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Abstract

Free-space optics (FSO), or wireless optical communications, has received extensive research due
to its promise of practically limitless bandwidths. However, FSO has challenges yet to be met for a cost
effective realisation. This D.Phil thesis explores a solution using a ferro-electric liquid crystal spatial light
modulator (FLC SLM) and binary phase holograms to significantly reduce the hardware complexity of an
FSO system with auto-alignment and turbulence compensation.

The theory of binary phase hologram is presented and extended to obtain a new algorithm that is
suitable for a FLC SLM. The algorithm is able to be used in a demonstration system to broadcast data
streams to multiple receivers, showing the capability of using FLC SLM to form any beam configuration.
An FSO transmitter is then developed that uses retro-reflectors as markers for the receivers. The
transmitter combines an imaging system with the FLLC SLM as a reconfigurable beam steering system for
acquiring the retro-reflector location. The FLLC SLM is also used to reduce aberrations in the optics,
resulting in a significant increase in the transmitted beam power density. The accuracy of the acquisition is
measured to give a small steering error without the use of a closed loop controller.

An optical turbulence simulator, using the principals of binary phase hologram, is constructed to
simulate optical beam propagation in turbulent conditions. The simulator accurately produces aberrations
that have the same statistics with the theoretical prediction. Analysis of the phase distortion due to
turbulence is performed and a wavefront sensorless turbulence compensation method based on the FL.C
SLM gives significant reduction in calculated bit error rates. New scintillation index derivation for multiple

optical beams is described and then used to demonstrate further decrease in bit error rates.



Acknowledgements

I would like to express my gratitude to each person for their contribution to the completion of this thesis:

To my supervisor Dr. Dominic O’Brien for his support and expert guidance.

I will always remember his invaluable insights, as well for his endless patience with this thesis.

To Grahame Faulkner for his generosity in helping with any and all technical problems

that naturally arises in research.

To the Communications Group and especially to my colleagues:

Sashigaran Sivathasan, Jing Jing Liu and Wei Wen Yuan for their collaborations with the base station.

To Prof. Paul Buckley for his advice on College related topics.

To my friends, Shashank, Daniel and Daniele for their input, company, and endless positivity.

They have transformed my time in Oxford to more than just an experience. Thanks guys.

To Ace for her never-ending love and devotion, without whom

this journey would not have been possible. Thank you na.
And finally, I would like to dedicate this thesis to my parents, my brothers and my family.

They have given me so much love and support.

Tan Vachiramon

8t October 2009



List of publications

Journal Publications

[1] P. Vachiramon, G. E. Faulkner, D. C. Obrien, “Direct current balancing algorithm for FLCOS
binary phase holograms”, Optics Letters, Volume 32, Issue 22, November 2007, Pages 3275-

3277. (Accepted)

2] D. C. O’Btien, J. Liu, G. E. Faulkner, P. Vachitamon, S. Sivathasan, W. Yuan, S. Collins, S. J.
Elston, “Design and Implementation of Optical Wireless Communications with Optically
Powered Smart Dust Motes”, IEEE Journal on Selected Areas in Communications, Volume 27,

No. 9, December 2009. (Submitted)

Conference Proceedings

[3] P. Vachiramon, G. E. Faulkner, D. C. Obrien, “A DC balancing algorithm for complex binary
phase holograms”, Proc. SPIE, Unmanned/ Unattended Sensors and Sensor Networks 17, October 2008,

Article No. 711208



Contents

LIST OF FIGURES ......ccooiiiitiiniieinirenteenieentreneeestnessssesssnsessanesssnsssssnsssssnssssssessssssssssesssanens VII
LIST OF TABLES ...ttt st ssasscsssssssssesssssssssssesssesssssessssesssssessssesss XII
LIST OF ABBREVIATIONS AND SYMBOLS........ccooniiintiiniriniiennreniieneresneeesnnesssnsessnnne XIII
1 INTRODUCTION.....cciiititittrinntieintrenteinieeistressneesssessssessssssssessssssssssesssssessssssssssssssanesssaes 1
1.1 FIEE SPACE OPLICS wouvuvriiiiniriiiiici s bbb 1
1.2 OVIVIEW ot bbb bbb 3

2  HOLOGRAPHIC BEAM STEERING FOR BINARY PHASE HOLOGRAMS................... 4
2.1  Ferroelectric Spatial Light MOUIAtOLS ......ceviiiiiiiiiiiiiciieecee s 4
2.2 HolographiC DEAM STEEIILZ ....vuruerieeerieeriieieieieieetieeseie ettt e nae e s aenns 6
2.3 SINGIE DEAIM STEEIIIZ. c..ucviecrreeieecieacieeaeieie ettt et sssane 9
2.4 Direct binary search algorithim ........coccuvieiiiiniiiniiicice e 11
2.5 DC balancing for binary phase only hOLOZIrams ........ccveevieurieiricinicirieireireereeieeeeie e seeenneaes 13
251 Numerical simulation of @ sitple DC Daanging Schme .eeeoeeoeeeseseesessessessesesessossesseseseseseseesoe 15

252 OPLISEA SCDOIES ...ttt s 17

B R A 20

254 Time estimation of 1he Search QlOIIIIM ...............cvwvueiiiiiiiiiiiiiisieiiiir 22

255 PaPallel QIGOTIIING ...ttt 24

2.6 Phase redundant DC BalancCing ......c..ccveeuricinieinieinieinicricnecinecireeseeeieeeteeie e ssesessenes 27
2.7 Polnt-to-point data trANSIMISSION ..e.ceeeeeieerrieiriieireeesrieenreee et eesesessessesessesesseaessesesseaesseaessescssenes 32
2.8 Point-to-Multipoint TransmiSSION ......cviueuriuciriucirieeiieeirieeiie et ssse e seaeseeaes 34
2.9 CONCIUSION ...ttt bbb 36

3 RETRO-REFLECTING LOCATION ACQUISITION.....cccccetrrtrernurenirrensrnrensrneessnnessnnennns 37
31 ACUISIHION. .ttt 38
310 Beans SIring COOmdinares SIen «.oeesoeesoessesseesseessesssesssesssesssesesssseossesssesssesssessseessesssesssessesssessee 40

31,2 Ret10-Teflecting Ia186 SCANNING .ovooeeoeseeseeseseesee oo sesssee oottt sess oot 41

3.1.3  Imaging and steering cOOFdinates Iansforim............c.ocuuviniurececcuneuneisisis s 45

3.2 Transmitter IMPIEMENtAtION ...ocoiuiuiiiiiiiciirici et 47
B 2 48

B T B 49

323  Angular magnifier And OPHMIISAIION. .............c.ccceceeeevcuriuiiisiisicies et 50

324 BOG POIWEF GeNSHY MCASUTMENS oot see ettt 56

B R O A 59

B 61

3.3 TArget ACQUISILION oucuveiiieieiiiieie et bbb bbb bbb 63



330 MOIPHOIOGICAL JHIET ... 66
33.2 Target exctraction and IADEHING ...ttt 71
3.3.3  Perspective transformmn CAliDIation ................cvvuceeviniiiiiiiiiiiiiiisisisiisis s 74
334 AcGUISITION CITOT TEASUIEHIENES ....o..oaveinviaiia it 75
3.4 CONCIUSION ...ttt bbb bbb bbb 79
4 OPTICAL TURBULENCE SIMULATION AND COMPENSATION .......cccccevvuieeiinnnneennn. 80
4.1 Optical tUrbUleNCe OVEIVIEW .....cucviuiieiiciiiiici s 81
4.1.1 KOIH0GOT0U 1Ol ...ttt 84
4.1.2  Refractive index power SPECHal density ..............uuieiiiiiiiiiiinsiiiiiiiciiis s 86
4.1.3 Tuurbulent channel MOMel.....................c..ccccovecuceuniiniiniiiiiiciscie ettt 88
4.1.4  Propagation theory throngh random meditm. ..................c.ccccccecceveuneuninesecescsesenessssssses s 89
1.5 RYIOU THOIDOA ...t 91
4.1.6  Signal to 10i5€ 1a1i0 ANA DIt E1TOF FAIES........ocoeeeeeeciciiiiiiiiece et 98
4.2 Turbulence simulation with phase SCIEENS.......ccvcuviimriiiiiiiriicic s 103
42,1 Phase Screen cHamnel MOUeL..............ecoeveeeeineeicieeeteee e 104
422 PDASC SCTCOI GENCTALION. ...t
4.2.3  Binary phase only implementation of phase screen
4.3 Optical turbulence SIMUIAOL ......ccvueviueeicieircieeeiere ettt
4.3.1 DICLCLIOFS . 120
4.4 Turbulence SIMUlAtION FESULLS......cuiviviieeieicicrcr e 122
4.4.1 ReSlts for POint Aetecton ...........uovviiiiiiiiiiiciiiiic s 124
4.4.2  Results for aperture aeraged delecton....................cocucuveucecieeuniuniiniisieciciicse et 128
4.5 Wavefront sensor-less adaptive OPLICS .....cucuviuiiiiiiriiiriieieie e 132
4.5.1 Wavefront sensor-less Zernike modes estimation. .................cvwvieiiiiiisiisinsisiscisisissssis s 133
4.5.2 OPLICAL SYSIEN JAYOUE ... 139
453 Scintillation idexc TESsIES ..ot 146
4.6 Multiple Gaussian beams scintillation £edUCHON. .....c.vvrurviveeiieeiieeieeeeeeeeee e aeene 150
4.6.1  Multiple Gaussian DEams ..................cvwvuiinciiiiiniiniisiisicicsissi s 153
4.6.2  Bit Error Rates for mulfiple Deanis.................c.ccccviuviuiecuceuniiniiniiiisiciccscnese et 160
A7 CONCIUSION ...ttt bbb bbb bbb 162
5 CONCLUSION AND FUTURE WORK......cciiiniiiiiiiitiiiccinecinnecnisesecssnesecssssseees 163
5.1 CONCIUSION. ..ottt bbb n e 163
5.2 FULULE WOTK oottt ettt sttt 165
5.2.1 Binary phase DOlogran ...t s 165
5.2.2  Retro-reflecting l0cation QOQUISIHION.................c.ccuvcuveuriuieececiseuniisiisiesies s ss st 165
523 Optical HHIDUIENCE SIIUIATON. ... 166
524 Wavefront sensorless Adaplive OPIICS ...t 167
525 Multiple Gaussian DEAms .................cccccovceecuneuneiniisiiiisicisese sttt 168



6 BIBLIOGRAPHY ...ttt nssissn e e s ssssssse s e ssssssssassssessesssssssnnnns 169

7  APPENDIX A: BINARISATION OF PHASE HOLOGRAMS.........ccooveiivurerineinnrensnnennns 181
8  APPENDIX B: HYPERGEOMETRIC FUNCTIONS........ccccceertrinnrninnrennnrennrensenennneeens 183
8.1 Confluent hypergeometric fUNCHOMN .....cvivvieiiiricirie s 183
8.2 Gauss hypergeometrical fUNCHOMN ....oviuevieeeieeicieciec et saens 183
9  APPENDIX C: COVARIANCE FUNCTION OF INTENSITY ....cccceevuiernurennrensinrensnnnens 184

10 APPENDIX D: ZERNIKE MODES COVARIANCE MATRIX FOR KOLMOGOROV
SPECTRUM.....uutiiiiiiiiiiiiiiieiiitieiiineie it sisssssessssssssssssssessssssesssssssassssssssssssssssssssssssssssssssssses 186

Vi



List of Figures

Figure 1: A Typical free space point-to-point optical CONFIGUIALION. .......cvevriucrriirriciricrcee s 2
Figure 2. (A) Ideal SLM modulation space. (B) Phase only modulation. (C) Binary Phase only ..................... 4
Figure 3. The optical layout of an optical Foutier Transform. .....ccooeureureerrercrrencireneienenneeneeseeseseseesesensesenne 6

Figure 4. Comparison between simulated continuous phase and binary phase holograms, showing their
respective intensities at the focal PlANE. ..o 9
Figure 5. Flow chart of the direct binary search algofithm ... 11
Figure 6. An example of a binary phase only hologram for an array of beams and its simulated replay......12

Figure 7. Schematic diagram of a frame-inverse frame DC balanced input. A video frame (white) is

immediately followed by its inverse (bIack). ......coviviviiiiiiinini s 13
Figure 8. Simple frame inverse-frame SChHEmME. ..o 14
Figure 9. A more complex DC balancing SCheme. ..o 14
Figure 10. Simulated intensity fluctuation for a windowing scheme.........ccvvviviiinininnins 15

Figure 11. A graphical representation of the search algorithm initialising, and in progress of the first pass.

White and black pixels represent 1 and -1 reSPECtiVELY......cooucvieiiciiiciriciriciicceree e 17
Figure 12. Simulated intensity fluctuation for a scheme derived using binary search........ccccoeeeevecrrecrnecnnee. 19
Figure 13. Schematic diagram of an experimental setup for testing DC balancing..........cccccevevvervcrvcecinninnnnes 20
Figure 14. Trace of the output of the photodiode detector for frame inverse-frame scheme. ........cccvcuueece.. 21

Figure 15. Trace of the output of the photodiode detector for the optimised scheme. The percentages
show the drops in intensity relative to the maximum ValUe. .......ccvveuvicuriciriciiiiccccce s 21

Figure 16. The parallel algorithm splits the task by assign CPUs for processing a portion of the Fourier

PLANE. oot 24
Figure 17. A time profile of the original binary search algofithm. .......cccoceviivicivininninicicccn, 25
Figure 18. Comparison of DC balanced phase holograms from binary search algorithm.........ccvvcurecunee. 27

Figure 19. An example of a phase scrolling scheme. The grating is shifted in the perpendicular direction.27
Figure 20. Diagram showing a simpler method for producing scrolling scheme. .......ccoceveieiiivcrcrncnninninnnes 28

Figure 21. An argand diagram of a phase pixel in the continuous hologram undergoing phase shifting of

Figure 22. A flow chart of Gerchberg-Saxton based Iterative Fourier Transform Algorithm...................... 30
Figure 23. Simulated power fluctuation of the phase redundant balancing scheme. .......cccccovviinniiivinininns 31
Figure 24. Voltage output from the photodiode detector for a 24 frames phase redundant scheme. .......... 31
Figure 25. A diagram of the point-to-point data transSmMisSiON SYSTEML. .....cuevereierirereriernineisissiseseseseesessesenes 32
Figure 26. Oscilloscope trace of the output of point-to-point transmission SYStEML.....euwuewevereereecrreeerreerene 33
Figure 27. A diagram of a point-to-multipoint data transSmission SYStEML........euueuererereimeisermeiserereneeneisesennes 34
Figure 28. Output of the two receivers in the point-to-multipoint system at 15Mbps.......ccccceeivevcrvicrricnnee 35
Figure 29. Eye diagram from the point-to-multipoint system. Time axis scale: 5ms/div. c.ocoeeevererererneenenn. 35

Vii



Figure 30. Optical layout of retro-reflecting target acquiSItiON SYSTEML......cuueiurueiureiueuiuemeemrieensieenseserseseseeseneens 38

Figure 31. Flow chart of the retro-reflecting target aCqUISItION PLOCESS ..ouuvuivivieriveiiiiiiiisiisisieiiisssesissisenns 39
Figure 32. A model of the transmitter with holographic beam steering and angular magnifier............c....... 41
Figure 33. Flow chart of imager to beam steering calibration ProCess.........oeveireiureiiveninicnrienricnsieneesenens 46
Figure 34. A photograph of the transmitter and itS COMPONENLS....c.curuuiurrmiureriuerieeriremeiersenseeessesesseseseeseseeseseens 47
Figure 35. Details of holographic beam StEEriNg UMt c....ceueueerueriueriiemiienieeniiensiensensesessesesseseseeseseesesensesensesenns 48
Figure 36 Schematic diagram of the components used to drive the tranSMILter. ......ococveeuveiveeiericrrierreennn. 49
Figure 37. Retraced diagram of the angular magnifier and the spot diagrams. ........ceeceuveeueeeueecrrecrrecrreenen. 50

Figure 38. Spot diagrams for (A) on-axis beam (B) max-deflection beam for maximum-deflection
optimised angle magnifier at 15m propagating diStanCe .........ccvuiuveiieiiieiiieiieiieiieieeeeeeeseseseeseseeseseens 51

Figure 39. Spot diagrams for (A) on-axis beam (B) max-deflection beam for maximum-deflection

optimised angle magnifier at T5M. ..o 52
Figure 40. Plots of maximum-deflection optimised angle magnifier at 15M.......ccoccvveiiviniviivicinicnicricn, 53
Figure 41. Plots of on-axis optimised angle magnifier at 15m.....coceuveiueeieeenieenieeiencreeeeieeeeeeeeseseene 54
Figure 42. Simulated beam radius for various propagating diStanCes ..........eueueuiueeeueeiueeiniemresenricnseseseeeseens 54

Figure 43. Plot of manually measured focus correction, fitted with a quadratic fit and best fit obtained

FrOM SIMUIATION. 1ot 55
Figure 44. (A) Beam intensity profile close to on-axis. (B) Corrected intensity profile.......c.cccecvierricrrecnnce. 56
Figure 45. Comparison of uncorrected and corrected beam power densities. ......oueuveiuveiueeiueeiericmrecnreenen. 57
Figure 46. Example of Gaussian curve fitting for a beam intensity profile. ......ccooceeveeveeereueenerrecrrecrnecrneenen. 58
Figure 47. Expanded beam intensity profile with defocus parameter d of (A) 100 (B) 300.......cccrevuevuenece 59
Figure 48. Plot of beam diameter D against defocus parameter d , fitted with a linear cutve........cocceenec. 60

Figure 49. Schematic diagram of a beam scanning across half of the field of view (red) with n=4.

Because of point reflection symmetry, the second half plane is also scanned (blue).......cccccveeuviciricinicinenes 61
Figure 50. Noise model of a single Imager PIXEL ..ot 61
Figure 51. Output from the imager and its N0ise diSTIDULON. c..vucvreecereeiueeniieiiieieeee e 62
Figure 52. Retro-reflected return with beam lumination. ... 64
Figure 53. Thresholding image obtained from Figure 52. ... 65
Figure 54. Examples of morphological operations on a 5x5 squate pixel structuring element..........cccuu.... 67

Figure 55. Outputs from background subtraction. The plot shows pixel values at different locations as a
function of the structuring element size 2,3,4, and 5. ...c.coovuiiieiiiciniciniicc s 69
Figure 56. Outputs from background subtraction, showing pixels that do not correspond to retro-

reflectors. Evidence of unwanted large valued pixels due to processing. Two areas are enlarged to show

ERESE PIKEIS ..t 69
Figure 57. Outputs from background subtraction with a median filter applied. The plot shows pixel values
at different locations as a function of the structuring element size 2,3,4, and 5......c.ccoovuvivvcvcnicnicncnnnn, 70
Figure 58. Image of processed and labeled retro-reflector tArgets. ..o eueeieeniuerniennieeeeireeeireeieecieeeeseeseseene 71

viii



Figure 59. Image of: (A) Subtracted frame partially blocked with a white paper. (B) Detected retro-
reflector locations with partially blocked VIEW. ......coviiiiiiiiiiiiiii e 72

Figure 60. Image of acquired retro-reflecting targets using a full field of view scan under ambient lighting.

Figure 61. Flow chart of perspective transform calibration ... 74
Figure 62. When a Gaussian beam is at a different centre to a retro-reflection, a fraction of the beam
POWET 18 TEELECTEA. vttt 75

Figure 63. Ratio of intensity return from a circular retro-reflector as a function of deviation normalised to
@, . Curve (A)-(F) corresponds t0 @ = @ t0 @ = 0.5 .....coovvvucrveiicriciisciccrscscsece e 76

Figure 64. Gradient search loop for obtaining optimised steering angular coordinates. .........oecueeverreecrreecnnee. 78
Figure 65. (A) Retro-reflecting array. (B) Contour plot of spatial distribution of acquisition error. The

bounding box shows the placement of the retro reflecting array. The colour scale is in multiples of 5.1x10-

Figure 66. An optical turbulence demonstration using a hot air gun as the turbulence source. (A) The

diagram of the set up. (B) Laser beam without turbulence. (C) Laser beam with turbulence. .......cccoeuvunnes 81
Figure 67. Diagram of the energy cascade thEOLT. . ..ottt ssesenns 85
Figure 68. Turbulent channel model with extended random medium. .........ccvveiviiivinivinicnicicnicricc, 88

Figure 69. Rytov variance O~ as a function of propagating distance and refractive index structure

2
COMNSTANE €7 1ot 90
Figure 70. A plot of the ratio of on-axis scintillation index to Rytov variance varies with Gaussian beam

PALAMICLEL /A ). iveerreiriieeiee it iee et 96

Figure 71. Aperture averaging factor A as a function of aperture size for collimated beam. Parameters are

L = 1000 and K = GADIIL c.oovvuueerrirciieriecieesiesiseesseaie s e st ssse s s ssse st ssss s ssss s sisesses 96
Figure 72. Beam radius as a function of propagating distance to maintain Aj =2.5 for minimum
scintillation index. Wavelength 1s G40NM. .....c.cccouiiiiiiiiiinicic s 97
Figure 73. A plot of a log-normal and a gamma-gamma PDFs for O R2 T L e 99
Figure 74. A plot of Gamma-gamma probability density function for normalised intensity fluctuation

1/ <I > at AIffErent RYTOV VATIANCE. v.uveueeecirieecerecieisseise sttt sttt 100

Figure 75. Maximum OOXK bit error rates calculated as a function of scintillation index for A, = 0.1, A,

Figure 76. Phase screen channel model, containing a small slice of random medium with Kolmogorov

R 2w ] # Lol TR 104



-1
Figure 77. Phase structure cotrection factor (a + 0.62/\“/6) for a collimated beam as a function of

transmitter plane beam Parameter /A ... 106
Figure 78. Flow chart of Zernike phase SCreen generation. ... 109
Figure 79. An example of phase screen generated with 50 modes with D/ =1 ..o 110
Figure 80. Mean squared residual phase error as a function total number of Zernike modes. ........co.ue.... 110
Figure 81. Diagram of the MPI algorithm and the resulting phase SCreen. ... 112

Figure 82. (A) Numerical values of phase structure function for Zernike and MPI methods as a function
of point separation. (B) Average maximum phase shifts versus D/ 7. c.ccccovcvunerrnnerenerenncrneceneerneneienee. 113
Figure 83. Wavefront generation from binary hologram with (A) spatial filter in Fourier domain............ 114
Figure 84. (A) Fresnel diffraction algorithm. (B) Measured intensity of Fresnel diffracted beam with
phase screen, and RMS difference between tilted binary and continuous phase only hologram................ 116

Figure 85. Optical set up for the optical turbulence simulator with a Kolmogorov phase screen on SLM B.

Figure 86. Computing platform for the turbulence sIMulator. ..........ccvcuriiiviiiiiniiiniiicccns 119
Figure 87. Photodetector output voltage measured against optical power output. Linear and cubit fits are
SHOWIL. 1ottt R 120

Figure 88. Camera and software for automatic camera shutter aCtivation.........coeeuviviivinieniininsiniis 121
Figure 89. Simulated beam radius as a function of transmission distance corresponding to A, = 0.744 123

Figure 90. Aperture size corresponding to first Fresnel zone as a function of propagating distance........ 124

Figure 91. Results of the OTS using 0.5mm diameter aperture and with the photodiode detector.......... 125

Figure 92. Results of the OTS using 0.5mm diameter aperture and with the camera detector................... 127
Figure 93. Aperture size as a function of propagating diStanCe.......oeurecurecrrecrrereremeremenreerseeseesseseseeesenne 128
Figure 94. Results of the OTS using 0.8mm diameter aperture and with the photodiode detector........... 129
Figure 95. Results of the OTS using 2mm diameter aperture and with the camera detector...................... 130
Figure 96. A diagram of a typical AO system with feedback I0OpP ..o 132
Figure 97. Channel model of wavefront sensorless AO system, with complex amplitudes and phase shifts
..................................................................................................................................................................................... 134
Figure 98. Flow chart of wavefront sensorless Zernike mode estimation. .........ceeuiivivinieniiciniiisinieis 137

Figure 99. Lorentzian function and fitted quadratic from two sample points locations, showing possible
FIEEILE ITOTS.cou.viieiieiiiecieci et 138

Figure 100. Computed Fresnel diffraction for (A1) on-axis and (A2) off-axis circular beam. Zernike modes

applied: (B) defocus (C) astigmatism. Difference for (D1) defocus and (D2) astigmatism. .........c.cceueeee. 139
Figure 101. Software controller with wavefront sensorless Zernike esimation. .........cceueveevervcrrereeeeinninnnees 140
Figure 102. Optical layout of precision beam alignment system for SLM B.......ccoceuveivivnincnicnecnn. 140
Figure 103. Intensity measurement as a function of Zernike amplitude for: (A) Defocus.........ccoccuuneeee. 141
Figure 104. Defocus distortion and COTFECHION. .....ccuiuviecurieiieciieciricireseieeseieeseieese e esssenns 142



Figure 105. Astigmatism distortion and COITECHON. .....cuiuuiurrieciieciieciricieesceese e esseens 143
Figure 106. Astigmatism diStOrtion and COTTECHON. ...c.veurrieerreeerrieetreecireeieeereesereeeasese e eese e eseaeesesenns 145
Figure 107. Measured scintillation index with and without defocus + astigmatism 1 and 2. .........ccceceuee. 146

Figure 108. Intensity measurements of uncorrected intensity (blue) and corrected intensity (red)
distribution for D/ 1, of 1-4 for (A)-(D) for a 0.5MM APELLULE. c...uuvvumervererierrierreiserieeseesenesesesseseeesssenens 147

Figure 109. Measured scintillation index with and without defocus and astigmatism 1 and 2, with an
aperture of 0.8mm, simulating the aperture averaging effect on the corrected beam........ccooeeuevvcreecrnennnee. 148

Figure 110. Intensity measurements of uncorrected intensity (blue) and corrected intensity (red)
distribution for D/ 1, of 1-4 for (A)-(D) for 0.8MM APELTULE. .......uvverrierririrrieerirsesisesiesesssesesaessssseseaass 148
Figure 111. Minimum BER for uncorrected, corrected point receiver, and corrected with aperture
AVEraging USING the )7 / O g7 TAUOS.covvvvvvrssssovsresssssssssessssssssssssssssessssssssesssssssssssssssssessssssssssssssssses oo 149

Figure 112. Diagrams of (A) Partially coherent beam using phase screen at the transmitter. ........cccveuenee. 151

Figure 113. Plot of scintillation index against separation distance between two Gaussian beams for various

Strengths Of tUIDUIENICE .. ..cvieiiiiii s 155
Figure 114. Two Gaussian beams pointing to the receiver (converging beams) ........covveeciniviiisinieins 156
Figure 115. Two Gaussian beams pointing away from the receiver (diverging beams) .......ccccoevevivininnne. 157

Figure 116. Plot of scintillation index against separation distance between two Gaussian beams with
parallel, convergent and divergent different beam GEOMELLIES. ....cvuewiueeiuerierieeeienienerreeisee e eseseene 158
Figure 117. Plot of scintillation index against separation distance between four Gaussian beams with
parallel, convergent and divergent beam EOMELIIES. .......cvvimriiiriiieiiciice s 159
Figure 118. Radially arranged transmitters centred on the optical axis and their relative distances. .......... 160
Figure 119. Plot of separation distance d for a radially uniformly distributed transmitters around a circle
FAAIUS @ oottt 161
Figure 120. Minimum BER using independent beams with and with out AO correction as a function of

the number of conVerging Beams (IN ). ...ttt sasesaees 161

Xi



List of Tables

Table 1. Specifications for SXGA F-LCOS ferroelectric SLM used in this thesis. .....ccoooevvciviecinicinicinicnneens 5
Table 2. Estimates of the beam properties at the focal plane. ... 8
Table 3. Run times for the DC balancing search algorithm of various hologram resolutions. ..........ccveue.n.. 23
Table 4. Average runtimes of DC balancing search algorithms on parallel hardware. ........cccooeiviniviirinnnee 26
Table 5. Imager optical and electrical PALAMELELS ........c.ovcueeiiriiiriiiriiice e saees 43
Table 6. Transmitted optical power density needed as a function of imager exposure time. ..........euvverinecn. 43
Table 7. Beam angular spread as a function of retro-reflector diStance. ........ccevieenieunieciniriinvenivinienieiaes 44
Table 8. Simulated beam measurements for maximum-deflection optimised angle magnifier at 15m......... 51
Table 9. Simulated beam measurements for on-axis optimised angle magnifier at 15m .....ccoccevvverreerrcrreennes 52
Table 11. Zernike modes covariance matrix of a Kolmogorov phase screen. ......occveuvicivicivccinicinicineans 108

Table 12. Numerical values of phase structure constant, Rytov variance, and expected scintillation index

£OL A POINE AELECTOL. ouvuiiieiieieesieetieeete ettt ettt aees 122

Xii



List of abbreviations and symbols

Abbreviations

AO Adaptive Optics

DC Direct Current

BER Bit Error Rates

FLC Ferro-electric Liquid Crystal

FOV Field Of View

FSO Free-Space Optics

OTS Optical Turbulence Simulator
PRBS Pseudo-Random Bit Stream

SLM Spatial Light Modulator

SNR Signal to Noise Ratio

Symbols

A Aperture averaging factor

an Refractive index structure constant
D, Refractive index structure function
F Focal length

1 Electric field intensity

k Wave number

L Propagation path length

r Radial scalar variable

T Atmospheric coherence width (Fried’s parameter)
U Scalar electric field

Xiii



®0 4 A()

6,A

Gaussian beam width
Spatial frequency

Gaussian beam parameters at the transmitter

Gaussian beam parameters at the receiver

Phase shift/distribution

Three dimension spatial power spectrum of refractive index
Rytov variance

Scintillation index
Gamma function

Expected value / ensemble average

Xiv



1 Introduction

1.1 Free space optics

Optical wireless communications, or free-space optics (FSO), has received much interest in the
past 30 years [1]. Recently, the need for medium range wireless communications technology has
reinvigorated the field, particularly for solving the ‘last mile’ connectivity problem; the majority of homes
and businesses are located within one mile of a major telecommunications exchange [2][3][4]. This is
contributed to by the explosive rise in demand for Internet access and fast local area networks. Wired
solutions have existed for a long time, including dedicated fibre optic or coaxial cables, with capacity of up
to 600Mb/s for passive fibre networks [5], and gigabits per second or more for active networks [6].
However, the prohibitive costs of rewiring buildings have made this an unpopular solution, unless mass-
rewiring is undertaken [7]. With the advent of asynchronous digital subscriber lines (ADSL) to reuse the
voice telephone network, this is somewhat alleviated. The demand for faster links will not be met by this
technology, since the physical limit for ADSL technology has already been reached [8]. Current wireless
radio networks such as the UMTS, IEEE 802.11 (Wireless LAN), and IEEE 802.16 (WiMAX) standards
offer relatively low maximum capacity of up to 100 megabits per second [9], mainly due to the limited
availability of licensable spectrum.

