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Abstract

This thesis presents an investigation into designs and developments of indoor visible light
communication (VLC) systems using orthogonal frequency division multiplexing (OFDM) schemes.
The novel contribution of this thesis is a development of a visible light communication system that
incorporates OFDM and imaging-diversity multiple-input multiple-output (MIMO) techniques,
which allows robust transmissions on multiple channels at high data rates.

The characteristics of VLC systems are presented, one of which is VLC communications channel
exhibits high Signal-to-Noise Ratio (SNR). The major constraint however, is the low modulation
bandwidth of typical high power white LED sources.

The performance of OFDM as a modulation scheme is investigated. OFDM offers the possibility
for bit and power loading to increase bandwidth efficiency, as well as a straightforward equalisation
in time and frequency domains to compensate the low pass frequency response of the LED. This
allows transmission rates of up to ~310Mbps at 2 BER of 2x10” on a single-channel link using 16-
QAM DCO-OFDM. Further increase in data rates for this transmission is constrained by the
available signal power due to a dynamic range limitation at the receiver. An increase in signal power
will results in the OFDM waveform to be clipped, which incurs a clipping noise.

MIMO systems offer a linear capacity gain to a number of transmission channels in an ideal
configuration. These systems mitigate the dynamic range limitation, as power is divided between
multiple channels. The performance of a MIMO transmission system is investigated under the same
dynamic range constraint. A 4-channel MIMO transmitter is built using four sets of transmitter
components of the single-channel link. An imaging system is used to separate the received optical
power onto multiple detectors, and MIMO processing relaxes the requirements for precise
mechanical alignments. The experiment has shown that the imaging MIMO system further improves
data rates and transmissions of up to ~1.1Gigabit/s at a BER of 2x107 are achieved. To the best of
the author’s knowledge, this is the highest reported for an indoor VLC MIMO-OFDM transmission.
Also presented is an analysis of MIMO system scalability to provide room-wide coverage.

Finally, this thesis presents an extended analysis of several other optical OFDM approaches, and
concludes with recommendations of future work to increase the data rates of indoor VLC systems.

- -



This page is intentionally left blank.



Acknowledgements

I acknowledge with gratitude, my debt of thanks to Professor Dominic O’Brien for his supervision
of my work, as well as his invaluable insight, utmost patience and relentless support for the

completion of this thesis.
I would like to extend my best regards to Grahame Faulkner for his kind assistance and advice.

I thank members of the Oxford University Communications Research Group, namely Tran Tuan-
Anh, Hyunchae Chun, Dr Sujan Rajbhandari, and Dr Jin Xianqing. I thank friends from the
University of Cambridge, especially Nurjuanis Zara Zainuddin, and Benedikt von Lindeiner for

their assistance in proof-reading this thesis. Not to forget the ever-reliable Boon Chia Weng.
To Rowena Abdul Razak, thank you for being there throughout my viva.

Most importantly, I owe my deepest gratitude to my family, especially to my parents Ir. Azhar Ali
and Hamidah Omar for their unconditional love and never-ending support. A special word of love
goes to my sister Siti Najihah Azhar, and brothers Muhammad Hisham Azhar and Ahmad

Ismail Azhar, for their support and constancy.
The scholarship for this work has been provided by Biasiswa Yang di-Pertuan Agong Malaysia.

This thesis is dedicated to my grandparents Zaleha Zainal, Mohd Ali Noh, Mahani Siraj, and

Omar Saim.

Ahmad Helmi Azhar
Balliol College
Oxford

Trinity 2013



Table of Contents

Chapter 1 - Indoor Visible Light Communications

1T MOUVAHON ettt
1.2 Indootr VLC SYStem OVEIVIEW ..c.ceuiuiueueueueuererererereretesetnisissssssssssssssssseseseesesesescaes
1.2.1 TLANSIMILLET ..t
1.2.2 Propagation channel........ccccccviiiiiiiiiniiiccceec s
1.23 RECEIVET it
1.24 Industry standards and other applications ..........ccecvevviviicirivinicinininicnennns
1.3 Research challenges ...
1.4 Improving data ates......ciiiiiiniiiiiniieieiiieeie s
1.4.1 Analogue eqUaliSAtION. ......cceuiueiiiiieiiieiiri s
1.4.2 Higher-order modulation.........cccceeviiviiiiiiniiiiiiiiciceecceeiceenines
1.43 Optical OFDM approaches.......cccceuvieivivinininininiiiiciccceeeeeeieieenenenennes
1.4.4 MIMO transSmMISSION ...uuvivcuiririiiiiicii s
1.4.5 Optical MIMO approaches ...
1.5 ThESIS OVEIVIEW ..ottt

Chapter 2 — Indoor VLC Channel Characterisation

2.1 IOt OAUCHION c vttt ettt ettt st e st e st esabe s s e sasessesssesssesssenseen

2.2 VLC channel MOAEL.....ooooueeieeieeeeeeeeeeeeeeeeeeeeeeeeete ettt ee et eeeteeeaeesaeessnesennesane

11



2.2.1 Transmitter electrical-Optical FESPONSE ......vvuviiuiiciiiriiiiii e 23
22.2 Tumination MOAEl ......cviiiiiiiiiicc e 25
2.2.3 Propagation Channiel. ... 26
2.2.4 AMDIENE TGN s 28
2.2.5 Receiver MOAEL. ..o 29
2.2.6 Receiver optical-electfiCal TESPONSE.....cciuiuiiiiiiiiririririririr i 32
2.2.7 SNR ESHMALION c.uiiiiiiiiiiiiiiiiiii bbb 33
2.3 SYStEM OVEIVIEW ..cuiuiiiiiieiiiiiciciiiit st 34
2.4 Ilumination characteristiCs MEASULEMENES.....cvucvivieiuiririiiieretsiisererstisses s sesesssssesessssssens 36
2.4.1 LED spectral emission Profile ... 36
2.4.2 Illumination level MEASULEMENLS ......cucvviiieiiiiiiiieiiiicier e 38
24.3 Simulation of room-wide HUMINAON ......c.cuviiiririiiiiiic e 41
2.5 Transmission filter SEIECION . ....ciuiiiuiuiiiiiieiiiici s 45
2.5.1 Frequency response EXPerimMEntS... ..ottt 46
2.5.2 Power spectral distribution MEASULEMENLS .....cvuevvriiueiiiiiieieiriieieiiceeise s 48
253 Channel SNR calculation ...t 50
2.6 System dynamic range MEASULEMEN L. ...cucuuiuiuriieeririsieeressiisesessiisesesessisssesesssssesssssaesessassssesessssssns 55
2.7 CONCIUSIONS ...ttt 57
Chapter 3 —=VLC Systems using OFDM 58
3.1 INOAUCHON coeiiiiii bbbt s 59
3.2 OFDM background ..o 60
3.2.1 DCO-OFDM SCHEME «.uveeriiiieiiieieieiieeteesieee ettt s et senas 64
3.3  VLC OFDM commuUNiCatioNs OVEIVIEW .....ccvuiiiuiisisimimememinisesesinesssessssssssssssssssssssssssssssssssssssssssenes 64
3.4 OFDM equaliSAtion ..ottt 66

1



3.4.1 Time domain POSt-eqUAlISALION. .....c.cvviuiiiiiiiiciiiiieiei s 67

3.4.2 Frequency domain post-equaliSation .........cceueueiririininiiiiiciceeccceee e 72
3.4.3 Error-vector magnitude MEaSULEMENTS ....c.cuviuieeriiriiieriiiiiieiereiieneneiissiesesssssesessaesessssassesenas 77
3.4.4 Iterative frequency domain pre-equaliSation........oovuvivivieininiriniiiiiiececeeeee e 80
3.45 Iterative equalisation bit-rate versus BER eXperiment.......ccccvveeiviviicniniiciininiciiccenn, 87
3.4.6 OFDM equaliSation SUMIMALY......c.ceeueueiruiiriniriiiiiiiieseseesssesesesesesesesesesesesssssssssssssssssssssssanas 89
3.5  Systematic clipping as a method to increase performance........oooeeiieeininiceininiceinieeniiiaes 90
3.6  Illumination level VErsus DIt fAte......oiiiiiiiiiiiiiiieiiiiiiiciriis e aaes 93
3.7 CONCIUSIONS....ciiuiiiiiiiiciici s 94
Chapter 4 —=VLC Systems using Imaging MIMO-OFDM 95
41 INEOAUCHON oot 107
4.2 VLC MIMO-OFDM SYStem OVEIVIEW ....cuvviiiuiuiriiiieniiiiiscsessiissssssssssssessssssssssssssssssssssssssssssans 109
4.2.1 Imaging Optics GEOMELIY ...t 111
43 MIMO algOfithm...c.coiuiiiiiiiiii e 113
4.4 BER versus bit-rate eXperiMent.....cocciiiiuiiiimiiiiiiiniiieeneisiiesessisesessssssessssssesessssssesessssssens 117
4.5 COVErage EXPEIIMENL...iiiiiiiiiiiiiiiiscieie ettt b ettt s sttt sas bbb bbb bebenenens 123
4.5.1 Vertical COVEIage EXPEriMENT... .o uiuiiieiuiiiiieriiiieeressiisesessisssessssissee st sesssssassesessssssesessssns 124
452 Full-room MIMO configuration model ........oovviiiiiiiiiiiiicceceeeeeeee 113
45.3 Horizontal cOVErage eXperiMent.. ... it sessssesessssssesesssssaens 131
4.6 CONCIUSIONS ..ottt 134
Chapter 5 — Alternative Optical OFDM Approaches 121
5.1 INtOQUCHOMN .cuviiiiiicect s 96
52  Asymmetrical OFDM signal generation .......cocoeviiiiiiiiieieieiieieieeieieieeeeseesssssssseeesenenes 97
5.2.1 ACO-OFDM SChEME.....oiiiiiiiiiiiiiiiciiiee et 97



