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Abstract

Improving spectral efficiency, without increasing design complexity, is the prime mo-

tivation to manage the high data traffic of future wireless transmission technologies.

Optical spatial modulation (OSM) scheme is one of the possible viable options when

employed with multiple-input multiple-output (MIMO)-free-space optical (FSO) com-

munication system. OSM is a modulation scheme which conveys information over both

spatial and signal constellation simultaneously. In other words, a part of the informa-

tion bits is used to choose one of the optical antennas/sources (LASERs/LEDs) while

the remaining bits are transmitted by a traditional modulation scheme through the se-

lected optical antenna. Therefore, by encoding information in the index of the optical

antenna, spectral efficiency of the system can be improved. In addition to increasing

spectral efficiency, other challenges of MIMO systems such as inter-channel interface,

inter-antenna synchronization, complex decoding, etc. are completely eliminated by

OSM scheme since it uses a single optical antenna at a time. A special case of OSM

is optical space shift keying (OSSK) where only antenna indices are used to transfer

the information; this makes the overall system even simpler as compared to OSM.

These inherent benefits make OSM/OSSK a suitable modulation scheme to achieve

high spectral efficiency for future FSO systems.

In this dissertation, a detailed performance analysis of OSSK scheme over different

FSO channel models is presented. The analysis starts with a multiple-input single-

output (MISO) system employing OSSK scheme (MISO-OSSK system). The closed-

form expressions of different performance metrics such as average bit error rate (BER),

diversity order, and coding gain are obtained for MISO-OSSK system under Gamma-

Gamma fading channel model. The effect of different transmit power weights on the
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error performance of OSSK scheme is also investigated. For a more realistic study of

the OSSK scheme, the effect of pointing errors along with the atmospheric turbulence

is included. Subsequently, the analysis is extended to MIMO-FSO system employ-

ing OSSK scheme (MIMO-OSSK system) over three different channel models which

cover the entire turbulence regime. The mathematical expressions of the average BER

and the finite constellation based channel capacity of MIMO-OSSK system are de-

rived. MIMO-OSSK system is then compared with the same rate MIMO-FSO system

employing repetition coding (MIMO-RC) in terms of error performance and channel

capacity.

After a detailed study of the traditional OSSK schemes, a novel partially informed

transmitter based OSSK (PIT-OSSK) scheme is proposed wherein the transmitter has

a partial knowledge of the channel condition. The partial knowledge of the channel

state is used to reorder the mapping of symbols onto the optical sources along with

power allocation. This modification reduces the number of bits in error between two

consecutive constellation points and hence reduces the system BER. A framework to

obtain the mathematical expression of BER of the proposed PIT-OSSK scheme is

provided. A comparison of PIT-OSSK scheme with conventional OSSK scheme over

different channel models is also performed. At last, a novel differential OSM/OSSK

(DOSM/DOSSK) is designed and intensively studied. The proposed DOSM/DOSSK

scheme overcomes the necessity of channel state information at receiver side which

is required in traditional OSM/OSSK scheme. In short, this dissertation presents

a fundamental analytical framework to investigate the OSSK scheme over the FSO

system along with some new variants of OSM/OSSK.
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सार 

 

डिजाइन की जटिलता को बढाए बबना वर्णक्रमीय दक्षता में सधुार, भववष्य की वायरलेस ट्ाांसममशन 

