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ABSTRACT

Free Space Optics (FSO), as an advanced technology of data transmission, offers high
bandwidth, high data rate, secured transmission and ease of installation. It faces adverse effects
in the performance due to atmospheric effects and the limitations of the equipments used in the
system. In this thesis, we have carried out detailed analysis of FSO cooperative communication
systems which is one of the mitigation techniques used to compensate the effect of atmospheric
effects in an FSO system. Level crossing (LC) warning system for Railways has been discussed

as an application of cooperative FSO communication system with radio frequency (RF) backup.

Cooperative systems have been widely used in RF communication system, which offers
the advantage of diversity with redundancy and high reliability. Cooperative FSO systems, with
different relaying techniques and different combining schemes at receiver end, have been
discussed to get the advantage of cooperation and FSO for high data rate applications. A new
proposed combining technique named as Multiple Gain Combiner is also the part of the
analytical study. Outage probability analysis has been analyzed for Decode and forward (DF)
cooperative FSO communication system using power series expansion. Reflect and forward has
been introduced as a new relaying technique, in which mirror with good reflectivity has been
placed at relay end and hence it makes the system simple and there is no requirement of any
passive components in it. We have studied quadrature phase shift keying as advanced modulation
format with 1 and Q channel detection system for multiple relays cooperative FSO system.
Availability and Mean Time Between Failure (MTBF) are the parameters, which have also been
analyzed in single relay cooperative FSO system using RF backup and multiple relays

cooperative FSO system, which shows that both the systems meet the requirement of



communication grade standard. We have tested the feasibility of cooperative FSO system at 500
Mbps with simulated effect of fading using modified optical chopper (MOC). The effect of

fading by placing MOC at different locations has also been discussed.

Level crossing warning system for Railways has been suggested as an application of
cooperative FSO communication system with RF backup. Cooperative FSO system ensures good
availability of communication system during rainy season. When implemented with RF backup,
it also ascertains the availability in the condition of fog. Hence the complementary nature of FSO
system and RF backup can be utilized to avoid accidents where the railway track and highways

intersect each other.



LIRS

3¢ TRE B Th IAd de-iie & w0 H Bl WY A (@muysh), I=
Jefagy, 3= S ¥, JRI&d TERM 3R RITIAT B 3 UG HRdl ¢ | TCHIRhaRS
Shacy 3R Red # IUANT T M a1 IS0 B AHTsll & HRU U= # ufagd
TUTE USd | 59 MR &, g0 Thuds) SlemRiea HrRyHHhH Rer &1 faxqd fazawor
T § S U Umuysh RRed # TeHif@pae sthacq & UHIG &I HRUTS B4 & Y
JUTNT & 4 dTell el H QU g1 ¥od & ol dadt iRk (@ad) arf ey )
IS Wi (3RUE) 953U F 1Y HI3MRIed Thugs) Red & U # Iaf o1 T8 g

DISTYRICT YUTTCH BT ATUDH FY ¥ HRUG HRYAHIH Rew § IugT fobar Srar
g, oIl STEanic! &1 Y Reued ok g% Ramfafrd & A1y UgH &=l g1 HIsmRica
Thugsl R, faftr e dm-ie! SR REfar sid & fafirs swears aiemrsii & Y,
I ST T 3R THTHSM HI Y U HRA o [od T $1 71 ¢ | Aee 9 11 HIGR AHD
TH -5 UATAd SR ddb-ie W Odvondd e & R 81 3¥es Wisfafae!
TR $T fAawor urer TR TRTURH &1 SUTRT Rd gu fedhis TS RS (S Th)
HIAMRICT TF T 3 HHAHIH Red & forw fvar mar 81 Rudae € Bikds T -8
o2 gl & = u § O fosan man g, o R T8 R 18 Rudifaefadt & oy iR wan
a1 8 3R 3T I8 ey &1 TR §41d1 7 3R 39H ot +ft Ufa Uy &1 sazadhd
T8 Bldl 81 BAY B o PlMRfed Thugsi Red & T 1 3R Q =7d & 91y Iod
HISICRM U & ©0 § HTeveR Tl RIUE BT &1 37eqa- fhan g1 sfaafaferct iR 4
esH fyede Bierr @AAETE) WRfler & @1 IRUE dH3U 3R TH1is
R PremRica Twuwsi Red &1 IuaT axe R R dlemmica Twugsh Req o
t faaror fosan man ], S fexard & for @i Ried SRgfAdhH U WSS &1 SHTaRgdhdl &l
R B &1 g AehRs 3ffPhd TR (@A 3 dl) &1 IUaNT Hp Rigaies ghae 3
WS & WY 500 THAGITH TR HISMURTCT THTHSHT JUITel! &1 HagrRidl o1 &0l fora 5|
I R TR TSR T Rgacs shae 3t B t zai &1 75 5|