5.2.2 Advanced Receivert ACO-OFDM SChEmMIC....ucouiivuiiriiiiieiietieieeeteeteeetesiveeeseesveesveesseessessessnesane 99

523 Unipolar OFDM (U-OFDM) SCheme......cccceeuiuiiriniiriiiiiiicccccicieieieeieieseeese s 99
5.3  BER versus bit-1rate eXPeriMent.....ccociiueuriiueriiiieiiiiiieieiisiesessiiseiesssssssesessssessssssssesessssssessssnss 100
5.3.1 BasEliNe WaANAET ...c.cuiiiiirieieieiirieiccet ettt ettt 101
53.2 BER VErsus DIt-1ate FESULLS ...couvviiiiuiieiiereieieteteteieinisieesiss ettt sesese st st aes s 102
533 Power-efficient versus bandwidth-efficient SCheme........ccccevvreiciinnnccicrnreccccceee 104
54  MIMO transmission BER ...t 122
5.5 CONCIUSIONS ..ttt ettt ettt bttt bttt bt aeneneaen 106
Chapter 6 —Conclusions and Future Work 136
6.1 FULULE WOTK ottt ettt ne 138
6.1.1 Further INCrease N data FATES ...c.cueuiuereueiereririririrrr e ebea ettt 138
6.1.2 IMProving COVEIage. ... 139
References 139



List of Figures

Figure 1. VLC link configurations in an indoot eNVIFONMENT. ......cuvuvuviririririniiiiiieeeeeeeseenesenesesenns 3
Figure 2. Emission spectrum distribution of a blue-phosphor LED [13]....c.ccccccceuviiiinniivinicinnaes 4
Figure 3. Emission spectrum of a typical RGB LED [18].....ccccccoiviiiiiniiiiiiiiiccccccccceee 5

Figure 4. Several potential receiver configurations: (a) Single-detector receiver (b) Angle-diversity
receiver (€) Imaging-divVerSity FECEIVEL. . .coiiiimiiiiiiiiiiieiriieie bbb ss 8
Figure 5. An example of an array of LED sources that is potentially used in VLC systems to
provide sufficient illumination for an indoor work environment [66]. This array of LEDs provides
independent channels, which can be utilised in MIMO transmission paths. .......ccccceveevvicriincennnn 17
Figure 6. (a) Imaging diversity configurations showing channel diversity/decorrelation is obtained
using imaging optics. (b) Spatial diversity configurations showing channel diversity is obtain from
various LOS path lengths giving various received intensities at the reCeivVer. ......ooovvmiiviiiiiiccnnnnn. 19

Figure 7. Current versus luminous flux of a typical LED (Luxeon Star-C LXHL-MW1B) showing

an approximately linear electrical-optical response for a current of 0.1A — 0.35A [14]...cccccccvvuvvinnnene. 23
Figure 8. Parameters for diffuse propagation [25]. .....ccccviiiiiiniiiiiiniiiniiiccncese s 27
Figure 9. Common radiation sources for a typical indoor environment [5]. .....cccccoeveeeeciicccicnnnnes 28
Figure 10. Schematic of @ tyPical TECEIVET....c.cuiiiiiiiiiiiciiiiiiiciic s ssans 29
Figure 11. A 520nm low-pass dichroic filter response and a 9"-order Butterworth fitting. ............... 31

vi



Figure 12. A responsivity curve for a typical silicon photodetector normalised to a peak responsivity

OF O.54BA /W [T1]- et e 32
Figure 13. Schematic of an indoor VLC SYSteML. .......cccceuviiiriiiiiiiiiiiiciiiicieeisicicessisessssenesssssssnens 34
Figure 14. Photographs of SISO transmitter (a) and receiver (b) S€t Up. ...cccovevvicvccccciccicicicnnes 36

Figure 15. Emission spectrum of the LED (LUXEON STAR-C) measured using a spectrometer
(Ocean Optics SD2000) normalised to 1-watt optical power and CIE 1931 standard luminosity
function curve with the peak response that is normalised to the peak spectral power distribution. .. 38
Figure 16. Illuminance versus DC bias current at fixed 1m range.......c.coovvveviviniciciiicnciccnnnnenn, 39
Figure 17. Illuminance versus range at 0.135A DC bias CUtfent.......c.ccoevuviierrininieriininicenniicisincennens 40
Figure 18. Illuminance versus horizontal displacement at 1m range using 0.135A DC bias current.40
Figure 19. Schematic of a typical fOOML.......cviiiiiiiiiiiiiccc e, 42
Figure 20. (a) Overall room illuminance and (b) contribution from the diffuse component............. 44
Figure 21. Measured channel frequency response curves for LUXEON-STAR C blue-phosphor

LED. The red line shows the measured frequency response of a white emission with a bandwidth,

f3dag of 2.5MHz. The blue lines show the measured blue emission frequency response with a

bandwidth f.3¢g of 4.6MHz and 7MHz, using the low-pass and band-pass blue transmission filters.

Figure 22. Measured and simulated blue low-pass 520nm transmission filter emission spectral
power distribution for Luxeon Star-C LED. The blue emission power after filtering is ~25% of the
white emission power. The dotted line presents the kth-order Butterworth fitting of the transmission
FILEET FESPOMSE. 1.ttt bbbttt 49
Figure 23. Measured and simulated blue band-pass 450nm transmission filter emission spectral

power distribution for Luxeon Star-C LED. The blue emission power after filtering is ~8% of the

vii



white emission power. The dotted line presents the kth-order Butterworth fitting of the transmission
FIEET FESPOMSE. 1uvuiuieieiiiiiicci et bbbttt 49
Figure 24. Simulated SNR versus modulation frequency. ... 52
Figure 25. Average SNR versus modulation bandwidth. The subsets show the corresponding flat
SNR versus frequency curve at a) 2.5MHz and b) 50MHZ..........cccccvviiiiniiiiiiiiniicceens 54
Figure 26. Receiver peak-to-peak output voltage versus sine wave peak-to-peak input voltage at

various illumination levels. The saturation voltage of ~240mV which corresponds to ~20dB

dynamic range shows the maximum dynamic range of the received signal at the receiver.................. 56
Figure 27. Schematic of an OFDM symbol generation in the frequency domain. .........ccccecevucvvvvennee 62
Figure 28. OFDM Communications block diagram...........ccccevvivivivirininininininiiiiiccccccccceeees 65

Figure 29. VLC OFDM system schematic showing the Post-TDE equaliser processing modules. .68

Figure 30. BER versus bit-rate for 16-QAM DCO-OFDM transmission with and without Post-

Figure 31. Transmitted (blue) and received (red) OFDM time-domain waveforms without Post-
TDE (left) and with Post-TDE (right) for a modulation bandwidth of 25MHz and 90MHz............. 71
Figure 32. VLC OFDM system schematic showing the post-equalisation process (Post EQ)
consisting Post-TDE and Post-FDE mModules...........cccccvuiiiiiiiiniiiiiiiiiniccieiceesesccesenssenens 72
Figure 33. Magnitude, R

and phase,8,,, response of the Post-FFDE for individual subcarrier

FDE FDE

index across a 90MHz modulation bandwidth. ..o, 75
Figure 34. Signal constellation of all 31 training subcarriers symbols of 500 OFDM frames before
(left) and after (right) Post-FDE at modulation bandwidth of 90MHz. .........cccccceviviiiinninininnnn. 75
Figure 35. BER versus bit-rate for 16-QAM DCO-OFDM transmission with and without Post-

FDIE . et 76

Figure 36. Error vector; a scalar departure length of a measured symbol from the ideal symbol.....78

viil



Figure 37. Subcarrier SNR estimation based on EVM measurement for DCO-OFDM transmission
with modulations bandwidth of (a) 25MHz (b) 50MHz (c) 75MHz and (d) 90MHz. ..............c.co....... 79
Figure 38. A simplified schematic of channel CONStraINS. ......ccccveueiriniciiininiieieiriiccce s 81
Figure 39. VLC OFDM system schematic including the complete end-to-end iterative equalisation
MOAUIES. 1ot 82
Figure 40. The difference between highest and lowest SNR versus number of iterations. A values =
0.01,0.05 A0d 0. 11 oo 84
Figure 41. Subcarrier SNR estimation for DCO-OFDM transmission with modulation bandwidths
of (a) 25MHz (b) 50MHz (c) 75MHz and (d) 9OMHz.......cccooviiiiiiiiiiicce, 85
Figure 42. Probability density of the received random amplitude of the OFDM signal (a) with pre-
equaliser and (b) Without Pre-eqUALISEL........cccviiiiiiiiiiiiiiiii s 87
Figure 43. BER versus bit-rate for equalisation modules. ........coovuvivvivinininininininiiiicccccceeeeees 38
Figure 44. A comparison between fully equalised constellation (blue) and only time-domain
equAlised (FEA). cuouiuimiiiiiiiiiiiii e 89

Figure 45. Systematic clipping level versus BER for 16-QAM DCO-OFDM at transmission bit-