Free-space optics is an attractive technology to overcome the bandwidth problems faced with
wireless radio communications. It uses laser sources with wavelengths from 2um to 640nm as the carrier
wave. The most important aspect of using FSO is the unrestricted access to an extremely wide spectrum.
Moreover, the necessary optoelectronic devices, such as high speed laser modulators and photodetectors,
are already commercially available for use in optical fibres. High powered lasers can also output large
optical power with small mass and space, and the beams can easily be collimated, allowing high antenna

gain [10]. There are challenges, however, that need to be addressed for FSO to be widely deployed.



A typical FSO system is shown in Figure 1, consisting of three subunits: the transmitter, the
atmosphere, and the receiver. The transmitter contains a laser that is modulated by the binary data stream,
which is then collimated by the beam expander. The emitted optical beam then propagates though the
earth’s atmosphere to the receiver. A lens focuses the optical beam onto a detector that converts the
intensity fluctuations back to data. The narrow optical beam poses a problem for receiver alignment and
transmission to multiple receivers. Coupled with the limited power output for eye safety, the optical
beams cannot be expanded to cover large transmission areas and sophisticated beam steering and receiver
position tracking system is required.

There is also the problem of optical beam propagation through the atmosphere. Precipitation [11]
and clear air or atmospheric turbulence [12] can deteriorate the link quality significantly. Simply selecting a
wavelength that falls within the atmospheric window of low absorption can help with precipitation [11].
However, turbulence causes fluctuations in the beam intensity, or scintillation, that exists at all
wavelengths [13]. An adaptive optics system can be used to compensate for turbulence, which has been
shown to work well for imaging systems [14]. Progress has been made to use this technique for FSO;
however, they tend to require extra complexity that will increase the initial cost of link deployment.

In this thesis, some of these challenges are met by using a relatively new type of optical wavefront
modulator, or spatial light modulator (SLM). These devices are used to control the spatial phase
distribution of the transmitted beam, which can produce wide ranging of optical beam configurations
when the beam reaches the receiver [15][16]. The flexibility of an SLM reduces the number of parts
needed for a FSO transmission system, which can potentially reduce the initial cost of the link and

allowing FSO to be used for wide range of applications.

ransmitter .
Transmitte Receiver

Data in Data out
|- Atmosphere |
—-————n

|

Collector lens

Laser Beam steerer + expander Photodiode detector

Figure 1: A Typical free space point-to-point optical configuration



1.2 Overview

The thesis is split into three parts. The first introduces holographic beam steering from first
principles. It is then extended to the case of binary phase holograms. Two algorithms are described to find
optimal binary phase holograms and their performances compared. A number of approaches to improve
existing methods are then tested numerically and in practice on an optical system. A point-to-multipoint
transmission is then tested to confirm the method’s effectiveness.

The second part consists of implementing an FSO transmission system with automatic receiver
acquisition using retro-reflecting targets. Holographic beam steering is used to implement optical
aberration correction and also as a beam expansion system. Software processing is then used to isolate
these targets and to reduce interference from ambient lighting. Its acquisition performance is then
measured.

The final part evaluates the use of binary phase holograms for atmospheric turbulence simulation,
as well as a compensation system without the use of a wavefront sensor. A theoretical overview of
electromagnetic wave propagation in turbulence is presented using the Kolmogorov spectrum and the
Rytov approximation. These are used to obtain parameters needed to accurately simulate Gaussian optical
beams with a binary phase only system. A numerical simulation and physical measurements are compared
for a number of receiver aperture sizes. The system is then extended to wavefront sensorless estimation of
Zernike modes, which is then used to compensate for the effects of turbulence. Bit error rates are then
calculated from the scintillation results with and without aperture averaging effects. A multi-beam
transmission is then numerically evaluated for three different beam geometries, and the bit error rates are

numerically evaluated for the case of compensated multi-beam configuration.



2 Holographic beam steering for binary phase holograms

2.1 Ferroelectric Spatial Light Modulators

A spatial light modulator (SLM) consists of an array of electrically controllable pixels. Each pixel is

able to modulate the complex amplitude of a light beam incident upon it [17]. An ideal SLM has an

infinite modulation range for both phase (from 0 to 2mr), and amplitude (from -1 to 1) as show in

Figure 2A.
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Figure 2. (A) Ideal SLM modulation space. (B) Phase only modulation. (C) Binary Phase only

There are a number of spatial phase modulation devices that are available [18]. Their advantages and

disadvantages are listed below:

1. Twisted Nematic liquid crystal display (TNLCD) based SLMs can have very large number of

modulation states. However, it has been shown that the phase modulation is not uniform, due to

the amplitude-phase coupling [19]. A diagram of the phase modulation states of a TNLCD is

shown in Figure 2B. Despite this, its performance as a phase modulator has been demonstrated to

be good [20], but commercially available products are limited to video rates of 10s of Hertz [21],

which may be too slow for some purposes.

2. Micromirrors can also be used as SLMs [22]. Phase modulation is achieved by physical movement

of mirror pixels, such that the extra distance produces phase modulation. It has been shown that



in certain configurations the bandwidth of the mirrors is in the region of 60kHz [22]. However,
they generally have low spatial resolution relative to TNLCD SLMs.

3. Ferroelectric liquid crystal (FLC) based SLMs have resolutions similar to TNLCD devices [23].
They are bistable devices, and can only produce binary phase modulation as shown in Figure 2C.
Because the ferroelectric liquid crystal molecules are driven with polar voltages, unlike TN liquid
crystals, they can be driven to high refresh rates. Commercially available devices can operate at 1
kHz and higher [24]. The drawback from their bipolar molecules is the absence of a defined zero
voltage state [25]. Each FLC cell needs to have either positive or negative electric field, and this
will unavoidably cause liquid crystal cell ionisation [17]. A prolonged DC current degrades the

cells” switching characteristic permanently.

Of the current commercial devices available at the time of this project, only FLC based devices
have both the high spatial resolution for beam steering [26] and high refresh rates suitable for atmospheric
turbulence compensation. These are the main factors for the decision to choose FLC SLM for this Thesis.

The FLC SLM that is used throughout the project is a SXGA F-LCOS (Ferroelectric Liquid
Crystal on Silicon) manufactured by 4" Dimension Displays, which was commercially available in 2008. It
is capable of displaying an SXGA video signal at 1280x1024 pixel resolution. It is a high refresh rate

binary phase modulation device. Table 1 shows its specifications.

Spatial Resolution 1280 x 1024 pixels (SXGA)
Display area dimensions (width x height) 17.43mm x 13.95mm

Pixel dimensions (width x height) 13.62um x 13.62um
Refresh rate (binary phase modulation) 1.44kHz

Maximum single video frame display time 100ms

Table 1. Specifications for SXGA F-LCOS ferroelectric SLM used in this thesis.



2.2 Holographic beam steering

The process for calculating the required complex amplitude distribution from a required intensity
pattern can be derived from the equation governing light propagation. The chief mechanism for

diffraction is the Fresnel diffraction [27]. The Fresnel diffraction integral can be expressed as:

(jkz)

e —(x ) gar) | -1 (xrom) 2.2.1
UFremel('x’ y’ Z) = ] ' J.J.{ f 77’ Z( )}e ]lz ’ dgdn ( )

Where U (&,77,0) is the complex amplitude at one plane, U .., (X, ¥, 2) is the complex amplitude at

plane a distance z from this plane as shown in Figure 3, and A is the wavelength of the illumination.

T (&m,0) Y (o f)
/
f o e

/

Thin lens focal length = f

Figure 3. The optical layout of an optical Fourier Transform.

Ignoring the constant phase factor outside the integral, the Equation (2.2.1) is a Fourier transform
of the input plane, multiplied by a quadratic phase factor and scaled relative to the wavelength. An
important observation can be made concerning the quadratic phase factor; it is the inverse of a positive
lens at its focus. Therefore, if one places a lens in front of the input plane, the quadratic terms cancel, and
this reduces the relation to a Fourier transform between the two complex planes (shown here without the

constant phase factor):

Jf( x§+yn)

Ux,y, f)= HU (&,7,0)e dédn (2.2.2)



Therefore, the focal plane of the setup is exactly the Fourier plane of the complex amplitude

pattern present at the aperture of the lens. The result also allows the intensity distribution in the focal

plane U (X, y) to be calculated by taking the inverse transform of the required amplitude distribution:
U(Enm)=F (Uxy) 2.2.3)

Where F denotes the inverse Fourier transform. This complex input pattern U (é ,7]) is typically

called a hologram. For instance, to shift a beam of light to a position (x',y");

jz(fx'#]}")

F (S(x—x\y—y))=e™ (2.2.4)
This is a linear phase tilt, with the phase value proportional to the sum of (fx ',Uy'). The

Fourier transform planes are scaled by (/1 f )_1 . It has been shown that on spatially sampled devices such

as the SLM, the sampling theorem determines the maximum size of the Fourier plane [27]. The maximum

first order diffraction angle is derived to be:

o ~ * 2.2.5)

pixel

Where 6, is the maximum first order diffraction angle and d , , is the pixel spacing distance. The

pixe

maximum size of the Fourier plane, given a focal length of the lens to be f :

A

Max — d (226)

pixel
Where D, is the maximum dimension of the Fourier plane. The smallest beam size at the Fourier plane

can be shown to follow a similar relation:

Af

D, =—— (2.2.7)
A
Whetre D,,. is the minimum beam width at the Fourier plane and dg;,, is the maximum dimension of
the SLM.



The physical properties of the SLM are then used to estimate the expected dimensions of the

Fourier plane. Equations(2.2.5), (2.2.6) and (2.2.7) are used to calculate these estimates, and they are

shown in Table 2, using A = 650nm.

Maximum beam divergence angle (rad) 0.0477 rad / 2.7°
Minimum beam divergence at 1m 47.7Tmm
Minimum beam size at 1m 37.3um x 46.6um

Table 2. Estimates of the beam properties at the focal plane.

Although the relationship between the Fourier and the aperture plane of the lens is relatively
simple, there is a problem representing the complex amplitudes on the SLM, since the majority of SLMs
can only modulate the phase of the amplitude distribution. Taking the inverse Foutier transform of the
desired Fourier plane amplitudes and displaying only the phase is not generally insufficient [27]. To make
matter worse, the FLC SLM device can only display binary phase states of 0 and 7. However, a special
case of single beam steering can be implemented with the limited modulation states. The next section

analyses this special case, and the implications of binary phase only modulation on the Fourier plane.



2.3 Single beam steering

To steer a beam of light in the focal plane, the hologram at the input plane can be calculated from
inverse Fourier transforming an impulse at the required beam location. This results in the simplest case of
single beam steering, which is shown in Equation (2.2.4) to be a continuous phase ramp. Because the
phase ramp only has varying phase values, binary phase quantisation can be used. Figure 4 shows both the

continuous and binary quantised phase holograms with their simulated replay intensities.

Fourier .

—
transform

N

Fourier .

—
é transform

Figure 4. Comparison between simulated continuous phase and binary phase holograms, showing their
respective intensities at the focal plane.

The Fourier transform was implemented by using a 2D Fast Fourier transform algorithm built
into Matlab. The quantisation is performed numerically by assigning all complex values on the right half of

the argand diagram to have a phase value of 0, and the left to be 77 ;

0 if cosy>0
l//binary = { (231)

7 otherwise
Where ¥ is the phase angle of the continuous hologram.

As shown in Figure 4, the replay of the binary phase hologram has produced another copy of the

beam with half rotation around the origin. This is due to the ambiguity of the two binary phase states



(Appendix A). This effect is inherent in all binary phase holograms, and only half of the addressable beam
locations can be used without interference from this effect.

In addition, although not visible in the diagram due to their low intensities, the replay has
produced higher diffraction orders. This reduces the power density of the desired beam. Taking average
values of the intensities at the routed location, the simulated replay produces a beam with an overall
efficiency of 0.81 compared to the continuous hologram. Taking into account beam duplication, this
reduces the efficiency further to approximately 0.4.

The higher diffraction orders can be accounted for the harmonics produced by the quantisation
(Appendix A). If U (x, y) = expl: jé (x, y):l is a continuous phase distribution at the aperture plane, a

quantisation gives:

Uy(x,y)=2 i A, (exp[jnf] + exp[—jnf]) (2.3.2)

n=odd

2(-1) 2
where A = & A binary hologram therefore loses much of its diffracted power to these extra
nrw

harmonics. These can be suppressed by using optimisation techniques such as Direct Binary Search and

the Iterative Fourier Transform. These are described in the next section.
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2.4 Direct binary search algorithm

It has not been demonstrated that an analytical solution exists for producing an optimised binary
phase hologram for an arbitrary intensity pattern. However, there exists a family of algorithms that search
for the optimal solution numerically. One popular implementation is the direct binary search algorithm
[28]. The algorithm starts with a random distribution of binary phase pixels, and using trial and error, flips
a pixel one at a time such that its Fourier transform converges to the desired intensity pattern. The
convergence is calculated by comparing the desired Fourier plane amplitude distribution to the simulated

replay of the hologram. The details of the algorithm can be seen in Figure 5.

Flip element m| FOUTIRT Tranetorm m| Obtain replay Legend:
UL - FFT) 1 im,m)

Y BPOH = Binary phase
only hologram.

Calculate arror
from desired
Intensites

U(,j) = Aperture plane
Y v phase pattern.

Defing UL} as

I= the armor
small? V(m,n) = Fourier

plane phase pattern

Calculate change
In errar from last

fteration (AE)
Y *
Seed (L) Yag
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Figure 5. Flow chart of the direct binary search algorithm

Central to the algorithm is the acceptance critetion accept and the differential error AE . The

acceptance criterion is a function that decides to accept or reject the changes based on AE . Normally, the
acceptance criterion is to reduce the error, and has the form

. true AE <0 (2.4.1)
accept =
P false otherwise

11



The quantity AE is calculated by the differential error function to give an estimate of the error
change between the new and the old hologram replay. Given that the phase of the amplitude distribution
in the Fourier plane is unimportant, only the intensity information is used as basis for the error

calculation. The root mean square of the difference in intensities is normally chosen:

A= \/;Zn:(vnew (m,n)z Vg (m,n)2 )2 _\/Z;(Vazd (m,n)2 -E,, (m,n)2 )2 (2.4.2)

The sign of the differential error function determines if the noise has been reduced after the pixel
has changed. This decision process is repeated many times while the algorithm cycles though the
hologram’s pixels. Eventually, the algorithm terminates when the change in error is less than a preset
amount, or if the number of iterations is too large. Although the algorithm does not search the solution
space globally, hence it can give results that are trapped within a local minima, it is surprisingly effective
[29]. Using this algorithm, arbitrary beam shaping is now possible. Figure 6 shows the hologram that

produces an array of beams that might be used for beam shaping applications.

Fourier
—
Transform

Figure 6. An example of a binary phase only hologram for an array of beams and its simulated replay.
For the holograms, white and black pixels indicates 0 and 77 phases respectively.
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2.5 DC balancing for binary phase only holograms

Although the binary phase representation problem has successfully been solved with the direct
binary search algorithm, the DC balancing required by the choice of FLLC SLM has not been satisfactorily
addressed.

In order for a set of holograms to be DC balanced, it must have an equal number of 0 and 7
phase states for every pixel location in a fixed amount of time. A conceptually simple DC balancing
scheme takes the spatial distribution of pixels and display its inverse in an alternating configuration. They

are displayed for the same amount of time and average the phase values to zero. This scheme is shown in

Figure 7.
Phase pixel
Frame: 1 2 3 4 5 6 7 8 9

»
»

Time

Figure 7. Schematic diagram of a frame-inverse frame DC balanced input. A video frame (white) is
immediately followed by its inverse (black).

Although the phase inversion does not cause any differences in the hologram replay due to
Babinet’s principle [30], closer inspection reveals that the scheme causes drops in the beam’s intensity
during the switching between a frame and its inverse. During this transitional period, as each pixel moves
from 0 to 7T or vice versa, it goes through an intermediate state. As this happens, the SLM has a uniform
phase profile, and it loses the phase modulation properties for a short period of time [24][17]. Without
spatial phase variations, the light modulated by the SLM falls inside the zero order, and the beam steering

capability is lost. This is demonstrated in Figure 8. Some phase modulation capability can be retained by

13



increasing the number of frames in the hologram set. This reduces the number of pixel changes between
each frame. Figure 9 shows a schematic view of a 4 frames DC balancing scheme. Two half inversions are

used to produce a balanced set, which requires 4 frames to complete.

) B) ©
Figure 8. Simple frame inverse-frame scheme.
(A) Side on view of the SLM and the diffracted light. (B) During the transition to frame’s inverse, the SLM

assumes uniform phase distribution, and the modulation is lost. (C) Modulation is restored during the
inverse frame.

(A) ®) © D) (E)

e < i e e

Figure 9. A more complex DC balancing scheme.
(A) Non-inverting frame. (B)-(E) shows the transition with half number of pixels at a time. The
transition period (B) & (C) allows some phase information to be retained.
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2.5.1 Numerical simulation of a simple DC balancing scheme

A Matlab model was developed to simulate the decrease in diffraction loss during a frame
transition. The model compares two adjacent frames and determines the pixels that undergo changes. It
then inserts a transitional hologram with the changing pixels set to zero. The zero emulates the loss of
modulation in the real FLC SLM. The model then Fourier transforms the hologram frames, plus the
transitional holograms, in a sequential order. For each frame, the intensity of the beam at the routed
location is measured. A simple 4 frames DC balanced set is tested with the model. Figure 10A-G shows a

test set of holograms and the replay results.

) ®) ©

D) (E)

Figure 10. Simulated intensity
fluctuation for a windowing scheme.

(A) Hologram to be inverted.
(B) Half window inversion.

(C) Full inversion.

(D) Simulated replay of hologram A.
®) Y G)

(E) Simulated replay of transitional
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period between hologram A and B.

100
. (F) Simulated replay of hologram B.
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The effect of this simple 4 frames ‘windowing’ scheme on the original beam can be seen in Figure
10D-F. It can be seen that the discontinuity in the phase pattern in Figure 10B causes distortion to the
intended beam shape in Figure 10F. The plot of the simulated output power of the routed beam in Figure
10G shows drops in the intensity due to this distortion. In this case, the loss of modulation due to the
transitional period of the frames is less than the inefficiency due to balancing holograms, which causes the
intensity to drop to 5%. The windowing scheme can be shown to be a sub-optimal by analysing the effect
of the inversion window on the Fourier plane. Using the convolution theorem, when the hologram is

projected onto the Fourier transformed plane:
U'(x,y)=F(10,,xH(&n))=F(I1,,)*U (x,y) 2.5.1)

where U '(x,y) is the amplitude in the Fourier plane, IT ,, is the window function and H (&,77) is the

win
hologram. The spots are convolved with the point-spread function of the windowing function, and in this
case, causes spot splitting.

Because the windowing function does not have to be a rectangular window, other windowing
shapes can be used, as long as they satisfy the DC balancing criterion. However, this analysis can be
extended further to these windowing schemes, which suffer from the same fundamental problem. These
schemes have their own sets of point spread functions that are not optimised for the hologram being
displayed. Therefore, the focus now turns to finding an algorithm that can generate an optimised scheme

such that the beam shape and power density remains close to the original during the transitions.
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2.5.2 Optimised schemes

An algorithmic approach based on direct binary search that tailors the balancing scheme to a
particular hologram was considered in order to solve the problems encountered from using a fixed
window balancing scheme. The direct binary search belongs to a family of search algorithms that can be
adapted to varying types of problems. However, it can only optimise a problem with simple constraints
that can be expressed in the differential error function. Initially, the DC balancing condition could not be
applied directly to the algorithm. However, by applying the constraint indirectly, it was possible to ensure
that every hologram in the set generated by the search algorithm remains DC balanced. The DC balance

constraint was implemented by using an inversion mask, as shown in Figure 11.

Inversion mask

Hologram

Figure 11. A graphical representation of the search algorithm initialising, and in progress of the first pass.
White and black pixels represent 1 and -1 respectively.

A pre-generated base hologram is produced by using direct binary search. The algorithm then
applies the mask, and relocates the inversion pixels to produce a second hologram that forms a part of a

balanced set. The algorithm steps are outlined below:

1. Initialisation of a rectangle inversion mask. An inversion mask is an array of (1,-1) that has the
same dimensions as the hologram, as shown in Figure 11. The numbers of 1 and -1 pixels are

exactly equal. Multiplying the mask with the hologram gives the next hologram to be displayed in

17



a balanced set. A list of -1 pixel locations is then generated, which is used as a queue for the
inversion pixels.

2. Multiply the mask with the hologram, and Fourier transform. Calculate the differential error
function, based on the same RMS of intensity difference as Equation (2.4.2). This gives a
measure of the mask’s optimality.

3. Take the location of the first -1 pixel in the list, and randomly swap with a 1 pixel.

4. Calculate the replay and the cost function again. If the cost decreases, which means the mask is
now more optimal, retain the swap and push the new -1 pixel location into the back of the queue.
Otherwise, reverse the swap, push the old -1 pixel into the back of the queue and pick a new -1
pixel.

5. Jump to (3), until a predefined number of iterations have exceeded.

By starting with half of the mask inverted, once the algorithm halts, the rest of the set can be
simply computed from the inverse of the first two frames.

The hologram set produced by this algorithm were then tested on the Matlab model of the SLM.
Figure 12A-C shows Fourier transforms of a single routed beam balanced by this algorithm. Figure 12D-F
shows the simulated replay of the hologram, including the transitional period between the holograms.
Figure 12G shows the intensity of the beam as the hologram progresses though the set. The search
algorithm has retained the beam shape unlike the windowing scheme. The minimum intensity has now
increased to 38% of peak intensity value.

The search algorithm has successfully produced a DC balanced hologram set that improved on
the simple windowing scheme. The holograms were then tested on a laboratory setup to verify both the

Matlab model of the SLM and the new hologram set produced by the search algorithm.
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Figure 12. Simulated intensity fluctuation for a scheme derived using binary search.

(A) The original hologram.

(B) Inversion mask.

(C) Generated half inversion pattern
(D) Simulated replay of hologram A.

(E) Simulated replay of transitional period between Hologram A and C.
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2.5.3 Experimental Verification

The optimised hologram set was then tested on the FLLC SLM. Figure 13 shows the setup used.
The illumination is provided by a Helium Neon laser with wavelength of 633nm. The laser beam is then
expanded using a beam expander to illuminate the SLM. The SLM is mounted at an angle, such that the
beam is reflected on to a Fourier transform lens with 6cm focal length. The beam is then split using a
beam splitter, such that a copy of the beam is captured by the CCD camera. The remaining beam falls
inside the aperture of the photodiode detector, the output of which is connected to an oscilloscope. This,
and the CCD camera was placed at the focal plane of the SLM. The photodiode produces a voltage output
that is proportional to the light intensity incident on to its sensor. The CCD camera was used to verify the

intensity pattern at the focal plane.

Laser source

N\

Beam expander

FLC SLM

Photodiode detector

A

&
<

F ogllrxt transform lens

Oscilloscope -

CCD camera

Figure 13. Schematic diagram of an experimental setup for testing DC balancing.

The optimised phase pattern produced by the algorithm was designed to shift a single beam 3mm
from the zero order and was then displayed on the SLM. The photodiode detector is then placed such that
the aperture coincides with the routed beam 3mm from the zero order.

Figure 14 shows the oscilloscope trace of the beam intensity from the photodiode detector when
a frame inverse-frame is used for DC balancing. The intensity dips periodically to zero during the

transitional period of the frame inversion. Using an optimised scheme generated from the search
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algorithm, it is possible to reduce the fluctuations significantly. The output of the photodiode in Figure 15
shows the intensity fluctuations are now improved using the optimised hologram set. The lowest intensity
during the transitional period was measured to be 39% of the maximum. However, the algorithm also
produces frames that are 56% efficient. The average power falling within the photodiode aperture has

therefore decreased by this scheme.

Received intensity (5mV/div)

Figure 14. Trace of the output of the photodiode detector for frame inverse-frame scheme.

Received intensity (5mV/div)

Time (2ms/div)

Figure 15. Trace of the output of the photodiode detector for the optimised scheme. The percentages show
the drops in intensity relative to the maximum value.

The algorithm has been demonstrated to work both in the Matlab model and in a laboratory
setup. It produces hologram sets that significantly improves the intensity fluctuations observed by the
frame inverse-frame balancing scheme. However, the search algorithm produces hologram frames that are
half as efficient as the original hologram. This is found to be due to the large amount of time needed for
the algorithm. It was necessary to stop the algorithm short of total completion. The next section gives an

analysis of the algorithm, and possible ways to over come this inefficiency.
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2.5.4 Time estimation of the search algorithm

Although the search algorithm improved the beam shape during the balancing, it was observed
that the additional iteration steps introduced by the search require a large computation time. Because the
efficiency of the hologram increases with the number of iterations undergone by the algorithm, an
efficient hologram requires longer computation time. The ability for the algorithm to scale with the
increase in hologram size also depends heavily on the algorithm. It is therefore necessaty to analyse the
search algorithm such that for slow section of the code can be optimised.

The computation time for an algorithm depends on both the input hologram dimensions and the
actual implementation of the algorithm. An estimate of the time required can be computed by analysing
the general structure of the code. This approach is generally called time complexity analysis.

Time complexity is a function that maps an algorithm’s input data size to the upper bound of
computation time. It is desirable to have low complexity order, because high complexity order quickly
requires impractical computation power as the input size increases. In this specific case, the number of

hologram pixels is likely to determine the time complexity. The algorithm can be broken down into three
independent sections. For each pixel, where 1 is the number of pixels and O is defined as the order

operator:

1. Keeping track of the inversion pixels. This involves the retrieval and reinsertion of pixel locations
from the queue. This step can be efficiently coded with a linked list, requiting O (1) computation
steps per iteration.

2. Calculating the Fourier transform plane. The most simplified version of the algorithm uses a Fast
Fourier transform to obtain the diffraction pattern for each iteration. The transform requires
(0] (nlog (n)) steps. However, a more complex scheme using pre-calculated vectors of complex
angle values uses O (n) multiplications. Later refinements to the code included this optimisation.

3. Calculating the error value between the desired diffracted image, and the resulting image from the
new hologram. This step requires all the pixels to be computed, resulting in O (n) computations

steps.
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By adding the computational steps, the upper bound of a single pass of the algorithm becomes
O(n) Therefore, for each hologram pixel to be calculated, the algorithm requires of the order of the

total number of pixels in the hologram. The overall computation time will therefore depend on the
number of hologram pixels the algorithm requites before it can produce reasonable solution. Since it is
ideal to have a fixed running time, such that it guarantees to have finished before the next required frame

begins, a good compromise for the number of iterations was found experimentally to be 4 times the
number of pixels. The final complexity is therefore nXO(n) or O (n2 ) :

The decision to have the algorithm iterate a fixed amount of times per hologram produces the
inefficiency seen in the laboratory setup. Despite the compromise, the analysis shows that this approach
will quickly be unable to cope with increasing hologram size, if the computational power available were to
stay the same. For example, timed runs on an Athlon X2 4800+, 2GB RAM yielded a quickly growing
computation time. Table 3 shows the runtimes of the search algorithm as the hologram scales from 32x32

to 1280x1024 pixels.