o4 & foT dadt HIRRAT 1T RIeH &1 SIRTW &30 & 1Y HIATRICT THuash
R & 3i1de" & U & gaa foan a1 1 SR Twugs) e, avurd & AH &
GRM HRAHIH Rew &t 33 saafafac A #Ral g1 $RUB SH3U & Y AN
B R, I8 4y 31 R & sraafaferdt &1 +ff gar @mar 71 gafw vrugsh Rred ok
3RUE dH3U H SUART 39 gde131 ¥ §9- & e forar S goar g, et ¥ad ¢ 3R

ST Uh-gOR B i B gl




Contents

(O o I | O N TS i
ACKNOWLEDGEMENTS ...ttt e st e et e e sste e e st e e e saaeesnreeeenneeans I
y N S 2 ¥ N RO SRUSRSPRN iv
(070 011=] 0 ST OTSUP TP PRTOPRRPR Vi
LISE OF FIQUIES ... bbbttt ettt b bbb e Xi
LISE OF tADIES. ...t nre s Xiv
LiSt OF ADDIEVIATIONS ...ttt e et nbe e XV
LISt OF SYMDOIS ... e XVii
CHAPTER L oottt ettt s et et ebe et e b eneebeste s enenre e 1
R 101 (oo [FTox { oo BSOSO PSR 1
1.1. Free Space Optical CommUNICALION ..........ccccviiiiiiiiiiie e 1
O Ao A V7 g = o [T SO PSPRTRO 2
IR T I 01 U4 [0 USSP P PP 3
1.4. Block Diagram 0f FSO SYSTEIM .......cccveiiiiiiiiee et 6
1.5. Performance Improvement Techniques in FSO lINKS ...........ccocovveviieiecce e, 6
1.5.1 Multiple-Input Multiple-Output (MIMO)........c.cccviiiiiiiece e 6
1.5.2 ChannNel CodiNg.......cccoveiiiieiicesee ettt sreennenre e 7
1.5.3 Orthogonal Frequency Division MUItIpIeXing.........cccocviiiiiiiiinincce e 7
1.5.4 Relay assisted COMMUNICATION ......c.oiviiiiiiieiieiseeeee e 8

1.6. Brief Literature Survey on Cooperative FSO Communication System .............c......... 9
1.7. ReSEArCh MOTIVATION .......ccviiiecicie ettt e e 12
1.8. RESLAICN ODJECTIVES. ... .ottt 13
1.9. Organization OF the THESIS .......ccuiiiiie e 14
1.10. Main contributions of the thesis ... 15

(O o A o I USSR 18
2 Literature Survey of Cooperative FSO Communication SYStemS ...........ccecvevverenenereneniens 18
FZ20 A 1 011 oo [ T o] o OSSR 18

Vi



2.2 Mitigation techniques iN FSO SYSTEMS ..ot s 18

2.2.1 Multiple-Input Multiple-Output (MIMO)........cccoiiiiiiiieieiee e 19
2.2.2 Relaying TranSMISSION. .....c.eiueiuiriiiiieieeietete sttt sttt bbbt n e bbb snenre s 19
2.2.3 ChanNel COTING ...covveiiieieiie ittt r et s b e e be e st e sbeebeeneesneeeas 20
2.2.4 Orthogonal Frequency DiviSion MUItIPIEXING ........ccciiiiiiiiiiiieieseeseeee e 20
2.3 Cooperative communication for RF wireless SyStems ...........ccocvvvviriniiieiencncsenen 21
2.4 Classification of Relaying SChemMES ........ccooiiiiiiiiiic s 22
2.4.1. Decode and Forward (DF) Relaying .......cccccoviriiiiiniinieseeee e 23
2.4.2 Amplify and Forward (AF) Relaying ........cccceoviiiiiiiiciie e 23