1S OF F00MDIPS. ..ttt s 92
Figure 46. [llumination level versus bit rate for 16-QAM DCO-OFDM at BER of 2x10°............... 94
Figure 47. Schematic showing an imaging MIMO System........cccccvuvimiiriiiiiiniiiincecccnens 108
Figure 48. MIMO-OFDM system block diagram...........cccccevviiiiiiniinninniiiiiiccnicesesscenens 109
Figure 49. MIMO transmitter setup consists Of 4 TX UNILS. ..ccvvivivriniririnininiriiccccceeeeeees 110
Figure 50. MIMO FECEIVEL SETUP. wvviviiiriiiiiiiiiiiiiiiieieii sttt 111
Figure 51. The geometrical arrangement of the MIMO optics based on thin lens equation............ 112
Figure 52. Experimental configuration for imaging MIMO transmission. .........ccevveeeerevriieenennnnns 119
Figure 53. BER versus bit-rate for MIMO-OFDM transmiSsion. .......cccceeeeeeeccceeeeneeeneenenenens 120

iX



Figure 54. BER versus bit-rate for SISO-OFDM and per channel MIMO-OFDM. ............ccccue..e. 121
Figure 55. Configuration for vertical and horizontal coverage experiment. .........ccccceeeecueueuerercnenen 124
Figure 56. Vertical coverage for d=15cm. The white region shows the coverage within the BER of
2XT0, ettt et sttt R R 126
Figure 57. Vertical coverage for d=9.5cm. The white region shows the coverage within the BER of
2X 107, ettt 127
Figure 58. Schematic showing the beam displacement (blue to red) on the detector surface for d
TUDCML ot 128
Figure 59. Schematic showing the beam displacement (blue to red) on the detector surface for d =
R T s o OO 129
Figure 60. Schematic of an example of cellular arrangements for the MIMO system to provide full
room coverage. MIMO channel training is conducted after moving the receiver from case A to case
B, which will take account of sources from the adjacent cells.........ccoviiiiiiiiiiii, 131
Figure 61. Schematic of a cross-section of the overlapping areas of illumination from multiple Tx
unit based on the geometry of the VLLC system described in Section 2.4.3, showing two cases of
receiver FOV (1) and (2). vttt bbbttt es 114
Figure 62. Schematic of the corresponding receiver FOV based on case (1) and (2) of the
llumination overlapped as shown in Figure O1. ..o 114
Figure 63. Magnification, M versus detector separation, [ cutve for Tx separation d=13.33cm
plotted based on Equation (55) described in Section 4.2.1. Two designs are shown in a) the imaging
lens magnification is reduced to 0.021 to allow the usage of the same MIMO receiver with detector
spacing, [ = 2.7mm and b) the receiver detector spacing is increased to [ = 6mm to allow the usage

of the same imaging lens magnification, M=0.045..........cccccevurrnrrnnininiiiieer s 115



Figure 64. Horizontal coverage for d=9cm. The white region shows the coverage within the BER
OF 2XT07™. oottt ess st s R 132
Figure 65. Measured illumination level versus range for the MIMO transmitter with d = 9cm......133
Figure 66. ACO-OFDM signal generation: (a) data is loaded onto even subcarriers in the frequency
domain, (b) the resulting time-domain output of the IFFT has a positive part that is an anti-
symmetrical copy of the negative part and (c) the negative signal is clipped at zero. .......ccccvuveueurunces 98
Figure 67. Received (post-equalised) time-domain waveform of ACO-OFDM modulation (red) and
transmitted time-domain waveform (blue) at (a) 10MHz and (b) 90MHz modulation bandwidth..101
Figure 68. A unipolar signal is achieved by adding a dc-bias to the waveform in Fig. 3(b) instead of
S1GNAL CHPPING AT ZELO. ouuiiiiiiiiiiiicieii et nenas 102
Figure 69. Experimental BER versus bit-rate curves for different optical OFDM schemes. .......... 103
Figure 70. Estimated subcarrier SNR from EVM measuremens for (a) DCO-OFDM and (b) dc-
biased ACO-OFDM SChEemES. ...c.cciuiiiiiiiiiiiiiiiiiicee e 104
Figure 71. QAM constellations for DCO-OFDM (a) and ACO-OFDM (b) at 50MHz. ................. 104
Figure 72. BER versus modulation bandwidth used to achieve the bit-rates shown in Figure 69 for
the DCO-OFDM and dc-biased ACO-OFDM SChemES......c.couimiviiniiiiiiiiiicniiiiceisicceeeessiceenens 105
Figure 73. (a) BER versus bit-rate curves for ACO-OFDM, dc-biased ACO-OFDM and DCO-

OFDM schemes and (b) the corresponding BER versus modulation bandwidth for each case.......122

Xi



List of Tables

Table 1. Blue filter Melles-Griot MG520-A Specifications........cccueueuriririnininisiniriniriiee e 31
Table 2. Parameters for Lambertian radiant intensity Model......ooevveiieiiecieccceennnirnnnereseeen. 40
Table 3. Room illumination SPECIfICATIONS . .....ccoviiiiieieiiiiiiiicieicieieei et sne 43
Table 4. 520nm low-pass blue transmission filter Parameters. ........coovevviviiereirinieenininnsiieeeesceenn. 46
Table 5. 450nm band-pass blue transmission filter parameters [15]. ..o, 46
Table 6. Blue filter parameters for the k-th order Butterworth fitting ........cccevvvveeviniiinniiiinicnnn. 50

Table 7. SNR simulation parameters and the calculated signal power and photo-current for

LESPECHIVE fIIEEIING CASES. wuvuiuviiriiiiiiiiiieiic et 53
Table 8. Modulation bandwidth versus average SNR .........cccccviiiiiiiiiices 85
Table 9. Geometry calculation PALAMELELS. ......ccvuriieiiiiiiiiiiiiriieeiiieereie e 128

Table 10. Parameters obtained from the geometry model, and also included are the measured results.

Table 11. Calculation PALAMELELS. ....c.ceveiririririririiiiicccceeieie et sne 113

Xii



List of Publications

A. H. Azhar, T. Tuan-Anh, and D. O'Brien, "Demonstration of high-speed data transmission using
MIMO-OFDM visible light communications", in 2010 IEEE GLOBECOM Workshops (GC

Wkshps), 2010, pp. 1052-1056. Digital Object Identifier: 10.1109/GLOCOMW.2010.5700095.

A. H. Azhar, T. Tuan-Anh, and D. O'Brien, "A Gigabit/s Indoor Wireless Transmission Using
MIMO-OFDM Visible-Light Communications", in IEEE Photonic Technology Letters, Volume: 25

- Issue: 2, 2010, pp. 171-174. Digital Object Identifier: 10.1109/LPT.2012.2231857.

A. H. Azhar and D. O'Brien, " Experimental Comparisons of Optical OFDM Approaches in

Visible Light Communications”, in 2013 IEEE GLOBECOM Workshops (GC Wkshps), 2013

(reviewed and accepted for publication).

xiil



List of Abbreviations

SSL Solid-state lighting

LED Light emitting diode

VLC Visible light communications

oW Optical wireless

IR Infra-red

RF Radio frequency

RGB Red green blue (colour)

OLED Organic LED

IM/DD Intensity modulation / Direct detection
FOV Field of view

IEEE Institute of Electrical and Electronic Engineering
Li-fi Light Fidelity

PWM Pulse-width modulation

SNR Signal-to-noise ratio

MIMO Multi-input multi-output

BER Bit-error rate

EOE Electrical-optical-electrical

OFDM Orthogonal frequency division multiplexing

Xiv



This page is intentionally left blank.



Chapter 1

Indoor Visible Light Communications

1.1 Motivation

Solid-state lighting (SSL) systems that use white light emitting diodes (LEDs) are predicted to
progressively replace the legacy/conventional lighting installations (such as the incandescent or
fluorescent lighting). This is due to their energy efficiency, long operating lifetime, and low
manufacturing cost [1]. In addition to the low energy consumption, LEDs have relatively fast
response times compared with traditional alternatives, allowing high switching rates that are
imperceptible to the human eye. This offers the potential for high-speed data transmission and

llumination using the visible light channel.

Visible light communications (VLC) is defined as communication using the visible light region of the
optical spectrum in the frequency range of 750THz to 428THz (~400nm to 700nm wavelength) as a
medium for data transmission [1]. The main property of VLC that is distinctive from other optical
wireless (OW) systems such as infra-red (IR) communications, is its ability to provide illumination as

well as communication.

In recent years, demands for wireless communication bandwidth have increased dramatically due to
the way people communicate and socialise using mobile devices. The radio frequency (RF) spectrum
is becoming more congested, highly regulated, and expensive to license [2]. Based on current

spectrum allocations, spectrum availability will soon face a shortage as the demand for data



spectrum is projected to overtake advances in spectral efficiency [3]. As an alternative, OW systems
such as VLC use the optical spectrum. This presents a potential solution for the radio frequency

spectrum shortage.

The optical spectrum offers a bandwidth that many orders of magnitude higher than the bandwidth
of the RF spectrum. The optical channel is localised and contained in a room/enclosed area as the
optical beam does not penetrate walls. This provides a higher degree of privacy and security against
eavesdropping than RF alternatives. In addition to privacy and security, this feature prevents

interference between links operating in different rooms [4].

Furthermore, optical communications permit operations in areas where establishing RF
communications is difficult. For example, the optical channel is robust against electro-magnetic
interference. This allows application in environments with congested RF-based systems and in an
environment where radio-frequency is discouraged such as operations in the area of aircraft cabin,

hospitals and establishing underwater/deep-sea communications [5].

VLC systems have lenient eye safety regulations, compared with IR systems. This is because the
visible light LED creates a divergent pattern from an extended source, compared with typical IR
point sources [6, 7]. In addition, the visibility in VLC allows natural aversion responses such as the

blink reflex and pupil contraction to prevent eye damage.

1.2 Indoor VLC system overview

An indoor visible light communication system consists of a transmitter, a propagation channel, and a

receiver. A VLC link may operate in two main configurations; a line-of-sight (LOS) link or a diffuse



link. Figure 1 shows two types of VLC configurations. Extensive work has been conducted in

characterising the VLC channel [8-10].

'Tranﬁmitter -Tranﬁmitter

[ Line of sight Diffuse
Link K Link

"

" -
", d
., i

"

_Receiver BReceiver |/

Figure 1. VLC link configurations in an indoor environment.

Information transmitted in the diffuse link relies on the diffuse reflectivity of walls and surfaces in
the indoor environment to provide coverage that is robust to shadowing/blockage. However, the
various possible paths have different propagation distances, leading to multipath dispersion. In
addition, the available signal power is greatly reduced due to the reflection losses at walls and other
surfaces [11].

LOS links are typically robust to multipath dispersion and reflective losses. However, this
configuration is susceptible to the effect of shadowing or blockage. In a general VLC system
configuration, multiple transmitters incorporating indoor lighting infrastructures are typically used to
meet indoor illumination requirements. This alleviates shadowing and offers a wide field-of-view

(FOV) to provide broad area coverage [8, 12].