32x32 Pixels 0.41s
64x64 Pixels 3.5s
128x128 Pixels 51s
256x256 Pixels 803s (estimated)
1280x1024 Pixels 3.2x105s (estimated)

Table 3. Run times for the DC balancing search algorithm of various hologram resolutions.
The algorithm was implemented in Matlab and ran on an Athlon X2 4800+, 2GB ram.

The projected run time for a full resolution hologram of 1280x1024 pixels is 3.2x10%s, or 3.7 days,
which is clearly not feasible in practice. The resolution of holograms used in the experiment were
therefore reduced to 256x256, and then tiled to fill the S.M.

To further increase the efficiency of the holograms, a parallel algorithm approach was then
proposed to decrease the computational time. This approach splits the computation task into smaller
pieces, such that the number of computations can be concurrently computed by parallel hardware. This

approach is discussed in the next section.
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2.5.5 Parallel algorithm

A parallel implementation of the search algorithm is described in this section. The approach uses
multiple CPUs to process the data concurrently, thus obtaining increasing improvements to the

computation time with the additional CPUs.
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Figure 16. The parallel algorithm splits the task by assign CPUs for processing a portion of the Fourier
plane.

One area of the algorithm that gains parallel computation improvement is in the repeated
application of the Fourier transform. Without parallel processing, one CPU calculates the changes in the
Fourier plane due to the pixel update. A modification to this step calculates the Discrete Fourier
transform in two halves, each of which can be processed independently. This is shown in Figure 16. To
improve this further, the cost function calculation is also divided in the same fashion.

In order to calculate the speed up offered by parallel processing, the upper bound is calculated by
using Amdahl’s law [31]:

1

SpeedUp = (2.5.2)

(1—F)+;

Where F' is the fraction of the parallel part in terms of the processing usage, and N is the number of
parallel processors. For the Amdahl’s law to apply, IF and N must be independent, and this is true in the

case of the modified Discrete Fourier transform and the cost function calculations. Using the MATLAB
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profile command, the Fourier transform and cost function calculations are shown in Figure 17 to use 83%
of the CPU. The speed up can be calculated to have an upper bound of 1.71 times faster for 2 processors

system, and 2.65 times faster for 4 processors.

Lines where the most time was spent

Line Mumber Code Calls | Total Time | % Time | Time Plot
76 Af new = Af + (dA. *far row mat...  BE21T 13172 s | S0.6% | N
g5 Error = norm{lf_new{:} - Lf); BE21 | 5016 = 19.3% 1l

70 Af = Af + (dA_ Tfar row mat({:.m... | 1663 3313 s 127% M

g2 If new = real (Af new). "2 + ima_ .. | (621 | 3141 5 121% '

104 invPixelsWect = [invPixelsWect... | 1651 0516 s 2.0% |

Other lines & overhead 0859 = 3.3% 1

Totals 26016 | 100%

Figure 17. A time profile of the original binary search algorithm.
The CPU spends 83% calculating the Fourier transform and the error function.

The concept was then implemented in the search algorithm. Because Matlab does not support
parallel algorithms, a hybrid implementation using C and Matlab was used. The parallel portion is written
with an OpenMP construct [32] and compiled with Intel C++ 9.0 compiler [33] for Windows as a
dynamically linked library for Matlab (\mex file). The Pthreads model [34] was also investigated; however
OpenMP performance was significantly better, possibly due to its smaller parallelisation overhead.

To gain more computation power from the CPUs, further parallelisation was performed using
Intel’s SSE2 instruction sets. SSE2 belongs to Single Instruction, Multiple Data (SIMD) parallelisation, or
vector calculations. SIMD allows highly repetitive computation structures to be processed in large chunks,
and are usually used in calculating vectors and matrices [35]. SSE2 specification allows up to 4 single
precision floating-point multiplications in one clock cycle. To implement the algorithm using SSE2, the
data structure of the hologram had to be processed explicitly in a non-overlapping manner, which was
achieved by rearranging the inner loops and specifying #pragma tags in the source code. The appropriate
compiler flags [36] were also expressed at compile time. For maximum performance, the Matlab and the C

code was converted to single precision only. The compiler was chosen to be Intel C++ 9.0, with
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optimisation flags turned on. The run times are given in Table 4 (average of 10 runs for a 256x256 pixels

hologram).

1 CPU standard 1 CPU SSE2 2 CPU SSE2 + OpenMP

688s 399s 257s

Table 4. Average runtimes of DC balancing search algorithms on parallel hardware.

Although the time for the algorithm has improved significantly, it remains too slow for real time
DC balancing. Beyond a hologram size of 256x256, the underlying scheme converges too slowly for large
holograms. Further ways to improve computation time were investigated, such as running the search on
highly parallelised super computers [37], to using graphic units to calculate the required FFT [38]. Both of
these approaches were too complex to implement reliably. Therefore, this class of algorithm is currently
too costly to run on current generation of computers. A new algorithm was then proposed to reduce this

computational cost.
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2.6 Phase redundant DC Balancing

A different approach to DC balancing was taken by observing the results produced by the direct
search algorithm. There were clear patterns that can be seen from the search algorithm’s output. Shown in
Figure 18, the search algorithm appears to find the pixels to invert in areas where the structure of the
hologram is kept intact. Figure 18A and B show two holograms for comparison. Hologram (A) and (B)
suggests that there is a slight shift of the general grating structure. The shift causes phase shift in the

Fourier plane, while retaining the same intensity distribution.

Figure 18. Comparison of DC balanced phase holograms from
binary search algorithm

(A) An enlargement of a beam steering hologram.
(B) Binary searched optimal inversion mask. The mask retains the

original general structure of the phase ramp, but shifted in a
direction perpendicular to the grating.

For a single beam steering, the balancing scheme produced by the algorithm is similar to a phase
scrolling scheme [39][40][41]. Scrolling has been demonstrated as a good scheme for FLC devices by
retaining the beam shape and produces small modulation loss. It works by spatially shifting the grating
perpendicular to its direction, and relying on its periodic structure to guarantee an equal number of phase
states per pixel. Figure 19 shows an example of a 4 frames scheme. However, in principle, scrolling only
works with phase ramps, since the scrolling direction remains fixed and perpendicular to the grating

direction. It has not been demonstrated to work in other types of binary holograms.

7

%

Figure 19. An example of a phase scrolling scheme. The grating is shifted in the perpendicular direction.
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By observing these behaviours, it is apparent that the most optimal balancing scheme should
perform the changes around the fringe edges, such that the general structure of the hologram remains the
same. The new fringe shape would then slowly change into the inverted version of the hologram over a
number of cycles. Each step needs to ensure that the inverting pixels will account for a balanced sequence.

A simpler approach to produce the same result can be considered by reversing the process:

1. Generate phase ramp for a particular beam location.
2. Apply a phase shift of @ to the hologram.
3. Quantise the hologram, and increase @ .

4. Repeat until the phase shift reaches 27 .
Where @ is:

p="= 2.6.1)

Figure 20. Diagram showing a simpler method for producing scrolling scheme.

This approach assumes that a continuous phase hologram exists that produces an efficient binary
phase hologram after quantisation. If this is to be assumed true for the moment, the scheme guarantees
both optimal replay and a DC balanced hologram set. This can be proven by considering a pixel in the

continuous hologram.
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Figure 21 is an argand diagram of a single phase pixel A. The pixel has a starting phase of @. The

phase of the pixel is then shifted by @ to B. If @ is calculated using Equation(2.6.1), pixel A can be

shifted m—1 times before the phase value circles back to A. Therefore, there are in total m unique
phase values. If m is an even number, the symmetry would force equal numbers of phase values in the
left side of the diagram as the right. If the shift is applied throughout the hologram and then quantised
into binary phases, the resulting hologram set will have the same number of negative as the positive pixels

in each pixel location. This proves that the DC balancing is achieved using this technique.

Figure 21. An argand diagram of a phase pixel in the

continuous hologram undergoing phase shifting of ¢.

Point A represents the original phase of &. Point B
represents shifted phase of &+ ¢.

Because the shifting is applied throughout the hologram by multiplying the hologram with a
complex number, the Fourier transform of the hologram will also be multiplied by the same constant.
Therefore, the hologram set will also produce constant intensity in the Fourier plane.

The assumption of an existence of a continuous hologram that can be quantised to binary phases
is fulfilled by adopting a different class of binary hologram generation algorithm: the Iterative Fourier
Transform (IFT). There are many variations of IFT algorithms, with different convergence performances
[42][43], but the one based on the Gerchberg-Saxton algorithm [44] was chosen due to its simple
implementation.

Figure 22 shows a flow chart of an IFT algorithm. The basic IFT algorithm works by starting
with a hologram of an inverse Fourier transform of the desired intensity distribution. It then forces
constraints onto the hologram, in this case, binary phase quantisation, and setting the amplitude to unity.
It then Fourier transforms the binary hologram to obtain the complex amplitude distribution in the

Fourier plane. To complete the iteration, the algorithm replaces the amplitudes of the Fourier plane to the
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desired intensity. This leaves the phase of the Fourier plane intact. The next iteration can then start.
During the iterations, a differential error function is calculated to determine the halting point. This

algorithm has been shown to produce reasonable binary phase holograms [42].

—- Quantiee and m| FoOUrler Transtorm o
normalise U - (FFT) P  Obtain replay v

Y

; B Calculate error
Defing U as Inverse Fourier from desired

BPOH Trnstorm {IFFT) Intensities

Y Y

Seed U Force ampiitudes Yes Caleulate change
with random ~ |— of V to the -#—{ in error from last
1or-1 desired pattern fteration (AE)

Mo

Figure 22. A flow chart of Gerchberg-Saxton based Iterative Fourier Transform Algorithm

The algorithm is useful in this balancing scheme because it retains the continuous phase
information before the binary quantisation step. This satisfies the assumption that there exists a
continuous phase hologram that can be quantised to binary phase effectively. A modification is then made
to allow phase shifting at the final stage of the algorithm.

The application of phase shifts is computationally much quicker than calculating the frames
explicitly using the method described in Section 2.5.2. This allows the algorithm to be evaluated using
varying number of hologram frames. For a full resolution of 1280x1024 pixels, using the IFT algorithm
requires only 17s on an Athlon X2 4800+. Figure 23 shows the power fluctuations due to new the DC
balancing scheme. The 4 frames scheme in Figure 23A is shown for comparison with the simple
windowing scheme and search algorithm in the previous section. Figure 23B shows the simulated power
output using a 24 frames scheme. The fluctuation is now significantly less compared to both window and

search algorithm schemes.
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Figure 23. Simulated power fluctuation of the phase redundant balancing scheme.
(A) 4 frames phase redundant balancing scheme. (B) 24 frames phase redundant balancing scheme.

As the number of frames in a balancing scheme increases, the number of pixel transitions
decreases, therefore the ripple can be minimised by increasing the number of frames. To test this
argument, the scheme is extended to a 24 frames scheme. Figure 23B shows a plot of the simulated
replay’s light intensity for a 24 frames scheme. The beam intensity dips are now almost completely
suppressed. There is a reduction in refresh rate, however, as one hologram now takes 24 frames to display.
This reduces the refresh rates to 60Hz.

In order to test the scheme, the holograms were displayed on the optical setup shown in Figure
13. The trace of the oscilloscope in Figure 24 shows the beam drops to 89% of its peak intensity. The

trace also shows no fluctuations in intensity due to hologram efficiencies.

Received intensity (5mV/div)

Time (2ms/div)

Figure 24. Voltage output from the photodiode detector for a 24 frames phase redundant scheme.
The percentages show the drops in intensity relative to the maximum value.
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The result shows that the phase redundant scheme is suited for DC balancing binary phase
holograms. The IFT algorithm provides the necessary continuous phase hologram that can be quantised
to an efficient hologram. It also requires significantly less computation time than previous approaches.
With the beam intensity now within acceptable fluctuation levels, it is now possible to send data through

the steered beam. The next section describes the laboratory setup to test data transmission.

2.7 Point-to-point data transmission

A laboratory setup to test data transmission using the new DC balancing scheme is shown in
Figure 25. The illumination is provided by a single mode fibre coupled HL6501MG GaAs laser, operating
at 650nm. The laser operating conditions are set by a laser driver, which provided a constant 60mA direct
current. This sets the output laser power to 3.2mW. A data stream is provided HP 81130A pseudorandom
bit stream (PRBS) generator. The two signals are combined by a bias-T, before connecting to the laser. A
beam expander expands the beam to 10mm diameter, centred on the FLC SLM. The reflected beam then

passes through a 5m focal length lens with 25mm diameter.

PRBS G
enerator GaAs Laser

Beam expander

FLCD SLM

Laser driver

Mirror

Fourier transform lens

Receiver

Oscilloscope

Mitror

Collector lens

Photodiode detector

Figure 25. A diagram of the point-to-point data transmission system.
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The Fourier transform lens transforms the beam onto a receiver with a 2cm diameter aperture.
The two mirrors are configured to extend distance between the Fourier lens and the receiver to 5m. The
maximum Fourier plane dimension is calculated to be 24cm at this distance. The focused beam diameter is
measured to be Imm. The routed location is 80mm from the optical axis. The receiver is then connected
to an oscilloscope. The setup is designed to be a 1:20 scaled model of a diffraction limited 100m link.

A frame inverse-frame and a 24 frames phase redundant balancing scheme were tested. Figure
26A shows the oscilloscope trace of the receiver’s output for the frame-inverse frame scheme. A large
drop in optical power can be seen due to the transitions between two successive frames. In contrast, the
phase redundant DC balancing in Figure 26B has small power fluctuations by comparison. The PRBS rate

is set to 10Mbps in both cases.

y y

15.000  2145.00v  250ME/s A—0.00a 2.008/ 2 STOP 15,008 21,45.00%  250MIss A—0.00E 2,008/ 2 STOP

| o

"~ Photodiode Photodiode

Figure 26. Oscilloscope trace of the output of point-to-point transmission system.

The time axis scale: 2us/div. (1) the signal output of the photodiode at 5mV/div. (2) the data signal
directly from the PRBS generator.

The two traces shows (A) With frame inverse-frame DC balancing. (B) With 24 frames phase redundant
DC balancing. The PRBS rate is set to 10Mbps.

The experiment successfully demonstrated the FLC SLM’s ability to establish and route stable

free-space optical data transmission for data rate of 10Mb/s. In the next section, the SLM is reconfigured

to display a beam splitting hologram to test a point-to-multipoint transmission system.
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2.8 Point-to-Multipoint Transmission

Another receiver is placed in the focal plane to allow multipoint reception. Figure 27 shows the
additional receiver. The laser source is provided by a 850nm GaAs vertical-cavity surface-emitting laser
(VCSEL), which allows modulation up to 1.25Gbps. A collimator is attached to the front of the laser, and
provides a collimated beam of 10mm diameter, illuminating the centre of the SLM. The optical power
output was measured to be 1.5mW at the output of the collimator. The PRBS generator and the laser
driver are connected directly to the VCSEL. A new balanced set of beam splitting holograms were created
using the phase redundant algorithm and displayed on the SLM. The routed locations are 80mm and

40mm from the optical axis.

PRBS Generator GaAs VCSEL laser

/ Beam expander
Laser driver FLCD SLM

Fourier transform lens

Oscilloscope

Receiver A

_____________ Receiver B

Figure 27. A diagram of a point-to-multipoint data transmission system

Figure 28 shows the output from the two receivers at 15Mbps. The two detectors were able to

receive the data successfully. The setup was then tested for the maximum bandwidth of the receivers by
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increasing the bit rate of the PRBS generator to 100Mbps. Figure 29 shows the eye diagrams at the

outputs of the receivers. The open eyes suggest good reception for both receivers at 100Mbps.

y/
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Figure 28. Output of the two receivers in the point-to-multipoint system at 15Mbps.
Time axis scale: 1ps/div. (1) Output from receiver A (5mV/div). (2) Output from receiver B (5mV/div).

)

Figure 29. Eye diagram from the point-to-multipoint system. Time axis scale: 5ms/div.
(1) Output from receiver A (5mV/div). (2) Output from receiver B (5mV/div). The two traces shows data
stream at 100Mbps.
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2.9 Conclusion

The requirement for a high refresh rate SLM device narrowed the available choices to a FLC
SLM. Its high refresh rate is suited to atmospheric wave front compensation as described in [26]. Because
of ferroelectric liquid crystal’s inherent properties, the FLC can only operate as a binary phase modulation
device. It also requires a special DC balancing routine to prolong its lifetime. The direct binary search
algorithm has been demonstrated to solve the binary phase representation problem. The algorithm can
generate a general intensity pattern at the Fourier plane by directly search the solution space using trial and
errof.

Using an FLC device to represent binary phase hologram, DC balancing is a key issue for long
term stability of the liquid crystal cells. Using a modified binary search algorithm, an optimal DC balancing
method was found by using phase redundancy in the intensity measurements. Computer simulation of the
diffracted beam showed significantly reduced intensity fluctuation compared to a simple DC balancing
method.

Point to multipoint data transmission using FLLC has now been demonstrated for optical wireless
transmission over a simulated 100m path length. A link transmission speed of 100Mbps was achieved in
the laboratory, and likely to be much higher using faster receivers.

The new DC balancing technique can now be used in conjunction with an FLLC SLM in any
holographic beam steering system that requires more complex phase pattern. The next chapters reuse this

result for the implementation of a retro-reflecting acquisition system and an optical turbulence simulator.
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3 Retro-reflecting location acquisition

FSO communications is an attractive technology to implement wireless point-to-point
communications for distances up to a kilometre. Because optical signals from a laser source can be
transmitted with smaller angular divergence than radio frequencies, high optical power density can be
achieved. A theoretical evaluation shows that a narrow beam is potentially more secure from detection
and interception [45]. The signal levels can also be designed to provide power to the receiving devices
themselves [46][47]. However, the small beam divergence limits the spread of the optical power, requiring
the receiver to be positioned in line of sight to the transmitter. The acquisition of the receiver position is
therefore necessary. Automatic receiver position acquisition poses an interesting challenge for most
practical FSO systems [48][49][50][51].

For short to medium range FSO systems, a simplification to the acquisition process is possible by
taking advantage of the narrow beam. Using a passive device that reflects the beam back to the transmitter
would allow the transmitter fitted with an imaging system to detect large intensity that has high likelihood
of being a receiver. These are called retro-reflectors, and the system would be suitable for areas with low
ambient lighting. However, since background illumination is also imaged, further software processing is
necessary.

In this chapter, an acquisition system based on a holographic beam steering is described. The
system is designed for locating receivers fitted with retro-reflecting targets, by means of their retro-
reflected optical return. The holographic beam steering system was also used to correct for optical
aberrations present in the system to maximise the optical power density in the beam. Software processing
is then used to obtain likely locations of the retro-reflectors. To calculate the acquisition performance, a

gradient search algorithm is then used to measure any acquisition errors using an array of retro-reflectors.
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3.1 Acquisition

Acquisition involves accurately determining the two dimensional coordinates of a receiver relative
to the transmitter. The optical beam divergence angle in an FSO system is generally much smaller than
radio frequency antenna radiation pattern. A small pointing error can result in large reduction in optical
power received, therefore sophisticated methods are needed to acquire and steer to the precise location of
the receiver [52]. There have been two main approaches that are used to autonomously acquire a
transceiver position: absolute measurement [53] and beam scanning [54]. An absolute measurement of the
receiver can be made via a positioning system such as a Global Positioning System (GPS). This
information is then sent to other transceivers via a secondary communication channel, such as a low speed
radio link. The relative coordinates can then be calculated by subtracting the two absolute positions. This
method suffers from large errors in absolute position measurements, due to insufficient resolution
provided by the current generation of GPS devices. There has been work in suppressing this initial error
by using a feedback control system and a raster scan [53]. Another approach is to use Real-Time-
Kinematic GPS and data from local accelerometers to provide greater absolute position measurement
accuracy [48]. The main drawback of this approach is that GPS devices can not be placed indoors.

Beam scanning uses an optical beam to scan across the transmitter’s field-of-view. A detection
mechanism differentiates the return signal from a receiver from surrounding object, which is fed back to
the transmitter. One method is to apply a coded signal to the beam as it scans, such as the transmittet’s
bearings [55]. Another is to attach a passive optical device such as a retro-reflector to each receiver, and

image the transmitter’s field of view as shown in Figure 30.

Retro-reflectors
location estimate

(6,¢) Retro-reflectors
location (0, ¢)

Laser source +
beam steerer

Beam splitter i

Figure 30. Optical layout of retro-reflecting target acquisition system.
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During a scan, a large optical power return indicates a likely receiver position. The advantage of
the system is a large simplification in the acquisition process. Figure 31 summarises this acquisition
process. There are two intrinsic problems that need to be considered; the determination of retro-reflected
from ambient light sources, and the non-ideal imager noise and optical characteristics. These are

investigated in this Chapter.

Hluminate R Capture | Image | Extract likely | Coordinate
an area 7| image frame 7| filtering " targets 7| transform

More to scan?

Figure 31. Flow chart of the retro-reflecting target acquisition process
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3.1.1 Beam steering coordinates system
In Section 2.2, the Fresnel integral is used to describe diffraction using the paraxial
approximation, which is then subsequently simplified to Fourier relations by using a positive lens. The
coordinates used in a beam steering system are not spatial (x, y) but angular (0,¢) , since the absolute
spatial positions would depend on the exact propagating distance L. By using radians, within the paraxial
approximation:
x=6L (3.1.1)

The diffraction equation becomes a Fourier transform with an angular form:

—.i27”(9§+¢71)

U6, ) = HU(f,n,O)e d&dn (3.12)

This form does not change the form of the algorithms used to steer the optical beam. Since the pixel size
of the SLM is finite, a Fourier angular pixel is a convenient normalisation for measuring the angular

deviation:
Ap=—""= (3.1.3)

where M is the number of pixels in a linear dimension of the SLM. This is the angular size

corresponding to a pixel in the Fourier plane when an FFT is used.
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3.1.2 Retro-reflecting target scanning

Figure 32 shows a schematic of the beam steering and acquisition system under consideration.
The particular design considered was used in a project to transmit data to a small sensor node [46][47].
Each node has a retro-reflector and in this chapter, the target acquisition using a retro-reflector is used to
locate their positions. The same system can be used for any FSO system, by appropriately selecting the
maximum angular divergence and imaging system to match the design distance.

The system can be further divided into three sub-systems; the holographic beam steering, the

angular magnifier, and the imager. The power budget of the system is analysed in this section.

Holographic beam steerer

__________________________ \ Lens B+ C

To retro-
reflector

Beam angle magnifier

10cm

Figure 32. A model of the transmitter with holographic beam steering and angular magnifier

The beam steering subsystem uses an expanded, collimated coherent optical beam from a laser
source. The beam passes though a beam splitter, and illuminates an SLLM, which modulated the spatial
phase profile of the beam. The beam then passes through a positive Lens A to form the holographic beam
steering unit. The beam can be steered or shaped using binary phase hologram described in Chapter 2.

Lenses B and C form a beam angle magnifier to greatly increase the transmitter’s field of view.

The beam then passes through another beam splitter and propagates to a retro-reflector at the receiver.
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The beam is then retro-reflected, and returns to the beam splitter where it is diverted to an imager. This is
used to digitise spatial optical intensities coming back to the base station.

The transmitter illuminates a retro-reflector by scanning an optical beam across the field-of-view
(FOV), defined as the angular range accessible by the beam steerer. An imager images any returning
llumination reflected by the retro-reflectors plus any ambient illumination. The size of the output beam is
measured in terms of the angular spread. The size is a compromise between the power output levels and

the sensitivity of the imager. The scanning time can be estimated by considering the power density of a

uniform retro-reflected beam p :

(3.1.4)

where p is the transmitted beam power density and @, is the retro-reflecting coefficient. Ideally a, is 1

if the reflected beam is reflected back without causing further beam spreading. The factor of 4 is caused
by loss from the beam splitter in Figure 32. The amount of energy in the static return falling on a sensor

pixel with an imaging lens diameter of D and an exposure time of #is therefore:

T 2
E=—D"a pt 3.1.5
6~ 4P (3.1.5)

The sensitivity O of a sensor pixel is measured as the minimum energy density J/m? to produce

the smallest measurable change in its output, usually one bit value. Accounting for quantum efficiency 77,

and pixel area 4, the minimum exposure time needed to measure the retro-reflected beam becomes:

160A,
e s (3.1.6)
zD"a, pr,

A sensitive fast frame rate imager that is used in the system is a Photonfocus MV-D1024-160-CL-8 with

45mm focal length lens £/0.95. The imaget’s parameters are shown in Table 5.
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Pixel size 10.6um X 10.6um
Pixel area (A;) 1.1236X10-10m2
Responsivity 120x103 DN/(J/m?)
Sensitivity (0) 8.33X106]/m2/DN
Quantum efficiency @ 650nm (77,) 70%

Lens Diameter (D) 2.6X102m
Retro-reflecting coefficient (a,) ~10%

Table 5. Imager optical and electrical parameters

The retro-reflecting coefficient is estimated to be 10%, although this value can fluctuate with
different retro-reflector types. Using these values, the exposure time required is related to the power

density of the outgoing beam as follows:

. 1.01x107"
p

(3.1.7)

The exposure time is therefore inversely proportional to the power density of the optical beam. To
minimise signal to noise ratio, the power density required has to saturate the imaging sensor. For 8bit
sensot, this saturation amount is 256 times the minimum power density. The numerical values required are

shown in Table 6.

. . . Optical power density
2
Exposure time Optical power density (J/m?) (J/m? saturating 8 bit senson)
1 ms 1.01%107 2.58x105
10 ms 1.01x10#8 2.58%10°
100 ms 1.01%10° 2.58x107

Table 6. Transmitted optical power density needed as a function of imager exposure time.

With the exposure time set to 10ms and a beam total power of 20uW for an eye safe power level
[56], the required beam angular size at different distances can be calculated. Assuming the transmitter total

field of view of 30° full angle FOV, the percentage of angular coverage per beam is shown in Table 7.
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Distance Maximum beam diameter (m) éﬁiﬁiﬁ ,Slfjlfﬁailgle) Zegoc eélg\g]; of coverage
Im 3.14 145° 480%

10 m 3.14 35° 117%

100 m 3.14 3.6° 12%

Even for lower powered beams, the optical power density needed to saturate the imager is
relatively small. This allows a large beam size to be used for scanning the full FOV quickly for short

distances. However, at distances near to 100m, the required search beam spread needs to be small

Table 7. Beam angular spread as a function of retro-reflector distance.

Increasing the exposure time or transmitter power density would allow broader beams to be used.

The returned beam is imaged by the imager, and the positions of the returned beams are recorded
in two dimensional coordinates. The steering angle uses a different coordinate based on the beam angular
position. These are in general on a different plane to the steering coordinates; therefore a coordinate
transformation between the two is needed. It is assumed in this chapter that a linear transform would be

sufficient to map the two. A coordinate transformation between the two based on the perspective

transform is described in the next section.
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3.1.3 Imaging and steering coordinates transform

Retro-reflectors are imaged onto spatially separated pixel locations [47] on the imager. Once the
retro-reflectors are visible and detected, the locations of these pixels are transformed into steering angles
for the beam steerer. These can be calculated by finding the perspective transformation between the pixel

coordinates and the steering angular coordinates [57].

Letting the angular coordinates of the retro-reflectors be (6,@) and the imager’s pixel
coordinates to be (X,Y), their respective homogeneous coordinates can be written as (6,¢,1) and

(X,Y,1). In general, the two coordinates are related by a homography matrix H:

we X a b c\X
Wo |=H|Y |=|d e f|Y (3.1.8)
w 1 g h 1)1

Where all elements in H are real valued. H represents a linear transform between the imager and beam
steerer planes, which maps the required transformation from the imager plane to the steering angular
plane. W' is the scale of the matrix. Recognising that W' is calculated by the last three elements of H, it

can be factored out by dividing the right hand side [57]:

a b c\(X
AR
8
= 3.1.9
¢1> < 6.19)
(g h 1)|Y
1

(6,9) can then be separated into individual components to give:

Q:aX +bY +c
gX +hY +1 (3110)

_dX +eY+ f

?= gX +hY +1

Rearranging and including zero terms:
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O=aX +bY +c+0d +0e+0f —gXO0—-hYO
@p=0a+0b+0c+dX +eY+ f—gXp—hY¢

Reforming these two equations into matrix form:

|

0 0 O

o) (X v 1
) L0 00 X Y 1

-g9

—hé
—h¢

More points can be added by stacking matrices into a larger matrix:

There are 8 degrees of freedom, requiring a minimum of 4 unique reference points (calibration points)
with known coordinates in both imager and beam steerer planes. More points can be used by using a

pseudo-inverse using singular value decomposition as a solution to H, giving a least squares estimate for

X, Y
0 O
=X, b
0 O

S = O =

o ™ o
o N o©
- o = O

e
<

-86,
—89,
-86,
-89,

—he,
—hg,
—ho,
—hg,

0 S 8 /Ao 9

SR N 2 X0 &9

(3.1.11)

(3.1.12)

(3.1.13)

the matrix elements [58]. This is needed if the coordinates of the reference points have uncertainty.