प्रौद्योगिककयों के उच्च ििेा टै्क़िक का प्रबांधन करने की मखु्य प्रेरर्ा है। ऑप्टिकल स्पेमसयल मॉड्यलेूशन 
(OSM) स्कीम सांभाववत व्यवहायण ववकल्पों में से एक है जब इस ेमल्िीपल-इनपिु मल्िीपल-आउिपिु 
(MIMO) फ्री-स्पेस ऑप्टिकल (FSO) सांचार प्रर्ाली के साथ ननयोप्जत ककया जाता है। OSM एक 
ऐसी मॉड्यलेूशन स्कीम है जो स्थाननक और सांकेत नक्षत्र का उपयोि एक साथ करके जानकारी भेजती 
है। दसूरे शब्दों में, सचूना बबट्स के एक टहस्स ेका उपयोि ऑप्टिकल एांिेना/स्रोतों (LASER/LED) में 
से एक को चुनने के मलए ककया जाता है, जबकक शषे बबट्स चयननत ऑप्टिकल एांिीना के माध्यम से 
एक पारांपररक मॉिुलन योजना द्वारा प्रेवषत होत ेहैं। इसमलए, ऑप्टिकल एांिीना के सचूकाांक में जानकारी 
को एन्कोडि ांि करके, प्रर्ाली की वर्णक्रमीय दक्षता में सधुार होता है। वर्णक्रमीय दक्षता बढाने के अलावा, 
MIMO मसस्िम की अन्य चुनौनतयााँ जैस ेइांिर-चैनल इांिऱेिस, इांिर-ऐन्िेना मस ांक्रोनाइजेशन, कॉम्पटलके्स 
डिकोडि ांि इत्याटद को OSM योजना द्वारा परूी तरह से समाटत हो जाता है क्योंकक यह एक समय में 
एक ही ऑप्टिकल एांिीना का उपयोि करता है। OSM का एक ववशषे प्रकार ऑप्टिकल स्पेस मशफ्ि 
कीांि (OSSK) है जहाां केवल एांिीना सचूकाांक का उपयोि करके सचूना को स्थानाांतररत ककया जाता है; 
यह OSM की तलुना में समग्र प्रर्ाली को और भी सरल बनाता है। OSM/OSSK के ये सभी 
अांतननणटहत लाभ इन्हे भववष्य के FSO मसस्िम के मलए उच्च वर्णक्रमीय दक्षता प्रापत् करने के मलए 
एक उपयकु्त मॉिुलन योजना बनात ेहैं। 

इस शोध प्रबांध में, ववमभन्न FSO चैनल मॉिल पर OSSK योजना का एक ववस्ततृ प्रदशणन ववश्लेषर् 

प्रस्ततु ककया िया है। ववश्लेषर् OSSK योजना को ननयोप्जत करने वाले मल्िीपल-इनपिु-मस ांिल-आउिपिु 
(MISO-OSSK) मसस्िम से शरुू होता है। िामा-िामा चैनल मॉिल के तहत, MISO-OSSK प्रर्ाली 
के मलए औसत बबि त्रटुि दर (BER), ववववधता क्रम और कोडि ांि लाभ जैस ेववमभन्न प्रदशणन मटैट्क्स 
के अमभव्यप्क्तयाां प्राटत की जाती हैं। OSSK स्कीम के त्रटुि प्रदशणन पर अलि-अलि ट्ाांसममशन शप्क्त  
भार के प्रभाव की भी जाांच की जाती है। ओएसएसके योजना के अगधक यथाथणवादी अध्ययन के मलए, 
वायमुांिलीय अशाांनत के साथ-साथ पॉइांटिांि त्रटुियों का प्रभाव भी शाममल ककया िया है। इसके बाद, 
ववश्लेषर् को MIMO-FSO प्रर्ाली के मलए ववस्ताररत ककया िया है जो OSSK योजना (MIMO-
OSSK प्रर्ाली) को तीन अलि-अलि चैनल मॉिल पर जााँच करता है प्जसस ेसांपरू्ण अशाांनत शासन 
कवर होता है। MIMO-OSSK प्रर्ाली का औसत BER और पररममत नक्षत्र आधाररत चैनल क्षमता 
की िणर्तीय अमभव्यप्क्तयााँ को ननकला िया है। त्रटुि प्रदशणन और चैनल क्षमता के सांदभण में, MIMO-
OSSK प्रर्ाली की तलुना सामान दर वाले MIMO-FSO प्रर्ाली जो पनुरावपृ्त्त कोडि ांि (MIMO-RC) 
को ननयोप्जत करता है के साथ की ियी है। 