1.2.1 Transmitter

Early work on indoor VLC systems was driven by the availability of highly efficient InGaN-based

blue-phosphor LEDs. These consist of a blue emitter (blue LED chip) that excites a phosphor



coating. This coating emits a yellow light, which mixes with the blue LED emission to produce

white light. This offers a simple and low cost transmitter for indoor VLC systems [7-9, 12].
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Figure 2. Emission spectrum distribution of a blue-phosphor LED [12].

Figure 2 shows the measured emission spectral power distribution for a blue-phosphor LED
(Luxeon Star-C [13]) taken from the datasheet. It can be seen from Figure 2 that the primary
component from the blue emitter peaks at ~450nm and a secondary phosphorescence spectrum has
a shifted peak at ~550nm. In comparison with emitters capable of high-speed modulation, the blue-
phosphor LED has a very large surface emitting area, and thus exhibits high capacitance. This limits
the modulation bandwidth of the blue emission. In addition, the secondary phosphorescence
component has a long decay time as compared to the primary blue component, which further limits
the overall bandwidth of the white emission output [14]. Several bandwidth measurements

conducted show that a conventional single chip blue-phosphor LED has a typical white emission

bandwidth of ~2MHz [8, 12, 15].



It is also possible to use Red-Green-Blue (RGB) LEDs to generate white light. An RGB LED
consists of three red, green, and blue emitters closely placed in a single package, and emission from
all three is combined to form white light [9, 16]. Figure 3 shows the emission spectrum of a typical

RGB LED.
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Figure 3. Emission spectrum of a typical RGB LED [17].

The RGB LED offers the possibility for wavelength-division multiplexing (WDM), in which each
wavelength (colour) carries independent data in a single transmission. However, this introduces

complexity in the infrastructure design and a need for colour balancing [12, 18].

Organic LEDs (OLEDs) have attracted the attention of the VLC research community as a potential
transmitter due to its flexible, flat and large emitting surface area. However, at present the
modulation bandwidth of OLEDs is much lower than a normal LED. Typically, bandwidths of

~0.1MHz have been measured [19-21].



1.2.2 Propagation channel

In a practical VLC configuration, multiple LED sources are used to provide the required
llumination level for typical room coverage. An illumination level of 400-1000/xx is considered

acceptable for typical work environments [22].

Several models of the optical channel and illumination layout have been developed [8, 23-25], and
work conducted in [8] and [23] suggest that a very high signal-to-noise ratio (SNR) of up to and
more than 60dB is available at the required illumination level. The channel response obtained,
combining both responses from LOS and diffuse paths has a bandwidth in the range of ~100MHz

in a typical room [8, 23].

VLC systems use a non-coherent intensity modulated direct detection (IM/DD) scheme, which
detects the spatially-averaged time-varying intensity of the transmitted optical signal. This removes
any phase components, as well as fading and multipath interference as the detector is unable to

respond to the frequency of the optical carrier.

1.2.3 Recetver

A basic IM/DD receiver consists of an optical concentrator, a photo-detector and a signal amplifier.
The optical concentrator is used to increase the effective collection area of the photo-detector. This
is to maximise the power received on the photo-detector surface [4]. The photo-detector generates
photo-current from the received optical signal, which is then passed to the amplifier for signal
amplification. The photo-detector used in optical wireless communications is typically a positive-

intrinsic-negative (p-i-n) silicon photodiode due to its low-cost and low-capacitance [4]. Typical



receivers used in VLC systems have a bandwidth of 40MHz to 90MHz, and collection areas of order

lem? [26-28].

A more complex receiver configuration that is possibly used in VLC systems is where multi-element
photo-detectors are used to detect signals from a single or multiple sources. An example of such a
configuration is an angle-diversity receiver. This has multiple detectors, each of which is fitted with
its own concentrator [29]. This gives the receiver a wider FOV whilst maintaining a large collection

area.

Another example of a multi-detector receiver is an imaging-diversity receiver [30]. The detectors
share a single imaging lens that focuses the received light from multiple sources onto multiple
detector cells, which can be detected separately. Imaging-diversity receivers have the advantage of a
smaller receiver size compared with angle-diversity designs, as detectors can be arranged in a planar

grid, and there is no need for a concentrator on each detector.

Figure 4 shows several types of VLC receiver configurations. Figure 4(a) shows a basic single-
element receiver, Figure 4(b) shows the angle diversity receiver [4, 29] and Figure 4(c) shows the

imaging receiver [4, 30, 31].
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Figure 4. Several potential receiver configurations: (a) Single-detector receiver (b) Angle-diversity receiver

(c) Imaging-diversity receiver.

1.2.4 Industry standards and other applications

The Visible Light Communications Consortium (VLCC) was established in Japan in 2003,
pioneering work related to commercial and standardisation issues of VLC [32]. The Wireless World
Research Forum advanced the interest in the field by providing future research directions among
industry and academia [33]. The development of services and protocols within standards by the
Institute of Electrical and Electronics Engineers (IEEE) is structured by the formation of Task
group 7 (IG-VLC) under the 15" working group of the IEEE 802 (IEEE 802.15.7) [34]. More

recently, indoor visible light communication systems have adopted the term Li-Fi, as a label for



wireless systems using light instead of radio frequency [35]. The Li-Fi Consortium has been
established as an interest group to promote developments of Li-Fi technology [36]. Apart from
wireless indoor applications, there are many other applications of VLC currently under investigation,
such as communications in Intelligent Transport Systems, Indoor positioning, and Visible Light ID

1,7, 12).

1.3 Research challenges

The main objective of this research is to increase data rates for indoor wireless communications
using VLC. The current technology for indoor wireless RF using the IEEE 802.11n standard
provides theoretical transmission bit-rates of up to 600Mbps [37], and the forthcoming generation
IEEE 802.11ac standard provides theoretical indoor transmission bit-rates of up to 1.3Gbps [38].
Theoretical modeling has demonstrated the possibility for VL.C transmission of more than gigabit/s
bit-rates under room illumination requirements. However, practical implementations of a high speed
VLC transmission are mainly constrained by low bandwidth of LED devices. Several methods have

been introduced to achieve this, and these are discussed in Section 1.4.

Apart from increasing the transmission bit-rates of VLC systems, there are other challenges faced by
the VLC research community and some are described here in brief. Preliminary reviews on other
technical challenges of the indoor VLC system have been discussed by O’Brien e a4/ [12] and

Grubor ¢7 al. [8].

One such a challenge is the provision of uplink. As VLC utilises the lighting system to provide
communication, downlink broadcasting from the lighting terminal to the user is straightforward. On

the other hand, the provision of an uplink from the user back to the lighting terminal requires



another transmission system from the user back to the lighting terminal. The data rate requirements
for this link however, can be relatively lower than the downlink, thus several low-rate
communication methods have been demonstrated. Novel uplink systems such as an IR uplink [12,
39] and a retro-reflecting link [12, 39] have been proposed as a potential solution. The retro-
reflecting link returns a portion of the transmitted light back to the terminal, carrying uplink
information modulated at the users end. Another viable solution is to integrate VL.C with an existing
RF platform, thus using the VLC channel for downlink and RF channel for uplink [39]. This reduces

the load on the shared RF channel thus increasing overall transmission performance.

Another challenge is the ability to provide dimming or brightness control [40, 41]. The brightness
level can be controlled in two ways. First, since brightness is proportional to the dc-bias current of
the LED, a straightforward way is by adjusting the dc-bias current of the LED [42]. Secondly, the
brightness level can be controlled using pulse-width modulation (PWM), in which case the dc-bias
current is kept constant and dimming is performed by adjusting the duty-cycle ze. the width of the
signal pulse [43, 44]. PWM offers a wide dimming range and a linear relationship between the light
output and the duty cycle, making it a preferred solution [42]. However, both methods results in a
change in the emitted light colour, the so called chromaticity shift problem [45]. The PWM method
is more robust to chromaticity shift than the LED dc-bias current method, and this effect is more

severe in RGB LED than blue-phosphor LED systems.

1.4 Improving data rates

The bandwidth of a VLC communications system is a function of the transmitter, receiver and the

optical channel bandwidth. The receiver and optical channel have a relatively higher bandwidth than
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the transmitter; therefore the end-to-end VLC electrical-optical-electrical (EOE) channel is limited
by the low bandwidth of the LED. Nevertheless, the VLLC channel exhibits high SNR at the required
indoor illumination level. The VLC channel can therefore be characterised as a high-SNR and

bandwidth-limited channel.

A straightforward method to increase LED bandwidth is to use a blue transmission filter at the
receiver to block the slow phosphor component. Bandwidth measurements of a blue-phosphor
LED reported in [22] show that using a blue transmission filter increases the bandwidth from
~2MHz to ~20MHz. However, blocking the phosphor component results in a penalty of a

reduction in the overall received signal power.

Several other methods have been introduced to use the SNR advantage to overcome bandwidth
limitations of the LED. These include: analogue equalisation, higher-order modulation and multi-

input multi-output (MIMO) transmission. These methods are discussed in the following sections.

1.4.1 Analogue equalisation

Analogue equalisation techniques can be implemented at the transmitter or receiver front-end. A
post-equalisation method using a simple first order low-pass filter at the receiver was used to

increase transmission bit-rates from 40Mbps to 100Mbps at a BER of 1x10” [28].

Work demonstrated in [26] shows that it is possible to use a pre-amplifier circuit at the transmitter
to increase the bandwidth of a blue-phosphor LED up to ~30MHz, at the cost of a reduction in the
modulation depth ze the ratio of signal power over the overall transmitted optical power. This

demonstration achieved transmission bit-rates of up to 513Mbps using OFDM.
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A transmitter using a multiple resonance pre-equalisation technique has demonstrated a bandwidth
of up to ~25MHz [27]. This transmitter uses multiple LEDs that are closely arranged together in an
array and each is driven to resonate at a particular frequency thus allowing the overall bandwidth of

the transmitter to be increased.

