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Abstract

The demands for high data rate services and applications in wireless communication
have been growing exponentially for decades. To meet these demands of users, multi-
input multiple-output (MIMO) wireless systems have been introduced. Space mod-
ulation technique (SMT) is a lately developed transmission scheme for the MIMO
systems. All transmission schemes introduced in this thesis are based on the SMT
principle. Further, the main idea of SMT is to exploit the space as an additional mod-
ulation dimension to convey the data. The principle state-of-the-arts of SMT are space
shift keying (SSK) and spatial modulation (SM). Furthermore, since SMT requires a
single radio frequency (RF) chain to transmit information, it thus reduces the system
design complexity and improve the energy efficiency (EE).

The study begins with the spatial constellation design and performance analysis of
the SSK modulation with limited-feedback. In SSK, antenna index (AI) is denoted by
the spatial constellation symbol. The bit-to-spatial mapping of spatial constellation
symbols is adapted according to the partial channel state information (CSI) of the
fading channels. More specifically, transmitter (Tx) does not receive perfect informa-
tion of channel gain, but it is aware about the channel gain ordering. Based on the
received partial CSI, Tx adapts the spatial constellation mapping and allocates trans-
mit power weights to each transmit antenna (TA). Furthermore, the power adapted
spatial constellation symbols are encoded by using gray coding scheme, which results
in unit Hamming distance between adjacent spatial constellation symbols. In addi-
tion, maximum-likelihood (ML)-detector exploits to detect an active TA index of the
multiple-input single-output (MISO) system. Accurate expressions for the average bit

error rate (ABER) for 2x1 and 4x1 MISO systems over Rayleigh fading channel are
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derived. Further, an approximate expression for the ABER of a generalized MISO
system is also obtained. It is shown analytically that the ABER performance of the
proposed SSK scheme can be improved by applying a non-uniform power allocation
(PA) to make transmit links more distinguishable at the receiver (Rx). Moreover, we
demonstrate analytically that the proposed scheme attains a diversity order which is
twice of the conventional SSK scheme.

We then venture into the area of physical layer security (PLS) analysis for SSK-
MISO system. The bit-to-spatial mapping of the spatial constellation symbols is
adapted according to the partial CSI of the legitimate channel at Tx. Further, Tx
also adapts transmit PA weights to each TA according to the partial CSI. Since an
eavesdropper (Eve) is not (usually) aware of the legitimate CSI, it cannot success-
fully decode the AI; thus, transmission over the legitimate channel is secured from
the wiretapping of Eve. An important virtue of the proposed scheme is that the Tx
does not require full CSI of the legitimate and eavesdropper channels to secure the
confidential information. The proposed work focuses on the secrecy rate (SR), secrecy
outage probability (SOP), and ABER of the considered MISO system over Rayleigh
fading channels. Approximate expressions of Bob’s data rate for 2-ary and 4-ary SSK
modulations are derived in the closed-form. Furthermore, an upper-bound of Bob’s
data rate for N,-ary SSK modulation is also derived. In order to obtain the SR of the
proposed scheme, we also evaluate Eve’s data rate. Analytical results of SR, SOP, and
ABER demonstrate the robustness of the proposed scheme.

Further, we extend our work on PLS to SM-MIMO system, where mapping of
the spatial constellation and signal constellation are adapted. In SM-MIMO system,
partial CSI of the legitimate channel is exploited by Tx to dynamically adapt the
spatial and signal constellations mapping patterns. Thus, Eve cannot successfully
decode the confidential information over the wiretap channel, since it does not aware
of the spatial and signal constellation mapping rules. Further, an important virtue of
the proposed transmission scheme that the Tx does not need to know the full CSI of
Eve and legitimate channels. To demonstrate the security guaranteed by the proposed

scheme, ABER, SR, and SOP are evaluated.
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Apart from this, we present a spectral efficiency (SE) enhancing scheme for a single
RF chain MIMO system. We present a quadrature spatial modulation-assisted full-
duplex (QSM-FD) communication scheme for the MIMO systems, where transmit and
receive antennas are co-located at each node. These antennas can be utilized as either
transmit or receive antennas for a symbol duration, which implies that the proposed
QSM-FD scheme is implemented with half-duplex (HD) antennas. An adaptive analog
self-interference (SI) cancellation model is presented to reduce the SI to a desirable
level. An ML-detector is employed that is subject to the residual SI. An upper bound
of the ABER for the proposed scheme is also derived. Furthermore, we provide the
analytical framework of the ergodic capacity (EC), system throughput, and ergodic
spectral efficiency for the proposed QSM-FD scheme.