 

 



पारांपररक OSSK योजनाओां के ववस्ततृ अध्ययन के बाद, एक नया आांमशक रूप से सगूचत ट्ाांसमीिर 

आधाररत OSSK (PIT-OSSK) योजना प्रस्ताववत ककया िया है, प्जसमें ट्ाांसमीिर को चैनल की प्स्थनत का 
आांमशक ज्ञान है। चैनल राज्य का आांमशक ज्ञान शप्क्त आवांिन के साथ-साथ ऑप्टिकल स्रोतों पर प्रतीकों 
के मानगचत्रर् को किर से व्यवप्स्थत करने के मलए उपयोि ककया जाता है। यह सांशोधन दो लिातार 
नक्षत्र बब ांदओुां के बीच त्रटुि में बबट्स की सांख्या को कम करता है और इसमलए मसस्िम बीईआर को 
कम होता है।  प्रस्ताववत पीआईिी-ओएसएसके योजना के बीईआर की िणर्तीय अमभव्यप्क्त प्राटत करने 
के मलए एक रूपरेखा प्रदान की िई है। ववमभन्न चैनल मॉिल पर पारांपररक OSSK योजना के साथ 
PIT-OSSK योजना की तलुना भी की ियी है। अांत में, एक नया डििरेंमशयल OSM/OSSK 
(DOSM/DOSSK) का डिजाइन और िहन अध्ययन ककया िया है। प्रस्ताववत DOSM/DOSSK 
योजना ररसीवर की तरि चैनल की जानकारी की आवश्यकता को खत्म करता है जो पारांपररक 
OSM/OSSK योजना में आवश्यक है। सांक्षेप में, यह शोध प्रबांध OSSK योजना की जाांच करने के 
मलए एक मौमलक ववश्लेषर्ात्मक ढाांचा प्रस्ततु करने के साथ साथ OSM/OSSK के कुछ नए प्रकार 
भी प्रस्ततु करता है। 



Table of Contents

Certificate i

Acknowledgements ii

Abstract iii

Table of Contents v

List of Figures xiii

List of Tables xiv

Abbreviations xv

1 Introduction 1

1.1 Free-Space Optical Communication System . . . . . . . . . . . . . . . . 2

1.1.1 Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.3 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Atmospheric Turbulence Channel Models . . . . . . . . . . . . . . . . . 5

1.2.1 Log-normal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Gamma-Gamma . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.3 Negative-exponential . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Modelling of Pointing Error . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Mitigation Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5 Traditional Modulation Schemes . . . . . . . . . . . . . . . . . . . . . . 10

v



1.5.1 On-off Keying . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5.2 Pulse Amplitude Modulation . . . . . . . . . . . . . . . . . . . . 10

1.5.3 Pulse Position Modulation . . . . . . . . . . . . . . . . . . . . . 10

1.5.4 Demerits of Traditional Modulation Schemes . . . . . . . . . . . 11

1.6 Spatial Modulation (SM) and Space Shift Keying (SSK) . . . . . . . . 11

1.6.1 Encoding in SM/SSK . . . . . . . . . . . . . . . . . . . . . . . . 12

1.6.2 Optical SM (OSM) and Optical SSK (OSSK) . . . . . . . . . . 14

1.7 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.8 Key Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.9 Organization of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Performance Analysis for MISO-OSSK System 19

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.2 Bit Error Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Performance Analysis of MISO-OSSK in Gamma-Gamma Channel . . . 22

2.2.1 Calculation of APEP . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.2 Convergence Test . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.3 Special Cases of Proposed Analysis . . . . . . . . . . . . . . . . 27