The key advantage of analogue equalisation schemes is its simplicity. It is suited to modulation
schemes that do not require digital signal processing, such as on-off keying. For systems with more
complex signal processing, equalisation can be incorporated as part of the signal processing scheme,

and analogue equaliser is often unnecessary.

1.4.2 Higher-order modulation

The VLC channel exhibits a high-SNR and low-bandwidth characteristics. Because of this, high
spectral efficiency modulation formats are suitable candidates for applications in VLC systems. For
single-carrier formats, VLC transmission using pulse amplitude modulation (M-PAM) [46] and
carrier-less amplitude and phase (M-CAP) [47] schemes have been demonstrated. However, to
counteract the effect of low channel bandwidth, simulations conducted in [46] show that the
complexity required to implement time-domain equalisation filter in single-carrier schemes increases

rapidly as data rates increases.

Multi-carrier modulation schemes offer several advantages over single-carrier modulation schemes.
One such advantage, multi-carrier schemes typically offer the possibility to perform equalisation
both in the time and frequency domains [48]. This allows the response of a communication channel
to be compensated in a straightforward way. In addition to this, bit-loading approach by transmitting

more bits in a frequency band that has a higher SNR, improves the spectral efficiency of multi-
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carrier schemes [49]. Multi-carrier schemes are used extensively in RF-based wireless systems due to

their inherent robustness to inter-symbol interference (ISI), caused by channel dispersion [50].

One such multi-carrier scheme, orthogonal frequency-division multiplexing (OFDM) transmits
multiple subcarriers that are overlapped with each other orthogonally, by using an inverse fast
Fourier transform (IFFT) algorithm [8, 51-54|. This provides a straightforward frequency-selective
feature, where each subcarrier at various frequencies can be independently modulated in the digital

domain.

With this, OFDM offers the possibility for frequency-domain equalisation that removes the
complexity of an analogue equalisation filter. Any phase variation with frequency due to channel
characteristics can be corrected in the digital domain with little or no cost [54]. In addition, a
frequency-selective bit and power loading approach in OFDM can also be implemented to increase

bandwidth efficiency [55, 50].

The frequency-selective characteristic is also suitable for a multiple access system, where users can

select a particular signal band in a single multiplex channel [6].

Further to this, OFDM is immune to ISI as compared with the single-carrier alternative. This ISI
may exist in the VLC channel due to multi-path propagations from multiple LED sources. This is
because the period for each frame can be made longer than the channel delay spread [54]. In
addition, a form of guard interval, termed the cyclic-prefix, can be added to the OFDM waveform to

further mitigate multipath delays.

Practical considerations for indoor OFDM systems are discussed in [53]. While OFDM offers many

advantages for indoor VLC systems, it has a number of disadvantages. OFDM requires a large linear
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operational dynamic range, because the signal exhibits a Gaussian distribution with a high peak-to-
average power ratio (PAPR). Due to the high PAPR, a system with a limited linear dynamic range
results in clipping of the peak amplitudes of the OFDM signal, which introduces additional clipping
noise [57]. For applications in VLC systems, the typically nonlinear LED electrical-optical response
must be taken into consideration [58]. Several methods to overcome this have been considered, such
as systematic clipping and filtering [26, 59], power back-off to avoid saturation, and a predistorter to

compensate for the nonlinear response of the LED [60].

Further to this, the OFDM scheme in general is highly sensitive to frequency and phase offsets from
impairments in the channel, for instance, phase noise which may arise from analogue-to-digital

converter (ADC) as a function of signalling frequency at the receiver [53].

OFDM has found numerous applications in VLC systems [8, 51-54]. State-of-the-art VLC systems
using OFDM have recently demonstrated transmission bit-rates of up to 1Gbps on a single-input
single-output (SISO) system using a blue-phosphor LED transmitter [61] and bit-rates of up to
3Gbps is achieved on another system using a single Gallium Nitride micro-LED [62]. A VLC
transmission using an RGB LED demonstrated data rates up to 3.4Gbps using the OFDM scheme,

and these data transmission bit-rates are the highest achieved in VLC systems [63].

Several optical wireless approaches to OFDM have been developed for the application in VLC

systems, and these will be introduced in the next section.
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1.4.3 Optical OFDM approaches

In IM/DD communications systems, data is cartied on the intensity of the transmitted optical
signal. This requires a signal that is real and positive (unipolar). However, conventional RF-based

OFDM generation produces a signal that is complex and bipolar.

To achieve a real output of the IFFT, an optical OFDM symbol is made up of two parts: the first
part consists of a set of active frequency subcarriers, and the second part is a Hermitian copy of the
first. The Hermitian copy ensures time-domain output signals of the IFFT are always real, although

each data subcarrier may carry a complex data symbol [54].

To ensure a unipolar signal, a straightforward approach is to add a dc-bias current to the signal to
make it positive. This is known as the dc-offset optical OFDM (DCO-OFDM) scheme. However,
the addition of a constant dc-bias current results in a high-power requirement [54]. Nevertheless, for
indoor VLC systems that are designed for lighting applications, this power constraint is not very
significant as the constant dc-bias current is regardless required to provide a constant level of room

illumination.

Several other approaches to offer a power efficient OFDM schemes have been introduced. One
approach to achieve a unipolar signal is by clipping the signal at zero, and only the positive real parts
are sent for transmission. This is possible because the OFDM signal is generated in such a way that
the positive part is an anti-symmetrical copy of the negative part. This scheme is termed

asymmetrically clipped optical OFDM (ACO-OFDM) [64].
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The ACO-OFDM scheme offers higher power efficiency as compared to DCO-OFDM for a given

bit-error rate (BER) and data rate [64]. However, because the odd components are left unloaded, the
bandwidth efficiency of the ACO-OFDM is almost half (%, where N in this case is the number

of active ACO-OFDM subcarrier) of the DCO-OFDM counterpart.

Several other power-efficient schemes have been demonstrated: advanced receiver ACO-OFDM
[65] and unipolar OFDM [66]. These advanced methods have higher performance compared with
the conventional ACO-OFDM scheme according to theoretical studies. The advanced receiver
ACO-OFDM design in [65] shows an improvement, by approximately halving the noise variance by
using maximum likelihood detection at the receiver. Unipolar OFDM (U-OFDM) [66] transmits the
positive and negative halves of the DCO-OFDM signal in two separate parts in series, and uses a

similar receiver design as the advanced receiver ACO-OFDM scheme to reduce noise variance.

1.4.4 MIMO transmission

The availability of a large number of independent sources gives rise to the possibility for MIMO
transmissions to further increase data rates. This offers either a linear capacity gain with the increase
in the number of channels in an ideal crosstalk-free configuration. Figure 5 shows an example of an

array of LED sources, showing the potential for MIMO transmitters .
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Figure 5. An example of an array of LED sources that is potentially used in VLC systems to provide
sufficient illumination for an indoor work environment [67]. This array of LEDs provides independent

channels, which can be utilised in MIMO transmission paths.

In an ideal system, these parallel transmissions are independent of one another and free from inter-
channel crosstalk. Such a system can be obtained by channel tracking and precise mechanical
alignment [68]. In this case, received beams are aligned so that each detector receives only a beam
from a specific transmitter. However, for a system with terminal mobility, maintaining such an
alignment without inter-channel crosstalk is difficult, and a system with mechanical tracking [68] as a

potential solution is complex and costly.

A MIMO system allows a certain level of inter-channel crosstalk, for which the channels are later
separated in the electronic domain using MIMO channel matrix inversion or equivalent processing
at the receiver [69]. This provides a higher tolerance to misalignments. In a MIMO system, each

detector at the receiver may detect signals from multiple transmitters, where inter-channel crosstalk
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between transmitter beams exists. This crosstalk between transmitters is recorded for a particular

transmitter-receiver configuration, and this is termed the channel matrix.

A linear form of MIMO transmitter-receiver relationship in a noise-free system can be defined as Y
= HX, where Y is a matrix of received signals, X is a matrix of transmitted signals and H is the
channel matrix. With a pre-obtained value of H, multiplying the inverse of H with the received signal
Y gives the estimate of the transmitted signal X. For this to be possible, the crosstalk between
channels must exist at a level where the channel matrix is maintained at full rank, which is a
requirement for matrix inversion to be performed [69]. Advanced MIMO detection techniques such
lattice reduction (LR) and iterative method such as V-BLAST use channel-state information to

perform pre-coding at the transmitter to improve the overall MIMO performances [70, 71].

In RF MIMO-systems, a full rank matrix is obtained from rich scattering and fading that exists in
the channel. In optical wireless systems, such systems normally use a non-coherent IM/DD, which

has different characteristics from coherent indoor RF channel.

Several approaches to MIMO optical wireless have been developed, and this will be presented in the

following section.

1.4.5 Optical MIMO approaches

In contrast with the RF system, channel diversity from fading or rich scattering is not attainable in

IM/DD systems. In the optical case, the spatial-domain is used to create channel diversity.

Several spatial-domain methods have been demonstrated to obtain a full rank channel matrix in the

optical wireless channel. Imaging diversity systems as demonstrated in [30] use the optical geometry
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for channel decorrelation and spatial diversity systems as demonstrated in [69] decorrelate the
channels using various LOS intensities, and a combination of both approaches as demonstrated in

[20]. Figure 6 shows a schematic of spatial-domain optical MIMO systems.

Tx3

‘i‘ Imaging Lens

Figure 6. (a) Imaging diversity configurations showing channel diversity/decorrelation is obtained using
imaging optics. (b) Spatial diversity configurations showing channel diversity is obtain from various LOS

path lengths giving various received intensities at the receiver.