Finally, the idea of smart propagation environment is introduced, where modu-
lated information carrying signal intentionally modified on the propagation medium to
improve the system performance. We present a reconfigurable intelligent surface (RIS)-
assisted SSK modulation and reflection phase modulation (RPM) scheme, where RIS
embeds its own information in the reflection phase shift of the reflected RF signal.
More specifically, the RIS simultaneously performs two tasks: i) reflecting the imping-
ing RF signal with a discrete phase shift and ii) embedding the information bits in
the phase shift. We perform joint detection for the RPM and SSK symbols using an
ML-detector, and a unified analytical framework is presented for theoretical analysis of
the ABER and EC of the proposed scheme. All numerical results are thoroughly ver-
ified through the Monte Carlo simulation. Numerical results reveal that the proposed

scheme outperforms the conventional SSK scheme.






HRIer

IR AR # 3o 37 &X {arst 3R Jrequien v AT aerhl & sl ¥ 96 W &
SYARTHAIT H §oT ART A T A F AT, Fg-51Y¢ g-3m3cqe (MIMO) IRerd
faFeH 9 fhU aC §1 T9H AT Tehelleh (THUAL!) UANSUASN @FcH & fou
gl & A Taohf@d ciafaAeeT &he 81 30 Nfaw # veda @l e Jeen
THUAE [fgid W IR &1 S8 Ieldl, THUAS H ALY fuR el @l FN
o & fav ve AfaRed Alsgeds 3AH & & F HaRer &1 Qg &G gl
THUAST $HT GHE cToheileh T98 RIFe HIST (THUHS) iR TUTfeh Algel (THTA) §
$Heh 37CAdl, Yfeh THUAE I FooAT THRT FaA & [T Uehel WSAT threradl (IRTH)
ST H AERTSA B §, AT AF Rwen o Jieaar & &7 ar § 3R
Foll G&TT ($3) # FUR &l &

e WiffAd BIsdeh & WY THUES AlSRRlA & TUfAs e Boger 3R
vediel faRaYOT & @Y Y& g &1 THUHS H, VAT $3FH (TITS) H TUMMeAeh wAaTT
Yciieh GaRT SRMAT STl &1 TATMAh AT Fehiehl & fSe-g-uriaish A0 ofed gicl
deTell &1 3RS Aofel AT Faar (ATEsng) & AR fehiad fhar Siar g
3f8e AV §7 &, A (Evad) T ddd o Fr HEl TARRT el Heldl g,
AfhT T8 dAeT AH N & IR H AT &1 Ired e TS F 3R W,
AU T et AGTRAUT FI 3ehfold FIdT & I s AT vear (d) H
gEfAT ey T JrEfed T B SHS el Afdd-3eghiad FATfeld T el
P Teh I HIfSIT TSl T 3YAE Feh Tehls fhar STdar g, Toids IROTAETERT
el TS AT Yclihl & fT Fhls AT g Bl gl FHE 3ol dl, Hedlddl-
geiqe fHre-3m3ege (MISO) f¥ed & Us &Alhd TA $SFH & Ual ol & faw
fRaH-gHEAT (ML) -f3e¢Fer WoT &Tar gl Yo BfSer daa W 2X1 3R 4X1
MISO fa¥es & fau 3ftwa fae I aT (ABER) & fav &l ffeafdaar wrea &
STl €1 $Heh 37elldl, QAT MISOW@&?ABER%%@W&@H@d cgoleh
i grea fRar Sar €1 e aRevuicAs ®9 @ R@mm r € fF geaiad wauas
AT & TSGR YGe ol IN-HATT f¥sTell 31des (NT) o] deh R (3IRTeFH)




W gEAe fods & 3R s s sa= & fav gur fear s @whdar g1 58
37clmar, &7 fAeucAs & & Yefdd id ¢ & uedrad deler ta JAfaear s
UICd A § Sl IRYR THUHS Alofell & ST 8

