __
T i1 G My (Gates) + v Zhes =i (Z <sin2(%)))

<Sm2(ﬁ )) Zp= (@)

_ 92 . ym-1 Ao L .y2mety A1
=1 My (st(G ))+ 2mM M( A + mM Z (st(ep))

N |-

4 v-1
i klk['M

_AO

My (e + Zazt My )

4 . yv-1p+
Mmn k=1Fk

(A.22)

|
N |-
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Note that p, (y) in (A.21) can be pyR(y), pym(y), pyql(y), or pynl(y) in (A.3) to (A.6) and
M, (s) in (A.22) can be M],R(s), Mym(s), MVql(S)' or Mynl(s) in (A.7) to (A.10) to represent

the symbol transmitted over Rayleigh, Nakagami-m, Nakagami-q or Nakagami-n, respectively.

3.4 Approximated SEP of XQAM over dual independent fading channels using MGF

method

Since dual independent fading channels are assumed the PDF of the output instantaneous SNR

of MRC combiner at the receiver is given by

2y (V) = py, 1Dy, (v2) (A.23)

where y; is the i’th path instantaneous SNR,i € 1,2.

Then the MGF of y becomes

My (s) = [ " expl=s(1 +v2)] by, )Py, ¥2)dy1 dy,
= M, (s)M,,(s) (A.24)

If dual fading channels are identically distributed then (A.24) becomes

M, (s) = (M,,(s))" (A.25)

So, the SEP of XQAM over dual independent fading channels can be derived using (A.25) to
replace M, (s) in (A.22).

3.5 Approximated SEP of Cross QAM over dual correlated fading channels using

MGF method

Several schemes have been proposed to derive SEP performance over correlated fading
channels [22-25]. For dual correlated fading channels, the transformation approach proposed
in [25] allows us to treat the correlated fading channels as two independent fading channels.
Given two identically distributed but correlated fading channels with zero mean value,
correlation coefficient p and average SNR y; = ¥, = ¥, we can generate two equivalent non-

identically distributed independent fading channels with average SNR as follows:
7i=Q0+p)y (A.26)

7= (- p)y (A.27)
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Using the equivalent independent fading channels, we can express the MGF of y as the product

of the two diversity branches:
M, (s) = Myl(s)Myz(s) (A.28)

Again, the SEP of XQAM over dual correlated fading channels can be derived using (A.28) to
replace M, (s) in (A.22). The above result is only for Rayleigh, Nakagami-m, and Nakagami-q
fading channels, not for Nakagami-n fading channels. This is because the mean value of
Nakagami-n fading is not zero. However, the transformation approach also allows us to convert
dual correlated Nakagami-n channels into two independent fading channels. In general, given
two identically distributed but correlated Nakagami-n fading channels with parameter
K; and K,, nonzero mean value, and correlation coefficient p, the transformation proposed in
[25] also converts the dual correlated channels into two independent Nakagami-n fading

channels with K3 and K, which are given by

__a+p)? 1172 017\2] _ (1+B)?
Ks = 4(1+p)o? [(th) + (th) ] = 2(14p) Ky (A.29)
(1-p)? 2 2 _a-py?
4= 4(1_,,),,2 [(hg )"+ (h3") ] = Zl(l_p) Ky (A.30)

where £ is defined as 8 = hg/th1 or B = hgz/hgl.

Specially when f = 1 the transformation converts dual correlated Nakagami-n fading channels
with equal parameter K; = K, into two independent fading channels, one is Rayleigh fading

channel (K, = 0), another is still Nakagami-n with parameter K5 which is given by

_ ()8
Ky =Fa =15k (A.31)

More detailed derivations and discussions are shown in the Appendix.

The average SNR y3 and y, of h; and h, can be calculated as

_ Es
Vs =(1+K) (A.32.1)
_ Eg

va= 0+ Ky (A.32.2)

Finally using the equivalent independent fading channel h; and h,, we can express the MGF of

y as the product of the two diversity branches:
M, (s) = My3(s)My4(s) (A.33)
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4 Simulation Results

Monte Carlo simulations were performed in Matlab using 10° samples. The first simulations are
performed over dual correlated fading channels to investigate how the levels of channel
correlation affect the SEP performance of the system. 32-QAM and Rayleigh fading channel
with 62 = 0.5 are used in these simulations. The degree of correlation between the channels
is varied by adjusting the value of the correlation coefficient p. Fig. A1 shows dual Rayleigh
channels with varying levels of correlation. Analytical results are also shown in Fig. Al. As the
level of correlation between the two channels is increased, the system performance
deteriorates. It is found that in order to achieve SEP rates below 102 for two highly correlated
channels more than 10 dB increase in SNR is required compared to two uncorrelated channels.

Fig. Al also shows that analytical results match simulation results very well.
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Fig. A.1 Dual Rayleigh channels with varying levels of correlation
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The second simulations are performed to investigate the SEP performance over different dual
correlated fading channels. The dual correlated fading channels are Rayleigh, Nakagami-m,
Nakagami-n (Rician) and Nakagami-q (Hoyt) fading channels. The constellation size of XQAM
was set to M =32, 128 and 512, respectively. The following parameters were also used during
simulations for Fig. A.2 to Fig. A.6: o2 = 0.5, correlation coefficient p is set to 0.4, Nakagami-
m coefficient m is set to 3, Hoyt parameter Q is set to 0.6, and Trapezoidal parameter n is set
to 10. For the Nakagami-n channel, Rician K factor is set to 3 for identically distributed channels.
Kiisthen kept as 3 and K; is set to 4.5 for channels with different fading distributions. Simulation
results are shown in Fig. A.2 to Fig. A.6 for Rayleigh, Nakagami-m, Nakagami-n (Rician) and
Nakagami-q (Hoyt), respectively. Analytical results are also shown in Fig. A.2 to Fig. A.6. Again,

all analytical results match simulation results very well.
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5 Conclusion

In this paper, the SEP of XQAM with MRC over dual correlated fading channels including
Rayleigh, Nakagami-m, Rice and Hoyt channels has been derived based on the MGF method. A
transformation technique is used to convert the dual correlated fading channels into two
independent fading channels, which are then used in the analysis. A trapezoidal approximation
rule was used which provided a close estimation to the analytical expressions and the
simulation results. These results allow for low complexity analysis in XQAM fading channel

systems where the channel behaviour is not independent.
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6 Appendix