In spatial diversity systems, a full rank matrix is obtained from different intensities received at the
receiver because of the difference in LOS propagation paths. A non-imaging multiplexing system in
[69] uses this spatial diversity method to decorrelate parallel channels with a known channel matrix
at the receiver. The method is constrained by the symmetry in the transmitter-receiver arrangement.
This causes the channel matrix to be singular ze. not full rank, hence matrix inversion cannot be

performed [§].

Another approach to spatial diversity is demonstrated in [72]. In this method, each transmitter is
indexed based on the intensity detected at the receiver. Only one transmitter is active at any given

instant, and each transmitter represents a specific binary number. This method can operate with a
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minimum of a single detector. However, this method only gives a|log2(IN)| gains compared with a

single channel (where N is the number of transmitters).

Imaging diversity systems offer several advantages over spatial-diversity systems. The imaging
system is immune to alignhment symmetry with a linear capacity gain with the number of channels,
that is the minimum of the number of transmitters/receivers used [69]. In this system, beams of
multiple transmitters are imaged onto separate detectors at the receiver using an imaging lens. This
helps to ensure that the channel matrix is of full rank, and that no two or more beams fall onto the
same detector. In this sense, channel decorrelation at the receiver is primarily achieved using the

imaging lens and the remaining crosstalk is further decorrelated using MIMO processing.

1.5 'Thesis overview

In summary, the primary aim of this research is to address the challenge of increasing data rates for
indoor VLC transmission systems. The VLC channel exhibits high SNR, but high data rates is
primarily constrained by the low modulation bandwidth of typical white LED sources. A key
question that facilitates the investigations reported in this thesis is how to optimise spectral
efficiency of the VLC channel bandwidth using the available SNR. The investigations conducted in

this thesis are presented as follows:

Chapter 2 presents an investigation into VLC channel characteristics and constraints. Chapter 3
presents an investigation into single-channel OFDM transmissions and the performance of OFDM
equalisation modules in improving data rates. Chapter 4 presents an investigation into imaging

MIMO method to further improve data rates. Chapter 5 presents an extended investigation into
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several OFDM approaches. Finally, Chapter 6 presents thesis conclusions and recommendations on

areas of future work to improve data rates.

Based on these investigations conducted, the main contribution of this thesis is a novel imaging
MIMO-OFDM system as a solution to improve data rates of VLC systems. This system optimises
channel spectral efficiency using the OFDM modulation scheme, and increases the overall channel
capacity using the multi-channel MIMO transmission. The imaging MIMO-OFDM system
demonstrates transmissions at data rates of up to ~1.1Gbps at a target BER of 2x10”°. To the

author’s knowledge, this data rate is the highest reported for an indoor VLC MIMO-OFDM

transmission.
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Chapter 2

Indoor VLC Channel Characterisation

2.1 Introduction

In order to proceed with investigating methods to improve data rates, characterisation of indoor
VLC channels is required. This chapter presents an investigation into the characteristics and
constraints of these channels. For this investigation, a VLC electrical-optical-electrical (EOE)
channel model is introduced and an experimental indoor VLC system is built. From this approach,
basic illumination and communication properties of VLC systems are derived, by means of

measurements and calculations.

First, an analysis of the illumination characteristics of VLC systems is presented. In this analysis, the
llumination profile of an LED used in this VLC system is measured and characterised. Based on
this illumination profile, a simulation of a room-wide VLC configuration is conducted to
demonstrate the feasibility of implementing a practical VLC system using this LED to meet room-

wide indoor illumination requirements.

An analysis of blue optical transmission filter selection is also presented. The characteristics of
typical blue optical transmission filters are specified, and the effect on SNR and bandwidth is
investigated. A blue optical transmission filter that gives the best SNR in the system under

consideration is then selected.
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The final part of this chapter presents an analysis of the dynamic range of VLC systems, which can
be a limitation in the high SNR condition presents in typical VLLC channels. This section presents

the analysis of this limitation for the VLC system in consideration.

2.2  VLC channel model

In this section, the electrical-optical-electrical VLLC channel is introduced. The characteristics of the

transmitter and receiver are specified and a transmission channel model is presented.

2.2.1 Transmitter electrical-optical response

The electrical signal is converted into an optical intensity using an LED. Figure 7 shows an
electrical-optical response plotted as a DC-bias current versus luminous flux in /Zumen of a typical
high power LED (Luxeon Star-C LXHL-MW1B) [13]. This LED has been used in several VLC

demonstrations [15, 28].

45

40 | .

Luminous Aux [Lumen]
(8] [h]
[ ) o
1 1

[t
w“n
T
1

20+ B

15 1 1 1 1
0.1 s 0z 0.2s 0.3 0.35

Curment 4]

Figure 7. Current versus luminous flux of a typical LED (Luxeon Star-C LXHL-MW1B) for a current range

of 0.1A — 0.35A [13].
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Communication systems using OFDM require a large linear operational range; therefore it is
important to select a signal biasing point within the linear range of the LED response. Studies on

LED linearity have been conducted in [58].

The LED transmitted power in the visible light region, P, is given by

P= f';)(z)dz )

400nm

where P(A) is the power spectral distribution of the LED in Watts per unit wavelength.

The luminous flux, F in lumen is given by

F=y [V()P(AdA ©)

where V(A) is the luminosity function and 7 is the maximum luminous efficacy of 683 Im/W for a

monochromatic green wavelength at A= 555nm .

A typical LED package is manufactured for lighting and illumination applications. Most of the
manufacturer’s datasheets only provide information on LED photometric characteristics rather than
radiometric units as required for a link budget. Hence the transmitted power from the LED is
calculated using

P =¢F 3)
where ¢ is a conversion parameter (in optical Watts per lumen). The luminous flux F can be

calculated using the information obtained from the LED datasheet
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F=IQ, Q)

v

Q=27(1-cos®,,,) ©)

where [ is the luminous intensity in candela, Q is the solid angle in Steradians and ®,,, is the

transmitter semi-angle [4]. The conversion parameter ¢ is given by

1

§ =
y[VDR,,(D)dA ©)

where P

lwatt

(A)is the LED spectral distribution normalised to a total power (optical) of 1 Watt.
2.2.2 Illumination model

Iluminance, E measured in lux, is the level of illumination on a surface, and is an important
parameter for indoor lighting systems. A typical room has an average illumination level of 1000/xx,

which is considered suitable for work environments [73].

The illumination level at the receiver plane, I is given by

v R;(zcﬂ) cosy @)

E,=1I

where dis the distance of the receiver from the transmitter, R (@)is the transmitter radiant intensity
profile and ¥ is the incident angle at the receiver plane. The LED is assumed to emit a beam with a

Lambertian intensity profile, defined as
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where @is transmitter transmit angle and the Lambertian order  is given by

me__—n2 )
In(cos @ ,,)

2.2.3 Propagation channel

Indoor optical propagation can take two forms, a direct LOS or diffuse path. The received power P,

is related to the transmitted power by

LED

B =Y BAHO), +[ PO, 49

where P, is the transmitted power in the visible light spectrum. H(0), ¢ is the DC channel gain of
the optical line of sight (LOS) propagation path and H(0),,, is the DC channel gain of the diffuse

propagation path. The DC channel gain, H (0) is proportional to the average optical power received
at the receiver and this is directly related to the illumination level at the receiver plane. The
frequency response of the VLC channel is relatively flat near DC, because there is only a single

dominant, or a small group of propagation paths.

The channel consists of a number of line of sight paths together with a diffuse channel formed by
the light from the source reflecting of multiple surfaces within the room. This characterises the
channel impulse response. The DC channel response combining both responses from LOS and

diffuse links has a bandwidth in the range of ~100MHz for a typical room [8, 23].
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The DC channel gain of the signal for the LOS optical path is described as
AR OTAWIZW), 0<p<gp an
H(0) 05 =1d% ¢
0, P>
where A is the effective receiver detection area, T(A,y)is the overall transmittance of any optical

filter and g(y) is the optical concentrator gain at the receiver.
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Figure 8. Parameters for diffuse propagation [24].

For a diffuse path, the propagation parameters are shown in Figure 8. The first reflectance of the

diffuse path is described as

(m+1)

dH(0) 1. = {27521)121)22 ApdAwaH}cos’" gcos(a)cos(B)T(Ay)g(y), 0<@p<o,

0, P>Pc

(12)
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where pis the reflectivity of the wall, dA, ,is the area of the reflecting wall surface, & and D, are

the wall incident angle and path length, and f and D, are the wall reflectance angle and the path

length respectively.

2.2.4 Ambient light

In a practical VLC configuration, the LED transmitters are typically designed as the main source of
room illumination. However, a significant amount of ambient illumination may also present. This
may be from existing legacy lighting sources such as incandescent or fluorescent lighting, as well as
other devices such as computer and television screens. In addition to this, natural ambient
fllumination from sunlight may also be present. Figure 9 shows the emission spectra of radiation

sources for a typical indoor environment [4].
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Sun Incandescent

Normalized Power per Unit Wavelength
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Figure 9. Common radiation sources for a typical indoor environment [4].
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The presence of the ambient noise causes unwanted DC/low frequency photocurrent at the
receiver. This increases shot noise at the receiver, and the unwanted DC component of the signal
may also causes the receiver to saturate. As a solution to this, an optical transmission filter at a
receiver is normally used in optical wireless systems to block the unwanted ambient illumination.

This will be discussed in the following section.

2.2.5 Receiver model

A typical receiver for optical wireless systems consists of an optical filter, a concentrator and a

photo-detector. Figure 10 shows a schematic of a typical receiver.

Optical intensity input

Optical transmission filter

i N

Optical concentrator

\/ Photo-detector

Receiver Unit

Photao-current outputto pre-amplifier

Figure 10. Schematic of a typical receiver.