The homography matrix determination, or calibration, process can be summarised with a flow

chart, as in Figure 33. The process is needed once as long as the transmitter’s optical configuration

remains fixed.

Scan FOV for
reference targets

(6.4

»
L

Steer to targets
manually

A 4

Calculate
homography matrix

Figure 33. Flow chart of imager to beam steering calibration process
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3.2 Transmitter implementation

The transmitter consists of three main subsystems: a holographic beam steerer, a beam angle

magnifier and an imager as previously shown in Figure 32. Figure 34 shows an image of the transmitter.

Fibre collimator Imager

SLM Beam splitter Beam splitter

Figure 34. A photograph of the transmitter and its components

The base station measures 250mm by 300mm. The designed propagating path length is 15m. The

hardware, software controller and image processing routines are described in the following sections.
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3.2.1 Holographic beam steerer

Figure 35 shows the holographic beam steering unit. A collimated coherent beam is formed from
a single mode fibre coupled PTLD655G50-SMFC pigtail laser diode, emitting 10mW at 650nm using a
modulating current of 70mA. The fibre is attached to a beam expander to provide a large coverage over
the SLM. The expanded beam shape was measured to be approximately Gaussian, with a beam radius of
15mm, covering 73% of the active area. The SLM is positioned to provide on axis spatial phase

modulation using a polarising beam splitter and a half-wave plate.

Polarising beam splitter

Fourier transform lens (Lens A)
- Thorlab AC254-100-B

- Focal length 100mm

- Doublet

Ferroelectric
SLM

Half-wave plate
Beam direction

Colimated beam7(670nm)

Figure 35. Details of holographic beam steering unit

A 4% Dimension Display SXGA-R2 is used for the SLM. A square area of 1024x1024 pixels is

used in the system. Using the results from Section 2.2, the device maximum steering angle is:

6. = A 2.7° (3.2.1)
d

pixel

Where A is 650nm and d pixer 18 the pixel linear dimension. For convenience, the angular resolution of &

and @ are expressed in multiples of single Fourier pixel, A@ equalling to:

20
Ap =" =5 1x10™ rads 3.2.2
14 1024 .22
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3.2.2 Imager and control system

Figure 36 shows a chart illustrating the connections between the transmitter electronic
components. The imager consisted of a Photonfocus MV-D1024-160-CL-8 CMOS sensor module (Table
5). The sensor is then connected to a Matrox PCI-E frame grabber card. The card is housed in a Pentium
4 3GHz workstation with 2GB of available RAM (Workstation). This is used to control all aspects of the
transmitter, except for the SLM. The SLM is connected to a display server (Server) on a DVI bus. The

two computers are connected using an Ethernet network. The server runs a custom application to serve

display requests from the Workstation.

(Matlab)

Workstation

Server

(Custom application)

Figure 36 Schematic diagram of the components used to drive the transmitter.

The Matrox frame grabber’s application programming interface (API) used is based on the
Camera Link standard [59]. This standard allows software control of the imager’s parameters, such as the
exposure time and frame rates. A wrapper was written in C++ to interface MATLAB functions to the

imager. The exposure time is set according to the required lighting condition, ranging from 3ms to 20ms.
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3.2.3 Angular magnifier and optimisation

Two positive lenses B and C positioned in a Keplerian telescope configuration are used to
increase the maximum steering angle to match the imager’s field of view of 30°, chosen to correspond to
the area covered by receivers at 15m. The design process in this section can be used for greater distances.

The choice for these two lenses affects the minimum beam size due to aberrations. A Zemax
simulation is used to find an optimal spacing between the two lenses. The SLM is simulated by a
continuous phase grating with varying spatial frequency. The distances between the Fourier transform lens
and the angle magnifier lenses are each optimised with a Damped Least Square algorithm to find the best
values for these two distances. A manual selection of possible lens combinations resulted in a choice of

Edmund optics AC127-019-B and AC080-010-B for lens B and C (Figure 37A) for a maximum beam
angular deflection of 30.2°. The optimised distances are found to be D, = 92.12mm and D,, = 9.96mm,

producing RMS spot angular sizes of 0.028° on-axis and 0.020° at the maximum for beams propagating

15m.
Lens A
LensB Lens C
| (A)
|
4r ‘|
1 '|
f m
OBT: 0.0000. ©.D00D MM + 0.6700 OBT: 0.0000. ©.200D MM + 0.6700
s B) : ~r ©
SURFACE: IMA IMA: -0.000, 0.000 MM SURFACE: THA IMA: -0.035, -3086.000 MM
SPOT OIRGRAM SPOT OIRGRAM
A TILTED GRATING A TILTED GRATING
WED MAY 13 2009 UNITS ARE pm, WED MAY 13 2009 UNITS ARE jm,
FIELD ' 1 FIELD ! 1
RMS RADIUS : 765190 RMS RADIUS 5265.95
GEO RADIUS 8794.87 RAC127_@19_B . ZMX GCEO RADIUS 1.7E+004 ACL127_213_B.ZMX
BOX WIDTH 2E+005 REFERENCE @ MIDDLE CONFIGURATION 4 OF S BOX WIDTH 2E400S REFERENCE : MIDOLE CONFIGURATION 1| OF S

Figure 37. Retraced diagram of the angular magnifier and the spot diagrams.
(A) Distances between three lenses were optimised using Zemax optimisation tool.
(B) Spot diagram of on-axis beam at 15m.

(C) Spot diagram of maximum deflection at 15m.
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To maximise the beam power density, it is necessary to design the angle magnifier such that a
small beam radius is maintained across the transmittet’s field of view. There has been recent research
using deformable mirrors to correct for aberrations in wide field-of-view imaging systems to the point of
diffraction limited performance. Wick and Martinez [60][61] found that spatial distribution of phase
corrections are necessary for the whole field of view, since the aberration is spatially dependent. A similar
method is investigated here to optimise the transmitter beam shape using the SLM in the holographic
beam steerer.

It is observed that by optimising the distances to only consider the maximum deflection beam,

giving D, =97.312mm and D,, = 5.620mm, the beam size can be improved significantly. Table 8 shows

the simulated beam properties for this case.

On axis beam

Maximum deflected beam

Spot radius 21mm 1.871mm
Power density 0.02pW/mm? 2.89u\W/mm?
Deflection 0° 30.2°

Table 8. Simulated beam measurements for maximum-deflection optimised angle magnifier at 15m

0BT: 0.0000. 0.0000 M1 m
DET: ©.0000. 0.000@ MM +  B.6780

: A) : . B)

8 H
SURFACE: INA INA: 0.009, 0.001 MH SURFACE: THA IMA: -0.810, -3958.209 MM

SPOT DIAGRAM SPOT DIAGRAM

A_TILTED GRATING A _TILTED GRATING
WED MAY 13 2003 UNITS ARE jm, WED MAY 13 2009 UNITS ARE pa,
FIELD i 1 FIELD d 1
RMS RADIUS : 2. 1E+004 RMS RADIUS : 1871.69 - 00
GEO RADIUS : 2.9E+004 AC127_@19S_B . ZMx GEI RADIUS : 2870.03 ACLZ27_@19_B.ZMX
BOX WIDTH 2E+00S REFERENCE @ MIDDLE CONFIGURATION 4 OF 5 BOX WIDTH 2E+DOS REFERENCE MIDDLE CONFIGURRARTION 1 OF S

Figure 38. Spot diagrams for (A) on-axis beam (B) max-deflection beam for maximum-deflection
optimised angle magnifier at 15m propagating distance
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The optimisation is then run using a merit function that uses the on axis beam only, i.e. a beam

with zero deflection. The new optimal distances becomes D, = 92.509mm and D, = 9.713mm. Table 9

shows the new simulated beam properties and the spot diagrams in Figure 39.

On axis beam

Maximum deflected beam

Spot radius 7.651mm 5.265mm
Power density 0.16pW/mm? 0.34u\W/mm?
Deflection (full angle) 0° 23.6°

Table 9. Simulated beam measurements for on-axis optimised angle magnifier at 15m

0BT: ©.0080. 8.0008 i + 0.6700 0BT: 0.0080. 4,008 MM ~ D.&700

@) ®)

200000, 80
200000, 80

THA: -0.118. -5175.337 MK
SPOT DIAGRAM

THA: -0.000. 0.000 HH
SPOT DIAGRAM

SURFACE: TMA SURFACE: TMA

A TILTED GRATING
FRI AUG 28 20805 UNITS ARE pm,
FIELD ¢ 1

A TILTED GRATING
FRI AUG 28 2009 UNITS ARE pm,
FIELD ¢ 1

RMS RADIUS 949,423
GED RADIUS 1313.73
BOX WIDTH @ 2E+B0S

RMS RADIUS 4. 1E+DBY
AC1Z27_013_B.ZMX GED RADILS : 6. 5E+00Y4
CONFIGUEATION 4 OF S BOX WIDTH :  2E+B0S REFERENCE : MIDDLE

AC127_013_B.ZMX
CONFIGURATION 1 OF S

REFERENCE : MIDDLE

Figure 39. Spot diagrams for (A) on-axis beam (B) max-deflection beam for maximum-deflection
optimised angle magnifier at 15m

A simulation was carried out to calculate exactly the aberration compensation was required. The
model is modified to include a paraxial lens component in contact with the SLM, and its focal length F' is
set as a vatiable. F' is then optimised for different values of beam deflection. This configuration simulates

focusing power applied on to the SLM. Values of D, and D, are set to be 97.312mm and 5.620mm,

giving a good spot radius at maximum deflection. Figure 40A shows a plot of the corrective radius of

curvature (1/ F') versus SLM grating frequency § , while the corrected beam radius is plotted in Figure

40B.

52



1/F

35 T T

quadratic
¥ =- 0025 - 2.2¢-0057x + 3.4e-008

25+

1/F vg linesfum

L L L L L L L
o 0.005 0ot 0015 002 0.025 003 0035

Grating frequency S (lines/um)

DBI: ©.0000. 0.BAGE M

©

206000, 68

SURFACE: THA IMA: -0.804, -B.0G2 MM

@

+ 0.e700

SPOT DTIAGRAM

R TILTED GRATING
THU MAY 1Y 2089 UNITS ARE 4m,

FIELD : 1
RMS RADIUS + 1084, 21

GED RADIUS + 221521
BOX WIDOTH @  2E+QdS

REFERENCE & MIDDLE

AC127_019_B_FOCUSINGPOWER. ZMX
CONFIGURATION 1 OF 2

Beam radius (um)

2500

2000

1600

1000 -

—— Spot Radius {um)

600 -

L L I L I L
o 0.005 0.01 0018 002 0.028 003

Grating frequency S (lines/um)

DB 0.0020. 0.AREO HH

. D)

208008 .88

SURFACE: THA IMA: @.084, 3953.150 MM

L
0.0

+ @.6700

SPOT DIAGRAM

R TILTED GRATING
THU MAY 1Y 2885 UNITS RRlE o,

FIELD

RMS FROIUS 188753

GED RADIUS ¢ 3956, 45 AC127_@19_B_FOCUSINGPOWER. ZMX
BOX WIDTH @  2E+065 REFERENCE ¢ MIDDLE CONFIGURATION 9 OF o

Figure 40. Plots of maximum-deflection optimised angle magnifier at 15m

(A) Plot of the required 1/ F correction per grating frequency to minimise beam radius.
(B) Corrected beam radius per grating frequency.
(C) Spot diagram of corrected on-axis beam
(D) Spot diagram of corrected maximum-deflection beam

The RMS spot radius has now been significantly reduced compared to Figure 37A-B. The spot

diagrams are shown in Figure 37C-D. The focusing power 1/ F is fitted very closely by a quadratic

function of the grating frequency. D, is then readjusted to assess the defocus correction for a system

focused for on-axis beams, giving value of D, = 97.651mm. Figure 41A shows the 1/ F versus grating

frequency S , and the RMS spot sizes and simulated beam radius is plotted in Figure 41B.
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Figure 41. Plots of on-axis optimised angle magnifier at 15m

(A) Plot of the required 1/F correction per grating frequency to minimise beam radius.
(B) Corrected beam radius per grating frequency.

There are no appreciable differences between the two systems in terms of RMS spot sizes and
absolute value of defocus. Pre-focusing the on-axis beam had the advantage of requiring no defocus
correction near the axis, where most beam power density was available. The beam RMS radius at distances
smaller than 15m was then simulated by reducing distance to the surface in Figure 42. The defocus
adjustment F was kept at values optimal for 15m distance.
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Figure 42. Simulated beam radius for various propagating distances
In order to generate the defocus correction on the SLM, the same Zernike focusing term is used:

2ird (S
focus(S) =exp MN—Z()(j2+k2) (3.2.3)
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Where N is the dimension of the SLM in pixels, parameter d is related to the paraxial focal length F

and grating frequency S by using the quadratic fit from Figure 41A:

d(s) T8 k(=0.02298> —2.22x107°5 +5.76x10°) (3.2.4)

The constant k is found by measuring the relationship between the optimal simulated defocus values to
actual measured defocus values from the transmitter. The measurement of this constant was made by
manually selecting values of d to find minimum spot radius produced by the transmitter. A number of

points were recorded then plotted against the grating frequency S in Figure 43.

% dws linesfum
BF guadratic
Re-adjusted model

] ‘D1 ] ‘DZ 1] ‘DS 1] ‘Dli
Grating frequency S (ines/ um)
Figure 43. Plot of manually measured focus correction, fitted with a quadratic fit and best fit obtained from

simulation.

The measured defocus values compare favourably to those simulated. The constant of proportionality k

could be estimated by fitting equation (3.2.4) to the data, giving value of:

k=1.30x10’ (3.2.5)

Thus the defocus parameter d is described by:

d=-299%10°S*-2.89x S +7.5x107 (3.2.6)
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Converting the spatial grating frequency to a more convenient unit of angular displacement in multiples of

A@ or 5.1x10+ rads, d becomes:

d =-0214(mA@)’ —2.07x107* (mA@)+7.5x107 3.2.7)

where m is the pixel location in the Fourier plane. This function was then incorporated into equation
(3.2.3) to be applied during SLM grating calculation. The SLLM ia then DC balanced as described in the
previous section. Measurements of the beam power density improvement are described in the next

section.

3.2.4 Beam power density measurements

The defocus correction is implemented in the holographic beam steering routine. A DC balancing
routine was applied afterwards to ensure long term stability of the liquid crystal cells. Figure 44 shows
uncorrected first order beams illuminating a white screen at a distance 3.5m from the transmitter, with
varying deflection from the optical axis. A scale was placed near the beam as reference, and the final image
was adjusted to the same scale. At each steering angle, the total power within the beam was measured

using a 10mm diameter aperture optical power meter. Total optical power was increased by roughly 1uW.

() ®)

5mm
0.5

5mm

Figure 44. (A) Beam intensity profile close to on-axis. (B) Corrected intensity profile.
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Pixel location Uncorrected Power Corrected Power
(50,50)
28.2uW 29.25pW
m= 50\/5
(100,100)
28.4pW 29.0pW
m=100+2
(200,200)
24.2p\W 25.6pW
m=2002
(300,300)
20.4p\W 21.6pW
m = 30072
L ®

28

27

26

25

241

23

2

21
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Figure 45. Comparison of uncorrected and corrected
beam power densities.

(A) Images of beam profile at various distances from
optical axis with and without correction.

(B) Intensity measurements for uncorrected (green)
and corrected (blue) beams
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The improvement in power density can be calculated by finding an estimated beam waists in

longest (@), ) and shortest axes (@, ) as shown in Figure 44A-B and Figure 46. The power p is calculated

using:

P(“’l’“’f)ZZErf(%JE'f[%jmws

B

(3.2.8)

where P, is the total power measured in Figure 45A. The power densities are tabulated in Table 10,

showing approximately 65% improvement with a corrected beam, over the uncorrected case.

sy VMW’“VM VA“'}LV J/\\.AVAA\/MW}V\//

F L L L
B8 06 0.4 02

Figure 46. Example of Gaussian curve fitting for a beam
intensity profile.

Beam power density
Beam waists (@), @,) mm Beam total Power (F,)
(DZme)

(50,50) 3.74,2.84 282 uW 1.49 pW/mm2
m =502 2.86, 2.16 29.25 uW 2.43 pW/mm?
(100,100) 3.54,3.27 28.4 uW 1.40 uW/mm?
m=1002 2.61,2.27 29.0 uW 2.51 pW/mm?
(200,200) 2.79, 4.13 242 uW 1.18 uW/mm?
m= 2002 2.52, 2.14 25.6 uW 2.38 uW/mm?
(300,300) 2.15, 4.88 204 pW 1.05 pW/mm2
m=3002 2.89,2.07 21.6 pW 1.83 uW/mm?

Table 10. Beam power density at various angular positions. Figures in bold are for corrected beams.
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3.2.5 Beam expansion

The transmitter moves the beam to illuminate retro-reflectors across the field of view. The power
calculations in Section 3.1.2 suggests that a large beam can be used to speed up the scanning process. The
beam expansion is then implemented by adding defocus power used in the previous section. The focusing
power is calculated from the Zernike focus mode in equation (3.2.3). A relationship between the focusing
power and the beam angular spread is found by physically measuring the beam spread as a function of d .

A white sheet of paper was placed 20 cm away from the transmitter to provide a screen for the
diffused beam. The imager was refocused to image on the screen, and different values of d were used to
expand the beam. A 4% order polynomial was then used to interpolate the data. The half power points
were recorded as a measure of the beam sizes. Figure 47A-B shows two examples, for d =100 and
d =300 . The measurements are then plotted with respect to d , as shown in Figure 48. It could be seen

that the relationship is roughly linear, which led to good linear regression fitting,.
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Figure 47. Expanded beam intensity profile with defocus parameter d of (A) 100 (B) 300
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Figure 48. Plot of beam diameter DD against defocus parameter d , fitted with a linear curve.

The expanded beam is split into multiple beams covering scanning regions of the transmitter’s
field of view. The beam diameter D can be calculated by assuming a square region and considering the

size and number of scanning regions required:

D= (3.2.9)

Where L is the imager’s linear dimension (in this case 1024) and 7 is the number of beams used for the

scan in one axis (Figure 49). The total number of beams is therefore n®. The factor of \/5 is required
due to the diagonal gaps between the beams. When n =4, D was calculated to have a value of 362.0
pixels, which corresponds to d of 115. This value was chosen to provide sufficient power density while
minimising the number of scanning regions. When 71 is even, the point-reflection symmetry observed in
using binary phase holograms effectively scan the transmitter’s field of view twice, as shown in Figure 49.
To detect multiple targets with multiple beams, the frames are integrated to give a single frame for further

processing.
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Figure 49. Schematic diagram of a beam scanning across half of the field of view (red) with n =4 .
Because of point reflection symmetry, the second half plane is also scanned (blue).

3.2.6 Imager noise measurements
The noise sources from the imager can be modelled as a single Gaussian noise souce 7, (l‘ ) [62].
Figure 50 shows a schematic diagram of the noise sources with respect to the pixel amplifier. p(l’,t ) is

the idealised photo voltage generated from one pixel, and p'(l‘,t ) is the amplified voltage fed to an

analogue to digital converter. The noise sources are separated into temporal and spatial components that

can be measured independently.

p(r,t)

Figure 50. Noise model of a single imager pixel

Time dependent noise was measured by taking 100 image frames of a typical ambient lighting
scene in the laboratory, and an exposure time of 20ms. The imager was set to obtain maximum sensitivity

and the ambient lighting condition shown in Figure 51 was used for noise measurements. The temporal
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pixel variance measured was 2.485, which corresponded to 0.98% of the maximum brightness level. It can

be seen from Figure 51B that time dependent noise is also dependent on the luminosity.

) ®)

g

Figure 51. Output from the imager and its noise distribution.

(A) Typical well lit scene captured by the imager. (B) Temporal noise variance distribution across the
same sceme. The scale is in dB.

62



3.3 Target acquisition

In the optical configuration under consideration, the retro-reflector itself return no temporal
information that can be used to identify the targets. However, the transmitter beams can be modulated for
determining likely targets. Ambient light received by the imager corrupts this information by introducing
large areas of high intensity and masking the desired returned intensity. A large amount of the ambient
intensity can be subtracted from the captured frame, by using the assumption that the ambient light
remains the same during this time period. Therefore, the difference between two consecutive frames of

ambient intensity can be assumed to be temporal noise:
pamhdiﬂ (r) = pamb (r’t) - pamb (r’t + At) = \/En(t) (331)
where p_.. (I’,t ) is the intensity reading due to ambient light alone, p, . (I’,l‘ + At ) is the intensity

reading for the next frame and n(t ) is time dependent noise. Since the imager is close to linear, total

received luminosity is a sum of retro-reflected return intensity and ambient light intensity. If the latter
frame has no illumination from the transmitter, the difference directly produces only the retro-reflected

return and noise:
pdiﬁ‘ (r’t) = Pamb (r’t)+ Pr (r’t)_ Pamp (r’t+At) = Pr (r’t)+\/§n(t) (332)

where pg (I’,l‘ ) is the intensity from the retro-reflector. The return must be large enough to differentiate

it from the temporal noise. The result of taking the difference between frames can be seen in Figure 52A-
D, showing a scene with a narrow search beam illuminating scattered retro reflector targets under typical
ambient light. A grating with no phase variation was used to steer the search beam to the O order. The
imager’s exposure time was set to 20ms. The total scan time was measured to be 20 seconds, including the
image processing time. The retro-reflectors are 1cm? pieces of commercially available retro-reflecting tape
placed 2m away from the transmitter. They can be seen to produce a large difference between the frames,
having pixel values of 237 and 171. By applying a threshold value of 128, any pixels above this has high

probability of being a retro-reflector.
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Figure 52. Retro-reflected return with beam illumination.

(A) Scene with no beam.

(B) Scene with a Gaussian beam illuminating within the circular region. The blue circles indicate the
location of the retro-reflectors.

(C) Image from subtracting (A) from (B)

(D) Magnifying (C) shows retro-reflectors. Their associated maximum pixel values are also shown.

(E) Same scene as (B) but with white object obscuring the view.

(F) Subtracted image using (E). Pixel value of large white area is shown.
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This method fails when the ambient luminosity changes with time. Figure 52E shows a frame
obstructed by a white sheet of paper. In this scenario, the second frame is partially blocked. Subtracting
from the dark frame results in Figure 52F. White regions can be seen clearly. A pixel sampled from a large
white region has value of 152, thus the threshold value of 128 would not distinguish between the two
areas. At increasing higher threshold levels, unintended areas are reduced, although with a loss of one
retro reflector (Figure 53A-C). Using pixel values alone is not enough to distinguish the retro-reflectors
from the ambient light. A method for distinguishing between these two types of luminosity was then

investigated, by using morphological filters and knowledge of the shape of retro-reflected return.

rigure 5>. 1nresnolding image optained rom rigure 52,
(A) At pixel value of 128 (B) At pixel value of 153 (C) At pixel value of 179 has only one retro-reflector
visible
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3.3.1 Morphological filter

Non-linear filters are useful in cases where feature extraction is required. A simple example of this
is the median filter, which is effective for extracting an image from a noisy source. Maragos [63] showed
that Ordered Statistic filters such as a median filter can be represented as a larger non-linear class called
mathematical morphological filters. A morphological filter is a set of mathematical transformations that
operates on a signal’s geometrical features locally. It is based on four operators, dilation, erosion, open and
close, which are used to process a signal with a structuring element. They are spatial non-linear operators

that can be represented mathematically as Minkowski addition and subtraction [64]:

Minkowski addition: A@®B={a+blac A, be B}

Minkowski subtraction: A©B={xlx—-be A, be B}

Symetric Reflection: B’ ={-blbe B}

Dilation of Aby B: A@®B* (3.3.3)
Erosion of AbyB: AOB®

Opening of A by B: AoB=(A@BS)@B

Closingof AbyB: AeB=(A&B*)SB

Where Ais usually the signal to be filtered, and B the structuring element. The reflection operator is
needed, in some way similar to time or space reflection of linear convolution filters. It is possible to
express these filters in terms of a linear filter kernel [65], but it is more useful to consider their geometrical
properties. Figure 54 shows the effect of these operators on a binary image, using a structuring element
5x5 pixels square. The original image contains bright areas with varying geometrical sizes. Dilation and
erosion are operators that expand light or dark areas with an amount specified by the structuring element.
Opening and closing reverses these operators as much as possible, except for areas that have been dilated

or eroded ‘too much’.
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Figure 54. Examples of morphological
operations on a 5x5 square pixel
structuring element.

(A) (A) Original image
(B) Dilation
(C) Erosion
(D) Opening
(E) Closing

©

D) (E)
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The desired effect is to retain areas that are larger than the structuring element (opening leaves dark areas

unchanged, while closing retains the light areas). It is observed that the opening operator has also

removed the light line in the middle of the image. Although the examples used are black and white,

morphological operators are adapted to grey scale images by applying them on the grey scale levels [66].
The large background luminosity can be removed by using an opening operation by a structuring

element that is slightly larger than static returns from retro-reflectors. Once the background luminosity

distribution is obtained, this is subtracted from the original image:
Ly (r)=L,; (r)=L,, (r)oB(s) (3.34)

Where B (S) is the structuring element. At distance of 5m and a 45mm focal length lens used with the
Photonfocus imager, a 10mm x 10mm retro-reflector gave a static return size of 5 pixels in diameter.

Various sizes for B (S) are used to determine the optimal structuring element. Morphological filtering

was performed in MATLAB using the strel function to generate B (S) and imopen for morphological

opening. A sample of pixels with the highest value from four different regions are used to determine the
effectiveness of the filter with respect to two static returns, one area with large light background and areas
with lines. The plot of these values is shown in Figure 55.

There are some single pixel artefacts from morphological filtering, shown in Figure 56. These can

be removed by applying a median filter with 3 x 3 sampling size after the background extraction Figure 57:
L, (r) = medianfilter,, (L, (r)—L,, (r)o B(s)) (3.3.5)

The median filter reduces both the peak pixel values for static returns and background pixel levels;
therefore it does not affect the relative values of these quantities.

Morphological filtering has been shown to significantly improve the contrast of the imaged retro-
reflectors. The intensity values of the retro-reflectors are now different from the background intensities,
allowing them to be identified by a threshold in intensity value. These can now be segmented into

potential target coordinates.
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Figure 55. Outputs from background subtraction. The plot shows pixel values at different locations as a
function of the structuring element size 2,3,4, and 5.

(A)

B)

Figure 56. Outputs from background subtraction, showing pixels that do not correspond to retro-reflectors.
Evidence of unwanted large valued pixels due to processing. Two areas are enlarged to show these pixels.
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Figure 57. Outputs from background subtraction with a median filter applied. The plot shows pixel values at
different locations as a function of the structuring element size 2,3,4, and 5.
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3.3.2 Target extraction and labelling

Once the filtering has been applied, the target detection could then proceed using a segmentation
algorithm to find clusters of light pixels. The algorithm uses a run-length encoding to find connected
regions as described in [67]. The algorithm outputs groups of 3 coordinates, corresponding to different
clusters of light pixels: top-left, bottom-right, and the centroid. The centroid was chosen to be the best
estimation for the centre of the target. An image of the detected static returns is also displayed on the

computer screen and the user can identify the targets quickly.

Figure 58. Image of processed and labeled retro-reflector targets.

An example of having the field of view blocked during the ‘dark frame’ is shown in Figure 58. A
morphological filter with structuring element of size 5 pixels is used. Figure 59 shows the detected targets

with this example.
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Figure 59. Image of: (A) Subtracted frame partially blocked with a white paper. (B) Detected retro-reflector
locations with partially blocked view.

To simulate a time varying ambient light, a white sheet of paper was used to block the view of the
imager during beam scanning, producing large areas of luminosity which would have caused the
transmitter to produce false positives as in Figure 59A. By applying suitable morphological filter to
suppress unwanted luminosity as described previously, the transmitter can obtain the location of retro-
reflector targets despite drastic disturbances as shown in Figure 59B.