2.5 CombiNING TECANIQUES .......oiiiiiie e raeaae e 24
2.5.1. Maximal Ratio Combining (MRC): ..o 24
2.5.2. Equal Gain Combining (EGC): ...cciiiiiiic e 25

2.6 Cooperative FSO Communication SYSIEMS........ccovveiiiiiiii e 26
2.7 Mixed RF/FSO COOPErative SYSTEMS ........ccviiiiieiii e sie et sre e s ree e 27
2.8 Optical channel MOUEIS.........ccoouiiieiece e sre s 28
2.8.1 Lognormal channel MOdel ..o 28
2.8.2 Gamma-Gamma channel MOGEl ..........cooiiiiii e 29
2.8.3 Negative Exponential channel model ...........coooveiiiii i 30
2.9 CoNCIUSIONS AN DISCUSSIONS......cviiiieiieiieiesiesie st siesessee et sttt seeeeeeseesbesbesreans 30
(O 1A o I R SUSSTR 32
3 Mathematical Analysis of Cooperative FSO Communication Systems.........c.c.cceeevevverinenne. 32
201 1 011 0o [T 1 o o SR 32
3.2 Atmospheric Channel Model and Pointing EFror ... 34
3.2.1. ChanNel MOE .......c.ooieeicie ettt e e ene e 35
3.2.2. POINTING BITOF ...ttt b e nb e 35

3.3 SYSTEM AFCRITECTUIE. ...t 36
3.3.1 Decode and Forward cooperative FSO communication SyStem ............c.ccoceeeneee. 36
3.3.2. Multiple Gain COMDINET ........ooiiiii e 37

3.4 Mathematical analysis of Cooperative FSO Communication Systems without
Considering Pointing Error in the SYSTem ... 38

vii



3.4.1. Mathematical Analysis for Outage Probability of Cooperative FSO

Communication using MGC WIthOUt PE ... 38
3.4.2. Mathematical Analysis for Outage Probability of Cooperative FSO
Communication using EGC WIthOUL PE ............ccooi i 42
3.4.3. Mathematical Analysis for Outage Probability of Cooperative FSO
Communication using MRC WIthOUL PE ..........cccooiiiiicccccceee e 43
3.5 Mathematical Analysis of Cooperative FSO Communication Systems Considering
PoiNting Error iN the SYSTEIM ......ccvc i 43
3.5.1 Mathematical Analysis for Outage Probability of Cooperative FSO
Communication using MGC WIth PE ... 44
3.5.2 Mathematical Analysis for Outage Probability of Cooperative FSO
Communication using EGC WIith PE.............cooi i 46
3.5.3 Mathematical Analysis for Outage Probability of Cooperative FSO
Communication using MRC WIth PE.........c.cccoiiiiiie e 46
3.6 Performance EValUATION...........ccooiiiiiii e e 47

3.6.1 Performance Evaluation of Outage probability for Gamma-Gamma Channel

MOEI N PE ...t b ettt st et 48
3.6.2. Validation of Analytical Results with Event Driven Simulation Results............. 55
3.7 ConCluSIONS AN DISCUSSIONS ......cuveieiiieiiieitieiiesiee sttt sttt ree et neesneeeas 56
CHAPTER 4 ..ottt b et s e st s et e et et e bt e be e st e re e st et e bentestesnenrens 59
4 Performance of cooperative FSO communication SYSteM..........ccccevvvvevieiiieeiiesiieesee e 59
o I V& o To (U o] o TSSO 59
4.2 BER performance of cooperative FSO communication system ...........cccccovevveviennnnne. 60
4.2.1 System model for single relay cooperative FSO communication system.............. 60
4.2.1.1 Decode and forward (DF) single relay cooperative FSO communication system
............................................................................................................................................... 60
4.2.1.2 Amplify and forward (AF) single relay cooperative FSO communication system
............................................................................................................................................... 61
4.2.1.3 Reflect and forward (RTF) single relay cooperative FSO communication
)V =] 1 PR PRP 62
4.2.2 Comparison of BER performance of AF and DF with different combining
techniques and different channel eNnViroNMeNts ...........cccooeviieie s 62
4.2.3 Comparison of BER performance of multiple relays with different combining
techniques and different channel enViroNmMeNts ... 72