The optical transmission filter is generally used in optical systems to attenuate unwanted noise from

out-of-band ambient light [4]. There are three types of transmission filter that are typically used in
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optical wireless channel. High-pass transmission filters pass through spectrum beyond a certain
wavelength, are typically used to block the visible light region in IR communications. In the specific
case of VLC systems, low-pass or band-pass blue optical transmission filters are typically used. In
addition to blocking the unwanted out-of-band spectrum, these filters are also designed to block the
secondary phosphorescent component which has a slower response [26, 28]. In comparison with the
low-pass filter, the band-pass filter passes through only a narrow spectral bandwidth at the blue peak
emission of a blue-phosphor LED. This blocks a higher proportion of the secondary
phosphorescent component at the cost of a lower received signal. Details of blue transmission filter

selection and different types of filtering cases will be discussed in Section 2.5.

A typical transmission filter response can be fitted to a £-th order Butterworth response

T,(w)
2k
14| 22w (13)
Laz

where T, is the peak transmittance, ﬂc is the filter band centre wavelength, and Al is the

T(4y)=

Butterworth filter bandwidth [4].

Figure 11 shows an example of a low-pass filter response (Melles-Griot MG520-A [66]) that can be
typically used with blue-phosphor LED sources. Also plotted is the response of a 9th-order
Butterworth fitting of the transmission filter response showing that there is a good agreement

between the two cases. Table 3 shows the filter specifications.
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Figure 11. A 520nm low-pass dichroic filter response and a 9%-order Butterworth fitting.

Table 1. Blue filter Melles-Griot MG520-A specifications

Parameter Description
Type/Model No. Low pass/MG520-A
Butterworth order, £ 9

Peak transmittance 0.94

Cut-off/Centre wavelength, Ac 520nm

Receiver incident angle, 0 90°

Bandwidth 180nm

To reduce detrimental colour shifts due to angular incidence of the incoming beam [4], the filter is
placed in front of the optical concentrator, where light has not been focussed to high angles by the
optical concentrator. The concentrator increases the amount of received optical power by providing
a large area of collection for incident light, and then concentrating it onto a small photo-detector.

The limit of the concentration is governed by the conservation of radiance [4]. The maximum

collection gain, gmax (defined by the ratio of collection area to detection area) is given by
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Bumax = (14

sin’ @

where 7 is the refractive index of the concentrator and @ is the semi-angle field-of-view (FOV).

2.2.6 Receiver optical-electrical response

A photo-detector converts the optical power to a photocurrent. The photocurrent,i from the

phOtO—dCtCCtOf 18 given by
| = 750”P /’LR/’Ldﬂ 15
! LOOnm r( ) ( ) ( )

where R(A) is the responsivity of the photo-detector at a specific wavelength, A . Figure 12 shows

the normalised responsivity curve across the visible wavelength for the silicon photo-detector used

in the system under consideration [74].
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Figure 12. A responsivity curve for a typical silicon photodetector normalised to a peak responsivity of

0.543A/W [74].
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In general VLC applications, the average optical power received at the receiver is approximately
constant due to DC-bias that is added to ensure a constant room illumination level. Because of this,
the average photo-current output of the receiver is constant. The receiver’s output photo-current i,

is a sum of the standing DC photo-current, ig- and the small signal current, is;e where

i = idc + ixig . (16)

The modulation depth of the signal is defined as the peak-to-peak amplitude ratio between i and igg.
2.2.7 SNR estimation

In an additive white Gaussian noise (AWGN) channel, the received noise is modelled as additive,
Gaussian and the noise power is evenly distributed across the electrical frequency spectrum. The two
dominant sources of noise considered in this model are shot noise from the photo-detection, and

amplifier noise. Therefore, the total noise variance (A?) is expressed as

2 2

O, = O-shut

total

2
+ 0y (17)
The shot noise is a function of the total photo-current generated at the receiver. This consists of the
photo-current generated from the desired intensity modulated signal, the standing DC photo-

current, as well as the unwanted ambient light. The shot noise is given by

2
shot

0, =2qiB+2qi B (18)

ambient

where I is the photocurrent generated from the ambient light, B is the noise bandwidth, and

ambient

q is the electron charge. The amplifier noise accounts for thermal and shot noise in the

preamplifier. The amplifier noise is given by
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2 a2
o-amp_N B (19)

amp

where N2, is the preamplifier noise density in W/Hz. The ratio of signal power, P, to the total

amp

noise variance, o, ie. the signal-to-noise ratio (SNR) is given by

[)sig
SNR =—; (20)

total
By inserting Equation (18) and (20) into (23), the SNR is given by

. 2

l.
SNR = — g —. 1)
2qiB +2qi B+N,,,B

ambient

Now that the VLC channel model has been described, the following discussions introduce a VLC

system testbed that is used in conducting the experimental investigations.

2.3 System Overview

In this section, an overview of the indoor VLC system testbed developed for this investigation is

described. Figure 13 shows the block diagram of the components of the testbed.

Computer
Optical
Diffuser Concentrator
Lens
v |—|
11 .
AWG B Bias-T LED T Photodetector OSCl”OSCOpe
11
* 1! 1
_bi Blue filter
DC-bias Transmitter Receiver

Figure 13. Schematic of an indoor VLC system.
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The transmitter consists of an off-the-shelf Luxeon Star-C LXHL-MW1B white high power LED,

fitted with an optical diffuser FRAEN FHS-HMB1-LI1.0O1-z as shown in Figure 14(a). The optical

diffuser has a 5° half-power semi-angle, @, ,,, which is selected to provide high illumination level at

1/2>
the receiver plane at the cost of a narrow FOV. The LED is driven by a 135mA DC-bias current
and the bias current is combined with an electrical output of an arbitrary waveform generator
(AWG) Agilent 81150A using a bias-T. The input to the AWG is controlled by a computer. The
optical signal from the LED is then transmitted across an LOS channel and is collected by a

receivet.

The receiver consists of an aspherical concentrator lens, a silicon photodetector and a
transimpedance amplifier. This receiver setup is shown in Figure 14(b). To ensure a high area of
light collection area at the receiver, the concentrator lens has a diameter of 4.5cm and fnumber = 1.
For experiments using the blue channel, a dichroic blue filter is placed in front of the concentrator
lens (see Figure 13). The receiver is an existing 3x3 multi-element silicon photodetector array as used
and described in [75]. Each element of the photodetector is 2.7mm x 2.7mm, and has a capacitance
of 9pF at the bias point. The transimpedance amplifier/detector combination has a bandwidth of
~40MHz. A multiplexer is used to switch the received signal to an oscilloscope Agilent DSO5054A

for analogue-to-digital (ADC) conversion, and signals are post-processed using MATLAB software.
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Figure 14. Photographs of SISO transmitter (a) and receiver (b) set up.

2.4 Tllumination characteristics measurements

This section presents measurements of the emission spectrum and illumination characteristics of the
single-channel system described in Section 2.3. These will be used in a subsequent channel and room

illumination simulations.

2.4.1 LED spectral emission profile

The emission spectrum of the LED transmitter is measured using a spectrometer (Ocean Optics
SD2000). Based on this emission spectrum, the LED conversion parameter & from lumen to watts
is obtained to calculate the transmitted optical power. This spectral emission profile is also required

for transmission filter design, which is discussed in the following Section 2.5.
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The measurement is conducted using the system setup described in Section 2.3, and replacing the
receiver with the spectrometer to conduct the measurement. An iris is used at the LED to re-adjust
the power level to ensure the spectrometer is not saturated. The measurement is conducted using

the following procedure:

1. The spectrometer is first calibrated by measuring the ambient illumination level by switching
off the LED transmitter. This ambient illumination level is subtracted from illumination
level of subsequent measurements.

2. The LED transmitter is turned on and the LED emission spectral distribution is measured.

Figure 15 shows the measured emission spectral power distribution of the Luxeon Star-C LED
normalised to 1-Watt optical power, and the CIE 1931 photopic luminosity function normalised to
the peak spectral power distribution. It can be seen that the white LED emission spectrum peaks at
two points: 450nm of the blue source emitter, and at 560nm, a component resulting from the

phosphor coating on the blue LED chip.

Based on this measurement, the conversion parameter ¢ = 0.0024W //» for the Luxeon Star-C LED
is obtained using Equation (6). With this, the transmitted optical power is calculated. Referring to
the electrical-optical response of the LED in Figure 7 in Section 2.2.1, at a 0.135A bias current, the

Luxeon Star-C LED has 18/ optical intensity. This gives a transmitted optical power of 43 mW.
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Figure 15. Emission spectrum of the LED (LUXEON STAR-C) measured using a spectrometer (Ocean
Optics SD2000) normalised to 1-watt optical power and CIE 1931 standard luminosity function curve with

the peak response that is normalised to the peak spectral power distribution.

2.4.2 Tllumination level measurements

In this section, the illuminance characteristics of the LED (Luxeon-Star C) are investigated. The aim
of this section is to make measurements which validate the illumination model described in Section

2.2

First, the electrical-optical response of the LED device is obtained by measuring illumination level
versus the LED bias-current. A lux meter (SEKXONIC L-508) is used to measure the illumination
level. This level is measured at a 1m distance between the transmitter and meter while varying the
LED bias current from 0.1A to 0.2A. The bias current versus illumination level is recorded as shown

in Figure 16. This measurement is compared with the illuminance model described in the Section
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2.1.2, based on electrical-optical response (ampere to lumen) in Figure 7. Figure 16 also shows a

modelled illuminance versus DC bias current.
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Figure 16. Illuminance versus DC bias current at fixed 1m range.

It can be seen from these results that the measurement closely matches the modelled results.

Next, the Lambertian emission profile of the LED is validated by experimental measurements. Two

sets of range and angular measurements were conducted.

First, the illumination level is measured while varying the distance between the LED transmitter and

the lux meter from 0.5m to 1.5m, at a fixed bias current of 0.135A.

For the angular emission profile, the illumination level versus angle is measured by displacing the
LED source horizontally from Om to 0.07m from the centre axis at a Im range at with a fixed

0.135A bias current.

Figure 17 shows measured and modelled illuminance versus range and Figure 18 shows measured

and modelled illuminance versus angle. Table 2 summarises parameters used in the model.
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Figure 17. Illuminance versus range at 0.135A DC bias current.
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Figure 18. Illuminance versus horizontal displacement at 1m range using 0.135A DC bias current.