fhe gH SSK-MISO 9gumrell & fau &fifdes o geam (PLS) favelwor & & #
3cA ad ¢ Tufae areAse e & Se-g-rafaw Asfar Tx @@ du I
& 3% CS| & AR 3fefpfald fohar aram g gdah 3femar, Tx off 3% CSI &
AR Ycdsh TA & PA #R AR &l g1 G Teh U a1 el arern (34)
3y AeEIs & IR A HAIR W) IHG9d A& &, I TS H held s SHs
G F FhAT §; 3H YBN, dY Idd W YERUT &9 & g @ giiEa g
JEAT ATl T Ueh Hgeaqoul 0T Ig § o MG SeTehl T &I oA &
faw Tx & 3o 3 Buwt a1d Fgal ara Al & quT CS| T 3aeyHhcr a6l &
YEAIfad HT MYAIAT &7 (VHR), MNUAIAT 3esT FHTeTar (TEand)), 31k Yo
a1 dTall W AT THIBTEN Yool & TSR W higd gl 2X1 3R 4X1 SSK
& U Bob &I 3eT &X &1 IFATAT &oleh HSeldd d¢ §T H cUeel &1 &l SHH
37emar, NaX1 SSK #Higelsl & faw did &7 Ser ax &l Iy €A o foeprell a1 &
JEAAT TSl T THIR UIed el & T, 7 $a &1 3eT o &l 3 Hedihed
g TEAR, TE3dr 3R TSR & favevoeAs aRUmE SEdTad sl S At
A IGfid aXd gl

e 37T, g9 YITIUH 9T 3Us) HIH I THUA-THANSUAN {EeHd d ded
g, el TUTiareh =161 3R [@ecel 7679 & HARE0T HT Hefehfeid har Srem g1 SM-
MIMO woTrell #, 34 doel & 37fAd CS| F 3TANRT Tx ganT Tifede 3R RHgeter
dARTHSS AU Yot ol Ml & § 3ffehicld ael & U fham Sirar g1 5@
YR, $d dRRET Iddl W MY STAFNT H AheId des SHIS 76T X Fobel,
FITR 39 TS 3R [eTe AeTT AGRTT [IAT HF FAwRT FA87 &1 SG& 37T,
TETidd SRR ISt & Ueh Hgcdqul 0T Ig ¢ fob Everd 1 g9 3R a4 devall
& quT HIUE3NS I SAledel I HTGRISAT ALl &1 FEANdd Fotell ERT IREThed F&T
& Feiid e & faw, ABER, SR 3R SOP &I #Hedise far e gl




S IHeldl, §H Uehel INUD AWl TANSUAN Yool & T T ol
ceTcll (THS) Sl drell AlSlell Y&dd - g1 §H UANSUA3T f@en & fav wh
TS T ATSAA-HGRIAT UI-ed (FYUHTH-UGST) TR Alolell T I &,
STET TOROT 3R gIed TeaT Jcdsh Al W J8-RUT g1 g1 ST TeaAT hl 3UAET A7
T Yol 3y & fau tear gaia ar god & & §9 A R ST §edr g,
S 3 § & yeaiidd FqUaTA-UGS Il T-gae (TAS)) UeaT & | o]
dr A B THIS H TGN R b HH e & AT TH Helholl TATANT Td-
BECATT (TH3MS) T AlSel YEdd fhdl a7 §1 U THATA-3eFT wRd ¢ it
3afdse TE3s & N §1 GEAIAd AeteT & ol ABER &1 9T Oir oft Aeprelr
TS §1 SEF IMET, §H TEAIAd FYUAUA-UEST AlStell & fov Teliisd &7AdT (S,
f&Fea yge, IR wilfssh Tereer Gafdr &1 faRelvolcHs arar Jald i ¢ |

3id H, T TATC YR aTdreRoT F [FarR 92T fRar = g, S8 {ed & gl
H dFR T & AU JAR AIH W SAGR HMAT FIA-ageh Tehed I
AN fhar a1 1 §H T Gof: HIeHIN Hlel AT JREA HAE (INITSTH)-
e THUHS Alggeldel 3N gfafda =Ror Alsgeleed (3RAT#A) Aol Tedd i
g, o787 3R3msvy vfafdfea 3Rte Reaa & gfafse wRor seoa & 379 ShRT
TFS AT gl 3% 99w ¥ &, IRIABTH TF AT & R AT g i) 3Tdd
TUT dGelld & H1Y IRTCH @asior @l FfAfidd & AR i) TROT deerrad # FIa
fScT & g FEAT| §H THTS f3eael T 3T aeh IRATH 3R vauas gdier
& v dgad ggae ad §, 3R Eaad A & TSR R ST & dgifas
faeaivor & faT vk Thhd faeovoncaA® ermr gEd fear S g1 Al Fraf
eI & ATETH § H HEACHASR IRUMAT Y I e & Fcdmdd R Srar
g1 TEaTcHs IRUTAT & gar Ioar § & gEarfad e aRuRe tHuEs AeEr @
dgaX e L ¢