In a Nakagami-n fading channel the received signal from ith path is given by
yi = Eshix +n; i=1,2 (A.34)

where h; = (h! +jhiQ) + (hg +jhgi). The transformation matrix T is given by [25]

oz
_| 2 2
T = 7 (A.35)
2 2
Then we define another two random variables as
2y + 2y
Y31 Vi1 _ | 21T 202
i el o el (.36)
—o Nt
Based on (A.36) y; and y, are expressed as
y3 = (h} +jhS)x + n, (A.37)
Vo = (R + jhS)x + ny (A.38)
where
[ (V2 2 V2
hy = JE [(S2hh + 2 hb) + 2 (hy + hg)] (A.39.1)
[ (V2 2 V2
hS = s [(Fh? +508) +Z (hE +hi)] (A-39.2)
Ry = VE [(— 2, +208) + 2 (=hp + hp)] (A.39.3)
4 =VoEs(\T7 T 2 D D o
V2 V2 V2
hg = JE (= 2hd +2n3) + 2 (=% +n)]| (A.39.4)
ny=2n, +2n, (A.39.5)

Since E[h]] = E[h}] = 0 and E[(h})?] = E[(h})?] = 62 the covariance of h} and A can be

calculated by
Cpint = E[RiRi]1 =0 (A.40)

The result of (40) indicates that h} and h} are uncorrelated and statistically independent.
Similarly, we can also prove that hg and hf are also uncorrelated and statistically independent.
Since E[hlth] =0,i=1,2; j =12 we further can prove E[h{th] =0,i =34; j =34.

L

E[h{hjg] =0,i = 3,4; j = 3,4, indicates that channel h3 and h, are statistically independent.
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So, the above transformation converts dual correlated Nakagami-n fading channel h; and h,

into two independent fading channels, h; and h,.

Without loss of generality we further assume hID2 = ﬁ’h{)1 and hgz = ﬁhgl. Then the mean

values of h}, h{, k) and h{ are derived as

E[h] = gu + B)h: (A.41.1)
E[hd] =2 @+ pyng: (A.41.2)
E[hL] = g(ﬁ — 1A (A.41.3)
E[h?] =2 (8 — 1)ng: (A.41.4)

The variances of h, hg, hl, and hf are also derived as

E[(h})?] = Es(1 + p)o? + 0.5(1 + B)2E5(h2)* (A.42.1)
E[(h)°] = E(1 + p)o? + 0.5(1 + )?Ey(hg")” (A.42.2)
E[(h))?] = E;(1 — p)o? + 0.5(1 — B)2E5(h2)” (A.42.3)
E[(h))°] = E(1 - p)o? + 0.5(1 - B)?Ey(hg")” (A.42.4)

In general, the results of (A.41a) to (A.42d) indicate that the transformation proposed in [25]
converts dual correlated Nakagami-n fading channel hyand h, with parameter K; and K, into

two independent Nakagami-n fading channel h; and h, with K5 and K, which are given by

- 42:,6))02 [(hll) + (th) ] (A.43a)
Ka =50 ﬁ))az [(h)" + (h3)"] (A. 43b)

Typically, when hg = hi)z and hgl = hgz (B = 1) the transformation converts dual correlated
Nakagami-n fading channels with equal parameter K; = K, into two independent fading
channels, one is Rayleigh fading channel (K, = 0), another still is Nakagami-n with parameter
K3 which is given by

_ (ng) 4 ()
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Abstract

An approximation expression is derived for the symbol error probability (SEP) of a single-input
multiple-output (SIMO) cross QAM (XQAM) modulated system over an arbitrary number of non-
identical, correlated fading channels. Rayleigh, Nakagami-m and Nakagami-q fading channels
are considered. SEP expressions for independent channels are derived using the MGFs for the
fading channels, with MRC diversity combining. A transformation technique is proposed that
uses knowledge of the channel covariance matrix to convert an arbitrary number of non-
identical, correlated fading channels into identically distributed, independent channels.

Simulations are performed in Matlab to verify the accuracy of the derived expressions.
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1 Introduction

Quadrature amplitude modulation (QAM) is a popular method for modulating signals in digital
communication systems as it achieves high bandwidth and power efficiency. The square QAM
is used for systems with even bit constellations while cross QAM (XQAM) and rectangular QAM
are used for systems with odd bit constellations. It was shown in [1] that XQAM achieves better
error performance than rectangular QAM. XQAM is already used in adaptive modulation

schemes [2-6], blind equalization [7] as well as various practical systems [8-10].

Error performance analysis of XQAM for various fading channel conditions has been discussed
in the literature. In [11], closed-form expressions were derived for the symbol error probability
(SEP) of XQAM over the additive white Gaussian noise (AWGN) and independent fading
channels. In [12], approximate closed-form expressions for the SEP of XQAM with MRC over
independent Nakagami-m, -n and -q fading channels were derived. In [13], SEP expressions for
independent generalized n — u fading channels were derived. In [14], expressions for the SEP

of XQAM over dual correlated Nakagami fading channels were derived.

Error performance analysis for systems employing XQAM has also been discussed in the
literature. In [15], an exhaustive Gaussian approach (EGA) is proposed for BER performance
analysis of direct-detection orthogonal frequency division multiplexing (DD-OFDM) systems,
where both square QAM and XQAM are considered as the modulation scheme. In [16], error
performance analysis for XQAM in free space optical (FSO) systems under the effect of

generalized pointing errors and atmospheric turbulence was investigated.

In the literature, various methods have been proposed in order to analyse SEP performance for
systems with correlated fading channels [17-19]. The transformation technique in [20] was used
in [14], which produces dual independent fading channels from a pair of dual correlated fading
channels. The equivalent system with independent channels could then be analysed using

known expressions for the SEP of XQAM.