viii



4.3 Reliability analysis of SISO and cooperative FSO communication system................. 78

4.3.1 State diagrams and their deSCriPLiONS...........ccvviiieriierese e 78
4.3.1.1 State Diagram of Direct Link and DesCription ...........c.ccooeviririnienenenenesee 79
4.3.1.2 State diagram and description of single relay cooperative FSO communication
System WIth RF DACKUP .....ocuoiiiiii e 80
4.3.1.3 State Diagram and description of three relay cooperative system and
(0 [Tl ] o] £ (0] o [P TSR T PP PP 82
4.3.2 Reliability CalCulations ..........ccooiiiiiiiiiiiiee e 84
4.3.2.1 Chapman Kolmogorov differential equations.............c.ccocvvirininieneiencncse 84
4.3.2.2 Matrix solution for state diagram of direct link with RF backup...................... 85
4.3.3 Availability and MTBF analysis of SISO and cooperative FSO communication
A1 (=11 1 TP PR TOTR PR PRPTRN 86
4.4 ConcluSioNS @Nd DISCUSSIONS.......ccueiieierreesieeiesieseeeeseesseeseseesseeseesseesseessesseesseessesseses 89
(O F- 0] (=] gl TSRS P SRR PP PPN 92
5 Demonstration and application of single relay cooperative FSO systems..........ccccccceveruennee. 92
T8 A 1 011 oo [0 Tox £ o] o SRR 92

5.2 Hardware demonstration for single relay cooperative FSO communication system. 95

5.2.1 Implementation of EGC and MGC using 3 bit attenuator and phase shifter-...... 98
5.2.2  Modeling of channel fading using Modified Optical Chopper........ccccococevvnene. 99
5.2.3 Rsoft- Optsim schematic of single relay cooperative FSO communication system
L8] V7= 11 [ F- U T ] o OSSR 103
5.2.4  Comparison of the performance of EGC and MGC for single relay cooperative
FSO cOmMMUNICATION SYSTEM......oiiiiiiiiiiieeee e 104
5.3 Description of level crossing warning system using cooperative FSO
communication system with RF DaCKUP ..o 112
5.3.1 Block diagram of level crossing warning system using cooperative FSO
communication system with RF DaCKUP ..o 114
5.3.2 Markov model analysis of single relay FSO communication link with RF backup
for level Crossing Warning SYSTEIM ........cc.oiiiiiiiiiiiieie e 115

5.3.2.1 Matrix solution for Markov Model.............cccovveiiiiiiieiccicsece e 116
5.3.3 Performance EVAlUALION............cccoiveiiiieiie et nne e 116

5.3.3.1 Availability and MTBF analysis of LC warning system with cooperative FSO
communication system and RF DaCKUP .......c.ccoveiiiiiiiee e 117



5.3.4 BER analysis of LC warning system using cooperative FSO communication system

WITH REF DACKUD ...ttt bbb 118
5.3.4.1 Frame format of cooperative FSO communication system using RTF ........... 122
5.3.5 Discussions and CONCIUSIONS.........coiiiiiiieriirieiieeee e 124
CHAPTER 6 ..ottt ettt ettt et e et e e st e e sb e e st e e s bt e snbe e b e snbeenteas 127
6  Conclusion and SCOPE TOr TULUIE WOTK .........ccoiiiiiriiinieieese e 127
6.1  SUMMArY OF CONCIUSIONS.......ocuiiiiiiiiiiiee e 127
6.2 SCOPE TOI TULUIE WOTK ...t 128
RETEIEICES ...ttt bbb bttt n b b 130
PUBLICATIONS . ...ttt ettt b et e et e e sab e e sbeesnbeeteas 137
ADOUL TE AULNOT ... bbb 140



List of Figures

Fig. 1.1 Block diagram of an FSO HINK. ........cceiiiiiiii e 6
Fig. 1.2 Serial Communication-Multi-hop SYSIEMS.........c.coiiiiiiiiiccie e 8
Fig. 1.3 Parallel Communication — COOPerative SYStEMS ........c.ciueririeieenenieseesieseesiee e sneeseeeeas 9
Fig. 2.1 Block diagram of single-relay cooperative communication system for decode and

LL0 TV U0 BT T 4SS 23
Fig. 2.2 Block diagram of single-relay cooperative communication system for amplify and
TOMWAIT SCREMIE. ..ot b bbbt et e e e e bbb ans 24
Fig. 2.3 Block diagram of Maximal Ratio COmMbBINING .........cccveiieiieiice e 24
Fig. 3.1 Block diagram of DF cooperative single relay FSO communication system.................. 36