To complete the target locating process, the transmitter is required to find targets across the
whole FOV. Figure 60 shows detected retro-reflecting targets scattered across the FOV under normal

ambient lighting condition.
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Figure 60. Image of acquired retro-reflecting targets using a full field of view scan under ambient lighting.
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3.3.3 Perspective transform calibration

In order to correctly steer an optical beam to a detected target, a linear transformation from the
imager’s plane to the SLM plane was required to map the SLM steering plane from the imager plane. The
transformation described in section 3.1.3 required at least four reference points to determine the
homography matrix relating between the two planes. Figure 61 summarises the calibration process.

Eight retro-reflecting targets were distributed uniformly across the transmitter field of view. The
locations of the targets were acquired using the method described in the previous section. Manual beam
steering was then used to visually direct the optical beam onto the targets. Once the user confirms the
coordinates, the script then asks for the next target to be steered to. A matrix inversion is then performed

to obtain the homography matrix

Locate targets R Ask user for R Ask User to steer R Calculate inverse
target selection i to target i of matrix

Select another point?

Figure 61. Flow chart of perspective transform calibration

The matrix inversion is implemented with MATLAB’s pseudo-inverse pinv function, which
computes the Moore-Penrose pseudo-inverse using singular value decomposition. With eight reference

points, the pseudo-inverse produced an homography matrix:

1.2790 -0.0020 -426.9712
H=|0.0203 -1.6015 829.2054 (3.3.6)
0.0000 -0.0000  1.0000
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3.3.4 Acquisition error measurements

The effect of acquisition error on an optical beam is investigated to determine the acquisition
performance of the system. Acquisition error € is calculated from the Euclidian distance of the difference
between the real angular coordinates of the retro-reflectors relative to the base station, and the estimated

angular coordinates obtained from the acquisition:

' 2 ' 2
g:\/(a—e) +(g-9¢") (3.3.7)
where (0, ¢) are the real steering coordinates, and (0 ',¢') are estimated. To determine the real angular

coordinates with the transmitter, a gradient ascent algorithm is implemented to optimise the beam steering
after acquisition is made. The algorithm assumes that the first approximation for estimating the returned
beam power is derived by considering a Gaussian beam illuminating a circular retro-reflector, as shown in
Figure 62. Assuming that the retro-reflector is much larger than any speckle, the returned beam intensity is
proportional to the area covered by the retro-reflector multiplied by the spatial intensity distribution of the
illuminating beam. The retro-reflector has a radius of a, and the beam is offset by Ax relative to the
retro-reflector’s centre. R is the distance between the circumference of the retro-reflector from the beam

axis.

Gaussian beam

Retro-reflectér

Figure 62. When a Gaussian beam is at a different centre to a retro-reflection, a fraction of the beam power is
reflected.
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In polar coordinates, the normalised radial intensity of the beam is given as:

2 2r?
I(r)= exp| —— 3.3.8
(r) ekl e (3.3.8)

Where @), corresponds to the waist radius of the Gaussian beam and r is the radial coordinate centred

on the beam axis. The total power contained within the retro-reflector given by Norman [68] for a small

displacement is:

—2a* 4a*Ax?
ol |
a)O wO

P =1-exp (3.3.9)

By assuming that a constant proportion of the optical power that falls within the retro-reflector gets

a
reflected back to the base-station, the power received can be plotted as a function of Ax and — (Figure
@,

63).

Reflected intensity (dB)

0 0.1 0.2 03 04 05 06 0.7 08 09 1

Deviation (multiple of @)

Figure 63. Ratio of intensity return from a circular retro-reflector as a function of deviation normalised to @), .

Curve (A)-(F) cotresponds to a = @), to a = 0.5@),
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a
Differentiating (3.3.9) results in a negative gradient for all values of —, and the function is
@,

monotonically decreasing with respect to Ax. A similar result is obtained by exchanging a circular retro-
reflector with a rectangular shaped reflector [69]. Therefore, by moving the beam angular position such
that the beam moves in the direction of positive intensity gradient, the position is more centred relative to
the retro-reflector. Individual axis can be separately optimised since the returned intensity is symmetrical
in both the vertical and horizontal axis.

An implementation of a gradient ascent control system is shown in Figure 64. The algorithm was
implemented as a function in MATLAB. The amount of angular resolution per step of the loop is again

normalised to a single Fourier plane pixel:

26
Ap =" =5 1x10™ rads (3.3.10)
1024

A regular pattern of retro-reflectors was used to provide a regular distribution of targets, covering a large
proportion of the transmitter’s FOV. The reflector array contained 9x10 retro-reflectors spread across a
900x1000mm square grid shown in Figure 65A. The array was then placed 2.5m away from the
transmitter, covering approximately 70% of the field of view. The transmitter scans the FOV to acquire as
many targets as possible, which are then optimised individually using the gradient ascent algorithm. An
interpolated plot of the error values is shown in Figure 65B. The mean steering error was found to be
0.932 pixel (4.75x104 rads) and the variance 0.778 pixel (4.0x10-# rads). The error is largest at the outer

edges of the FOV, and smallest in the centre.
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Is the luminosity
increasing?
Obtain coordinates Find gradient with v Steer @ towards Obtain 8"
(9, ¢) > respect to o d gradient g
\ 4
Repeat with ¢ Return new coordinates
»

(6.9)

Figure 64. Gradient search loop for obtaining optimised steering angular coordinates.

) B)

600 T T T T T T T T 3

1 L 1 1 1 1 1 1 1 Il
a0 100 180 200 250 300 350 400 450 500 0

Figure 65. (A) Retro-reflecting array. (B) Contour plot of spatial distribution of acquisition error. The
bounding box shows the placement of the retro reflecting array. The colour scale is in multiples of 5.1x10-*
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3.4 Conclusion

A retro-reflecting, optical position acquisition system has been described. The system uses an
optical beam to scan the transmitter’s field of view for a large optical signal. The power budget calculation
shows that small optical power is required to locate the retro-reflectors, and large beams can be used to
quickly scan the transmitter’s field of view. Using a holographic beam steering system, the transmitted
beam was able to dynamically adjust to an optimal scanning size. The system also allowed the beam to be
optimised with respect to output beam density by applying spatially varying defocus correction to the
spatial light modulator. An improvement of 65% in power density was demonstrated.

An imaging system is used to capture retro-reflected returns. The noise characteristics were
measured to give temporal and spatial components. Using frame subtraction, spatial noise was found to be
effectively removed. Temporal noise was measured to have a much smaller variance than spatial noise.

Images of illuminated retro-reflectors were then processed using frame subtraction and
morphological filters to remove ambient illumination. A large disturbance such as a partially blocked beam
was demonstrated to be removed effectively using this method. The performance of the acquisition
system was tested using a gradient ascent algorithm and an array of regularly spaced retro-reflectors. The
system has an overall mean acquisition error of 4.75x10- rads.

The use of the holographic beam steering system to correct for aberration in the optics is

extended further to provide corrections for atmospheric distortions in the next chapter.
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4 Optical Turbulence simulation and compensation

In this chapter, the effect of atmospheric disturbances on a propagating free-space laser beam is
investigated. These disturbances can be modelled as clear air turbulence that affects the spatial distribution
of the refractive index of air. A discussion of the statistical nature of turbulence is first presented. A
theoretical solution to the beam propagation from the governing Maxell equation is found using a classical
theory of propagation through random media. Statistical properties are then derived which are used to
model the severity of fading in this channel. The theoretical limit to bit error rates are then derived for a
turbulent channel. An optical turbulence simulator consisting of a binary phase SLM is constructed to
simulate the turbulent atmosphere, providing a test bed for a turbulence compensation system.

An adaptive optics system using single receiver intensity measurements is then described and used
in conjunction with the turbulence simulator to decrease expected fluctuation in received intensity. The
system estimates the aberrations in the beam path without using a wavefront sensor. Bit error rates are
then numerically calculated and compared to an uncorrected system.

Finally, a multiple beam transmission is investigated using numerical simulation. Different beam
configurations are tested for the effectiveness in intensity fluctuation reduction. Bit error rates are then

calculated for multiple beams with and without adaptive optical compensation systems.
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4.1 Optical turbulence overview

The deterious effects of atmospheric disturbance on a propagating laser beam can be shown by a
simple experiment, with a Helium Neon laser source and a hot air gun. Figure 66A shows a diagram of
this set up. The hot air gun is used to create a temperature gradient sufficient enough to cause random
mixing of hot and cold air, creating a region of strong turbulence. The laser beam passes though this
region, and the beam is captured by an imager. Figure 66B shows the beam with the heat gun off, and

Figure 66C with the heat gun on.

)

e |

Helium Neon laser Screen Imager

Heat gun

®) ©

o

5mm

Figure 66. An optical turbulence demonstration using a hot air gun as the turbulence source. (A) The
diagram of the set up. (B) Laser beam without turbulence. (C) Laser beam with turbulence.

The beam propagation though turbulence clearly shows the bradening of the beam. This
broadening causes the decrease of the power density, which increses the signal to noise ratio if the beam is
used for a communication link. Although it is difficult to show with images, the beam also experiences
time varying fluctuations, which causes the intensity to scintillate. This scintillation causes further increase

in the signal to noise ratio of the link. For a given point in the beam profile, these two quantities can be
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measured to give two stochastic moments: the mean intensity <I (I‘)> and the normalised intensity

. L 2
variance or scintillation index O, (r) :

(r)= (4.1.1)

These quantities can then be used to estimate the the expected bit error rates of the communication link.
The aim of this chapter can be summarised as the development of a compensation system that increses
the mean intensity of the beam and decreases the scintillation index. A model that can describe the
random processes in an optical turbulence is therefore needed to allow the development of such system.

A typical electromagnetic wave propagation theory assumes that the Earth’s atmosphere consists
of a uniform medium with refractive index close to one at long wavelengths [70]. This assumption is valid
since there is little interaction between the electric field and the atmospheric fluctuations on a large scale.
Unfortunately at much smaller optical wavelengths, there exist three phenomena that affect propagation:
absorption, scattering [71] and refractive-index fluctuation (or optical turbulence) [72][73]. At distances
considered in this chapter, absorption due to gaseous molecules is considered negligible [74]. Scattering
constitutes a small and constant attenuation of the intensity in the optical beam, mostly due to small dust
particulates in the atmosphere [75]. Other extreme weather conditions such as heavy precipitation in
forms of fog, rain and snow also increases scattering. Increasing the optical power output at the
transmitter can alleviate this problem over short distances; however temporal dispersion caused by
multiple scattering is still an on going area of research [76][77]. Optical turbulence on the other hand
produces strong and fast intensity fluctuations [78][79]. These fluctuations are caused by local differences
in air temperature in the optical wave propagation path. Various attempts at compensation, or mitigation,
of atmospheric turbulence effects have been studied over the years [80][81]. Most of this effort has been
in the use of wavefront sensing to conjugate the phase fluctuation effects at the link receiver.

One of the first theoretical treatments of wave propagation through such medium was carried out
by Kolmogorov [82]. Although the original statistical theory was developed for the velocity field of a fluid,
it was extended to turbulence caused by temperature fluctuations [83]. This was subsequently identified as

the most significant mechanism for generation of refractive index fluctuations. A solution of the wave
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propagation though random medium was derived initially for acoustic waves [84] and later an electro-
magnetic wave solution for weak fluctuation was derived by Tatarskii using a more advanced Rytov
method [73]. Using a direct approach using parabolic equations [85][86], solutions for strong fluctuation
have been obtained. Since optical turbulence is a random process, various statistical moments were then
deduced from these solutions. Properties such as scintillation index (a measure of beam intensity
fluctuations) and beam mean intensity can then be calculated.

Recently, due to availability of spatial light modulators (SLMs), there has been a large effort in
simulating turbulence in laboratories [87][88][89]. This is in the form of numerical generation of random
phase distributions with Kolmogorov statistics. The advantage of this approach allows turbulence
parameters to be repeated, and different tests can be made on the same turbulent conditions.

The aim of this chapter is to explore these developments and implement a turbulence mitigation
system, as a proof of concept for a smart free-space optical communications link. A theoretical
development of optical turbulence is presented to be used for understanding the decisions made during its
development. Two different numerical generation schemes for a Kolmogorov phase screen are described
and compared. The phase screen is then implemented on a computer controlled SLM. The phase
modulation range of the SLM is described and a novel binary phase method is used to encode large phase
shifts. Results of a laboratory simulation of laser beam propagation through artificial random medium are
presented, and compared to theoretical values. Finally, a prototype of wavefront sensorless turbulence
mitigation system is described and implemented. Scintillation index measurements from this system

showed significant reduction in bit error rates.
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4.1.1 Kolmogorov model

A turbulent flow of a viscous fluid is characterised by a non-dimensional Reynolds number:

v
1%

Re (4.12)

Where V' is the velocity of the fluid flow, [ is the characteristic dimension of flow, and V is the fluid’s
viscosity. Above a critical value, the flow is considered to be unstable, and turbulent flow is assumed. It
can be demonstrated that the Reynolds number in a typical air flow near the ground is very large (~105),
thus the flow is considered highly turbulent. Inside such a flow, an analytical solution can be found using
Navier-Stokes equations, which describes a fluid flow with a set of partial differential equations. However,
there has yet to be a report of a successtul description of optical turbulence using these first principles.

Pioneering work was carried out by Kolmogorov [82] who used dimensional analysis in
conjunction with a set of statistical postulates to derive a simplified statistical theory of turbulence. In this
model, two length scales (Lo, lo) exist. In between these two scales, turbulence is assumed to be statistically
homogeneous and isotropic. Lo is the largest scale which this assumption applies; any turbulent structure
outside this scale is generally undefined. Lo is assumed to grow with the height of the atmosphere. lpis the
smallest scale, where turbulent flow begins to vanish. Within this range, a single statistical model can be
used to describe the random processes using the energy cascade theory in Figure 67. The theory postulates
that the kinetic energy is injected into the fluid at the largest scale. As the fluid’s velocity reaches a critical
Reynolds number, an unstable flow begins to form, creating large vortices that break up into independent,
smaller ones. These flows generate their own unstable flow, breaking up into even smaller vortices. This
process is iterated until the scale of the vortices reaches length scale lo, where and energy is dissipated by
viscous friction. Below this scale, turbulence decays rapidly into heat.

The rate of energy dissipation into smaller structures is governed by a constant € . Kolmogorov
showed this constant uniquely determines the second moment of velocity difference between two points,

separated by a distance R:

D, (R):<(V(R)—V(0))2>=282’3R2’3 (4.13)
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Figure 67. Diagram of the energy cascade theory.
Length L, represents the largest turbulence scale, and 1y the smallest.

Where V (R) is the velocity at distance R. D, is also called the velocity structure function fluctuation. It
is related to the spatial covariance B of two points separated by distance R :
D(R)=2[B(0)-B(R)] (4.1.4)

Obukhov [83] extended this theory to derive a related expression for temperature fluctuation within the

fluid:
D, (R)= <(T(R)—T(O))2> =C,’R*" (4.15)

. . 2 . . .
Where T(R) is the temperature at distance R , and C,” is the temperature structure constant. Again this

expression is only valid within the same inertial scale range. It was identified that temperature fluctuation
is the main mechanism for changes in refractive index, i.e. the refractive index caused by pressure

variation is negligible. By writing the refractive index in the form of:
n(R)=1+n,(R) (4.1.6)

A similar expression for the refractive index structure function with the same power law can be written as:
2
— _( 2p2/3
Dn(R)—<(nl(R)—nl (0)) >_cn R (4.1.7)
2. o . .
Where C,” is the refractive index structure constant that dictates the strength of optical turbulence. The

physical measurement of C,” is therefore important in determining the behaviour of optical propagation.
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. 2 . .
Its measurement can be made by measuring C,” using two thermometers separated by a fixed distance,
and estimating the value of the temperature structure function. Using a relationship given by Owens [90]

and Andrew [79] it is possible to relate C,> with C,”
2 o P 2
C, =(79><10 szCT (4.1.8)

Where P and T are the bulk pressure and temperature of the fluid. The value of C,” therefore varies

. . .. . 2 . . ..
depending on the atmospheric conditions. A typical value of C ~ vaties from the “weak” condition;

roughly 107 m2/3 at night, to the “strong” condition, 103> m2/3 during hot days. Height also affects the

severity of turbulence, since both pressure and temperature are affected. For a ground to ground optical
link with low angle of elevation, a simplification is made by assuming that C,~ remains a constant during

propagation time, and throughout the propagation path.

4.1.2 Refractive index power spectral density

For a given a single variate random process with zero mean and well defined covatiance B (T ) , it

is possible to express the covariance as a Fourier transform of the power spectral density (PSD) S (a)) :

B(7)= T S(w)e dw 4.1.9)

S(w)=— | B(7)e"™dr (4.1.10)

The relationship is know as Weiner-Khintchine theorem [91]. The PSD describes the power distribution

within the random process in the frequency domain. This relationship can then be extended into three

dimensions to give the three-dimensional PSD ®(K):

B(R)=|[[®(K)e"*a’x (4.1.11)
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Where R =(x,,z) is the position vector, and K = (K'X, K,, K‘Z) is the spatial frequency. The three-

dimensional PSD @ (K can be obtained by using the inverse transform:

3
1 ~iKR 73
@(K)_(Ej [[[B(R)e™a’R (4.1.12)
Applying the homogeneous and isotropic condition, and using equation (4.1.4), the structure function can

be expressed [78] in terms of the three-dimensional PSD, and R = |R| :

D(R)ZSETK2¢(K)(I—deK (4.1.13)

KR

The inverse transform can be derived with homogeneous and isotropic condition [79]:

sin(kR) d {Rz dD(R)}dR

)=
47°*y kR dR

O (1
dR

(4.1.14)

The integral can then be evaluated with Kolmogorov refractive index structure function in (4.1.7),
simplifying to an integral:

5¢7 % .
@ () :W£R2/3 sin (xR)dR (4.1.15)

This can be evaluated analytically to give the well know Kolmogorov spectrum of refraction index

fluctuation:

5J§cn2r@j 1 1
_ P 0'033Cn2K-_11/3 <K< — (4.1.106)

b (K)=—F7—"F
(%) 367’ L, I,

The Kolmogorov spectrum is only applicable within the inertial scale range of spatial frequency

1
— < K <—. At higher wave numbers, Tatarskii [72] proposed a modification that truncates the
0 0

spectrum, corresponding to fast decay of vortices of scale smaller than [,. A more setious problem

persists at lower wave numbers, where the PSD diverges to infinity at a spatial frequency of zero. A
reasonable assumption is to allow the power to saturate to a constant value, resulting in so called the Von

Karman spectrum [92]. Recently, modifications were proposed as detailed analytical assessment and
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measurements were made. Hill numerically demonstrated that at high wave numbers a small deviation to
the -11/3 power is needed [93][94]. Andrew [79] demonstrated an analytical expression that approximates
this effect. However, these corrections add complexity to the theoretical derivation of statistical
properties, while producing relatively small correction in most scintillation index calculations. Therefore,

the Kolmogorov spectrum is the only spectrum used throughout this chapter.

4.1.3 Turbulent channel model

The free-space optical propagation though a turbulent atmosphere can be viewed as a channel
model consisting of a random medium with turbulence cells placed along the propagation path. These
cells cause random refractive index fluctuation, with their PSD corresponding to the Kolmogorov
specttum. A transmitter and a receiver is placed between a block of turbulent medium width L,
containing turbulence cells that are assumed to exist everywhere (Figure 68). The transmitter emits a
Gaussian beam of a complex amplitude profile, and the receiver consists of a pin hole aperture located on
the optical axis. Since the medium is extended across the whole optical propagation path, it is called the

extended medium model.

Transmitter Receiver
Plane Turbulence cell Plane
] —~ K_X
L
= 0 z=L

Figure 68. Turbulent channel model with extended random medium.
A Gaussian beam is propagated from the transmitter plane to the receiver plane, passing though a random
medium with Kolmogorov statistics.
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It is assumed that the medium has sufficiently slow time evolution within the wave propagation time that

it can be viewed as static. This allows the use of a time independent partial differential equation. Also, the
optical wavelength used is assumed to be much smaller than the smallest turbulence cell (i.e. [, > A),

thus back scattering is negligible.

4.1.4 Propagation theory through random medium

With assumptions outlined in the channel model, Maxwell’s equation can be simplified to

produce a time independent Helmholtz equation [95][79]:

VE+k’n’(R)E=0 (4.1.17)
Where E is the electric field vector along the propagation path, k is the wave number 277/ A and
n (R) is the refractive index of the medium as a function of displacement vector R.

There are two approaches that have been found successful in solving the Helmholtz equation
with a stochastic refractive index. A classical approach was first derived using the Born approximation
used in theory of quantum scattering [96]. The approximation was further improved by Rytov [79][97] to
produce well known results that are applicable to weak turbulence conditions. The second approach uses a
direct approach in conjunction with a parabolic approximation method to derive a result that is suitable
for both the weak and strong turbulence regime [85][86]. However, the parabolic method cannot produce
the fourth order statistics needed for scintillation index calculation. Different attempts at extending the
Rytov method to the strong regime have been described by Andrew [79], although no single theory is
valid for all regimes. Because of the multiplicity of theories available, a suitable one is used to ensure the
greatest accuracy.

The strength of turbulence is normally classified using a quantitative measure known as the Rytov

variance [73]:

o, =1.23Ck"°L"* (4.1.18)
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A medium is considered to be in the weak regime when O RZ <1. At larger variance, the assumptions used
by Rytov can not accurately describe the processes inside the medium. Figure 69 shows a plot of Rytov
variance against distance with typical an value of 101 and 1013 m2/3 and wavelength of 640nm. At a

high C,? value corresponding to a very hot day time condition, the Rytov variance reaches one at 400
meters. As Cy? is reduced to 10-14, the distance extends to 1400 meters. This limits Rytov theory to no
more than 1400m, just suitable for modelling medium distance free-space optical links for last mile
connectivity. However, measurements observed by Gracheva [98] suggest an existence of saturation as
turbulence shifts towards the strong regime. The weak fluctuation theory therefore tends to over-estimate
the intensity fluctuations; this was confirmed by Andrew [79] using numerical simulation and strong
fluctuation theory. If the results from weak fluctuation theory are treated as an upper bound, in this case
the use of weak fluctuation theory is appropriate. The rest of the chapter will briefly derive the necessary

statistical moments needed from this weak fluctuation theory using the Rytov method.

on? = 10714
cr? =103

Rytov variance
o
T
i

I
i 200 400 E00 800 1000 1200 1400
Distance in meters (L)

s . 2 . . s s e 2
Figure 69. Rytov variance 0," as a function of propagating distance and refractive index structure constant C ~.

The validity of Rytov approximation is within the region where O R2 <1.
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4.1.5 Rytov method

The Helmholtz equation in (4.1.17) can be further simplified by ignoring any de-polarisation

effects caused by the refractive index fluctuation. This allows the vector components to be separated and

solved individually. A scalar Helmholtz equation in terms of an electric field component U perpendicular

to the propagation path is written in the form:

VU +k’n* (R)U =0 (4.1.19)
If the refractive index is constant, the equation simply reduces to the three-dimensional wave equation for
the electric field component. The spatial dependence of refractive index produces additional diffractive

effects as the optical beam propagates through the medium. In air, n (R) can be expressed as:
n(R)=1+n(R) (4.1.20)

Where nl(R) is the refractive fluctuation from the nominal value of one. Squaring (4.1.19) and
approximating by ignoring higher order fluctuation term:

n’(R)=1+2n,(R) 4.1.21)

Assuming that Born approximation applies, this is equivalent to writing the scalar electric field U as

summation of ever smaller fluctuations:
U=U,+U,+U,+.. (4.1.22)
Using perturbation theory, each term is multiplied by corresponding perturbation parameter € :
U=U,+€eU,+&U,+.. (4.1.23)
Applying the same treatment to the refractive index:
n’(R)=1+2¢n (R) (4.1.24)
Inserting (4.1.23) and (4.1.24) into (4.1.19) gives an expression:

VU, +&VU, +€VU, +--
+k* (U, + €U, + €U, +--) (4.1.25)
=-2k>(en, (R)U,+&’n (R)U, +--)
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Collecting the terms with same orders of &, the original Helmholtz equation reduces to one
homogeneous partial differential equation, and a set of inhomogeneous partial differential equations:
VU, +k’U, =0
2 2 2
VU, +k*U, =-2k’n, (R)U,
VU, +k’U, =-2k’n, (R)U,

(4.1.26)

The first equation is simply the free-space wave propagation without the effects of refractive index
fluctuations. The solution to this equation is known for plane, spherical and Gaussian beams. The extra
field contributions have been transformed to inhomogeneous equations that are of standard free-space
wave propagation; with constant terms on the left hand side and the effects from refractive index have
been moved to the forcing function. An equation of this form can be solved by Green’s function integral.
In this case, a paraxial Green’s function leads to a form similar to a Fresnel integral with varying refractive
index [74]:

n, (S’ Z) |2

k* ¢ % )
Um(l',L):Ev([de_j Um_l(S,L)L—_ZeXp lk(L—Z)+

ik|s—r

2(L-7)

d’s (4.1.27)

Where m is the order of the perturbation. It is convenient to write the field perturbation in terms of

normalised field @, :

¢ (r,L)= —ZO (: i)) (4.1.28)

The series solution was shown to deviate from the experimental data other than at very weak turbulence
regime. Rytov suggested that the field perturbation is physically inaccurate, and an alternative perturbation,

based on expansion of phase terms, is written instead as:

U(r,L)=U,(r,L)exp(y(r,L)) (4.1.29)
Where ¥ (l’, L) is the complex phase perturbation, consisting of high ordered phase terms:

y(r,L)=y,(r,L)+y,(r,L)+-- (4.1.30)

Using a first order Maclaurin approximation, the phase terms can be equated to the normalised field

perturbation in the Born approximation:
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v (r.L)=¢(r.L)

1, 4.1.31)
v, (I‘,L) =9, (r’L)_EQ (l‘,L)

However the refractive index is not an analytical function, but a statistical distribution with
expected value and covariance function between two points. Using the Riemann-Stieltjes integral [74] the

stochastic refractive index fluctuation can be expressed in frequency space:

=)

nl(s,z):.[ .[ exp(iK-s)dv(K,z) (4.1.32)

—o0

Substituting (4.1.32) into (4.1.27), the expression for phase fluctuation moments can be solved for plane

and spherical waves [73]. To find a solution for a Gaussian beam, the unperturbed field can be written in

the form of spot radius W, and field phase curvature F:

-t ikr®
U,(r,0)=U,(r,0)=gq, exp(W—Oz— 2FJ (4.1.33)

Where a, is the initial beam amplitude. The position vector has been converted to a scalar radial term due

to cylindrical symmetry. Following the approach used by Andrew [79], the transmitter plane complex

beam parameters are rewritten as:

L A, = 2L2 (4.1.34)
F, kW,

The beam parameter for the unperturbed field at the receiver plane can then be written as a function of

these parameters:

A
@:1_£:—2®0 > A= 2L2 = 5 0 3 (4135)
F ©°+A, W2 O +A,

Andrew shows that, by using the framework of Rytov’s solution to weak fluctuation theory, the mean

intensity at the receiver is given by this radially dependent expression:

2 2

(1(r,L)) =aOW—W2°eXp[H1 (r.L)] (4.1.36)

H, is given by an integral of the refractive index power spectrum density P, (K' ) :
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H (r,L)= 47;2k2Ljd(§T kD, (zc){l0 (2AréK) exp(—%}—l}dk‘ (4.1.37)

Where Kk is spatial frequency, K is the wave number, L is the propagation distance, I is the modified

Bessel function. Using the Kolmogorov spectrum, the integral can be simplified greatly to a standard

result [99]:

2
H, (r.L)=0 A" (2.22#—1.33] (4.1.38)

Where O RZ is Rytov variance given in equation (4.1.18). Combining (4.1.36) and (4.1.38), the on axis

mean intensity becomes:

2 2

(1(0,L))= aOW—WZOeXp [-1330,°A™° ] (4.1.39)

The on-axis intensity distribution is a function of only the propagation distance, the strength of the
Lo . . 2 .
turbulence and the unperturbed beam profile. The scintillation index O,” is calculated from the second

intensity moment:

o, = = -1 (4.1.40)
’ (1(r,L))’ (1(r,L))
Where the second moment is given by Andrew [79]:
<I(r,L)2> =(I(r.L)) exp[H,(r.L)] @.1.41)

H, (r.L)= syzzkzLjdgf KD, (x) exp[-

Lx*é(1-(1-0)¢)
k

ALK&
k
(4.1.42)
dx

x| I, (2Aréx) —cos

When the Kolmogorov spectrum is used, the expression can be solved by using a Mellin transform and
contour integral [100]. This method produces a solution in terms of a hypergeometric function. For the

scintillation index, a solution is given in [74]:
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3.86Re i5’62Fl(—§,E;H;(1—®)+i/\j
66 6

-5 27
—-2.64A"° |F, [Z;l;—j

2

o’ (r,L)=0, (4.1.43)

2

Where | F; is the confluent hypergeometric function, and , F is the Gauss hypetgeometrical function

(Appendix B). The scintillation index is therefore a separable function of the Rytov variance and function
. . . 2 2 . .

of the Gaussian beam parameters and propagating distance. The 0,” / 0" ratio therefore determines the

component of the scintillation index caused by the geometry of the beam propagation. For the on-axis

only component, the expression reduces to:

A7 e iAj —%A“ﬂqj (4.1.44)

| W

c.’(0,L)= 3.861«{?“ ,F, (— e

. . . 2 2. . . .
By assuming that the beam is collimated (®, = 1), the 0," /0" ratio for on axis detector is shown in

Figure 70.