From the above literature survey, [12] considered an arbitrary number of non-identical,
independent fading channels, and [14] only considered dual correlated, identical fading
channels. However, a system comprised of an arbitrary number of channels that are both non-
identical and correlated has not been discussed. In this paper, we expand upon the work done

in [11-14] to consider the transmission of XQAM over an arbitrary number of correlated, non-
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identical Rayleigh, Nakagami-m, and Nakagami-q channels. The transformation technique in
[20] is an order two orthogonal transformation matrix. However, there does not exist an
orthogonal transformation matrix for arbitrary order which is greater than or equal to three.
Therefore, this transformation technique in [20] cannot be extended to systems comprising
more than two channels. However, the transformation technique used in [20] motivates us to
apply the singular value decomposition (SVD) factorization approach in this paper. By
performing SVD on the channel covariance matrix, we can perform a linear transformation on

a set of correlated, non-identical channels of arbitrary order.

In order to derive the error performance of the system, approximations for the Q-function and
generalized Q-function are firstly obtained using the trapezoidal rule, as was done in [14].
Secondly, the moment generating function (MGF) is used to obtain expressions for the SEP over
an arbitrary number of non-identical fading channels. Lastly, knowledge of the correlation
matrix of the above system is used to transform a system with correlated channels of arbitrary

order into equivalent independent channels.

The remainder of this paper is organized as follows. In section 2, the system model and system
parameters are detailed. In Section 3, expressions are derived for the SEP of XQAM over
multiple non-identical correlated fading channels. In Section 4, simulated and analytical results

are presented. Section 5 concludes the discussion.
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2 System model

Consider a single-input multiple-output (SIMO) system (Ni X 1), where N (N = 2) denotes
the number of receive antennas. The system employs M-ary XQAM modulation, with M =
32,128 and 512 being considered in this paper. The fading channels from N receive antennas
are considered as correlated and non-identical. The fading channels are modelled using
Rayleigh, Nakagami-m or Nakagami-q fading channel distributions. The received signal can be

written as

y=EHx+n (B.1)
where y = [y, y, yNR]T is the received signal vector, x is the transmitted XQAM symbol
with E[|x|?] = 1, E; is the transmit symbol power, n = [n; n, - nNR]T is the complex additive
white Gaussian noise (AWGN) vector,and H = [h1 hy - hNR]T is the fading channel vector with

T
amplitudes a = [a1 as ---aNR] and h; = h! +jth, i € [1: Ng] where h! and h? are real
Gaussian random variables. The entries of n;, i € [1:Ng] and h;, i € [1: Ng] comprise
independent and identically distributed (IID) entries according to the complex Gaussian

distribution with CN(0,1) and CN(O0, a,%i) respectively.

It is assumed that

E[r]] = E[n?] =0, i €[1:N,] (B.2.1)
E[(r))’] = (o!)", i € [1:N,] (B.2.2)
E[(h))] = (09" i €[1:N,] (B.2.3)

E[h] =0, i € [1:N,] (B.2.4)

E[nn?] =0, j k € [1:N,] (B.2.5)

Chjhk = E[hjh;;] = pjko-hjo-th ],k € [1 NT] (B 26)
E[nng] = E[njh;] =0, Lj,k€E[L:N]; i #k (B.2.7)

where pj. is the correlation coefficient between channels h; and hy, and oy, =

2
(0{)2 +(O'iQ) is the standard deviation of channel h;. For Rayleigh and Nakagami-m

channels, O'L-I = aiQ whilst for Nakagami-Q, O'l-I = qaiQ, where q is the Hoyt parameter. It is also

assumed that there exist at least two channels h;,i € [1: N,] and hy, k € [1:N,], i # k, that
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are non-identical i.e. E[|h;|?] # E[|hk|?]. Note that for the special case of identically
distributed channels, it is assumed that E[|h;|?] =1, i =1,--,Nz and the covariance
between channels is dependent only on the correlation between them i.e. Chjhk =pjk, J k€

[1: Ng].
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3 SEP of XQAM over Non-identical, Correlated Fading Channels

As discussed in the introduction, knowledge of the covariance matrix is used to convert a system
of correlated, non-identical channels of arbitrary order into independent channels. However,
we first need to derive error performance analysis for a set of independent channels. We begin
by considering error performance analysis of a single fading channel (Section 3.1). Using MRC
and the MGF approach, we can extend the analysis to a multichannel, uncorrelated system
(Section 3.2). Finally, we need to convert a set of correlated, non-identical channels into a set
of independent channels in order to apply the results from Section 3.2. Therefore, in Section
3.3, we apply the proposed transformation technique to the system of correlated, non-identical

channels, and derive all system parameters for the resulting equivalent system.

3.1 SEP of XQAM over a single fading channel

The exact SEP of XQAM over AWGN, P,,, has been derived in [11, eq. 22]. Since this equation
contains the Gaussian Q-function, a tight approximate expression, P, is derived in [14, eq. 20]
that uses the trapezoidal rule to approximate the Gaussian Q-function, resulting in a closed-

form expression.

The average SEP of XQAM over a single fading channel is then derived by averaging the

approximated SEP expression over the fading distribution of the instantaneous received SNR, y,
as given by [14, eq. 21] as P;(¥) = fooo P;(y)p, (v) dy . Depending on the fading channel model
under consideration, we can replace p,, (y) by pyR(y) for Rayleigh, pym(y) for Nakagami-m, or

pyq(y) for Nakagami-q, as defined in [14, eq. 3-5].

Using the MGF function M,,(s) = fooo exp(—sy)py (y)dy, we can alternatively express Ps(7) as
[14. eq.22]:

P7) = 22 My (=4,) — - M, (-24,) + 2.yt (—sh;’éi;p))

Q'ZZZ?MV('_AO >+_ My(=A) + o T3 ( e )

4m sin2(9p) 2mM sm2(19 )

4 w1 Ao 8 - n—1 _ "4
+M1'm Zk:lak MY (sinz(ak)) +M1m Z 1ak (Zp:lM}/ <sin2(%)>>

* ML’"‘ . z;} Pi [% (sz(ﬁ )) Z (sin;{qpoﬁ))]

45




_ % yv-ip+|l, 4o n-1 ~4o
wrm - 2k=1Prc |5 My (sinz(ﬁ;)>+ Yp=1My sin2<ﬂ> (B.3)

where n is the number of summations which is convergent for n > 10, and

6
12 12
92 =4—mnt oy (B.3.2)
v =<VZM (B.3.3)
48
Ay = 31M—32 (B.3.4)
A = 2k%A,, k €[1:v] (B.3.5)
a; = arctan L , ke[l:v—-1 (B.3.6)
2k+1
Br = arctan (&), k €[2:v] (B.3.7)
Bi = arctan (kiﬂ) kel[liv-1] (B.3.8)
m=2n (B.3.9)
_ pr
9, = 2 (B.3.10)

Depending on the fading channel model under consideration, we can replace M, (s) in (B.3) by

M],R(s) for Rayleigh, MYm(S) for Nakagami-m or Myq(s) for Nakagami-q, as defined in [14, eq.