2.2.4 Coding Gain and Diversity Order . . . . . . . . . . . . . . . . . 28

2.2.5 Numerical Results and Discussion . . . . . . . . . . . . . . . . . 28

2.2.6 Asymptotic ABER Characteristics . . . . . . . . . . . . . . . . 33

2.3 Performance Analysis of MISO-OSSK in Gamma-Gamma Channel with

Pointing Errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3.1 Calculation of ABER . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3.2 Convergence Test . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.3.3 Coding Gain and Diversity Order . . . . . . . . . . . . . . . . . 39

2.3.4 Numerical Results and Discussion . . . . . . . . . . . . . . . . . 41

2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

vi



3 Evaluation of Performance Metrics for MIMO-OSSK System 43

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.1.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1.2 Bit Error Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1.3 Mutual Information and Channel Capacity . . . . . . . . . . . . 45

3.2 Performance Metric under Combined Effect of Atmospheric Turbulence

and Pointing Error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2.1 Log-normal Channel and Pointing Error . . . . . . . . . . . . . 48

3.2.2 Gamma-Gamma Channel and Pointing Error . . . . . . . . . . 51

3.2.3 Negative-exponential Channel and Pointing Error . . . . . . . . 55

3.3 Numerical Results and Discussions . . . . . . . . . . . . . . . . . . . . 57

3.3.1 Investigation of ABER in Atmospheric Turbulence and Pointing

Error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3.2 Convergence Test . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.3.3 ABER and Computational Complexity Comparisons of MIMO-

OSSK and MIMO-RC-PAM Schemes . . . . . . . . . . . . . . . 59

3.3.4 Ergodic Channel Capacity Comparison of MIMO-OSSK and MIMO-

RC-PAM Schemes . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4 Design and Performance Analysis of OSSK based on Partially In-

formed Transmitter 68

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.1.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1.2 OSSK Constellation . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2 Partially Informed Transmitter based OSSK Scheme (PIT-OSSK) . . . 72

4.2.1 Limitation of Conventional OSSK . . . . . . . . . . . . . . . . . 72

4.2.2 Proposed Strategy . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3 Performance Evaluation of PIT-OSSK Scheme . . . . . . . . . . . . . . 77

4.3.1 ABER of 2-ary PIT-OSSK . . . . . . . . . . . . . . . . . . . . . 77

vii



4.3.2 Asymptotic Analysis of 2-ary PIT-OSSK . . . . . . . . . . . . . 79

4.3.3 ABER of 4-ary PIT-OSSK . . . . . . . . . . . . . . . . . . . . . 80

4.3.4 Asymptotic Analysis of 4-ary PIT-OSSK . . . . . . . . . . . . . 85

4.4 Numerical Results For Negative-exponential Channel Model . . . . . . 86

4.4.1 Optimum Weight Vector . . . . . . . . . . . . . . . . . . . . . . 87

4.4.2 Approximate ABER Expression for Arbitrary Number of Optical

Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.5 Simulation Results for Gamma-Gamma Channel Model . . . . . . . . . 91

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5 Design and Performance Analysis of Differential Optical Spatial Mod-

ulation (DOSM) Scheme 94

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 Design Structure of DOSM-PAM Matrix . . . . . . . . . . . . . . . . . 96

5.3 Differential Transmission and Detection Process . . . . . . . . . . . . . 98

5.3.1 Differential Transmission . . . . . . . . . . . . . . . . . . . . . . 98

5.3.2 Detection Process . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.4 Symbol Error Rate Analysis . . . . . . . . . . . . . . . . . . . . . . . . 101

5.5 Performance Evaluation in Atmospheric Turbulence . . . . . . . . . . . 104

5.5.1 ASER for Negative-exponential Channel . . . . . . . . . . . . . 105

5.5.2 ASER for Gamma-Gamma Channel . . . . . . . . . . . . . . . . 106

5.5.3 Diversity Order . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.6 Diversity Order Characterization of DOSM for Arbitrary Number of

Optical Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.7 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.7.1 Investigation of each APEPs of Proposed DOSM Scheme . . . . 109