Fig. 3.2 Multiple Gain Combiner for single relay cooperative FSO communication system ...... 38
Fig. 3.3 Outage probability vs SNR for different channel environments using MGC combining
technique in single relay cooperative FSO communication system without pointing error ......... 49
Fig. 3.4 Outage probability vs SNR for different channel environments using EGC combining
technique in single relay cooperative FSO communication system without pointing error ......... 50
Fig. 3.5 Outage probability vs SNR for different channel environments using MRC combining
technique in single relay cooperative FSO communication system without pointing error ......... 51
Fig. 3.6 Outage probability performance of cooperative FSO communication link using MGC
(VL gl oToTTaL A g o= (o] USRS 52
Fig. 3.7 Outage probability performance of cooperative FSO communication link using EGC
WIEH POINTING BITOT ..ottt b ettt e bbb bt 53
Fig. 3.8 Outage probability performance of cooperative FSO communication links using MRC
WIEH POINTING BITOT. ..ot b bbbttt sb bbb 54
Fig. 3.9 Comparison of outage probability vs SNR for analytical and simulation results using
MGC and MRC combining techniques in single relay cooperative FSO communication system56
Fig. 4.1 Block diagram of single-relay cooperative FSO communication system for decode and
TOPWANT SCNEME. ... ettt b ettt b e e be e b s e nbeeneesre e 61
Fig. 4.2 Block diagram of single-relay cooperative FSO communication system for amplify and
LL0 AV U0 BTl T SRR 61
Fig. 4.3 Block diagram of single-relay cooperative FSO communication system for reflect and

L{0 AV U0 BT T 4SS 62
Fig. 4.4 Comparative BER performance of SISO and cooperative FSO system with MRC, EGC
and SC for DF scheme in symmetrical channel model.............cccoovoiiiieiiic e, 64
Fig. 4.5 Comparative BER performance of SISO and cooperative FSO system with MRC, EGC
and SC for DF scheme in asymmetrical channel model. ... 65
Fig. 4.6 Comparative BER performance of SISO and cooperative FSO system with MRC, EGC
and SC for AF scheme in symmetrical channel model. ... 66
Fig. 4.7 Comparative BER performance of SISO and cooperative FSO system with MRC, EGC
and SC for AF scheme in asymmetrical channel model. ...........cccccoveiiieiiic i, 67

Xi



Fig. 4.8 Comparative BER performance of SISO and cooperative FSO system with MRC, EGC
and SC for RTF scheme in symmetrical channel model............ccocooiiiiiiiiice 68
Fig. 4.9 Comparative BER results of SISO and cooperative FSO system with MRC, EGC and SC
for RTF scheme in asymmetrical channel model ..o 69
Fig. 4.10 Schematic diagram of single relay cooperative FSO system using SC, EGC, MGC and

Fig. 4.11 Comparative BER results (without PE) of direct link and one, two, three and four relays
cooperative diversity with SC, EGC, MGC and MRC for DF scheme in the symmetrical channel

Fig. 4.12 Comparative BER results (with PE) of direct link and one, two, three and four relays
cooperative diversity with SC, EGC, MGC and MRC for DF scheme in symmetrical channel

Fig. 4.13 Comparative BER results (without PE) of direct link and one, two and three relays
cooperative diversity with SC, EGC, MGC and MRC for DF scheme in asymmetrical channel

Fig. 4.14 Comparative BER results (with PE) of direct link and one, two and three relays
cooperative diversity with SC, EGC, MGC and MRC for DF scheme in asymmetrical channel

400 [ SRS 77
Fig. 4.15 State diagram of SISO system with RF back-up. ........cccccoveiiiviiiiiiie e 80
Fig. 4.16 State diagram of single relay cooperative FSO communication system with RF backup

....................................................................................................................................................... 81
Fig. 4.17 State diagram of three relay cooperative communication SyStem ............ccceevverivverieennn. 83
Fig. 5.1 Block diagram of hardware demonstration of single relay cooperative FSO system using
1O To 1V [T SO 96
Fig. 5.2 Experimental set up for single relay cooperative FSO communication system using EGC
2110 I8 1/ TSR 97
Fig. 5.3 Hardware implementation of MGC using variable attenuators and phase shifter........... 99
Fig. 5.4 Modified optical chopper to model the effect of fading in FSO link. ............ccccovveiienis 99