7-9]. A full derivation for (B.3) can be found in [14].

3.2 MRC diversity reception for multiple independent fading channels

Given a system of N non-identical, independent channels with MRC diversity reception, the

PDF of the instantaneous SNR at the receiver is given by

() = 152y, (v (B.4)
where y; is the instantaneous SNR for path i, i € [1: Ng]

Then the MGF of y becomes

M,(s) = E{e™V} = E{e™s0ivzt+np)} = [TTR M, (s) (B.5)
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For the case of identically distributed channels, (B.5) simplifies to

M, (s) = (M,,(s))"® (B.6)

For a system of Ny identical, independent channels, we can use the results from (B.6) in place

of M, (s) in (B.3).

3.3 Approximated SEP of XQAM over non-identical, correlated fading channels

In order to analyse the SEP of XQAM over non-identically distributed, correlated fading
channels, the following method can be used assuming the covariance between each pair of

correlated fading channels is known.
Given a set of N uncorrelated, identically distributed, zero-mean and unit variance complex

T
Gaussian random variables H,, = [hu1 hy, - huNR] , We can obtain a set of correlated, non-

T
identical, zero-mean complex Gaussian random variables H, = [hcl hey hCNR] by applying
a linear transformation to H,;:

H.=AH, (B.7)
Ajx o Apwg
where 4 = :
Ang1 0 Angig
The N X Ny covariance matrix of H is given by

Cy, = E[H.H/"| = E[(AH,)(AH,)""] = AE[H,H,"|A" = ACy A" = AA"  (B.B)

where Cy  is the covariance matrix of H,, which is the Ni X Ng identity matrix since the

channels of H,, are uncorrelated and have unit variance.

The covariance matrix Cy,. can also be expressed as

Cip - Cing
Cy. =| : (B.9)

C
Cnp1  Cnpig

where the entries Cj;, = pji0joy, j € [1:Ng] k € [1: Ng] . For the special case of identically
distributed channels, Cj; = pj; and the entries in the main diagonal are equal to 1. Since Cy,.

is a symmetric square matrix, we can perform a singular value decomposition (SVD) on CHC:
— H
Ch. =VDV (B.10)
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where V is an Np X Ni orthogonal matrix with columns equal to the eigenvectors of CHCCZC,

and D is a diagonal matrix whose diagonal entries are the eigenvalues of Cy,..

Define A = Vv/D. From this it follows:

AAt = (vWD)(vD)" = VDV = ¢y (B.11)

Since this is a linear transformation, the process can be reversed. Therefore, given a set of non-
identical, correlated random variables H ., we can apply a linear transform B to obtain a set of

uncorrelated, identically distributed random variables H,;:
H, =BH, (B.12)

where B = A~ 1, where A~1 is the inverse matrix of A. A derivation for the average SNR of the

equivalent independent fading channels is shown below:

biy -+ bin,
Let B = :
bye1 ' Dngwg

Replacing H by H . in (B.1), the received signal is given by

y=\EH:x+n (B.13)
Multiplying by B:
By = \/[E;BH x + Bn (B.14)

T
Define ¥ = By where ¥ = [, J, - Jn,| and ; = bjyy1 + -+ biy,Yn,. Define fi = Bn
where 11 = [ﬁ1 ny - ﬁNR]T and 7i; = byyng + -+ + by ny,, Where 7i; is zero-mean and

2
variance is |byy |* + -+ + | byy, |- We can then write (B.14) as

y=JEH,x+7 (B.15)

For each equivalent received signal i the average SNR y; is

_ 1 — ,
Yi = m]/, l € [1 NR] (B 16)

Since the channels of the equivalent system are identically distributed and independent, we can

express the MGF of y using (B.16) and (B.6) in (B.3).
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4 Simulation Results

The computer simulations in this section were done using the Monte Carlo method and a
sample size of 10. For this set of simulations, each system consisted of three channels (three
receivers). Simulations were performed for Rayleigh, Nakagami-m, and Nakagami-q (Hoyt)
fading channels. For the simulation results, symbol detection was performed using the actual
received signals from (B.1), whilst for the theoretical results, symbol detection used the
equivalent received signals from (B.16). Two sets of simulations were performed: one with non-

identical channels, and one with identically distributed channels.

Simulations were performed with the following system parameters for Fig. B1 to Fig. B3:
Variance for the correlated channels g, =1, gj;, = 0.8 and gj;, = 0.5 for non-identical
channels, and aﬁi =1, i =1,2,3 for identical channels. Correlation coefficients p;, = 0.3,
p13 = 0.4 , and p,3 = 0.6. Nakagami-m coefficient m = 3 and Hoyt parameter g = 0.6.
Constellation sizes of M = 32,128 and 512 were considered. Simulation results are shown in
Fig. B.1 to Fig. B.3 for Rayleigh, Nakagami-m, and Nakagami-q, respectively. Simulation results
are presented together with the corresponding numerical result using the expressions derived

in section 3. The figures show a good match between simulation and analytical results.