The on axis scintillation index is applicable for a point detector, i.e. a pinhole detector with
aperture dimension of no significant extent. In practice, the diffraction limit allows an aperture below the
first Fresnel zone \/m to be regarded as a point detector [101]. If an aperture is large relative to this
dimension, scintillation is essentially reduced by an effect called aperture averaging. This is caused by
overlapping of multiple uncorrelated ‘patches’ of intensity on the aperture. The effect can be modelled by

calculating the scintillation index across a circular aperture with diameter D [74]:

16 ¢ a(r r r’
a,az(D,L):ﬁer,(r,L) cos I(BJ—B,/l—F dr (4.1.45)

where B, (r, L) is the circular symmetric normalised covariance function of intensity (Appendix C):

B,(r,L)= e -1 (4.1.46)

Andrews [74] showed that B, (r,L) is closely approximated by a separable function of the Rytov

variance and an aperture averaging factor A, defined as a ratio of the aperture averaged scintillation index

to the point detector scintillation index:
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L
A=——"— (4.1.47)

Numerical integration yields a factor as a function of the collimated beam diffraction parameter A,, D

and a Fresnel zone size \L/k [74]. For a path distance L = 1000m, k = 640nm, curves for the

aperture averaging factor are shown in Figure 71.

09

o o =1
m ~ =]

=
n

(Scintillation Index) £ (Rytow Variance)
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0.3

Figure 70. A plot of the ratio of on-axis scintillation index to Rytov variance varies with Gaussian beam

parameter A .

Aperture averaging factor
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Figure 71. Aperture averaging factor A as a function of aperture size for collimated beam. Parameters are
L =1000m and k = 640nm.
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There is a small dependency on the diffractive beam parameter A,. As D increases the averaging factor
reduces scintillation up to a factor of 10 or more.

A long beam propagation distance can be simulated with a short distance by reducing the beam
radius W, such that the Gaussian beam parameters ® and A are the same for both cases. These
parameters are typically chosen to coincide with the least scintillation index. Inspecting the relationship

between O R2 and scintillation index O 12 for a collimated Gaussian beam in Figure 70A, the ideal beam

profile is achieved when A, = 2.5, corresponding to 0,° /0, ratio of 0.25. Using this value, the beam

radius versus distance curve is plotted in Figure 72.
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Figure 72. Beam radius as a function of propagating distance to maintain Ao =2.5 for minimum

scintillation index. Wavelength is 640nm.

In a laboratory, a long distance link can be simulated by selecting propagating distance L and
beam waist W, such that they lie along a cutrve of a particular value of A, . The scintillation propetties for

both cases are then exactly identical under the assumption of weak fluctuation theory.
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4.1.6 Signal to noise ratio and bit error rates

Optical scintillation causes random fluctuation in an otherwise constant optical beam. At the
receiver, data modulated on the optical beam is further modulated by scintillation, causing periods of low
beam power similar to a fading channel. Fading deteriorates the channel capacity by decreasing the signal
to noise ratio (SNR). A relationship between the strength of turbulence and the channel capacity is

therefore needed to determine the performance of a turbulence limited free-space optical link.

A typical probabilistic channel model consists of signal i, from a photodetector, an additive noise
source iy, and a multiplicative noise source h caused by intensity fading in the turbulent channel. The
combination of these signals is sent to a decoder in the form of:

i=hi +i, (4.1.48)
i, is usually caused by shot and thermal noise from photodetector components, and it is assumed

to have zero mean and variance of O Nz_ I, is assumed to be lineatly proportional to the received optical
powet, neglecting any optical turbulence. £ is the fading component by the turbulent channel, with mean
of 1 and variance of O 12 ot the scintillation index. The probability density function (PDF) of A has been

extensively studied during the eatly periods of optical turbulence research. The earliest model assumed
only a first order phase disturbance which, under the Rytov approximation, is a Gaussian process. The

resulting PDF therefore follows a log-normal function:

1 2

1 (ln(u)+2012j
U)=————=exp|—

R N v IV

(4.1.49)

where u is the normalised signal intensity I/ <I > The log-normal PDF provides a good fit for very weak

turbulent conditions as shown in Figure 73A. In this case, the scintillation index is below 0.4 [79]. As

turbulence increases, second order processes start to contribute significantly. This likely not to be
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Gaussian, and another PDF was proposed using a modification of Nakagami m distribution [102][103],

called the gamma-gamma distribution:

a+f
2aB) T v
ph(u):mu K, ,(2vabu) (4.1.50)

0l =—+—+— (4.1.51)

The parameters can be estimated from the scintillation index and collimated beam parameter A using a

simplification from [74]:

0.490,
o =4exp — -1

(1+056(1+1/(1+A%)) 5,2

(4.1.52)

0510,
(1+0.690,23 )"

f=qexp

A plot of the gamma-gamma PDF is shown in Figure 73B for different valued of scintillation index.
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Figure 73. A plot of a log-normal and a gamma-gamma PDFs for O R2 =1
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Figure 74. A plot of Gamma-gamma probability density function for normalised intensity fluctuation

1/ <I > at different Rytov variance.

The probability that a channel is in a fade condition is defined as the probability that the normalised
intensity is below a threshold Fj.. This is simply the cumulative probability of p, (u) :
FT
P (us<F)= [ p,(u)du (4.1.53)
0
The signal to noise ratio can be calculated by first considering the signal to noise ratio of the fadeless

channel:

SNR, ==

(4.1.54)

N
By using the assumption that the noise PDF is normally distributed, the probability of error (bit error rate

or BER) for an on-off keying (OOK) data stream is given by the well known result:

SNR, j
(4.1.55)

BER, :%erfc( N0

The detection threshold value is set to # = 0.5. Fading can be thought of a modulation of the noise
source, and dynamically changes the SNR of the received signal. Multiplying the probability of fading with

the BER and integrating results in the fading channel BER [104]:
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BER, = %]iph (u)erfc (<SN—R>MJ du (4.1.56)

g 22

Where <SNR > is the mean or expected SNR due to turbulence. A power calculation of received intensity
gives the <SNR> approximately by Andrew [74]:

(SNR)= SR, (4.1.57)

A
1+5.90,%”°| —= |+ 0,°SNR;’
I+A

0

As SNRy increases to large values, <SNR> =~1/0,”. The minimum BER is therefore scintillation limited

[105]]106]. Using numerical integration, a plot of the minimum BER for OOK against scintillation index

is shown in Figure 75.
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Figure 75. Maximum OOK bit error rates calculated as a function of scintillation index for A, = 0.1, A, =

1and A, =10.

A very low scintillation index of 0.01 is required for reliable communication of 10-¢ or better. Note that
this result applies to both a point detector and an aperture averaged signal. Improvements can be made by
using a large receiver aperture to reduce scintillation as much as possible. Another possibility is the use of
forward error correction codes [107] such as Reed-Solomon or convolution coding [108] to use time

diversity, or by taking advantage of the statistical knowledge of the turbulent channel with maximum
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likelihood sequence detection [109]. Two to four orders of BER improvements have been reported [107]
using a combination of these techniques.

In this section, the turbulent channel is treated in the same way as a typical fading channel. The
probability density function for such channel follows a gamma-gamma distribution. Because the
maximum SNR is limited by the scintillation index, the minimum bit error rate is also limited by

scintillation. Turbulence mitigation schemes are therefore necessary for reliable communication.
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4.2 Turbulence simulation with phase screens

The availability of high resolution liquid crystal based SLMs has allowed a new technique for
simulating turbulence with any given properties in the confine of a laboratory [87]. An SLM acts as a
phase modulator that mimics the phase distortions experienced by a propagating beam. The phase profile
is calculated on a computer using a number of algorithms available [110][111][112]. An advantage of using
computer generated turbulence, compared to other methods such as hot air boxes [113][114] and
lithographically etched dielectrics [115], is the ease of generating and storing a phase screen with any
characteristics. The effects of optical turbulence can then be made temporally static. Recent work has
showed great promise in using this method [87][89]. However, they have all failed to address two
problems: the finite nature of the propagating beam, specifically of the Gaussian beam, and the limited
phase modulation depth of a liquid crystal device.

In this section, an experimental laboratory turbulence simulation technique is described. The
propagation path length used is order of magnitudes shorter than the simulated path length, while the
scintillation index achieved matches closely to theoretical results. The problem of phase modulation depth
is solved using a binary phase encoding, with numerical simulation to verify the accuracy of the approach.

Limitations of this approach are also presented.
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4.2.1 Phase screen channel model

An extended random medium can effectively be modelled by one or more phase ‘screens’. A
phase screen is defined as a thin piece of medium that exhibits the same Kolmogorov statistics as an
extended random medium. When placing a phase screen along the optical propagation path (Figure 76)
the electric field can be made to expetience the same amount of fluctuations as for an extended medium.
Using results from [79], the equivalent Rytov vatiance of an extended medium model is given by the usual

definition:

o, =1.23C k"L (4.2.1)

Transmitter Receiver
Plane Phase screen Plane

|
]

«—— R >
L L
L
z=0 " z=L

Figure 76. Phase screen channel model, containing a small slice of random medium with Kolmogorov
statistics.

In the phase screen model, due to the limited extent of turbulence in a finite medium, the Rytov variance

is shown to be modified to an expression [116]:

11/6

L (L

o, =225C, k"L ﬁ(fj (4.2.2)
2

2 . . . .
Where Cnm is the refractive index structure constant. If the phase screen is assumed to have no

thickness, for example by using a very thin high refractive index material, the L, /L, factor can be

ignored. Equating the two expressions gives:
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5/6
C}= 1.83(%) C,’ 4.2.3)

The phase shifts can be described by a two dimensional phase structure function. This is derived directly

from Rytov phase disturbances and considering the complex log amplitude of the mutual coherence
function <U (r,,L)U ' (r,, L)> . Using a cylindrical coordinate system, and assuming a spherical wave

with negligible attenuation, this is reduced to an integral [79]:
1 o
D,(r,n,L)= 8”2k2ij@n (’f)[l— Jo (xr - r2|)]dK'd§ 4.2.4)
00

which simplifies to a function of separation distance 7 [79]:

5/3

272
D,(r,L)=1.09C k>L|/] (4.2.5)
Where r is the separation distance between two points. This can also be written in terms of atmospheric

coherence width, or Fried’s parameter 7, [117]:

5/3
D,(r.L)= 6.88[Hj (4.2.6)

T

315
Where 1y = (0.16Cn2k2L) . Fried’s parameter is a measure of the correlation width of the phase

fluctuation or the smoothness of the phase fluctuation. For a Gaussian beam wave, the phase structure

function can be approximated [74] using a correction term d :

68%a ()"
D,(r.L)= il 2

Where a is a function of receiver plane phase curvature a = (1 -0’ )/ (1-©). Figure 77 shows a plot

of the correction factor for a collimated beam, against transmitter plane beam parameter A . The factor
does not change appreciatively with A, and the phase structure was therefore approximated by simply

the use of equation (4.2.6). It is convenient to normalise Fried’s parameter to D/ 1y, where D is the

transmitter aperture diameter, giving a dimensionless metric of the strength of optical turbulence called

the normalised coherence scale.
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Figure 77. Phase structure correction factor (a +0.62A"° ) for a collimated beam as a function of

transmitter plane beam parameter A

Further constraints regarding the propagation of a Gaussian beam, and its field moments [116]
enforces the location of the phase screen as a function of beam diffractive parameter A,,. For collimated

Gaussian beams, the expression can be simplified to:

i =0.67-0.17 # (4.2.8)
L 1+

2
0

Where A, =2L/ kW02 , k is the wave number and W, is the Gaussian beam waist radius.
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4.2.2 Phase screen generation

The distribution of phase values on a phase screen is completely described by either its power
spectral density (PSD) or its structure function. The PSD is essentially a Fourier transform of the spatial
phase covariance between two points. Therefore, by assuming each spatial frequency is modelled well with
a normally distributed variable and vatiance given by the PSD, the phase screen can be calculated [118].
However, since a phase screen is in practice sampled into discrete points, a Fast Fourier Transform (FFT)
algorithm is needed. The periodic nature of FFT has been shown to significantly alter the phase structure
function, affecting the low frequencies in the spectrum [118]. Padding alleviates the periodicity within a
small region of the phase screen, but this has been found to be computationally very expensive.

Two other methods have been published that over come much of the problems with FFT
method. The first method uses Zernike decomposition of a Kolmogorov spectrum [111], while the
second uses spatial midpoint interpolation [110] to gradually increase the resolution of the phase screen.
Both of these methods are assessed to quantitatively measure the differences in computation complexity
and accuracy.

Zernike polynomials belong to an orthogonal basis of radial and angular functions, and are
extensively used in wavefront interpolation. There are a number of different definitions for Zernike

polynomials; however this chapter adopts the definition chosen by Noll [112]:

Z,.. . =\In+1R" (r)2 cos(mb)

even j n

m#0
Z,u; =Nn+1R" (r)V2sin(m6)
Z, =~n+1R)(r) m=0 4.2.9)
(n—m)/2 -1 $ _ !
R:ln (r) _ ( ) (n S) n-2s

=0 s![(n+m)/2—s]![(n—m)/2—s]!r

Whete n and m are the azimuthal and radial mode numbers as a function of an ordering number j :

) 8j—1-1
n=ceil| ——— |-

.2.10)
n(n+1)+ (n+1)(mod 2)

2

m=ceil[j— }xZ—l—(n+1)(mod2)
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Zernike decomposition of Kolmogorov phase screen can be calculated by cross correlating the modes

with the phase correlation function [112]:

27271 1
(0,0 )= [ [[]2,(p.6)Z,(p.6")B(Dp,Dp")dpdp'd6de’  @42.11)
0000
Where D is the size of the aperture, and B is the phase covariance function. By using the relation in
(4.1.12), the integrals can be evaluated exactly in Fourier space. Noll [112] and Wang [119] derived this

expression exactly:

00144\/(}1] + 1)(nk + 1) (_1)(";’+nk—2nj)/2

<aiak> = zr m, =nmy
’ (27k)J, , (27k)
x[ (k117 o dk
=0 otherwise (4.2.12)

n;+1

Covariance only exists for modes with the same azimuth frequency m due to orthogonality of
trigonometric terms. Roddier [111] gave an exact expression for plane waves, giving a sparse covariance
matrix consisting of mostly diagonal elements. A closed form expression for this matrix is given as a

function of j (Appendix D). The matrix for the first 7 modes, excluding constant phase or piston is

tabulated in Table 11.

j= 2 3 4 5 6 7 8
2 [ 04557 0 0 0 0 0 —-0.0144 |
3 0 0.4557 0 0 0 —-0.0144 0
4 0 0 0.0236 0 0 0 0
5 0 0 0 0.0236 0 0 0
6 0 0 0 0 0.0236 0 0
7 0 —-0.0144 0 0 0 0.0063 0
8 [-0.0144 0 0 0 0 0 0.0063 |

Table 11. Zernike modes covariance matrix of a Kolmogorov phase screen.

Mode coupling exists, and Zernike polynomials do not form an orthogonal basis with respect to

the Kolmogorov phase screen. A more convenient basis is in numerical Karhunen-Loéve form. The
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amplitudes for the Karhunen-Loéve modes can be generated from the Zernike covariance matrix using
the singular value decomposition outlined in [111]. A vector of normally distributed random numbers are

then multiplied and transformed back to the Zernike modes. The Zernike modes are summed and scaled

by (D/r, )5/3 to give the final phase screen.

The implementation of the Zernike method is characterised by the generation of two steps in
computation: pre-generation of covariance and Zernike matrices and the Zernike mode summation. The
flow chart in Figure 78 summarises these two steps. MATLAB was used to perform the computations.
The resolution of the phase screen is set to 768x768 pixels, corresponding to the resolution of the SLM
used. The time needed to generate the sparse covariance matrix for 50 Zernike modes are then recorded.
The MATLAB SVD routine was used for singular value decomposition. Each of the 50 Zernike modes
are pre-calculated and stored in a 3 dimensional matrix. The total time needed for pre-calculation is 103
seconds. Using the 50 pre-calculated modes, generation of each phase screen takes less than 1 second. A

phase screen generated by using 50 modes is shown in Figure 79.

________________________________________________________________________________
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Figure 78. Flow chart of Zernike phase screen generation.
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Figure 79. An example of phase screen generated with 50 modes with D /7, =1.

There are two limitations observed using this method. By inspection, the phase screen is smooth,
containing no features of scale [ as expected from the refractive index structure function. This is likely to
be due to the limited number of Zernike modes used in the computation. The number of modes needed

can be calculated by considering the residual mean squared error as an increasing number of Zernike

modes are used, as given by [112]:

RE
A, ~02859j 2 j>1 4.2.13)

Where A ; is the mean squared residuel of phase difference, j the sum of Zernike modes relative to a

Kolmogorov phase screen (Figure 80). As more modes are added, the residuel will asymptotically

approach zero. A large number of modes are therefore required. [87] suggests 120 modes are sufficient.

Relative residual

10 10 10°
Mo, of Zemike modes

Figure 80. Mean squared residual phase error as a function total number of Zernike modes.
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The second problem encountered was the memory requirement for storing pre-calculated Zernike
modes. For 50 modes, total memory of 8x7682x50/1048576 = 225Mbytes is required. For 120 modes, the
memory requirement increases linearly to 540Mbytes. Hu [89] solves this problem by brute force,
implementing all Zernike calculations ‘on the fly’, using a graphics processing unit (GPU).

An alternative method using spatial mid point interpolation (MPI) has been shown to produce a
good approximation to a Kolmogorov phase screen with a large reduction in computation effort. MPI is
an iterative method for creating realistic landscapes in computer graphics by exploiting the fractal scaling
of turbulence, i.e. the structure is identical at any scale [118].

An initial coarse phase screen is produced by numerically integrating the structure function from
(4.2.5) to obtain a covariance matrix of a small number of points [110]. The points can directly be
produced by using SVD on the covariance matrix and multiplying the orthogonal basis with a vector of
normally distributed random numbers. This is numerically intensive, however, so it is pre-calculated once.
The points form the edges of the phase screen (Figure 81A).

An interpolation of these coarse phase screen points can be achieved by considering 4 points
(a,b,c,d) forming a square dimension d . If an interpolation point is placed in the middle (1), a linear

interpolation results in:

a+b+c+d
m=—————+¢

42.14
4 (4.2.14)
Where € is random displacement added after the interpolation (Figure 81B). Lane [118] calculated the

variance of the interpolated point, and subtracting this from the theoretical calculation using (4.2.5) gives:

5/3

(") =0.6091(d) (4.2.15)

For the special case where the new interpolation point is located along an edge, the correction term takes
different variance (Figure 81C), since:

a+b

Mo == +6 (4.2.16)

The variance is given as:

(6°)=0.4471(a)" 4.2.17)
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The process is iterated until desired resolution is obtained. Again, the phase screen is finally scaled with

(D/r,)".

The MPI algorithm was implemented with MATLAB. A numerical solution to the integral
given in [110] was used to obtain a covariance of 15x15 points, resulting in a matrix size of 225x225 pixels.
An SVD() routine was used to decompose the covariance matrix into singular values in a diagonal matrix
and a transformation matrix. These calculations were needed once, and the matrix was then stored in
memory. The total time required was 20 minutes. The main MPI routine consists of an interpolator and a
random displacement corrector. Edge effects were corrected by producing a slightly larger phase screen
than required and trimmed to the specified dimensions. The total time requited for the MPI calculation is
less than 1 second for a phase screen of 768x768 pixels. An example of the phase screen generated with

MPI is shown in Figure 81D.
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Figure 81. Diagram of the MPI algorithm and the
resulting phase screen.

? (A) Initial phase screen pixels calculated directly
from spatial covariance function.

(B) New mid point generated by interpolation and
residual addition.

(C) Edge points with edge interpolation and residual
addition.

2 (D) An example of phase screen generated using
MPI algorithm with D/ = 1.

(®)
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The closeness of the generated phase screen to an ideal Kolmogorov phase screen can be
estimated using the phase structure function given in equation (4.2.6). Figure 82A plots the numerical

value of the structure function for three different phase screens calculated using 50 Zernike modes, 120
Zernike modes, and the MPI algorithm. These were calculated for 1000 random phase screens with D/ r;

= 1. A theoretical curve (Equation (4.2.0)) is also plotted. The result shows that by more than doubling
the number of Zernike modes, the expected phase structure improves only slightly. It is interesting to see
that even though the phase screen generated from the Zernike method is smooth, the structure of points
close together does not diverge much from theoretical calculation. However, points a long distance away
experience less variance theoretical values. This is because that high frequency component is missing from
the phase screen, due to insufficient number of Zernike modes. The MPI algorithm produces a phase
structure very closely matched to theoretical results.

A plot in Figure 82B shows the average maximum amount of phase shift against the strength of

turbulence from D /7, =1 to 4, using 50 phase screens generated with the MPI algorithm.
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Figure 82. (A) Numerical values of phase structure function for Zernike and MPI methods as a function of

point separation. (B) Average maximum phase shifts versus D/ 1.

113



4.2.3 Binary phase only implementation of phase screen

The MPI algorithm was chosen as the most accurate method of generating a continuous phase
distribution with Kolmogorov statistics. A physical representation of this phase distribution has to have
enough phase modulation depth to accommodate the range of phase shifts. By using an SLM with
modulation range of 27, it is possible to wrap the phase values to within this range [87]. Because the
high Zernike modes needed to accurately simulate a phase screen, deformable mirrors do not have the
necessary fidelity for all these modes. They are therefore unsuitable for this application. Therefore, a
binary phase only Kolmogorov phase screen on a high resolution liquid crystal SLM was suggested as a
possible solution.

Previous studies had shown that using a binary phase hologram, it is possible to generate any
continuous phase profile [120] by using the optical system in Figure 83A. This is achieved by using a
binary phase only SLM encoded with a tilted phase distribution. A lens is then used to Fourier transform
this modulated beam. The first order contains the desired spatial frequency information, which is
subsequently filtered using a pinhole. The pinhole acts as a band pass spatial filter, removing unwanted
higher spatial frequencies generated by phase binarisation. A second lens is used to transform filtered
complex amplitudes back to the desired phase distribution. In this case, the effective phase pattern is

located on the second lens.

(A)

___________ Aperture

Figure 83. Wavefront generation from binary hologram with (A) spatial filter in Fourier domain
(B) spatial filter in Fresnel domain.
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A simplified system overcomes the complexity by removing both lenses. Using Fresnel
diffraction, the pinhole can be moved to the far field. Figure 83B shows a layout of the proposed optical

set up. In this case, the effective phase pattern lies on the SLM plane. The beam then exits the SLM and

propagates a further distance /. If [ is chosen such that the Fresnel number is greater than one:
F=—2>1 (4.2.18)

where a is the size of the SLM, the beam experiences Fresnel diffraction. The complex amplitude

U (x, ¥, 0) after propagation within the Fresnel diffraction distance is given by an integral:

exp(ikl) T 7

U(x,y,1)= 7T .[jU(x',y',O)eXp(%((x—x')z+(y—y')2)jdx'dy'(4.2.l9)

Equivalently, this is written in the form of a Fourier transform, with a convolution kernel of a free space

impulse response:

)= | [ulojen (e y?)|

o _ (4.2.20)
X exp (_i—llﬂ(xx% yy ')jdxdy

where C (x, y) is a complex phase curvature. If the complex beam amplitude is convolved with a linear

phase tilt exp(i@x'), and considering only the X axis, the integral becomes:

O e[ fue e “27 o e
U(x Zﬂ’j C(x Zﬂ_jiiU(x,O)exp(/ux jexp( pT (xx )jdx 4.2.21)

The field is simply translated in the [ plane, and the shift does not affect the distribution of the complex

amplitude. By expressing binary quantisation of U (x ', 0) as a summation of higher order terms [26]:

=S ( gl j 4.2.22)

n=—o0

where U" is self convolution of order 7. Phase tilt therefore separates these higher orders spatially, and
by appropriately selecting the first order in the far field it is possible to obtain the original distribution. A

numerical simulation of Fresnel diffraction of a phase screen was carried out using the Fresnel diffraction
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algorithm described in [121]. The flow chart in Figure 84A summarises the algorithm. The algorithm first
breaks down the propagating distance into small equidistant segments. This is needed due to limited
sampling resolution of a numerical representation of the free-space impulse response. A circular beam is
used to simulate a finite extent of a laser beam in a 768x768 pixel array. The path length is set to 3.5

meters. Positioned in the middle is a binary phase hologram consisting of a continuous phase screen tilted
with a linear phase shift in the (x, y) = (1,1) direction. These settings are used to simulate the phase

screen model of optical turbulence using 40 separate instances of the phase screen. A square aperture
100x100 pixel in extent is used to extract only the first order. Figure 84B compares the intensity
distribution of the propagated beam for a continuous and tilted binary phase screen. These show good

agreement between the two within the area occupied by the first diffraction order.

L Multiply by
U(x'.y0) 7\ > FFT2 >
. i 5 2
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Figure 84. (A) Fresnel diffraction algorithm. (B) Measured intensity of Fresnel diffracted beam with
phase screen, and RMS difference between tilted binary and continuous phase only hologram.
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4.3 Optical turbulence simulator

In previous sections, a theoretical review of optical propagation through random medium leads to
the development of a phase screen channel model. An MPI phase screen generation algorithm is then
compared with Zernike method, giving a good phase screen distribution compared to theoretical results.
An optical turbulence simulator (OTS) can now be implemented.

The OTS consists of the optical system in Figure 85. An expanded HeNe laser emitting 10mW
was used for the source. A reflective SLM (SLM A) is placed in the beam path, and is used for beam
steering and wavefront correction. The SLM can be considered as a mirror for the remainder of this
section. The beam is then focused and collimated with two positive lenses, reducing the beam size by 10
times. The output beam can then be closely approximated by a Gaussian shaped beam described in

section 4.1.5. The choice of these lenses is critical for obtaining a small collimated beam. The beam

propagates a distance L, to a second reflective SLM (SLM B) that is used to display the phase screen
calculated with MPI algorithm. The beam is then reflected to a detector placed at a distance L, from the

phase screen. The total path length is I, + L, = L. The system is tilted off-axis with a small tilt angle to

save space. This is assumed to have a negligible effect on the system.

Polariser

Collimator

SILM B Lens + collimator

- Polariser Receiver

Aperture

y
A 4

Figure 85. Optical set up for the optical turbulence simulator with a Kolmogorov phase screen on SLM B.
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A Zemax simulation of a number of optical configurations were carried out. The optical
configuration similar to the retro-reflecting base station in Chapter 2 was reproduced. The collimated
beam radius was estimated by using the calculated beam radius at a plane 0.1m from the lens aperture. The
distances between the elements were then optimised against spot radius at a distance of 50m. The optical
elements consisted of an LA1142 25.4mm diameter positive lens with focal length of 60mm. The focused
beam was then collimated with a Comar 03 OL 07 microscope objective. They were mounted co-axially
with an SM1 lens tube system. The distance between the two elements was adjusted manually to achieve a
collimated beam output, giving a beam radius measuring 1Tmm.

Using the thin phase screen model, the distance of the phase screen relative to the total path

distance is a function of the Gaussian beam parameter [74]:

L=h _he7-017| - 43.0)
L I+A,

Where L, is the distance between the transmitter and the phase screen, and A, =2L/kW,’ is the
Gaussian beam diffractive parameter. Fixing L to 3.8m, and the beam diffractive parameter A, = 0.774,
the necessary values for L, and L, are 1.65m and 2.15m respectively. Using equation (4.1.45), the

0,> 10}’ ratio for this point was calculated to be to 0.33.

Both SLMs were controlled with a computer. The software and hardware components are shown
in Figure 86. SLM A is a 4 Dimension Display FL.C panel used in previous systems. SLM B is a vertical
aligned nematic liquid crystal display from Cambridge Correlators, operating as a binary phase modulator.
The device was masked to a square format, with dimension of 7.5mmx7.5mm at 768X768 pixels. The
pixel dimension is 9.7umX9.7um.