5.7.2 ASER Performance Analysis of DOSM . . . . . . . . . . . . . . 111

5.7.3 Finding the Optimum Extinction Ratio of 2 Level PAM Based

DOSM Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.7.4 Comparisons of DOSM Scheme with Traditional OSM Scheme . 114

viii



5.7.5 Investigation of Effect of Increasing Number of Optical Sources

and PAM Levels . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6 Conclusions and Future Scope 121

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2 Future Scope of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Bibliography 123

Appendix A 136

Appendix B 137

Appendix C 138

Appendix D 140

Publications 141

Technical Biography of Author 143

ix



List of Figures

1.1 Illustration of encoding of spatial modulation . . . . . . . . . . . . . . . . 12

2.1 MISO-OSSK system model. . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Convergence test of APEP expression with uniform and non-uniform weights. 26

2.3 Analytical and simulated performance curves of 2 × 1 MISO-OSSK system

under indoor condition with different value of weights. . . . . . . . . . . . . 28

2.4 Analytical and simulated performance curves of 4 × 1 OSSK system under

indoor condition with different value of weights. . . . . . . . . . . . . . . . 28

2.5 Analytical performance curves of 2× 1 OSSK system under indoor condition

having channel gains h1 = 0.6 and h2 = 0.4 with different weights. . . . . . . 29

2.6 Best analytical performance curves of Nt × 1 OSSK system under indoor

condition with Nt = 2, 4 and 8. . . . . . . . . . . . . . . . . . . . . . . . 29

2.7 Analytical and simulated performance curves of 2 × 1 OSSK system under

strong AT with different value of weights. . . . . . . . . . . . . . . . . . . 31

2.8 Analytical and simulated performance curves of 4 × 1 OSSK system under

strong AT with different value of weights. . . . . . . . . . . . . . . . . . . 31

2.9 Analytical performance curves of 4× 1 OSSK system under different AT con-

ditions with uniform weights. . . . . . . . . . . . . . . . . . . . . . . . . 32

2.10 Analytical performance curves of Nt × 1 OSSK system under strong AT con-

dition with Nt = 2, 4, 8 and 16 and uniform weights. . . . . . . . . . . . . 32

2.11 Convergence test of ABER expression for different values of ξ and SNR. . . . 38

2.12 Simulated and analytical error performance curves of 2-ary OSSK system

under moderate turbulence with σs/a = 0.05, 0.1, 0.3, 0.6, 0.9, and 1.1. . . . 40

x



2.13 Simulated and analytical error performance curves of 4-ary OSSK system

under moderate turbulence with σs/a = 0.05, 0.1, 0.3, 0.6, 0.9, and 1.1. . . . 40

2.14 Analytical ABER curves of 4-ary OSSK system under moderate and strong

AT and different levels of PE. . . . . . . . . . . . . . . . . . . . . . . . . 41

2.15 Coding gain of OSSK as a function of PE standard deviation (σs) with zero

PE under moderate AT and different values of a. . . . . . . . . . . . . . . 42

3.1 MIMO-OSSK system model. . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Analytical and simulated ABER curves of MIMO-OSSK system for spectral

efficiency of 2 b/s/Hz under different weak AT conditions (σ = 0.1, 0.2, and

0.3) with PE severity (ξ = 22.92). . . . . . . . . . . . . . . . . . . . . . . 57

3.3 Analytical and simulated ABER curves of MIMO-OSSK system for spectral

efficiency of 2 b/s/Hz under moderate, strong, and saturated AT conditions

with PE severity (ξ = 22.92). . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.4 Convergence test of ABER expressions (3.42) and (3.54) for Nr = 1 and