10°9=8 S ———— :
= 8g—c ¢ —— Non-Identical (M=32)
— — Identical (M=32)
Non-ldentical (M=128) |
Identical (M=128)
— Non-Identical (M=512) | |
— — Identical (M=512)
O Simulation

Symbol Error Probability
5
I

0 5 10 15 20 25 30 35 40
Average SNR (dB)

Fig. B.1 Rayleigh channels

49



Symbol Error Probability

Symbol Error Probability

— Non-ldentical (M=32)
— — Identical (M=32)
[ —— Non-Identical (M=128) |
r — — Identical (M=128) ]
L — Non-Identical (M=512) | |
— — Identical (M=512)
1 O Simulation
0 E . E
102 |- 3
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10 : ‘
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Fig. B.2 Nakagami-m channels
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Fig. B.3 Nakagami-q channels
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5 Conclusion

In this paper, expressions for the SEP of XQAM over non-identical correlated Rayleigh,
Nakagami-m, and Nakagami-q fading channels using the MGF method have been derived. A
transformation technique was presented that was then used to produce equivalent
independent fading channels from an arbitrary number of non-identical, correlated fading
channels. These results allow us to analyse XQAM systems of arbitrary order where the channels
experience correlated behaviour and are non-identically distributed, provided knowledge of the
channel covariance matrix is known. Further research will need to be conducted to provide a

solution that does not require knowledge of the covariance matrix.
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Abstract

An uncoded space-time labeling diversity (USTLD) system with improved bandwidth efficiency
for cross quadrature amplitude modulation (XQAM) is proposed. The proposed system is a
combination of USTLD with XQAM and M-ary phase shift keying (MPSK) modulation. A low
complexity (LC) detection scheme is proposed based on the maximum likelihood (ML) detection
scheme. A simple approach is discussed to design mappers for XQAM and MPSK which are then
used in the proposed system. Rayleigh flat-fading conditions are considered, and the tightness
achieved by a theoretical average bit error probability (ABEP) bound is investigated. By
introducing extra bits to a USTLD system via a 16PSK phase component, the data rate for
32XQAM and 128XQAM USTLD can be improved by 20% and 14.3% respectively. Simulation
results show that the error performance of the proposed system with improved bandwidth

efficiency closely matches performance of the standard USTLD system at high SNR.
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1 Introduction

In order to improve the reliability of a communication system, various diversity techniques have
been developed. One such technique that has found application in space-time coded systems
is labeling diversity. By applying different labeling maps to the spatial streams at the

transmitter, the system error performance can be improved.

In the literature, labeling diversity has found applications in both coded and uncoded systems.
Labeling diversity was first used in coded systems. Bit-interleaved coded modulation with
iterative decoding (BICM-ID), proposed in [1], is a scheme that produces a large coding gain at
a lower system complexity than alternatives such as turbo trellis coded modulation (TCM).
BICM-ID can also be combined with space-time diversity in multiple-input multiple-output
(MIMOQ) systems [BI-STCM-ID]. In [2], it was shown that the choice of labeling map significantly
affected system performance. In [3], optimal labeling criterion for BI-STCM-ID over Rayleigh-
fading channels was documented. Other work in the literature that relates to the design of the
mapper is presented in [4-6]. Other applications for labeling diversity include wireless relay

networks and hybrid automatic repeat request (HARQ) [7-9].

Recently, the authors in [10] proposed uncoded space-time labeling diversity (USTLD), which
combined an uncoded labeling diversity scheme with a space-time block code (STBC) system.
USTLD was shown to have lower complexity and higher bandwidth efficiency than BI-STCM-ID.
Mapper design criterion was proposed, as well as a simple method for generating a mapper.
Based on the work in [10], various systems have been proposed in the literature. In [11], a
USTLD system using three transmit antennas was proposed, resulting in an improved BER
performance. In [12], space-time block coded spatial modulation with labeling diversity (STBC-
SM-LD) was proposed, by applying labeling diversity to STBC-SM. In [13], signal space diversity
(SSD) was applied to a USTLD system (SSD-USTLD), which showed improved performance over
USTLD. In [14] the error performance of USTLD in spatially correlated Nakagami-q channels was

investigated.

The systems in [11-14] considered only error performance of USTLD. One of the other key
objectives in the design of communication systems is bandwidth or spectral efficiency. This is
due to the limited available frequency spectrum for wireless communications. Various works in
the literature are dedicated to improving the spectral efficiency of a STBC system. In [15], a

scheme to improve spectral efficiency by improving Alamouti code efficiency is proposed,
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though the scheme only shows meaningful results for two transmit antenna systems. In [16],
high data rate Alamouti codes (HDRAC) was proposed that used field extensions, though ML
detection for the scheme had high complexity. In [17], a high-rate STBC using QPSK for both 2
and 4 transmit antenna systems were proposed but did not achieve significant spectral
efficiency improvement. In [18], a new space-time full-rate code called embedded Alamouti
space-time (EAST) was proposed. In [19-20], additional schemes that combine spatial
modulation with STBC are presented. However, the systems cannot achieve transmit diversity
with only two transmit antennas. In [21], a trellis code-aided STLD system was proposed, which
improved spectral efficiency by using trellis coding to map additional bits. However, as this is a

coded scheme, it cannot be applied to USTLD.

The motivation of this paper is as follows. Firstly, as mentioned, the systems in [11-14] improve
only upon the error performance of USTLD, not the spectral efficiency. Secondly, only square
QAM constellations have been considered in the above systems. Square QAM is only applicable
to even-bit constellations, not odd-bit. Further, the mapper design is not applicable to odd-bit
constellations such as rectangular QAM or cross-quadrature amplitude modulation (XQAM).
Lastly, the scheme proposed in [21] motivates the idea of achieving higher spectral efficiency
by mapping additional bits. In order to achieve this for an uncoded system, we propose the
following system in this paper. A USTLD system with XQAM is considered. XQAM is chosen over
rectangular QAM due to its higher bandwidth efficiency [22]. An additional phase component
is then added at one of the transmitters, which is used to carry additional information bits in
the form of an M-ary phase shifting keying (MPSK) signal. For higher order MPSK, labeling
diversity is then also applied to the phase component. At high SNR, the proposed system retains
the error performance of a conventional USTLD system while improving spectral efficiency

without an increase in power or bandwidth cost.