The OTS system alignment was made by initially aligning the 0% order beam such that the
elements are co-axial on the optical axis. A DC balanced hologram was used to generate a 15t order beam,
with an angular deviation of 0.0125 radians. SLM B was then readjusted to coincide with the first order
beam, and its angle adjusted to steer the reflected beam to the receiver. A phase screen was generated
using the MPI algorithm and binarised as described in Section 4.2.3. This resulted in the first order beam

that is 20mm away from the optical axis.
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Figure 86. Computing platform for the turbulence simulator.
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4.3.1 Detectors

Two different receivers were used to measure the on-axis beam intensity at the receiver. The first
was a silicon photodiode detector with a 0.8 mm? active area (DET10A manufactured by Thorlabs). The
output was fed to a lowpass DC amplifier with bandwidth of 1 kHz. The voltage output from the
amplifier was then digitised by National Instruments USB-6008 USB ADC. The device communicated
with the work station using a custom Labview application, which passed the DC value measured to
MALAB via an internal TCP socket.

The photodiode operated in reverse bias with a bias voltage of 12V. The peak DC voltage
detected was 0.3V using a 10k load resister. High load resistance reduced the detector bandwidth to
within 1kHz. The amplifier has a DC gain of approximately -100.

A calibration of the amplified output voltage to optical power was used to correct for the voltage
response of the photodiode. Measurements were made using variable power optical source, comparing the
output from an optical power meter and the voltage output from the photodiode. Figure 87 shows a plot

of the readings with linear and cubic fitting.

Optical power [UYY)

Linear

Cubic

Y O e b, e, . e e, e, e d e
16 14 12 -10 k) & -4 2 0 2

Detector reading (v ¥ 10'3

Figure 87. Photodetector output voltage measured against optical power output. Linear and cubit fits are
shown.
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A Canon EOS 20D digital SLR camera forms a second detector type to simulate a large aperture
photodetector. The camera was used with a Tamron 90mm /2.8 lens, with a lens diameter of 50mm. To
avold saturating the camera sensor, two polarisers were placed in the beam path in a cross polarisation
configuration. The camera was calibrated to give a linear intensity response by setting the camera to a
linear contrast setting. An USB connection connected the camera to the work station, using the gphoto2
library, controlled within MATLAB. A routine was written to control the camera shutter and data transfer.
Only the red pixel values were used, so the camera behaves effectively as an 8bit CMOS sensor. The

image pixels are then integrated to obtain pixel values corresponding to the total received intensity.

Polarisers

] USB

libgphoto2

Matlab

Aperture Camera

Optical beam

Figure 88. Camera and software for automatic camera shutter activation

For both configurations, an adjustable aperture is placed in the optical axis in front of the
detector, ranging from 0.5mm to 15mm. The pin hole was placed in the centre of the 1t order, simulating
an on-axis detector configuration. The aperture averaging effect could be measured by varying the

diameter of this aperture.
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4.4 ‘Turbulence simulation results

The accuracy of the OTS is then tested against theoretical prediction at different turbulence
conditions. Later, the receiver apertures are then increased to verify the theoretical calculation for the
aperture averaging effect.

The MPI algorithm is used to generate increasing strengths of the Kolmogorov phase screen. The

Rytov variances and predicted scintillation indices for a point detector are calculated from equation (4.2.3).

The strength of the turbulence is normalised to D /1, , where D is the width of the SLM B in Figure 85

-3/5
and 1y = (0.16Cn2k2L) is Fried’s parameter. The numerical results are tabulated in Table 12. By
using the Gaussian beam parameter A, = 0.744 and propagating distance of 3.8m, the scintillation index

to Rytov variance ratio for this system is 0,> /0,> = 0.330.

D/, 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

an (10-13) 0.0062 | 0.0198 | 0.0390 | 0.0629 | 0.0913 | 0.1237 | 0.1599 | 0.1998
GRZ (Rytov Variance) 0.0349 | 0.1108 | 0.2177 | 0.3516 | 0.5100 | 0.6912 | 0.8936 | 1.1164
612 (Scintillation index) 0.0115 | 0.0365 | 0.0718 | 0.1160 | 0.1683 | 0.2281 | 0.2949 | 0.3684

Table 12. Numerical values of phase structure constant, Rytov variance, and expected scintillation index for
a point detector.

The simulated path distance and beam waist radius can be applied to longer propagating distances
by using the definition of A, in equation (4.1.34). The applicable beam waist radius and transmission

distance curve is plotted in Figure 89. As an example, the OTS configuration simulates a collimated beam

waist radius of 1.75cm, propagating a total distance of 1000m.
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Figure 89. Simulated beam radius as a function of transmission distance corresponding to A, = 0.744

The statistical measurements are carried out using ensemble mean and variance. The expected intensity for

a particular D/ 7, value is calculated using:

(Iy= 4.4.1)

where [ is the intensity measurement for a phase screen, and N is the total number of phase screens

used. The scintillation index is calculated from the unbiased population variance estimate:

(4.4.2)

The accuracy of the OTS can be estimated by calculating the O 12 /o Rz ratio from the measured

scintillation index. By considering the 0" as a function of D/¥, for this particular beam waist and

propagating distance:

o =9.03(D/r,)" (4.4.3)
The 0,/ 0, ratio is estimated using:
2
(o}
-=9.03w (4.4.4)
O

where W is the constant of proportionality for a fitted 5/3 power curve of O 12 to D/r,.
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4.4.1 Results for point detector

The theoretical pinhole detector can be closely approximated by choosing the detector aperture

diameter to be smaller than the first Fresnel zone of the optical system [79]. The first Fresnel zone size

D, is calculated using the expression:

D == (4.4.5)

Figure 90 shows a plot of receiver aperture diameter versus the transmission distance that applies to this
condition. For propagating distance of 3.8m, the required diameter is 0.64mm or smaller. An aperture
diameter of 0.5mm diameter is used to satisfy this requirement. Both the silicon photodiode and the

camera are used to compare the measurement results from the two detectors.
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Figure 90. Aperture size corresponding to first Fresnel zone as a function of propagating distance

The scintillation index measurement for the silicon photodetector with 0.5mm diameter aperture
is shown in Figure 91A. 500 phase screens were used per data point. The plot is fitted with a 5/3 power

curve by using the least square fit. The theoretical prediction from Table 12 is also plotted for comparison.
Using the fitted curve, the 0,° /07" ratio is then measured to be 0.364. The predicted value of 0,° / 0,

1s 0.330, giving a difference of 10%.
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The measured mean intensity is plotted with predicted values in Figure 91B. The predicted mean
intensity is calculated using equation (4.1.38). It can be seen that the measured and calculated results are in

good agreement.

Photodiode sensor with 0.5mm diameter aperture (SIARy = 0.36475) and 500 samples
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Figure 91. Results of the OTS using 0.5mm diameter aperture and with the photodiode detector

(A) Plot of the measured scintillation versus D/ 1, corresponding to scintillation index result for a point
detector. Data is fitted with (5/3) power cutve.
(B) Plot of the measured mean detected intensity versus D/ 7; and theoretical prediction. The error bar

shows one sample standard deviation.
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The OTS was then tested using the same 0.5mm aperture diameter, but with a camera as the

photodetector. 120 phase screens were used per data point. Figure 92A shows the measured scintillation
index fitted with a 5/3 power curve . The measured scintillation index produces a O ,2 /o R2 ratio of

0.334, while the theoretical value is 0.330, giving a difference of 1.2%.

The mean intensity is then plotted in Figure 92B. The results from the camera produces a
shallower slope than predicted using equation (4.1.38), although it is within reasonable bounds of
experimental error due to fewer number of phase screens. Again, the measured result shows good fit to
theoretical prediction.

These results clearly show that the OTS can accurately produce the same statistics as predicted by
the weak turbulence theory. Both silicon detector and the camera produce similar scintillation index
results, as well as the mean intensity. Measurements for aperture averaging can now be made using a

detector that accommodates the larger aperture diameter.
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Camera sensor with 0.5mm diameter aperture (SFRy = 0.3335) and 120 samples
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Figure 92. Results of the OTS using 0.5mm diameter aperture and with the camera detector

(A) Plot of the measured scintillation versus D/ I, cotresponding to scintillation index result for a point
detector. Data is fitted with (5/3) power cutve.
(B) Plot of the measured mean detected intensity versus D/ I, and theoretical prediction. The error bar

shows one sample standard deviation.
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4.4.2 Results for aperture averaged detector

The effect of aperture averaging is to reduce the scintillation index, as described in Section 4.1.5.
The aperture averaging factor A can be predicted using the circular symmetric covatiance function of
intensity (Appendix C) and equation (4.1.45). Two aperture sizes of 0.8mm and 2mm were used with the
OTS, and compared to the theoretical prediction. Plots in Figure 93A and B show the aperture size versus

the transmission distance associated with these apertures.
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Figure 93. Aperture size as a function of propagating distance
(A) 0.8mm diameter aperture (B) 2mm diameter.

For the case of 0.8mm aperture diameter, the silicon detector was used. The scintillation index is
plotted in Figure 94A and fitted with a 5/3 power curve. The measured O ,2 /o R2 ratio found to be
0.2126, giving the measured aperture averaging value A of 0.6442. The theoretical value of A was
calculated to obtain the value of 0.656. The predicted O 12 /o R2 is therefore 0.2163, corresponding to 3%

difference to the measured results. The mean intensity is plotted in Figure 94B.
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Fhotodiode sensar with 0.8mm diarmeter aperture (SVRy = 0.2126) and 120 samples
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Figure 94. Results of the OTS using 0.8mm diameter aperture and with the photodiode detector

(A) Plot of the measured scintillation versus D/ I, cotresponding to scintillation index result for a point

detector. Data is fitted with (5/3) power curve. Aperture factor A is 0.656.
(B) Plot of the measured mean detected intensity versus D/ ¥, and theoretical prediction. The error bar

shows one sample standard deviation.
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For the case of 2mm aperture diameter, the silicon detector was unable to accommodate the

whole of the aperture. Instead, the camera was used for the intensity measurements. Figure 95A plots the
measured scintillation index, showing the O ,2 /o R2 ratio to be 0.0136. The measured value of A is
therefore 0.041. The theoretical value of the aperture averaging factor A is 0.136 in this case, giving the

predicted O ,2 /o R2 ratio of 0.045. The difference between these two is 230%.

Camera sensor with 2mm diameter aperture (SI/Ry = 0.013574) and 120 samples
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Figure 95. Results of the OTS using 2mm diameter aperture and with the camera detector

(A) Plot of the measured scintillation versus D/ I, corresponding to scintillation index result for a point

detector. Data is fitted with (5/3) power cutve. Aperture factor A is 0.136.
(B) Plot of the measured mean detected intensity versus D/ ¥, and theoretical prediction. The error bar shows

one sample standard deviation.
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For the 2mm aperture diameter, it is clear from Figure 95 A and B that the theoretical results do
not fit with the scintillation and mean intensity measurements. The measured scintillation index is
significantly lower than predicted, while the measured mean intensity is significantly higher. Previous
extended medium measurements under real atmospheric conditions have found the theoretical results to

agree well with measurement data [122], suggesting that the turbulence simulator cannot be used for large
apertures. A likely cause is the finite pixel size of the phase screen, which limits the inner scale /, that can

be represented. Since small scale structures affect the large scale beam properties, Andrews showed that
this can affect the aperture averaging effects [79]. Further aperture averaging measurements were therefore
limited to a 0.8mm aperture diameter.

The OTS has been shown to provide an accurate physical simulation of the turbulent conditions.
The scintillation index and mean intensity results match well with the theoretical predictions, provided the
aperture size is small. Binarisation of the phase screen did not pose a problem with the intensity
measurements. The OTS can now be used to develop a novel adaptive optics system designed to reduce

the effect of turbulence in the next chapter.
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4.5 Wavefront sensor-less adaptive optics

Aperture averaging has been shown to reduce scintillation index significantly. Recently, in
addition to aperture averaging, there has been a large interest in using adaptive optics to compensate the
phase fluctuations caused by the atmosphere. An adaptive optics (AO) system consists of a wave front
detector, a phase compensation device (normally an SLM), and a controller that feeds detected wavefront
distortion back to a phase modulator (phase conjugation). Most AO systems are designed to reduce
scintillation associated with imaging, for example, phase correction at the receiver aperture to enhance
focal plane contrast. In a communication system, the desired AO property is to concentrate optical power
within a receiver aperture, and this must be done at the transmitter (Figure 96). By doing so, it is possible
to further reduce the scintillation index using multiple transmission beams due to mutually independent
paths, and this will be discussed in Section 4.6. A key problem with any AO system is how to measure the
phase disturbance at the receiver, while phase is conjugated at the transmitter. The problem can be

separated into two parts.

Transmitter Turbulent Receiver

Plane atmosphere Plane
Transmitter Receiver
% |
SLM i T—Wavefront
| | sensor
L e e . M
Feedback

Figure 96. A diagram of a typical AO system with feedback loop

The first is the phase measurement feedback from the receiver to the transmitter. If a channel is

severely compromised by fading, it is not possible to send a reliable, high data rate optical signal back to
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the transmitter. By keeping the bit rate needed for the feedback loop low, this problem might be alleviated
by using a slow and heavily error corrected optical signal.

The second is the limitation of the wavefront phase measurements inside the receiver aperture. At
a high scintillation index, the beam is likely to be considerably larger than the receiver aperture; therefore
the sensor can not sample the whole extent of the beam. Also, any practical implementation of the sensor
has noise and maximum temporal bandwidth that can limit the accuracy of the phase measurements.

A proposed AO system with no wavefront sensor is described in this section. The system uses a
sensorless method to estimate Zernike modes present in the random medium. Zernike modes are efficient
for interpolating a phase distribution, and only a small number of modes are needed. The method also
optimises the whole beam, which could result in larger reduction in scintillation. Using the OTS described
in previous section, the system performance is measured in terms of scintillation index reduction, and the

mean received intensity. A Bit Error Rate estimation of the channel is then carried out.

4.5.1 Wavefront sensor-less Zernike modes estimation

Up to now, the time dependent component of the phase fluctuation has been assumed to be
discretised into separate and discrete manifestations. A continuous time dependent evolution of a phase
fluctuation can cause frequency spreading around the carrier frequency. However, this is usually applicable
only to acoustic and low frequency radio waves [73][123]. For optical frequencies and moderate
turbulence, a quasi-static turbulence model can be used to approximate turbulence processes [124]. This
method, or Taylor’s frozen flow hypothesis [125], assumes turbulent flow to be virtually static within a
specific time scale. The time scale is proportional to the perpendicular component of the bulk fluid’s
velocity, in this case the wind speed. During this period, the electric field amplitudes ate strongly

correlated temporally. A typical metric used for this period is Greenwood’s time constant [126][127]:

053}”5/6D1/6
Tz#

4.5.1
v, (4-5.1)
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Where r, is Fried’s parameter, D is the transmitter diameter and V| is the velocity component

perpendicular to propagation path. Typical 1km daytime visible FSO links exhibit a correlation time of 1-
2ms [128]. However this can deteriorate to 0.5ms in severe turbulence. An AO system needs to be
designed so that phase measurements and compensations occur within this time.

Assuming that turbulence is static, the beam propagation from an AO system can be modelled as

shown in Figure 97.

Transmi | - o
hane Phase shift = /(' 3", %, ) Plane
U(x'y'0)
U(x,y,L)

L]

]

A
A 4

z=0 z=L

Figure 97. Channel model of wavefront sensorless AO system, with complex amplitudes and phase shifts

The complex field amplitude at the transmitter plane is represented as U (x',y',0) and at the
receiver plane U (x, v, L) . The random medium is considered to be static, and therefore it is possible to

write a deterministic expression for phase shift as l//(x LyLx, y) . In effect, this function produces phase
shifts for a straight line between two points in the transmitter and receiver planes. The SLM modulates the

transmitted beam with a spatial phase distribution —@(x',y'). Assuming that the beam width is much

smaller than L, and initially setting @(x',y') to zero, the complex amplitudes can be related using the

Fresnel diffraction integral (neglecting a constant phase term):

ik

2L((x—x')2 +(y—y')2 )}dx'dy'

U(x,y,L)= .[J-U(x',y',O)exp[il//(x',y',x,y)]exp{

(4.5.2)
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The phase fluctuation term ¥ modulates waves traversing a particular straight-line with a phase shift. To

reduce the multiplicity of paths available, if a pinhole is placed in front of the receiver only waves that

converge to the aperture contribute to the amplitude calculation. The expression then reduces to:

U(0,0,L)= HU(x',y',O)exp[iw(x',y')]exp[é_];(x@.p y? )}dx'dy' (4.5.3)

The transmitted amplitude for a Gaussian beam can be closely approximated using a uniform circular
beam radius 7, and constant amplitude A. With transformation to cylindrical coordinates, the receiver

intensity becomes:

2

1=A (4.5.4)

TTexp |:il//(r, 0)] exp {%} rdrd 6

00

If the SLM phase distribution —¢(7‘, 0 ) is non-zero, and normalising r = r/ 7, the expression becomes:

2r 2

!

Where @ =kr,’ /2L =A,”", ¥ and ¢ are normalised phase distributions with respect to the beam

I=A" (4.5.5)

1
jexp[iw'(r, 0)+iar’ —ig'(r, 6’)} rdrd @
0

width 7. Since ¥ " and @ are phase only functions, they can be decomposed into orthogonal Zernike

modes [129]. The Zernike decomposition of ¥’ can be derived by considering the Zernike amplitude

covariance given in equation (4.2.12). A spherical wave requires a solution to:

0.0144,(n, +1) (1, +1) (~1) )"

<(lj(lk> = | 7 3 3 I’I’lj = I’I’lk
FINRRE A, I

=0 otherwise (4.5.6)

The solution was found analytically to be a 3/8 factor different from the plane wave solution given by

Wang [119] and Roddier [111] (Appendix D). The factor iar® can be identified as a Zernike defocus

. . . . . ’ .
mode without piston. Incorporating this factor into ¥~ reduces the expression to:
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2

27z 1
[=A" J. J.exp[i‘l’(r,@)] rdrd 6 4.5.7)
00
Where the W is the phase residual written as a summation of N Zernike modes:
N
y'(r,0)+ar’ = ZanZn (r,0)
n=1
N
¢,(f',9) = anzn (r,H) (458)
n=l1
N N
¥ (r,0)=¢c,Z,(r.0)=> (a,-b)Z,(r.0)
n=1 n=1

Because Zernike polynomials are orthogonal, their amplitudes contribute to the intensity value
independently. For a small phase difference, the intensity fall off is given as a function of Zernike

amplitudes [129]:

[=~A" (1— zc,fj (4.5.9)
n=1

Typically, random phase shifts in the medium causes the intensity to fall below an optimal value. For a

mode ¢, , adding a correction in @ with positive and negative Zernike amplitude b, the intensity is

m?

given by:

n=l,n#m

N
Im_:A’z{l— > cn2+(cm—b)2j

n=l,n#m

N
Im+ = A/z (1_ z an + (Cm +b)2j

(4.5.10)

The Zernike mode can then be calculated using a quadratic fit to the intensity measurements [130]:

b(1,. 1)
c, = (4.5.11)
2(1m+ - 2IO + Im—)

Where [, is the intensity measurement without phase correction. The step size b varies with the
expected Zernike amplitude given by equation (4.5.6). The flow chart in Figure 98 summarises the

procedure. Zernike mode estimation uses three intensity measurements, I, I, and [_, which are

+
measured using a constant step size b. The test aberration step size is chosen to be larger than the

aberration. For large aberrations, the measured intensity follows a Lorentzian like curve [130] and a
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quadratic fit does not perform well. As an example, in Figure 99, two quadratic fits from small and large
aberrations produces highly inaccurate fit. A conservative solution was found by choosing only estimates
within the bound of two step sizes, as shown in Figure 98.

In contrast with spatially sampled devices such as the Shack-Hartmann wavefront sensor [131],

samples are taken in the time domain. A simple point detector such as a fast photodiode can therefore be

used for intensity measurements. The number of samples per second requited for N modes is
(2N+1)/T, where 7 is Greenwood’s time constant. If 10 modes are required, and 7 = 1ms, the

minimum sampling frequency is 21 kHz. Although the quadratic fit is not optimal when compared to the

N -dimensional simplex described by Booth [132], which requires only N +1 measurements, it does not
have to iteratively search for the optimal value of phase distortion and reduces the amount of information

sent to the transmitter.

Next n
Apply b Apply —=b
Read A 4 p| Zernike Read »| Zernike Read

Intensity amplitude Intensity amplitude Intensity
I

I, I, y
Estimate

cn

Figure 98. Flow chart of wavefront sensorless Zernike mode estimation.
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Figure 99. Lorentzian function and fitted quadratic from two sample points locations, showing possible
fitting errors.
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4.5.2 Optical system layout

Wavefront sensorless correction was implemented in the optical turbulence simulator (OTS)
software controller described in the previous section. The flowchart in Figure 101 summarises the
software controller. The system was initially tested against single Zernike distortions displayed on SLM B.

During testing of the optical system, it was discovered that a translational beam misalignment at
the transmitter can severely disrupt the beam position at the detector. It was expected that due to far-field
diffraction, the misalignment would not produce a difference. A computer simulation was carried out to
investigate this effect. First, the on-axis diffracted beam intensity at the detector plane is shown in Figure
100, A1, B1 and C1 for the case of a tilted binary phase only hologram. With defocus and astigmatism
applied, the intensity centroid remains in the same position. With the misaligned beam in Figure 100 A2,
B2 and C2, however, the centroid is cleatly translated in the direction of the misalignment. The translation
is found to be proportional to Zernike amplitude and inversely proportional to the propagating distance.

As distance increases to far-field Fraunhofer regime, the translation becomes negligible.

A) ®) © D)
(1) . . -
#
©)
‘.

Figure 100. Computed Fresnel diffraction for (Al) on-axis and (A2) off-axis circular beam. Zernike modes
applied: (B) defocus (C) astigmatism. Difference for (D1) defocus and (DD2) astigmatism.
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The optical layout was changed to Figure 102 by including a steerable mirror for fine beam

adjustment on SLM B. Manual adjustment was carried out by applying alternating positive and negative

Zernike modes on SLM B. The tilt mirror was adjusted to minimise translation at the receiver. For SLM

A, spatially shifting the pixels in software was used to align the phase pattern to the beam axis.

Laser beam -----= >| Detector }—>| DAC }—*| T abVIEW
MATLAB
\ 4
SIMA < Display Estimate
server Zernike
SI.M B < mode
A
\ 4
Binarise Calculate
and DC |4 Zernike
balance Correction
A
Generate phase screen

Figure 101. Software controller with wavefront sensotless Zernike estimation.

Beam SILM A

Polariser

Collimator

splitter

Aperture

Figure 102. Optical layout of precision beam alignment system for SLM B.
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The performance of Zernike correction was measured for modes from j = 4 (defocus) to j =9

(coma). Tilt was excluded since the on-axis scintillation index does not improve with beam tracking [74].

Measurements of intensity fall off due to Zernike modes were recorded and plotted in Figure 103. The

variation is clearly similar to a Lorentzian curve, with the width varying with the mode number.
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Figure 103. Intensity measurement as a function of Zernike amplitude for: (A) Defocus
(B) Astigmatism 1 (C) Astigmatism 2 (D) Coma X-axis (E) Coma Y-axis
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In order to assess the Zernike correction performance, a test using an individual Zernike mode
correction was catried out. An individual Zernike mode from j = 4 (defocus) to j = 10 was displayed
on to SLM B. The Zernike amplitude was normally distributed with a variance of 4. Wavefront sensorless
correction was applied using the same Zernike mode on SLM A. Uncorrected and corrected intensities
were then recorded along with estimated Zernike amplitudes. Zernike mode estimation performance and
corrected intensity for the defocus mode are shown in Figure 104 A and B. The estimated amplitudes
closely match the applied amplitudes in most cases. However, due to the large defocus term from free-
space propagation only the negative correction is effective. Results for astigmatism 1 and 2 (corresponding

to j = 5and 6) are shown in Figure 105.

Defocus correction
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Figure 104. Defocus distortion and correction.
(A) intensity of uncorrected and corrected beam (B) Zernike amplitude estimates.
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Figure 105. Astigmatism distortion and correction.
(A) & (C): Uncorrected and corrected intensity measurements for Astigmatism 1 and 2.
(B) & (D): Applied and estimated Zernike amplitudes for Astigmatism 1 and 2.
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Cotrection for astigmatism yields a more consistent performance. Corrected intensity fluctuates
significantly less for both modes. The estimated Zernike amplitude matches the applied modes relatively
well for the two astigmatisms.

Figure 106 shows the measured results for coma x and y (mode j = 7 and 8). The results show

no reduction in intensity fluctuation, while the mode amplitudes are not accurately estimated. This is due
to the shape of the function of intensity versus coma mode amplitude being very non-parabolic as shown
in Figure 103D-E. The fitting error caused is evident from the estimates sometime swinging wildly from
negative to positive as seen in Figure 106C and D.

Due to poor coma estimation performance, modes chosen for adaptive optics optimisation are
defocus and two astigmatisms. From Table 11 and equation (4.2.13), the lower order Zernike modes are
dominant in a Kolmogorov phase screen, which suggest that these three modes are sufficient for a
significant scintillation reduction. A Kolmogorov phase screen was then used to measure the performance

of the system in real turbulence conditions.
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Figure 106. Astigmatism distortion and correction.
(A) & (C): Uncorrected and corrected intensity measurements for Coma x and y
(B) & (D): Applied and estimated Zernike amplitudes of Coma x and y.
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4.5.3 Scintillation index results

Turbulence correction was performed on a weak turbulence condition modelled using
Kolmogorov phase screens. Turbulence strength ranged from D/ = 0.5 to 4. A 0.5mm pinhole was

placed in front of the photodiode detector, which behaves as a point detector. Each phase screen was
estimated using wavefront sensorless estimation for defocus, astigmatism 1 and 2, and the correction

applied to SLM A. 100 phase screens were used per data point. Figure 107 shows the scintillation index

versus D/ 1y with and without correction.

Photodiode sensor with 0.5mm diameter aperture. Defocus + Astig1/2 correction

0.5 ! T ! ! T T
- : : : N : *
045k # Mo correction
Mo correction fit (SI/Ry = 0.38516)
#  Defocus + Astig1/2
Ol Defocus + Astigl/2 (SVRy = 0.21396) |

0.25

Scintillation Index
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Figure 107. Measured scintillation index with and without defocus + astigmatism 1 and 2.

e . . . . . 2 2
The scintillation index is again fitted using with a 5/3 power cutve, obtaininga 0,” /0" ratio of

0.214 corrected and 0.385 for uncorrected beams, producing a 44% improvement over the uncorrected
beam. The intensity variation is plotted in Figure 108. The AO corrected intensity has been smoothed out,

and significantly decreases the deep fading periods.
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Figure 108. Intensity measurements of uncorrected intensity (blue) and corrected intensity (red)
distribution for D/ 1, of 1-4 for (A)-(D) for a 0.5mm aperture.

In reality, an FSO system consists of a finite receiver aperture, and aperture averaging must be
taken into account as well as phase correction. A simulation of aperture averaging was achieved by
recording the phase screen used to estimate Zernike corrections with the 0.5mm aperture. These were
then ‘replayed” with and without the phase corrections obtained in the previous experiment. The aperture
size is set to 0.8mm. The measured scintillation indices for no correction, correction with point detector,
and correction with aperture averaging are shown in Figure 109. They are fitted with a 5/3 power curve.
The intensity variations of corrected aperture averaged case are plotted in Figure 110. Again, deep fade

periods are reduced with phase correction.
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Figure 109. Measured scintillation index with and without defocus and astigmatism 1 and 2, with an
aperture of 0.8mm, simulating the aperture averaging effect on the corrected beam.
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Figure 110. Intensity measurements of uncorrected intensity (blue) and corrected intensity (red)
distribution for D/ 1, of 1-4 for (A)-(D) for 0.8mm aperture.
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Aperture averaging further reduced the scintillation index to 0.123, or a 68% improvement.
Recalling Figure 94, aperture averaging alone provides a 41% reduction along with the AO system
providing a 44% reduction. The reductions combined provide a theoretical reduction of 67%. This
suggests that the two reduction methods can be considered to provide independent scintillation reduction.
The maximum bit error rates for the AO system can be calculated using the intensity PDF from equation

(4.1.56) and (4.1.57), using a log-normal distribution. A plot of the maximum bit error rate for OOK in

Figure 111 is shown with respect to D/ 1y, using A, = 0.774.
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Figure 111. Minimum BER for uncorrected, corrected point receiver, and corrected with aperture averaging

. 2 2 .
using the O, /o R ratios.

The BER improvement is greatest in weak turbulence, providing two orders of magnitude
reduction. At stronger turbulence condition the improvements diminishes quickly above D /7, of 2, even

though results show a large improvement in scintillation index. This is because the intensity follows a log-
normal type distribution, thus the difference in the likelihood of a deep fade is small for large scintillation

index.

149



4.6 Multiple Gaussian beams scintillation reduction

An adaptive optics (AO) system relies on dynamic wavefront correction to compensate for phase
fluctuations present in the atmosphere. The main assumption for an implementation of AO is the
availability of phase measurements either directly from the wavefront, using a sensor such as a Shack-
Hartmann, or from indirect Zernike measurement methods described in previous sections. A wavefront
sensorless AO system shows a significant reduction in scintillation index and subsequently a significant

decrease in calculated bit error rates. In conjunction with aperture averaging at the receiver, it was shown
that it is possible to reduce scintillation index even further. However, the atmospheric coherence width 7,

places a limit to the maximum useful aperture diameter. In practice, even larger scintillation reduction is
likely to be required for a high availability, long range FSO link.