different SNR values with ξ = 3.35. . . . . . . . . . . . . . . . . . . . . . 58

3.5 Convergence test for different Nr. . . . . . . . . . . . . . . . . . . . . . . 58

3.6 Comparison of MIMO-OSSK and MIMO-RC-PAM schemes for spectral effi-

ciency of 2 b/s/Hz under weak AT with ξ = 3.33. . . . . . . . . . . . . . . 60

3.7 Comparison of MIMO-OSSK and MIMO-RC-PAM schemes for spectral effi-

ciency of 2 b/s/Hz under moderate AT with ξ = 3.33. . . . . . . . . . . . . 60

3.8 Comparison of MIMO-OSSK and MIMO-RC-PAM schemes for spectral effi-

ciency of 3 b/s/Hz under weak AT with ξ = 3.33. . . . . . . . . . . . . . . 61

3.9 Comparison of MIMO-OSSK and MIMO-RC-PAM schemes for spectral effi-

ciency of 3 b/s/Hz under moderate AT with ξ = 3.33. . . . . . . . . . . . . 61

3.10 Comparison of MIMO-OSSK and MIMO-RC-PAM schemes for spectral effi-

ciency of 4 b/s/Hz under weak AT with ξ = 3.33. . . . . . . . . . . . . . . 63

3.11 Comparison of MIMO-OSSK and MIMO-RC-PAM schemes for spectral effi-

ciency of 4 b/s/Hz under moderate AT with ξ = 3.33. . . . . . . . . . . . . 63

3.12 Comparison of ergodic channel capacity of 4 × 1 OSSK system under weak

AT with PE severity ξ = 3.33. . . . . . . . . . . . . . . . . . . . . . . . . 64

xi



3.13 Comparison of ergodic channel capacity of 4 × Nr-OSSK and 4 × Nr-PAM

system under weak AT with σ = 0.2 and ξ = 3.33. . . . . . . . . . . . . . . 64

3.14 Comparison of ergodic channel capacity of MIMO-OSSK and MIMO-RC-PAM

schemes under weak AT condition for different spectral efficiency. . . . . . 65

3.15 Comparison of ergodic channel capacity of MIMO-OSSK and MIMO-RC-PAM

schemes under moderate AT condition for different spectral efficiency. . . . . 65

4.1 System model of PIT-OSSK system. . . . . . . . . . . . . . . . . . . . . . 70

4.2 Source mapping, spatial, and real line constellation for conventional 4-ary

OSSK scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3 Conventional 4-ary OSSK strategy. . . . . . . . . . . . . . . . . . . . . . . 73

4.4 Proposed 4-ary PIT-OSSK strategy. . . . . . . . . . . . . . . . . . . . . . 74

4.5 Constellation points of conventional and proposed 8-ary PIT-OSSK. . . 76

4.6 Comparison of conventional OSSK and proposed OSSK schemes under

negative-exponential channel model for spectral efficiency = 1 b/s/Hz. . 86

4.7 Comparison of conventional OSSK and proposed OSSK schemes under negative-

exponential channel model for spectral efficiency = 1 b/s/Hz. . . . . . . . . 87

4.8 Comparison of conventional OSSK, and proposed OSSK schemes under negative-

exponential channel model for spectral efficiency = 2 b/s/Hz. . . . . . . . . 87

4.9 APEP and ABER curves for different error events in 4-ary PIT-OSSK scheme

for [w1, w2, w3, w4] = [1, 2/3, 1/3, 0]. . . . . . . . . . . . . . . . . . . . . 89

4.10 Comparison of APEP3→4 and ABER of the proposed OSSK scheme for Nt = 4

for different weights under negative-exponential channel model. . . . . . . . 89

4.11 Comparison ofNt-ary PIT-OSSK scheme withNt = 4, 8, 16 under negative-

exponential channel model using approximate ABER expression with

equal separation weights, i.e., wi = i/(Nt − 1), where 0 ≤ i ≤ Nt − 1. . 90

4.12 Comparison of same rate proposed OSSK and conventional OSSK schemes for

Nt = 2 under moderate AT. . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.13 Comparison of same rate proposed OSSK with [w1, w2] = [1, 0.5] and con-

ventional OSSK schemes for Nt = 2 under moderate and strong AT. . . . . 92

xii



5.1 Differential Optical Spatial Modulation System. . . . . . . . . . . . . . . . 96

5.2 (a) DOSM-PAM encoder and (b) DOSM-PAM decoder . . . . . . . . . . . . 99

5.3 APEP curves of 4-ary 2 × 2 DOSM scheme under Gamma-Gamma channel

model for different possible error events. . . . . . . . . . . . . . . . . . . 110