Fig. 5.5 Eye diagrams of SISO FSO link with chopper speeds of 5 rps and 20 rps of modified
optical chopper to provide different scintillation indices of fading. (a) SI of 1.35 (chopper

speed=5 rps) and (b) SI of 0.2 (chopper SPeed= 20 IPS) ......ccciurriierieiie et 101
Fig. 5.6 Scintillation Index Vs Modified Optical Chopper Speed..........c.ccooviiiiiiiiincnciciee, 102
Fig. 5.7 Eye diagrams for direct link with the increment in transmitted power level (a) 0.2mW
(D) 0.9MWV L.ttt e et et et et renrenreann 103
Fig. 5.8 Rsoft-Optsim and Matlab® co-simulation schematic for single relay cooperative FSO
communication system using EGC and MGC ...........cccoooiiiiiiiiieiiccr e 104
Fig. 5.9 Comparative BER experimental results of SISO and single relay cooperative FSO
system with EGC and MGC for DF scheme without fading. ..........cccccceeviiiieic e 106
Fig. 5.10 Eye diagrams: without fading for the transmitted power 0.92 mW (a) SISO (b)
Co0perative WIth IMGC........oeiiiiei bbb nr e 107

xii



Fig. 5.11 Eye diagrams for different locations of MOC (a) direct link (b) second relay link (c)
FIFSE TRIAY TINK ...t 107
Fig. 5.12 Comparative BER experimental results of SISO and single relay cooperative FSO
system with EGC and MGC for DF scheme considering the effect of fading at direct link. ..... 109
Fig. 5.13 Comparative BER experimental results of SISO and single relay cooperative FSO
system with EGC and MGC for DF scheme considering the effect of fading at first relay link.110
Fig. 5.14 Comparative experimental BER performance of SISO and single relay cooperative
FSO system with EGC and MGC for DF scheme considering the effect of fading at second relay

LI, e e e R ettt et e reeReeRe e Rt et et e nrearenreareanen 111
Fig. 5.15 Level crossing warning system using cooperative FSO communication system with RF
0 (01T o SR 113
Fig. 5.16 Block diagram of level crossing warning system using cooperative FSO
communication system With RF DACKUP .......cccuviiiiiiiiicc e 114
Fig. 5.17 Markov model for cooperative FSO communication system with RF backup. ......... 115
Fig. 5.18 BER performance of single relay cooperative FSO communication system with DF
relaying using different combining schemes for various channel environments and PE ........... 120
Fig. 5.19 BER performance of single relay cooperative FSO communication system with AF
relaying using different combining schemes for various channel environments and PE. .......... 121

Fig. 5.20 BER performance of single relay cooperative FSO communication system and RF
backup with RTF relaying using different combining schemes for various channel environments

Xiii



List of tables

Table 1.1 Comparison between various broadband technologies [1].......ccccccevvveieiieiieieiieieens 2
Table 1.2 Classification of laser diodes according to total emitted power [10] ........cccccovveiiverinnne 5
Table 3.1 Outage probability performance of cooperative FSO communication links using EGC,
MGC and MRC at SNR=30dB (a) without pointing error (b) with pointing error ...................... 54
Table 4.1 System parameters used for SIMUIALION ... 71
Table 4.2 shows the various combinations for step sizes with different number of relays. ......... 72
Table 4.3 BER performance of direct link and all the combining schemes for symmetrical and
asymmetrical channel environments for 3mW transmitted power per transmitter....................... 77
Table 4.4 Failure/ Repair rates for previous, present and next states for three relays cooperative
COMMUINICALION SYSTEIM.....viiitieetie ittt stee st e e ettt e s e et e e e e sbe e s s e e be e e sb e e sbeeasbe e beeenneesbeeanbeesreeanneen 83
Table 4.5 Comparison of availability for SISO and cooperative FSO system (with and without
RF backup) for different types of fallUres. ..o 87
Table 4.6 Comparison of MTBF (years) for SISO and cooperative FSO system (with and without
RF backup) for different types of FallUIES..........ccoiiiiiiiii e 88
Table 4.7 Comparison of availability, MTBF, number of spares required in 10 years................. 89
Table 5.1 Specifications of cooperative FSO link in the experimental set-up.............cccccvevverneee. 97