Table of Contents

1

Certificate
Acknowledgements
Abstract

List of Figures
List of Tables
Abbreviations
Notation

Introduction

1.1 Single Antenna Communication System . . . . . . .. .. ... .. ...

1.2 Multiple Antenna Communication System . . . . .. .. .. ... ...
1.2.1 Beamforming . . . . . . . .. ... ...
1.2.2  Space-Time Coding . . . . . . . . . .. .. ... ...
1.2.3 Spatial Multiplexing . . . . . . . ... ...
1.2.4 Disadvantages of MIMO System . . . . . . .. .. .. ... ...

1.3 Space Modulation Technique . . . . . . . .. .. ... .. ... .. ...
1.3.1 Spatial Modulation . . . . .. . ... ...
1.3.2 Space Shift Keying . . . . . ... ... .. ... ... ... ...

1.4 Literature Review . . . . . . . . ... o o

1.4.1 Spatial Modulation . . . . . . ... ...

vi

ii

iii

xii

xiii

xiv

xvi

O © 00 g OO O w NN~

11



1.4.2 Space Shift Keying . . . . .. .. ... ... ... ... 16

1.5 Motivation . . . . . . ... 17
1.6 Thesis Contribution . . . . . . .. .. .. ... oo 19
1.7 Outline of Thesis . . . . . . . .. .. 21
Limited Feedback-Based SSK Modulation 24
2.1 Imtroduction . . . . . . ... 24
2.2 Preliminaries . . . . . . . ..o 27
2.2.1 System Model . . . . . . .. ..o 27
2.2.2  Bit Error Probability . . . . . ... ... 29
2.3 Proposed Limited Feedback-Based SSK Scheme . . . . .. .. ... .. 30
2.3.1 Problems with the Conventional SSK Scheme . . .. .. .. .. 30
2.3.2  Proposed SSK Scheme . . . .. ... ... ... ... ...... 32
2.4 Performance Analysis . . . . . . . ..o 37
2.4.1 Error Rate Analysis of N; x 1 MISO System . . . . . .. .. .. 44
2.4.2 Diversity Order Analysis . . . . . .. ... ... ... ... ... 45
2.4.3 Design Criteria for oo . . . . . . . ..o 46
2.5 Numerical Results and Discussion . . . . . . .. ... ... ... .. .. 47
2.6 Summary . ... 56
Secrecy Analysis for Adaptive SSK Modulation 57
3.1 Introduction . . . . . . ... o7
3.2 System Model . . . . . . .. . . 60
3.3 Partial CSI-Based Adaptive Antenna Mapping . . . . . . . .. ... .. 61
3.4 Secrecy Rate Analysis . . . . . .. ... Lo 65
3.4.1 Mutual Information Analysis. . . . . . . .. ... ... ... .. 65
3.4.2 Secrecy Rate Analysis . . . ... ... .. ... 67
3.4.3 Bit Error Rate . . . . . ..o 80
3.4.4 Asymptotic Secrecy Rate Analysis. . . . . . ... .. ... ... 81
3.4.5 Secrecy Outage Probability . . . . ... ... ... ... .... 81
3.5 Numerical Results and Discussion . . . . . . .. .. .. ... ... ... 82

vil



3.6 Summary . ...

Secrecy Enhancing Scheme for Spatial Modulation
4.1 Introduction . . . . . . . ...
4.2 System Model . . . . . . .. L
4.3 Proposed Transmission Scheme . . . . . ... .. ... ... ......
4.4 Performance Analysis . . . . . . . ..o Lo
4.4.1 Secrecy Rate Analysis . . . . . .. .. ... ... ...
4.4.2 Bit Error Rate Analysis . . . . ... .. ... .
4.4.3 Secrecy Outage Probability . . . .. .. ... ... ... ...
4.5 Numerical Results and Discussion . . . . .. .. ... ... ... ... ..
4.6 Summary . . ... ... e