5.4 APEP curves of 4-ary 2×2 DOSM scheme under negative-exponential channel

model for different possible error events. . . . . . . . . . . . . . . . . . . . 110

5.5 Analytical and simulation-based ASER performance curves of 4-ary 2 × Nr

DOSM system under negative-exponential and Gamma-Gamma channel models.111

5.6 ASER performance curves of 4-ary 2×2 DOSM scheme at different extinction

ratios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.7 ASER performance curves with respect to extinction ratio for 4-ary 2×2

DOSM scheme at different SNR levels. . . . . . . . . . . . . . . . . . . 112

5.8 Comparison of ASER performances of 4-ary 2×Nr DOSM scheme and 2-ary

2×Nr OSSK scheme with perfect CSIR at 1 b/s/Hz. . . . . . . . . . . . . 114

5.9 Comparison of ASER performance curves of 4-ary 2×Nr DOSM scheme and

2-ary 2×Nr OSSK scheme with imperfect CSIR at 1 b/s/Hz. . . . . . . . . 114

5.10 Comparison of ASER performance curves of 4-ary 2×Nr DOSM scheme and

4-ary 4×Nr DOSSK scheme. . . . . . . . . . . . . . . . . . . . . . . . . 116

5.11 Comparison of ASER performance curves of different Nt×Nr DOSSK schemes.118

5.12 Comparison of ASER performance curves of 2 × Nr DOSM scheme under

different PAM levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

xiii



List of Tables

2.1 Example of 4-ary OSSK mapper . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Optimum weight vector for 4× 1 OSSK system for different value of SNR . . 30

2.3 Coding gain advantage of Nt1 × 1 OSSK system over Nt2 × 1 OSSK system . 35

3.1 Comparison of spectral efficiency and computational complexity at receiver

for different MIMO techniques . . . . . . . . . . . . . . . . . . . . . . . . 59

4.1 Optical source labelling for proposed 4-ary PIT-OSSK for case 2 . . . . . . 76

4.2 Optimum weight vector of proposed 4-ary PIT-OSSK for different step size . 88

5.1 Example of 2 optical sources based DOSM with 2 level PAM . . . . . . . . 97

5.2 Example of 3 optical sources based DOSM with 2 level PAM . . . . . . . . 98

xiv



Abbreviations

ABER Average Bit Error Rate

APEP Average Pair-wise Error Probability

AWGN Additive White Gaussian Noise

AT Atmospheric Turbulence

BER Bit Error Rate

CSI Channel State Information

CSIT Channel State Information at the Transmitter

FSO Free Space Optical

G-G Gamma-Gamma

IAI Inter-antenna Synchronization

ICI Inter-channel Interface

i.i.d. independent identically distributed

IM/DD Intensity-Modulation/Direct-Detection

MGF Moment Generating Function

MIMO Multiple-Input Multiple-Output

MISO Multiple-Input Single-Output

PAM Pulse Amplitude Modulation

PPM Pulse Position Modulation

OSM Optical Spatial Modulation

OOK On-Off Keying

OSSK Optical Space Shift Keying

OWC Optical Wireless Communication

PEP Pair-wise Error Probability

xv



PDF Probability Density Function

PE Pointing Error

RC Repetition Coding

RF Radio-Frequency

RV Random Variable

SER Symbol Error Rate

SM Spatial Modulation

SMuX Spatial Multiplexing

SNR Signal-to-Noise Ratio

xvi


	Anshul_Thesis.pdf