Rest of the paper is as follows: In section 2.1, the system model for USTLD is presented. In
section 2.2, a low complexity (LC) detection scheme based on maximum likelihood (ML)
detection is proposed. In section 2.3, a complexity analysis is performed comparing ML
detection to the proposed LC detection. In section 2.4, the theoretical average bit error
probability (ABEP) using a union bound approach is shown. In section 2.5, mapper design
criterion and the mappers for XQAM and MPSK constellations is presented. In section 3,
simulation results are presented and compared with the theoretical bound, and in section 4,

this paper is concluded.
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2 Labeling diversity with XQAM and MPSK modulation

2.1 System Model

A USTLD MIMO system is considered in this paper, with N = 2 transmit antennas, Nk receive

antennas and t = 4 transmission timeslots, as shown in Fig. C.1 below.

m1 >
m2 > ' TL1
0
mg > Xaq, Txy
m, "> v n2
H! R
t X
X Ty,
> n
‘Q'Z A I |NR
m > x5
> Py p R
2
¢ iz >
2 »
t
X
3 p
¢s3
4
Xp -
S

Fig. C.1 USTLD XQAM with MPSK system model

In Fig. C.1 4 = log, My and r, = log, M,, where M, is the constellation size of XQAM with
M; € [32,128] and M, is the constellation size of MPSK with M, € [4,8,16]. A message of
length (4ry +1,) is divided into vectors m; = [m;; m;, -~-ml-,r1], i€ [1:4] and m =
[ml my - mrz]. Vectors m;, i € [1: 4] are fed through Mappers €, k € [1: 2] resulting in the
XQAM symbols xé‘i = O, (m;), where q; =1 +Z;1=12j‘1mirj is the index for the set of
symbols x";l., k € [1:2]. Vector m is fed through Mappers ¢, k € [1:1], where [ depends on
the modulation order and labeling diversity of PSK. For 4PSK, there is no labeling diversity for
the MPSK symbols, thus only one mapper is used. For 8PSK symbols, two mappers are used,

whilst for 16PSK, four mappers are used. In the proposed system [ = 1,2 and 4 for 4PSK, 8PSK
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and 16PSK, respectively. Let x5 = ¢y (m), k € [1:1], wherep =1 + 2;2:1 2j_1mj is the index
for the set of symbols x), k € [1:1]. It is assumed that E{|x§i|2} =1, i €[1:4], k €[1:2]

and E{|x;’§|2} =1, k €[1:1]. Q; maps the input bit stream using a Grey-coded XQAM
constellation whilst ¢4 maps the input bit stream using a Grey-coded MPSK constellation. The
designs for Q, and &y, k € [2:1], are based on optimizing the performance of the labeling
diversity scheme, and its details can be found in section 2.5. The channel is assumed to
experience Rayleigh frequency-flat fast fading. For the case of quasi-static fading, hy;_q y, =

hyin,, § €[1:2], Ne € [1:2].InFig.C.1, Xq, = [xg, x4, ], t €[1,3], Xq, = [xZ,x2,_], t €

h
(2,4], Xt= [x% x& xt], t€[1:4]and H = [h“], t € [1:4].
t,2

The received signal for timeslot ¢, t € [1: 4] is given by
p
Y = \/; (ht,lx};t + ht'zxgthp't) + n; te [1 4] (C 1)

T
whereu =1, v=1fort € [1,3]andu =2, v=—1fort € [2,4]. y; = [}’1,t Vot o yNR_t] is
the received signal for timeslot t, and % is the average signal-to-noise ratio (SNR) at each
receive antenna. x,.; is the transmitted MPSK symbol for timeslot t, given by

[xp x5 x5 x3],  4PSK
[xp1 Xp2 Xp3 xpa] =3 [%p xp x5 x3], 8PSK , hy; is the fading channel of transmit antenna
[xp x3 x5 x3], 16PSK
T
i, i€ {1:2} for timeslot t,te{1:4}, where h.;=[h{;hZ hltvf and n, =
[n! nZ--np® |Tis the additive white Gaussian noise (AWGN) noise vector. The entries for

h;,,h;, and n; are independent and identically distributed (IID) according to the complex

Gaussian distribution with CN(0,1).

2.2 Detection schemes

It is assumed that the channel state information is fully known at the receive side. The optimal

detection scheme is the maximum likelihood (ML) detection, given by

4 2
A A A A A . p
[G1G2G3GsP]=  argmin Z Ve — f_ (ht,1x2ft + ht,zxgm,xp,t) (C.2)
q;€ [1:M4],i€[1:4] = 2 F
p € [1:Mp] -

whereu =1, v=1fort € [1,3]andu =2,v = —1fort € [2,4]
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The ML detection in (C.2) for the proposed system would have very high complexity. In order
to reduce the detection complexity, an alternate low complexity scheme based on ML detection

is proposed in this section. The proposed scheme is based on the following observations:

e The MPSK symbols x,,;, t € [1:4] all have the same index, p. Therefore, knowledge of
the index p implies knowledge of the MPSK symbols.
e If the index p of the MPSK symbol is known, the XQAM symbol indices q;, i € [1,2] can

be detected independently of the indices q;, i € [3,4].

The proposed scheme works in two steps.

Step 1: Estimate the indices of the XQAM symbols §;, i € [1:2] and §;, i € [3: 4] for a given

MPSK symbol index p, p € [1: M;] independently.

2 2
~ ~ . p
[3:(p) G2(P) Yi(p) ] = argmin Z Ve — ,/7 (he1xd + heoxl,, Xpe) ] (C.3.1)
q;€ [1: =
ie12] to1 F
whereu=1,v=1fort=1andu=2,v=—1fort = 2.
4 2
~ ~ . p
[3:(p) Ga(p) Y2(p) ] = aé‘%ﬂ;r} Z Ve — ’7 (ht,lx};t + ht,zx}fthp,t) ] (C.3.2)
qi Ml i3 F
i€[3:4]

whereu =1, v=1fort =3andu=2,v=—-1fort =4
In the above detection, the outputs §;(p), i € [1:4] are the estimated indices for the
transmitted g; given the index p of the MPSK symbol. Y, (p), k € [1: 2] is the ML detection

metric for jointly detecting ;1 and gz
Step 2: estimate the index of the MPSK symbol.

Let Y = [(Y1 (1) + Yo(1)) (Y1(2) + Y2(2)) -+ (Y1(My) + Y;(M5))]. The estimated index of
the MPSK symbol is given by

[(Y1(P) + V() p] = argmin (Y) (C.4)
where p is the index corresponding to the minimum element (Yl( P+ Yy( ﬁ)) of Y.