QSM-assisted Full-Duplex Communication
5.1 Introduction . . . . . . ...
5.2 System Model . . . . . . . ..
5.3 Performance Analysis . . . . . . . .. ... L
5.3.1 Average Bit Error Rate . . . . . . ... .. ... ... ...
5.3.2 Ergodic Capacity . . . . . . . . ...
5.3.3 System Throughput. . . . . ... ... .. ... ... .. ....
5.4 Numerical Results and Discussion . . . . . . .. . ... ... ... ...
5.5 Summary ... ..o
RIS-Aided SSK Modulation
6.1 Introduction . . . . . . . . ..
6.2 System Model . . . . . . . . ..o
6.3 Principle of the Proposed Scheme . . . . . . . . ... ... .. ... ..
6.4 Performance Analysis . . . . . . . . .. ..o
6.4.1 Error Rate Analysis. . . . . . . ... ... ... ...
6.4.2 Diversity Order Analysis . . . . . . . ... .. ... ... ....
6.4.3 Ergodic Capacity Analysis . . . . . . .. .. ... ... ... ..

viil

91
91
93
94
99
99
102
103
103
106

107
107
109
111
111
113
115
115
120



6.5 Numerical Results and Discussion . . . . . . . . . . . . . . . ... ... 134

6.6 Summary . . . ... 137
Conclusions and Future Works 138
7.1 Conclusions . . . . . . . . 138
7.2 Future Works . . . . . . ., 141
Bibliography 143
Publications based on this Thesis 158
Technical Biography of Author 160

X



List of Figures

1.1 SISO wireless communication system . . . . . . ... .. .. ... ... 2
1.2 MIMO wireless communication system . . . . . ... .. .. ... ... 5
1.3 General block diagram of the SM . . . . . . .. ... ... ... ... 10
2.1 SSK system model with feedback. . . . . . .. ... ... 27

2.2 Tlustration of source mapping, spatial, and real-line constellation of the

4x1 MISO system for conventional SSK scheme. . . . . . . . .. .. .. 31
2.3 Illustration of constellation design for the proposed SSK scheme for four

TAS. . e 33
2.4 ABER versus SNR curves for the existing closed-loop SSK and proposed

SSK schemes for SEof 1 bpcu. . . . . . ... ... o0 48
2.5 ABER versus SNR curves for the conventional SSK/SM and proposed

SSK schemes for SEof 2 bpcu. . . . . ... ... 0L 49
2.6 PEP and ABER performance of the proposed scheme for Ny =4. . . . 50

2.7 Comparison of PEP(z3 — x4) and ABER curves for the proposed scheme
with N, = 4, for different valuesof . . . . . . . . . . . ... ... ... 51
2.8 Comparison of PEP(Xy, , — Xx,) and ABER Vs. SNR curves for the
proposed scheme for different values of NV;. . . . . . . .. ... ... .. 52
2.9 ABER versus «a curves for proposed SSK scheme. . . . . . . ... ... 53
2.10 Performance comparison among the conventional, existing closed-loop,

and proposed SSK schemes for spatially correlated channel for SE of 3

2.11 Plot of the probability of occurrence of adverse cases versus SE. . . . . 55



3.1
3.2

3.3

3.4
3.5
3.6
3.7
3.8

3.9

3.10
3.11

4.1
4.2
4.3
4.4

2.1
5.2

2.3
0.4
2.5
2.6

6.1
6.2

[lustration of the proposed secure transmission model. . . . . . . . ..

Comparison of Ry and Ry (¥, ;(s)) versus SNR curves of Bob’s data rate

Comparison of R, and Ry(¥y, n,—1(s)) versus SNR curves of Bob’s data
rate for various number of N;. . . . . ...
BER versus SNR curves of Bob and Eve for SE of 1 bpcu. . . . .. ..
BER versus SNR curves of Bob and Eve for SE of 2 bpcu. . . . .. ..
Secrecy rate versus SNR curves for the proposed scheme with N; = 2. .
Secrecy rate versus SNR curves for the proposed scheme with N, = 4. .
Comparison between the analytical upper bound and exact SR values
for the proposed scheme for N, =4,8,16. . . . . . .. .. .. ... ...

Analytical SR versus « plots for the proposed scheme for various number

BER versus SNR curves of Bob and Eve for N, =4. . . . .. ... ...

SOP versus SNR curves for different valuesof N, . . . . . . . ... ..

System model. . . . . . . ...
BER vs SNR plots for Bob and Eve. . . . . . ... ... ... .....
SR vs SNR plots of the proposed scheme. . . . . . . .. ... ... ...
SOP vs SNR plots of the proposed scheme. . . . . . . .. ... ... ..

System model of the QSM-FD wireless communication. . . . . . . . ..
ABER-SNR plots of QSM-FD, FD, and SM-FD schemes for SE of 12
bpcuand N =4. . . . . ..
ABER-SNR plots of the QSM-FD scheme ford=a=1. . ... .. ..
EC of the QSM-FD, SM-FD, and SM-HD schemes for M = N = 4.
System throughput for various values of M and N. . . ... ... ...
Ergodic spectral efficiency vs. N plots for different values of M.