An interesting development in recent years has been the use of partially coherent beams as a way
to reduce effects of turbulence on a propagating optical beam [133][74]. The technique originated from an
observation that the expected scintillation index from weak to moderate regime is much greater than in
very strong turbulence. Clifford [134] used simplified assumptions of spatial coherence loss to verify
experimental results with theoretical calculations. Since then, there has been on going research into using
artificially created partially incoherent beams to further reduce the effects of atmospheric effects
[135]]136][137]. Large reductions are theoretically possible for weak turbulence regime [136].

Two problems are apparent in using this technique. First, a partially incoherent beam is created
using a random phase screen at the transmitter as shown in Figure 112A. The phase screen time constant
must be smaller than the receiver time constant for scintillation reduction to occur [74]. For high speed
optical links, the time constant is in the range of nanoseconds, which is a challenge to create a changing
phase screen at this rate. Second, the incoherent nature of the transmitted beam means adaptive optics
and other wavefront measurements can not be made. Therefore, only aperture averaging is possible at the
receiver.

Many commercial products use a form of partially coherent beam with good results [138]. It was

found that using two or more laser sources that are not coherent with respect to one another reduces the
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scintillation index. Peleg [139] was able to derive analytical equations for calculating the scintillation index
of two mutually incoherent Gaussian beams set up as in Figure 112B. This is achieved in practice using
two laser sources with slightly different wavelengths. By placing the beams on parallel paths, significant
scintillation reduction was shown theoretically and experimentally [140]. Using a numerical wavefront
simulator, Xiao [141] suggests that changing the beam geometrical configuration can have a large and

beneficial impact on the scintillation index.
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Figure 112. Diagrams of (A) Partially coherent beam using phase screen at the transmitter.
(B) Parallel mutually incoherent beams

In this section, the use of multiple Gaussian beams to reduce scintillation index in weak
turbulence conditions is investigated. Theoretical derivations are given, based on Peleg [139] for parallel
beam configurations. This is then extended to give new sets of analytical equations for scintillation index

calculation of converging and diverging Gaussian beams. Numerical integration results are then presented
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and compared. Finally, bit error rates are calculated for multiple Gaussian beams, with and without

adaptive optics correction described in previous section.
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4.6.1 Multiple Gaussian beams

For the configuration in Figure 112B, the total electric field at the transmitter for N multiple

Gaussian beams can be written as:

Ul(r 0)—§A exp| | ——+ il r-d,[ (4.6.1)
’ J=1 ! VVsz 2FOj ! -

where I is the two dimensional positional vector and dj is the two dimensional beam displacement

vector from the optical axis. W, k and F| are the beam radius, wave vector and beam curvature as

defined in Section 4.1.5. Time dependent components are neglected since the beam frequency differences
results in beat frequencies that are much higher than the bandwidth of the receiver. The Gaussian beam

parameters ® and A follow the same definition as Section 4.1.5. Using the Rytov approximation, and

letting 1; =1 —d;, the total field at the receiver is written as perturbed fields:

U(rj’L) = U(rj’o)exp[l//j (rj’L’kj ):| (462)

.Mz

Il
LN

J
Because the beams are mutually incoherent, the intensity can be written as a summation of individual
intensities since any mutually coherent parts are zero-averaged at the beat frequency. Assuming a receiver
with a uniform optical spectral response, the expression becomes:
N
I(r,,L)=>1,(r,L) (4.6.3)
j=1

The scintillation index can then be written as first and second intensity moments:

S (ennen) S S )
612 (l’,L) _ j=lm=l : 1= ol m>y : 1
;(1.,- (r,L)>J (}Z_Kli (r,L)>J

(4.6.4)
From the Rytov method in Section 4.1.5, the mean intensity term can be approximated using a

Kolmogorov spectrum:
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J J

2L
where Wj =
kj J

is the average beam radius at the receiver and Oy is the Rytov variance for specific

k ;- For the second moment, self terms that can again be expressed by using results from Section 4.1.5:

3.86R<{i5’6 . F (—%,1—61;%7;(1 -0)+ iAﬂ
=5 2r
—2.64N7° | F, (?;1;—j

<Ij (r,L)2> = <IJ. (r,L)>2 exp| o,

(4.6.6)

2

Since there is an area of beam overlap, Peleg [139] derived the cross terms using a modification to the

standard Rytov approximation, taking into account the differences in position and wave number:

E2jm (rj,rm,kj,km)
(1,(r.L)1,, (r.L))=(1,(r.L))(L, (r.L))xexp| +E,,, (x,.r,.k,.k;) 4.6.7)
+2 Re[E\%jm (rj,rm,kj,km )]

where E

2 jm >

E —and E

3jm are complex phase moments given as:

2mj

1 o0
E,, (r,x,.k;.k, ) =47k k, L[ d& [ dxa®, ()], (k|y,r; - 7,7, |)
0 0

xexp{—él(zL(%—%*J f}

Jj m

1 o
B, (X1, k,.k; ) = 47k k, L[ dE[ drxd, (1) ], (x| 7,x, = 7,5,
0 0

xexp{—él(zL(Z—’”—i‘—iJ f}

1 0
E,,, (1.5, k, k) = 47k &, L[ dE[ dxw, (x) 1, (x|7,x, - 7,1, )
0 0

LY I
XCXP{ 2K2L[k+k Jéﬂ (4.6.8)

J m
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where ¥, = 1—((1—®j)+i/\j)§, J,, is Bessel function of the first kind, and & = 1—% where Z is

the distance from the transmitter. Numerical results can be obtained by considering two Gaussian beams
with separation distance of 2d in the y-axis (Figure 112). Using a collimated beam width of 0.01m, L =
1000m, ﬂ, = 1000nm, and 12 = 1010nm, the scintillation index for a set of turbulence strengths is
plotted in Figure 113. It can be seen that a turbulence reduction of 0.6 is obtained at a separation distance

of 2.3cm for all turbulence strengths. At large separations, the scintillation index increases rapidly due to

the large radial scintillation index from the standard Gaussian beam results.
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Cn? = 31015 ;
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Scintillation index
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Separation distance ()

Figure 113. Plot of scintillation index against separation distance between two Gaussian beams for various
strengths of turbulence

A modification to the beam geometry was suggested by [141] to point the beams directly into the
receiver aperture instead of parallel propagation. Numerical wavefront simulation suggests a reduction in

separation distance sensitivity. Figure 114 shows the converging two beam geometry.
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Figure 114. Two Gaussian beams pointing to the receiver (converging beams)

L

The beams separation distance can be approximated as a function of & by using the definition & =1—

in Equation (4.6.8). The complex phase moments for converging Gaussian beams therefore are

represented as:

1 oo
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0 0
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Ey, (v,.5,.k;.k, ) =47k k, L[ dE [ dxxd, (1) ], (x]7;r, - 7,1, | )
0 0

i Vi 7
X ——K°L| L+
exp 5 {k. jf
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J m

(4.6.9)

Another beam geometry that can be considered is a diverging beam case, where two beams originate from

a single aperture. The beams are tilted off axis such that beams are overlapped over the receiver aperture

as shown in Figure 115.
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Figure 115. Two Gaussian beams pointing away from the receiver (diverging beams)

A similar expression can be obtained for diverging beams:
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J m
Using numerical integration, it is possible to estimate the scintillation index. Figure 117 shows a plot of
the scintillation index for a point receiver for increasing value of beam separation distance d , witha C,

value of 3x105. The dashed line indicates the lowest possible scintillation index by considering

independent paths between the beams, for example when separation distance is large:
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Figure 116. Plot of scintillation index against separation distance between two Gaussian beams with
parallel, convergent and divergent different beam geometries.

The curve for converging beams matches results published using numerical wavefront simulation [141] for
beam separation of 5cm or less. The scintillation index is found to be less sensitive from changes in
separation distance compared to parallel beams, while requiring twice as large a separation distance, at
5.1cm. A larger distance is found to increase the scintillation. This is possibly due to the break down of
the approximation used to obtain equation (4.6.9) at large beam distances, and the effect is not present in
[141]. The minimum scintillation indexes for both cases are approximately the same as statistically
independent beams. Divergent beams are found to produce little scintillation index reduction, however a

small minimum is observed at separation distance of 1.2cm.
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The beam configuration can be extended to more than 2 beams. The scintillation index for
parallel, convergent and divergent 4 beams symmetrically distributed around the optical axis with

wavelengths of 1.00, 1.01, 1.02 and 1.03 pum are plotted in Figure 117.
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Figure 117. Plot of scintillation index against separation distance between four Gaussian beams with
parallel, convergent and divergent beam geometries.
With four beams, all configurations obtain reduction in scintillation index relative to two beams.
Again, the minimum scintillation indexes for parallel and convergent beams are approximately the same as
independent beams. The separation distance for minimum scintillation with paralle]l beams has been

increased to 3.2cm, and for convergent beams to 6.4cm.
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4.6.2 Bit Error Rates for multiple beams

For a greater number of beams, the integration for cross terms grows as a function of number of
beams squared. The computation time can therefore increase quickly. A lower bound for converging
beams using independent beam paths using Equation (4.6.11) can then be used to estimate the scintillation
index. Assuming that the effect of differences in beam wavelengths is negligible, the expression for

scintillation index is reduced to having zero covariance:

(1(e.L))=(1(x,L))

N{(I(r.L))

o, (r,L,N)= (4.6.12)

whete N is the number of beams.
The separation distance d needed to produce independent beams can be estimated by

considering the minimum a distance between adjacent beams as the transmitters are packed uniformly

around a circle with radius d :

a=dsin (fj (4.6.13)
N

Figure 118. Radially arranged transmitters centred on the optical axis and their relative distances.

a can be approximated to be the separation distance for two converging Gaussian beams to produce

scintillation index close to O, ?, which is found to be 0.05m for the beam diameter and propagating

indep

distance considered in Section 4.6.1. Figure 119 shows a plot of d as a function of N .
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Figure 119. Plot of separation distance d for a radially uniformly distributed transmitters around a circle

radius d .

The minimum BER can then be estimated using (4.1.56), (4.1.57) and a Log-normal distribution using the
number of independent optical beams as shown in Figure 120. The optical turbulence simulator in Section
4.5.3 demonstrated the AO system’s ability to independently reduce scintillation index with respect to
aperture averaging. Using this result, a further scintillation index reduction by a factor of 3 (Section 4.5.3)

can also be applied to each beam independently.

/ Single beam
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Figure 120. Minimum BER using independent beams with and with out AO correction as a function of the

number of converging beams (V).
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The minimum BER is reduced significantly by using an AO correction since the number of corrections
increases with the number of beams. However, this might be unfeasible in reality since all corrections

must be performed within the turbulence time scale.

4.7 Conclusion

A brief overview of Rytov weak fluctuation theory and relevant results has been presented.
Numerical calculations for scintillation index and mean intensity for collimated beam gave very high bit
error rates. An optical turbulence simulator consisting of a binary SLM has been implemented. The
measured scintillation index and mean intensity due to Kolmogorov phase screen agree well with the weak
fluctuation theory. The simulator also showed good aperture averaging factor agreement for smaller
aperture diameters, but at a large diameter the scintillation index is found to be much smaller than
predicted.

A wavefront sensorless adaptive optics system has been described and tested. By breaking down
Kolmogorov phase screen into Zernike modes, the system was able to correct astigmatism and performed
reasonably well for defocus distortion. The system was subjected to simulated turbulence and found to
reduce scintillation by 44%. With aperture averaging, the performance increased to 68%. Bit error rates
were calculated to give two orders of magnitude increase in performance for low turbulence strength. At
high turbulence strengths, the BER improvement has been found to be roughly a factor of two.

Using multiple Gaussian beams, scintillation index expression for parallel, convergent and
divergent beams were described as a function of their separation distances. Numerical results show that
for parallel and convergent beams, significant scintillation index reduction was observed. At large
separation, convergent beams were found to be statistically independent and the scintillation index
expression can be greatly simplified. Bit error rates were found to be reduced by multiple beams, and can
be improved significantly in conjunction when used with AO system. It is therefore evident that multiple

methods are needed to reduce the bit error rates to suitable levels.
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5 Conclusion and future work

5.1 Conclusion

A high resolution ferro-electric liquid crystal display (FLLC) device has been shown to function as
a spatial light modulator for various free-space optical applications. These include holographic beam
steering and forming, optical aberration compensation for transmitted beam, turbulent atmosphere
simulation adaptive optics turbulence compensation system. The majority of the initial work revolved
around binary phase modulation of FLC devices. Traditional binary hologram generation algorithms do
not take DC balancing of the liquid crystal cells in to account, which can deteriorate the cell’s optical
switching performance. By multiple small phase shifts during hologram generation stage, the cells can be
DC balanced while producing very small intensity drop during balancing process. This is a key property
for allowing complex phase patterns to be used on the FLC.

Numerical and physical demonstration of the DC balancing method’s effectiveness was carried
out for single and multiple steered beams, achieving intensity drops of less than 11 percent between
hologram frames. A free-space broadcast to two receivers was also demonstrated for communications
bitrates.

By using the new DC balancing algorithm, a holographic beam steerer was designed and
implemented for image based retro-reflecting target acquisition system. The beam steerer was used as a
novel approach to correct for aberrations in beam angle magnifier, resulting in an increase in the
transmitted beam power density. A software control system for acquisition and beam coordinate
transform was also described. A software image processing routine that uses morphological filters to
decrease the effects of ambient light was implemented and tested. The accuracy of the acquisition system
was tested using an array of retro-reflectors, resulting in a measured mean acquisition error of 4.0x10-4
radians.

The effects of atmospheric turbulence were then investigated for Gaussian beam transmission in

weak turbulent condition using Rytov approximation and Kolmogorov spectrum. A novel optical
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turbulence simulator was described. A binary phase screen was used with the conjunction of a receiver
aperture to produce the same beam intensity as a continuous phase distribution. Scintillation index and
intensity measurements were made which agreed well with theoretical prediction.

An adaptive optics turbulence compensation method was then described. It used wavefront
sensorless Zernike modes estimation to simplify the phase aberration measurements. This allowed very
simple point receiver to be used instead of more a complex wavefront sensing scheme. The optical
turbulence simulator was then tested with the new adaptive optics system under various turbulence
strengths. It showed a significant reduction in scintillation index. With aperture averaging effect, the
scintillation index was reduced even further. The result indicated that the two methods for scintillation
reduction can be regarded as independent. The minimum bit error rates were then calculated for these
conditions.

Finally, multiple transmitted beam configurations were described. By using beams with different
wavelengths, the expression for parallel was derived, and then extended to give new analytical expressions
for the converging and diverging beams. The scintillation indices for all cases were found to depend on
the separation distance, with different minima corresponding to their geometry. In the converging beams
case, it was further found that the beams could be approximated to follow independent beam paths at a
large separation distance. This reasoning was backed by the beams to have independent statistics, and
therefore they could be independently corrected with an adaptive optics system. A numerical estimate of
such system shows the reduction of the bit error rates to be significant. The combination of adaptive
optics system and multiple mutually incoherent beams is therefore potentially a powerful technique to

achieve higher link capacity.
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5.2 Future work

5.2.1 Binary phase hologram

Currently the computation time for the holograms is too long, leading to unacceptable beam
steering performance for a real FSO system. In the case of the Iterative Fourier Transform algorithm, the
speed of the Fast Fourier Transform is the bottle neck. Preliminary work has been done to use a Graphics
Processing Unit (GPU) to accelerate FFT and optimising the memory access pattern such that all
computation can be done on the GPU. The computation time was reduced to less than one second,
compared to 17s on dual core CPU, using NVIDIA 8800GT and CUDA 2.2 library. A higher performing
FFT on GPU implementation has now been published [142], which should lead to even faster calculation
using IFT. The Direct Binary Search holds a promising future as the best algorithm for generating binary
holograms [143]. Therefore, a GPU accelerated version will enable higher efficiencies at reasonable
computation time.

A higher bit rate transmission test may be necessary to demonstrate the DC balancing scheme’s
efficiency, by using higher a speed laser source and modulator.

Binary holograms generate unwanted orders that can compromise the secrecy of the
communication link. Suppression of unwanted orders may be necessary by using a FLC SLM in

conjunction with a passive phase screen [144].

5.2.2 Retro-reflecting location acquisition

In order to decrease the acquisition error using retro-reflector targets, and reduce confusion from
illuminated retro-reflecting materials such as road signs in an outdoor environment, a real FSO system
using retro-reflecting location acquisition will require a retro-reflector design that can be distinguished
using spatial information alone. In Chapter 3, a morphological filter was developed to reduce the effect of
background illumination from ambient lighting by selectively subtract large areas of illumination. An

extension may be used to place the retro reflectors in a pattern that can be recognised by software. An
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example might be a circular ring of constant size as shown in Figure 121. This extra spatial information

may reduce the likelihood of false positive and the acquisition errot.

O O Receiver aperture

O O— Retro-reflectors

Figure 121. Possible retro-reflector arrangement to reduce probability of false positives and reduction in
acquisition error

The aberration correction in the transmitter’s optics could be calculated automatically by using
Zernike mode estimation used in Chapter 4. Higher Zernike modes should improve the optical power
density of the out going beam.

The gradient search algorithm used for measuring the steering error may be adapted to the
controller for dynamic beam tracking. Currently the gradient search feedback loop is not optimised as a

tracking controller.

5.2.3 Optical turbulence simulator

Currently, the optical turbulence simulator requires a calculation time in the range of seconds per
manifestation of a phase screen. As reported in Chapter 4, real time phase screen calculation has been
achieved by using inferior Zernike mode decomposition. A GPU accelerated MPI algorithm is technically
possible, allowing accurate and fast implementation. With the fast switching time offered by FLC SLM,
accurate real time turbulence simulator may be used in conjunction with a transmitter-receiver pair to test
bit error rates under wide ranging turbulent conditions.

The weak phase fluctuation model of the turbulent atmosphere limits the range of the
applicability for the calculations used in Chapter 4. A strong fluctuation model exists that predicts lower
scintillation index than Rytov theory at large Rytov variance; however, spatial coherence reduction needs

to be considered as well. This affects the accuracy phase screen approximation, such as the one used in
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the optical turbulence simulator. An improved system must therefore incorporate the reduction in the
beam coherence [79].

Time evolution of turbulence eddies has largely been ignored by considering only individual
manifestations of phase screens. Although this would give the worst case scenario which is sufficient for
bit error rates calculation, time evolution might be useful of frequency domain signal analysis and filter
design. Some work has been done in this area, by using Taylor’s frozen flow analysis to approximate
crosswind flow in conjunction with Zernike mode decomposition. An MPI based approach may give

more accurate phase screen that improves on the existing solution.

5.2.4 Wavefront sensorless adaptive optics

The wavefront sensorless adaptive optics system described in Chapter 4 requires a feedback link
from the receiver to the transmitter. For a completely wireless optical solution, a protocol is necessary to
transmit this feedback data in timely manner. The development would need to consider error correction
codes that can be processed within the turbulence timescale, despite large scintillation index.

The Zernike mode estimation does not take time evolution of the phase fluctuation, which may
allow lower number of mode estimation to be made. This would require the development of a time
dependent optical turbulence simulator as previously described.

The aperture averaging effect was demonstrated to offer independent reduction in scintillation
index from the adaptive optics. However, further reduction in scintillation in necessary to meet the bit
error rates of a typical requirement of 10- or better. Time diversity error correction codes have been used
to further reduce the effect of scintillation index even further in simulation. Further investigation is
needed to assess the effectiveness of coding with an adaptive optics system and aperture averaging.

For a practical implementation of the adaptive optics system, the optical beam needed to estimate
the Zernike modes must be separate from the data carrying beam. The beams have to be aligned co-
linearly such that they both experience the same path. A possible solution is to use different polarisation

states for the beams. A possible arrangement of this system is shown in Figure 122. The two FLC SLMs
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controls the polarisation state independently. The modulated beam is then recombined to form a single

beam as it leaves the transmitter.

/ Half-wave plate

FL.C SLM B )
Recombined beam

|| —_—» —> Receiver

FLCSIMA | [ N,

Polarising beam splitter

Unpolarised laser source |:|

Small aperture detector

Figure 122. A possible co-linear arrangement of Zernike mode estimation and data carrying beams

5.2.5 Multiple Gaussian beams

The use of multiple beams shows substantial reduction in the predicted scintillation index. By
applying an adaptive optics system per individual beam, it is possible to reduce scintillation index even
further. Since there is a practical limit of the number of beams, other ways of exploiting the spatial
diversity in a multiple beam configuration should allow even lower bit error rates. An example is to use
multiple emitters and multiple receivers, or MIMO, in conjunction with temporal diversity to produce

efficient coding schemes.
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7 Appendix A: Binarisation of phase holograms

Consider a binary amplitude-only filter that approximates a continuous complex function H (1)

(the following derivation is done only in one dimension, but would equally apply to two dimensions.)

HB(u):{l when cos (&) >0 (7.1.1)

0 otherwise

where & = arg [H (u):l This is equivalent to assigning a 1 if a real part of function is greater than zero,

and 0 otherwise. Generally this is the same form as a step function

1 when x>0 (7.1.2)
g(x)=
0 whenx<0
o o 1
Laplace transforming this function gives rise to G (S) =—
N

Substituting x = c0OS (f ) and apply inverse Laplace transform

1 o+je=

1
Hy (u):27[]‘ 5 joo eXP(SCOSf).;ds (7.1.3)

Expanding the exponential into infinite series, it is possible to obtain an exact solution to the integral

H, (u):%+ S A, cos(né)

e (7.1.4)
n-1
2(-1)>2
where A =———— Recognising that binary phase is related the binary amplitude quantisation by
nw

Hy, (u)=2[H, (u)-1] (7.1.5)

The expression for binary phase becomes
Hy, (u)=2>" A, cos(nf) (7.1.6)
n=odd

And finally expanding the cos terms into their sums of exponentials
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Hy, (u)=2 i A (efnf +e—jn5) (7.1.7)

n=odd

It clearly shows that the phase quantisation results in a superposition of various orders of
continnous phase of the function. It also shows that there is an equal component of the complex conjugate
of the phase function, which causes binary holograms to duplicate an image with 180° rotation around the

origin.
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8 Appendix B: Hypergeometric functions

Recently, due to the increasing popularity of computer assisted analytical integration methods,
hypergeometrical functions are becoming more popular as a standard solution. This is particularly due to
the use of Mellin transform based decomposition [100]. A hypergeometric function is defined by the
algebraic series, where the coefficients are the parameters of the function. Many elementary functions are
special cases of these functions, and fast algorithms exist for calculating hypergeometric functions. Two
functions are used in this thesis, the confluent hypergeometric function and Gauss hypergeometrical

function.

8.1 Confluent hypergeometric function

The confluent hypergeometric function | F| is defined as:

o (a), "
llﬂ(a;c;z):; (c)nn! Where|z|<oo (8.1.1)
and (a)n is the Pochhammer symbol:
I'(a+n)
8.1.2
(a), (@) (8.12)
8.2 Gauss hypergeometrical function
The Gauss hypergeometrical function , F] is defined as:
oo b n
LF (a,byc;2) = ;% where |z| <1
I'(c)'(b- “a 8.1.3
B (abiciz) = ()1 a)(—Z) Fl(a,l—c+a;1—b+a;lj 619
L(b)T(c—a) z
['(c)T'(a-b a :
+ ()T (a )(—z) F, (b,l—c+b;l—a+b;lj otherwise
['(a)T(c-D) z
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9 Appendix C: Covariance function of Intensity

The fourth order cross coherence function is defined by Andrews as [74]:

<U (r,L)U" (r,,L)U (x,,L)U" (r4,L)> =
(U (xr,,L)U" (x,,L))(U (r,.L)U" (x,. L)) 9.1.1)
><exp(E2 (r,r,,L)+E,(x,,r,, L)+ E,(r,,r;,,L)+ E; (rz,r4,L))

where U (l’,L) is the electric field amplitude, and T is the 2D position vector from the beam axis. The

quantity E, and E; are defined as:

E,(r.r,,L) = 47z2k2Lﬁ;@n (6)Jo| K[(1-(1-©)&)(r, = 1) = iA(r, +1, ) ]

ALKRE

X exp {— }d}(df
9.1.2)

E,(r.r,.L)= —47z2k2LﬁKc1>n (%), [ K[1-(1-©)E—iAg] |r, —r)[]

ALK& iLk’
Xexp| — P

p 5(1—(1—@)5)}11«15

X exp {—

A simplification can be made by assuming that only the intensity of the field is needed. For a circular
symmetric case, the covariance function of intensity is written as a function of the radial distance from the

optical axis:
(1(0.L)1(r,L))=(U(0,L)U" (0,L)U (r,L)U" (r,L)) 9.1.3)
Substituting equation (9.1.3) into equation (9.1.1) and (9.1.2) gives:

(1(0,L)1(r,L)) =(1(0,L))(I (r.L))exp| 2E, (0,r, L) + 2Re{E, (0,7, L)} | 0.1.4)

where E, and E; are now simplified to:
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E,(r.L)= 4x2k2LﬁKq>n (x)J, [Kr‘(l—(l—@)(f)—iAfH

xexp{— ALKCE" }d!(df
g (9.1.5)
E,(r,L)==47 L[ [ 1, (k) J, | kr|l-(1-©)£—iAg] ]

xexp{— Mffz }(exp{— iLlfl f(l—(l—@)f)}dk‘df
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10 Appendix D: Zernike modes covariance matrix for

Kolmogorov spectrum

Zernike modes are orthogonal polynomials within a unit circle. They can be used to describe optical phase

aberrations in polar coordinates. The modes can be written as a function of mode number j:
V4

weny =N 1R (r)N2 cos (m8)
Zudd; =n+1R" (r)2sin (m#) } "0
Z, =n+1R"(r) m=0 (10.1.1)

nm)/2 (-1)" (n—s)!

(
R (r)= Z; sg[(n+m)/z_s]z[(n—m)/z—s]!r

n-2s

where n and m are related to j using:

{ 8
n=ceil| ———

~

||
[S—

|
[

| I
|
[S—

(10.1.2)
n(n+1)+ (n+1)(mod2)

2

mzceil[j— }x2—1—(n+1)(m0d2)

The Fourier transform Q can be written as [112]:

_1)("_m)/2 i" 2 cos (m¢) S (n, K‘) 20
m
—1)""" "2 sin (mg) S (n, )

0, (x.¢)=(-1)" m=0 (10.1.3)

In a turbulent atmosphere, and considering plane wave propagation, the covariance between the Zernike

modes are calculated with:
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where B(Dp,Dp’) is the phase covariance function defined in Equation (4.1.4). Noll showed [112] this

can be calculated in Fourier space by rewriting the covariance to:

22z

faa)=1 ]

where @ ( KK /) is a delta-correlated Kolmogorov spectrum:

o t——

j 0,(k,9)0, (K.¢')® (K, ") dkdk’dgd ¢’ (10.1.5)

"o

5/3
(K, k') = ().023(£] k"8 (k-K) (10.1.6)

where R is the diameter of the phase screen in consideration, and 7, is Fried’s parameter. The integral

can be further simplified by considering the orthogonality of sin(m¢) and COS(m¢) terms, and

substitution of (10.1.3) into (10.1.5) [119]:

nj+nk—2nj)/2

0.0114,/(n, +1)(n, +1)(-1)

a.a, )= % m. =m
< ' k> ~11/3 Jnj+1 (zxk)Jnkl (27[]() : '
x[ k(i1 = dk

(10.1.7)

=0 otherwise

The solution is found to be:

5/3

()= r{é(17+3nj ~3n, )}r{é(w—snj +3nk)}r{é(23+3nj +3nk)rven(j_k)

0 otherwise

(10.1.8)
For spherical wave propagation, the integral is replaced with [79][12]:
0.0144,(n, +1)(n, +1) (~1)""" )"
(@a)=, J (Z k(1=¢))J, , (27k(1-£)) T
‘ (27 (1- (27K (1-
XJ-J-k(k—ll/?)) n;+l - k12 dkdf
0 k (1_5)
=0 otherwise (10.1.9)
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This is accounted by considering the propagation of a Gaussian beam and setting the beam parameters to
the spherical case. The solution is found to be:
| R 5/3
0.02647°°I'[8/3] F[6(—5 +3n, +3n, )} (J
"o
<ajak>= 1 1 1 even(j—k)
r 6(17+3nj ~3n,)|T 6(17—3nj +3n, ) |T g(z3+3nj +3n, )

0 otherwise

(10.1.10)

Dividing Equation (10.1.10) by (10.1.8) give the ratio of 3/8 between parallel and spherical beams exactly.

188