Finally, the detected XQAM indices are given by

q =q:;(p) i€ [1:4] (C.5)
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2.3 Receiver complexity analysis and comparison

In order to compare the computational complexity of ML detection and the proposed low
complexity (LC) detection, we analyse both schemes in terms of the number of complex

operations required.
Computational complexity for ML detection

For ML detection, we analyse (2). The terms h;;xy and h;,xg., xp: require Ny complex
operations. Summing the terms and subtracting from y, each requires Ny complex operations.
Finally, the Frobenius norm operation requires N complex operations. As there are a total of
4 timeslots, the computational complexity for the argument in (2) is 4 X 5Nz = 20Np.

Therefore, the total complexity for ML detection is 20(M,)*M,Ny.
Computational complexity for LC detection

For LC detection, we analyse (3.1), (3.2) and (3.3). Following a similar procedure as detailed for
(2) above, it can be shown that the complexity for the arguments of (3.1) and (3.2) are both

10N;. The computational complexity for (4) is equal to M, — 1 real operations, which is

. My-1 . . L
equivalent to ZT complex operations. Thus, the total complexity for LC detection is

My—1

20(My)? M Ny + ==

The table below shows the percentage reduction in complexity achieved by LC detection over

ML detection for M; € [32,128], M, € [4,8,16] and N, = 4.

Table 3 Complexity reduction for LC detection vs ML detection

M, M, Complexity reduction (%)
32 4 99.9%
32 8 99.9%
32 16 99.9%
128 4 99.9%
128 8 99.9%
128 16 99.9%

Clearly, a significant reduction in complexity is achieved using LC detection; approximately a

factor of (M,)2.
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2.4 Performance analysis for USTLD using union bound approach

The error performance analysis for USTLD with square MQAM has been discussed in [10], where
it was assumed that at high SNR, only one symbol is detected in error. We extend that approach
in the proposed system to assume that at high SNR, during each transmission block of four
timeslots, only one type of information symbol is detected in error, either XQAM symbols
(symbol error) or MPSK symbol (phase error). Further, it is assumed that for symbol error, only
one of the symbols is detected with error. For the convenience of this discussion it is assumed
that x,’;l is detected with error while x(’;i, i € [2:4] are detected correctly. Based on these

assumptions, the equivalent system model for phase error becomes

P ~
yt = \/;htxp't + nt, t E [1: 4] (C. 6)
Where [Tll EZ E3 E4] = [hllzxéz hzlzx‘?l h3'2x,}4 h4,2xé3]

For symbol error, the equivalent system model is

D
yt = \/;ht,txcth + nt, t E [1: 2] (C. 7)

Let P; be the symbol error probability and Py be the phase error probability. Based on the above

assumptions, the overall bit error probability P, is bounded by
P,=1—-P. =P +Pyg— PPy < P+ Py (C.8)

where P, = (1 — P;)(1 — Py) is the probability all bits are detected correctly. From (C.6-C.8),
the ABEP for XQAM USTLD with MPSK is

My M

1
ABEP(p) < o Z Z N:(91,41) P (Xq, = Xg,)
171

q1,=141#q1

M, M,

1
+ Wz Z Ny (0, ) P (X, = Xp) (€.9)

p=1p#p
where P(qu _’Xﬁl) is the pairwise error probability (PEP) that the transmitted XQAM
codeword X, is detected as X4, where X, = [x7 xZ |and Xg, = [x5 x5 |. P (X, > X;5)is
the PEP that the transmitted MPSK codeword X, is detected as X; where X, =

[xp,l Xp2 Xp3 xp,4] and X5 = [xﬁ,l Xp2 Xp3 xﬁ,4] .N;(q1,4,) and N,(p,p) are the number of

bit errors for the associated PEP events.
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Based on the equivalent model (C.6), the conditional PEP for phase error can be expressed as
4 ~ 2 4 ~ 2
P (Xp - Xﬁ| h,,, "';h4,2) =P (thl”yt - Htxﬁ,t”F < thl”yt - Htxp,t”F) (C.10)

where H, = \/éﬂt. This can be further expressed as:

1
P(Xp—+Xﬁ|hLb"”h%2)::Q< E 2;1&> (C.11)

where §; = ||ﬁtAt||; and Ay = x,; — Xp¢, t € {1..4}. The derivation of (C.11) is shown in the

Appendix. The PDF of §; is [24, eq. 2-1-110]

Ng-1
v, vy

exp| —
Ng P )
(§18.12) " (N — 1! 7 Al

fSt(Vt) =

(C.12)

Averaging the conditional PEP over the independent and identically distributed (1ID) random

variables, the PEP can be expressed as:
P(Xp - Xﬁ) = fo fo fo fo P (Xp - Xﬁ| h,,, ---'h4,2) H§=1f6t(vt)dvt (C.13)
By approximating the Q-function using the trapezoidal rule, the PEP can be expressed as

P(X, > X;) = — [§H‘§=1 M, (3) + ST M, (2;(_))] (C.14)

2n

where the approximation is convergent when number of summationsn > 10, and M,(s) is

the moment generating function of §; given by

Ng
Me(s) = J;” f, o e %dve = (s (€.15)

PIA.|2
1+4|At| N

Finally, substituting (C.15) into (C.14):

—Ng
1|1 —Ng _ 1

2n

Based on the equivalent model (C.7), the conditional PEP for symbol error can be expressed as

P(Xq1 - Xq1|h1,1:h2,2) =P (Z?ﬂ”)’t - thtxt%l”i < Z%=1||yt - Ht,txcth”}z,) (C.17)
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where H¢y = \/éht’t. Similar to the derivation of the PEP for phase error, the conditional PEP

for symbol error can be further derived as

/1
P(Xq, = Xg,|h11,hy5) =Q 7K (C.18)

where k = ||H1,1d1||12: + ||H2,2d2||12: and d; = xfh - xél, i € [1:2]. This is equivalent to [10,

eg. 15]. Following the same approach as [10], the PEP can be shown as [10, eq. 10]