Table 5.2 BER performance of SISO, EGC and MGC combining schemes with and without
considering the effect of fading at different links for 0.92 mW transmitted power at each

transmitter. Scintillation index in case of fading is considered to be 0.2. ..........ccccoeiiiiiininnne 111
Table 5.3 Comparison of Availability for SISO and Cooperative FSO system (with and without
RF backup) for different type of fallUres ..........coooiiiiiiiiiiee s 117
Table 5.4 Comparison of MTBF (years) for SISO and Cooperative FSO system (with and
without RF backup) with different types of failures...........ccccovvieiiiiiniie e 118

Xiv



List of Abbreviations

AF: Amplify and Forward

AWGN: Additive White Gaussian Noise
BER: Bit Error Rate

BPSK: Binary Phase Shift Keying

CDF: Cumulative Density Function
CRC: Cyclic Redundancy Check

CSlI: Channel State Information

DF: Decode and Forward

DPSK: Differential Phase Shift Keying
DWDM: Dense Wavelength Division Multiplexing
EGC: Equal Gain Combiner

EMI: Electro Magnetic Interference
FFT: Fast Fourier Transform

FSO: Free Space Optics

IM/DD: Intensity Modulation/ Direct Detection
IR: Infrared

LC: Level Crossing

LD: Laser Diode

LDPC: Low Density Parity Check
MGC: Multiple Gain Combiner

MGF: Moment Generating Function
MIMO: Multiple Input Multiple Output

MOC: Modified Optical Chopper

XV



MRC: Maximal Ratio combiner
MTBF: Mean Time Between Failures
NRZ: Non Return to Zero

OFDM: Optical Frequency Division Modulation
OOK: On-Off Keying

PD: Photo Detector

PDF: Probability Density Function
PE: Pointing Error

PLC: Programmable Logic Control
PPM: Pulse Position Modulation
QPSK: Quadrature Phase Shift Keying
RF: Radio Frequency

RTF: Reflect and Forward

RZ: Return to Zero

SC: Selection Combiner

SIM: Subcarrier Intensity Modulation
SISO: Single Input Single Output

SSDAC: Single Section Digital Axle Counter

XVi



List of symbols

Ipr: Mutual Information for DF transmission

hsr, hrd and hsd: channel fades between the source to relay, relay to destination and source to
destination

Iar: Mutual Information for AF transmission
Ps and Pr : power transmitted at the source and the power transmitted at relay node, respectively
ymre and yece: optimum output SNR in case of MRC and EGC, respectively

vsd and yrd: SNR for source to destination link and SNR for relay to destination link,
respectively

y: Received signal

X : transmitted signal

h: Normalized channel fading coefficient due to the atmosphere

n: AWGN

on: Variance of AWGN

ha: Channel coefficient due to atmospheric turbulence

hp: Channel coefficient due to pointing errors

a: Effective number of large-scale eddy parameter in gamma-gamma channel
B: Effective number of small-scale eddy parameter in gamma-gamma channel
I" . gamma function

Ka-5(.): Modified Bessel function of the second kind of order (a-f)

A : wavelengh

D: Diameter of the receiver collecting lens aperture

Cn? : Index of the refraction structure parameter

Wzeq: equivalent beam diameter

¢&: The ratio of the equivalent beam radius at the receiver and the pointing error displacement
standard deviation (jitter) at the receiver

xvii



erf(- ): Error function

w; :Beam waist at distance z
z1 and z2 : weighing factors in case of MGC

Ad : Direct link failure rate due to equipment failure
ud : Direct link repair rate in case of equipment failure
Adt : Direct link failure rate due to turbulence and PE
udt - Direct link repair rate with power boost up

A : Direct link failure rate due to fog

up : Direct link repair rate with power boost up for fog
wr - Repair rate in case of RF backup

Asys . Total system failure rate

Usys . Total system repair rate

Ai : Indirect link failure rate

ui : Indirect link repair rate

Ab : Both the links failure rate

s - Both the links repair rate

Aot : Both the links failure rate due to turbulence and PE
ot - Both the links repair rate due to turbulence and PE

Q: State transition rate matrix

P(t): Transition probability matrix

M: Non singular matrix formed with the eigen vectors of Q

D: Diagonal matrix with the distinct eigen values of Q

Xviii



	Vineeta Dubey.pdf