RIS-aided wireless communication system. . . . . . . . . .. ... ...
ABER versus SNR plots of the proposed scheme for various value of N
and N, = 1. . . . .

xi

79

109

135



6.3

6.4

ABER versus SNR plots of the proposed scheme for different values of

EC versus SNR plots of the proposed scheme for various values of Ny, M, N,
and N,. . . . L

xii






List of Tables

1.1
1.2
1.3

2.1

3.1

4.1

4.2

4.3

6.1

Alamouti code design . . . . . . . .. ...
SM mapping rule for Ny =4 and M =2 . . ... ... ... .. .. ..

SSK mapping rule for Ny =4 . . . . .. ...
Spatial constellation design for the proposed SSK scheme . . . . . . ..

lustration of correspondence between channel gain order and Al map-

ping patterns for the proposed scheme with N;=2 . . . . . . . ... ..

[lustration of spatial/signal constellation mapping pattern for the pro-
posed scheme with Ny =M =2 . . . . ... ... ... ... ......
[lustration of spatial/signal constellation mapping pattern for the pro-
posed scheme with Ny =4 M =2 . . . . . ... ... ... .. .....
[lustration of spatial/signal constellation mapping pattern for the pro-

posed scheme with Ny =2 M =4 . . . . .. ... ... ... ......

[lustration of bit-to-symbol mapping at AP and RIS for M = 2 and

xiii






Abbreviations

ABER
Al
APM
AWGN
BER
Bob
bpcu
CSI
DCMC
EC

EE
Eve
FD
FDD
MED
MGF
MIMO
MISO
ML
MRC
HD
IAS
ICIT

Average Bit Error Rate
Antenna Index

Amplitude and Phase Modulation
Additive White Gaussian Noise
Bit Error Rate

Legitimate Receiver

bits per channel use

Channel State Information
Discrete-Input Continuous-Output Memoryless Channel
Ergodic Capacity

Energy Efficiency

Passive Eavesdropper

Full Duplex

Frequency Division Duplex
Minimum FEuclidean Distance
Moment Generating Function
Multiple-Input Multiple-Output
Multiple-Input Single-Output
Maximum Likelihood
Maximum Ratio Combining
Half Duplex

Inter Antenna Synchronization

Inter Channel Interference

Xiv



iid.
PA
PDF
PLS
QSM
RA
RF
RIS
RPM
RV
Rx

SC

SE

ST
SIMO
SISO
SMTs
SM
SMUX
SNR
SOP
SR
SSK
STC
STBC
TA
TS

Tx
V-BLAST

independent and identically distributed

Power Allocation

Probability Distribution Function
Physical Layer Security
Quadrature Spatial Modulation
Receive Antenna

Radio Frequency
Reconfigurable Intelligent Surface
Reflection Phase Modulation
Random Variable

Receiver

Selection Combining

Spectral Efficiency

Self Interference

Single-Input Multiple-Output
Single-Input Single-Output
Space Modulation Techniques
Spatial Modulation

Spatial Multiplexing
Signal-to-Noise Ratio

Secrecy Outage Probability
Secrecy Rate

Space Shift Keying

Space-Time Coding
Space-Time Block Coding
Transmit Antenna

Time Slot

Transmitter

Vertical Bell Labs Layered Space-Time

XV



Notation

Q

® T < AV

~—~

)i
arg max|-|

arg min|:|

exp(-)

g

[Jarxn

Approximately equal to
Greater than equal

Less than equal

Square root

Factorial

Kronecker product operator
Hermitian transform
Maximization operator
Minimization operator
Permutation operator
Exponential function (i.e., e®))
it" column of the identity matrix
Vector

Matrix

A matrix with M rows and N columns
Trace of matrix

Expectation operator
Transpose operator

Absolute value

Frobenius norm

PDF

Joint PDF

Conditional PDF

xvi



Probability of event

Gaussian g-function

Real component of complex quantity
Imaginary component of complex quantity
Moment generating function

Modified Bessel of the first kind and zero order
First order Marcum g-function

Upper incomplete gamma function
Complete gamma function

Gaussian hypergeometric function

Beta function

Total power

The log, base x, of y

Mutual information

Diagonal matrix

Identity matrix of order N; x N,

Entropy

Conditional entropy

Hamming distance between different symbols

Meijer-G function

XVvii