2

1|1 p —Ngr _ p 1
P(qu —>qu) =13 Fo1 (1 +§|di|2) + YRz, <1 +§|di|2m> ](C.19)
2n

2.5 Mapper design for USTLD XQAM and MPSK constellation

At high SNR, |d;|? > 1, i € [1:2] and [A.|? > 1, t € [1:4], (C.16) and (C.19) respectively can

be approximated as

1 2 n-1 2 " —Ngr
p
P(Xg, > X)) =5 [E1a) "+ D T ]{ & 1P — s (c.20.1)
i=1 k=1i=1 sin? (ﬁ)
1 4 n-1 4 " —Ngr
N p
P(X, > Xp) = 51_[ 5 1A | + 1_[ §|At|2_—kn (C.20.2)
t=1 k=1t=1 sin? (ﬂ)

From inspecting (C.20), the design criterion in [10] can also be applied to designing both XQAM

and MPSK mappers, which was shown to be maximizing of the minimum product distance (PD),

given by
2
Q, = argmax { argmin 1_[ |d|? (C.21.1)
q1€ [1:M1] ( (G, #q,)€[1:M,] k=1
4
(P2 ) cl)l)—argmax{ argmin 1_[ |At|2} (C.21.2)
pe[1:M;] ((B#p)e[1:M] 1 =1

where j = 2 for 8PSK, j = 4 for 16PSK.

Since it is not practical to compute (C.21.1) and (C.21.2) directly [7, 8], a few different
approaches are used for the design of the mappers. For 32XQAM and 128XQAM, the method

proposed in [10] for MQAM is used: Adjacent constellation points in Mapper 1 are placed away
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from each other in Mapper 2 by grouping alternate diagonal pairs in each quadrant and then
swapping them with diagonal pairs in the diagonally opposite quadrant. This is visualized in
Figure 7.1 in the Appendix: In the top left quadrant, the diagonals formed by the constellation
points 1A and 2A are swapped with the diagonals in the bottom right quadrant formed by the
points 1B and 2B respectively. Similarly, in the bottom left quadrant, the diagonals formed by
3A, 4A and 5A swapped with the diagonals in the top right quadrant formed by 3B, 4B and 5B,
respectively. For 8PSK, the approach shown in [10, Fig. 1] is used: alternate diagonal
constellation points are swapped. For 16PSK, since 4 mappers are used, the optimal symbol
mappings for 16PSK proposed in [7] are used. The full symbol mappings for each mapper are

shown in the appendix.
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3 Simulation Results

Monte Carlo simulations of the USTLD system for 32QAM and 128 QAM with 4PSK, 8PSK and
16PSK using the mappers described above were performed, with the results shown in Fig. C.2
and C.3 respectively. For reference, simulation results for the performance of USTLD for XQAM
without MPSK is shown, and the theoretical result using the union bound approach is included.
N, = 4 receivers were used. It was assumed that channel information was known at the receive

side, and the channel fading was fast.

It can be seen that the theoretical bound provides a close match to the simulation results at
high SNR (>13dB). At low SNR, the addition of MPSK to the USTLD system degrades
performance, but at high SNR, the performance converges. An XQAM USTLD system with 16PSK
results in a bit rate improvement of 20% for 32QAM and 14.3% for 128QAM. In Fig.C.4-C.7,
performance of USTLD for 32QAM and 128QAM with 16PSK is compared with Alamouti for both
fast and quasi-static fading channels. The results show that at high SNR, USTLD shows
significantly better performance than Alamouti, with a coding gain of 2dB for quasi-static fading

and 3dB for fast fading.
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4 Conclusion

In this paper, a USTLD system has been designed for XQAM modulation with MPSK. The
theoretical ABEP is analysed using a union bound and is shown to provide a close match to
simulation results at high SNR. Criteria for optimal mapper design and a few simple approaches
are followed to generate the various mappers used in the proposed system. These results allow
the application of USTLD systems with higher spectral efficiency than previously proposed

USTLD systems by adding an MPSK phase rotation.
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5 Appendix
Substituting y; from (C.6) and expanding yields
P (Xp > Xpl hyg o hyz) = P (S [|[HeA ||} + 2Re{A nf! A} < 0) (C.22)

P (Xp = Xl hygy s hyz) = P(St[Re{Anf A} > 258 [HeA]|7) (C.23)

AmiH,, t € [1:4] are complex Gaussian random variables with zero mean and variance of

~ 12
[[AcH| -
1A 3B
® o} ® o}
4
1A 2A 4B
® o} ® 0 ® 0
2 —
2A 4B 5B
< o) ® e} ® 0 ®
-‘.ﬁ L | | | |
3 3A 4 2 4A 2 2B 4
® o} ® 0 ® 0
2+
4A 2B 1B
o) ® e} ® 0 ®
4
5A 1B
o} ® 0 ®
In-Phase

Fig. C.8 32XQAM diagonal groupings
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Conclusion

In the first two papers presented, SEP performance analysis for SIMO systems using XQAM
modulation and MRC diversity reception was performed. The trapezoidal rule was used to
provide a tight approximation for the Gaussian Q-function and alternative Q-function,
respectively. Closed-form expressions for the SEP over fading channels were then derived by
using the MGF form of the fading channel PDFs. Paper A considered dual-correlated, identically
distributed channels, while paper B considered an arbitrary number of non-identical, correlated

channels with known channel covariance matrix.

These results allow for simple numerical analysis of the aforementioned systems, with
expressions that provide a tight approximation to the expected results, and aid in the design

and tuning of XQAM systems experiencing correlated channel behavior.

Paper C presented a USTLD system for XQAM modulation with an added MPSK phase rotation.
Choosing 16PSK allows for a bit rate improvement of 20% for 32QAM and 14.3% for 128QAM.
Criteria for optimal signal mapper design guided the design approach for finding mappers for
both XQAM and MPSK constellations. The results from this paper can be generalized to provide
designs for any USTLD system employing an odd-bit transmission scheme. The proposed
scheme can be of use in systems requiring a higher spectral efficiency than that offered by a

standard USTLD system.

In general, the results of this thesis provide further insight into the design and performance of
XQAM systems, and provide the tools necessary to predict system behavior without the need

for extensive simulations.
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