Table 2. Parameters for Lambertian radiant intensity model

Parameters Description
Bias Current 0.135A
Luminous Flux, FF 18 Lumen
Half-power semi-angle, P 12 5¢

Receiver incident angle, ¥/ 90°
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It can be seen from these results that the measurement closely matches the modelled results of this
specific LED. This model will be used in next section for simulation of a VLC system configuration

that provides room-wide illumination coverage.

2.4.3 Simulation of room-wide illumination

The aim of this section is to present a VLC system model for a typical room, which considers
room-wide coverage whilst meeting indoor illumination requirements using Luxeon Star-C LEDs.
The room considered is 5m x 5m x 3m in size as shown in Figure 19, and is similar to the room
described in [11] and [8]. According to illumination standards, the minimum illumination on a work
plane is 500/zx [73] and for purposes such as drawing and writing, a minimum level of illumination

between 700/ux to 1000/ux is considered acceptable.
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Figure 19. Schematic of a typical room.

In the model, the room is illuminated using a single LED panel. This consists of an array of LEDs
and is attached to the ceiling. This functions as the communication transmitter, as well as providing
llumination. The illumination level and channel gain for the LOS and diffuse components are as

described in Section 2.2.2 and Section 2.2.3.

The aim of this configuration is to provide a uniform illumination level of 1000/x on the table’s
surface plane. In the simulation, a total of 900 LEDs in a 30x30 squared array is used. The receiver is
designed to operate on a desk surface plane, which is 2m below from the transmitter. Table 3 shows

the parameters used in the simulation.
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Table 3. Room illumination specifications

Parameters

Description

Room size (width x length x height)

5m x 5m x 3m

Distance from LED panel to receiving plane. 2m
Semiangle of half power 5 degrees
LED Panel Size (width x length) 4m x 4m

Number of LED units

900 (30 x 30 LEDs)

Luminous Flux

18 Lumen for each LED

Bias Current

0.135A

Wall reflectivity, O

0.8

Figure 20 shows simulation of the illumination level on the desk plane: Figure 20a shows the

llumination level from the LOS component and Figure 20b shows the contribution from the diffuse

component.

It can be seen from the simulation that a total illumination level of 1000/ is achievable on the table

surface. This simulation performs as a basis for a parallel transmission investigation that is presented

in Chapter 5, where an experimental transmission is demonstrated, which is built on a subset of this

configuration consisting of 4 Luxeon Star-C LED transmitters.

It can also be seen that the contribution from the diffuse component is relatively small as compared

with the LOS component. This is in agreement with several reported simulation results [8, 10, 706].

Therefore, in subsequent chapters, the discussion and analysis are restricted to the LOS

COl’I’lpOI’lCﬂtS.
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Figure 20. (a) Overall room illuminance and (b) contribution from the diffuse component.
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2.5 Transmission filter selection

This section presents an investigation into optical transmission filter selection at the receiver.

There are two competing factors to consider for transmission filter selection: the available signal
power and the bandwidth of the EOE channel frequency response after filtering. A blue
transmission filter improves the overall bandwidth of the LED frequency response by blocking out
phosphorescent components that have a slower response. In addition, this reduces the shot noise
due to the photo-current generated from the ‘out-of-band’ standing DC component and ambient
llumination. However, filtering out the phosphorescent component blocks low electrical frequency
signal components from the phosphorescent emission that could significantly add to the electrical
SNR. Thus, the spectral bandwidth of the filter needs to be efficiently selected to give the best

compromise between bandwidth and the electrical SNR.

Several high-speed transmission systems using a blue transmission filter have been demonstrated

[26, 28, 61], but the question of the optimum filtering spectral bandwidth has not been addressed.

Two types of blue transmission filters are used for this investigation: a wide-band low-pass filter, and
a narrow-band band-pass filter. These filters are selected to represent two cases of filtering that
allow different portions of phosphorescent components to pass through. A wide-band filter allows a
high level of signal as well as a high level of phosphor component to pass through. A narrow-band
filter allows only a narrow emission spectral centred at the peak of the blue spectrum, thus blocking

most of the phosphorescent component. Table 4 and Table 5 list down the filter specifications.
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Table 4. 520nm low-pass blue transmission filter parameters.

Parameter Description

Type/Model No. Low pass/Melles-Griot MG520-A
Peak transmittance 0.94

Cut-off/Centre wavelength, A 520nm

Spectral Bandwidth 180nm

Table 5. 450nm band-pass blue transmission filter parameters [14].

Parameter Description
Type Band pass
Peak transmittance 0.70

Centre wavelength, A 450nm
Spectral Bandwidth 40nm

Two measurements are made for each filter: the electrical frequency response and the power spectral

distribution. In addition, the unfiltered white LED emission is measured as a reference case.

2.5.1 Frequency response experiments

In this experiment, three cases are examined: 1) no filter, 2) wide-band low-pass filter, and 3)

narrow-band band-pass filter. The experiment was conducted using the following procedure:

1. The experiment was performed using the apparatus described in Section 2.3. First, the
frequency response measurement of the white emission is conducted where no optical
transmission filter is used.

2. The frequency response is measured by sending a train of sine waves sent at 200 different

frequencies ranging from 0.1MHz to 100MHz.
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3. The range between the LED and receiver, R is set to 1m and the peak-to-peak sinusoid drive
voltage is set at 0.5V. This ensures that the signal received at the receiver is not saturated ze.
clipped.

4. At each frequency point, the averaged signal amplitude is recorded.

5. Step 1-4 are then repeated using the low-pass and band-pass blue filter.

Figure 21 shows a plot of a normalised channel frequency response for the white channel and two
blue channels using the two blue optical filters. The electrical -3dB bandwidth of the LED is
2.5MHz, 4.6MHz and 7MHz, for the white light, low-pass and band-pass blue filter responses

respectively.

Gain [dB]

----------------

R B 1 s
o e Blue 520nm
Blue 450nm

H R A A |
10° 107 10°

Fregquency [Hz]

Figure 21. Measured channel frequency response curves for LUXEON-STAR C blue-phosphor LED. The
red line shows the measured frequency response of a white emission with a bandwidth, f-3a8 of 2.5MHz.

The blue lines show the measured blue emission frequency response with a bandwidth f-3as of 4.6MHz

and 7MHz, using the low-pass and band-pass blue transmission filters.
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It can be seen from Figure 21 that the white channel has the lowest bandwidth and a higher roll-off
factor as compared with the two blue channels. For the blue channel cases, the band-pass filter
response (see Blue 450nm in Figure 21) has a higher bandwidth than the low-pass filter response
(see Blue 520nm in Figure 21). This is explained by the decreasing phosphorescent components in

the respective cases, which an increasingly higher bandwidth.

Further to this, the frequency response at high frequencies is also affected by the bandwidth of the
receiver, which has a bandwidth of approximately 40MHz [75]. It can be seen from the

measurements that for all three cases, the roll-off factor increases beyond this frequency.

2.5.2 Power spectral distribution measurements

The power spectral distribution measurements were conducted using the same procedure as
described in Section 2.4, using transmission filters described in Section 2.5.1. The measured spectral
power distribution is fitted to the 4th-order Butterworth filter response as described in Section 2.2.5.

The parameters obtained from this fitting are used in a subsequent SNR simulation in Section 2.5.3.

Figure 22 and Figure 23 show measured and modelled spectral power distributions of the low-pass
and the band-pass filter. It can be seen from Figure 22 and Figure 23 that 25% and 8% of the white
emission power passes through for the low-pass filter case and for the band-pass filter case
respectively. The th-order Butterworth filter responses for both cases are plotted, and the modelled
emission spectral responses are included for comparison. Table 6 summarises the parameters taken

from the £th-order Butterworth fitting for the low-pass and band-pass transmission filter.

48



g . T T T : T
YWhite emission
7k power = 1 WY L
Modelled hlue
emission

power = 0231V |

Measured blue
emission
power = 0287 WY

______ Transmission
filter response

Spectral power density [VVatts/nm)
=5

D 1 1 ol L m L
400 450 500 550 GO0 Ba0 700 780
Wavelength [nim)

Figure 22. Measured and simulated blue low-pass 520nm transmission filter emission spectral power
distribution for Luxeon Star-C LED. The blue emission power after filtering is ~25% of the white emission

power. The dotted line presents the kth-order Butterworth fitting of the transmission filter response.
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Figure 23. Measured and simulated blue band-pass 450nm transmission filter emission spectral power
distribution for Luxeon Star-C LED. The blue emission power after filtering is ~8% of the white emission

power. The dotted line presents the kth-order Butterworth fitting of the transmission filter response.
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Table 6. Blue filter parameters for the k-th order Butterworth fitting

Parameter Description
Low-pass (MG520-A) Band-pass
Butterworth order, £ 9 9
Peak Transmittance, T, 0.94 0.70
Cut-off/Centre wavelength, A 520nm (low-pass cut-off) 450nm (band-pass centre wavelength)
Receiver incident angle, ¢ 90° 90°
Bandwidth 180nm 40nm

It can be seen from Table 6 that the peak transmittance of the two blue transmission filters are not
the same. Because of this, a fair comparison from experimental measurements cannot be obtained,
thus a simulation based on the filter model is conducted for the channel SNR analysis in the

following Section 2.5.3.

From these measurements, it can be shown that despite a higher bandwidth is obtained by limiting
the phosphorescent component of the LED emission, which also decreases the available power at
the receiver. In the following section, SNR at various frequencies across the modulation bandwidth

is calculated.

2.5.3 Channel SNR calculation

The SNR at various frequencies is obtained using calculation described in  2.2.7, taking into account
the channel frequency response, received power and noise. In addition, the average SNR for a

specific modulation bandwidth is also calculated for all the three filter cases.
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For a fair comparison between the two blue filter cases, a simulation is conducted where the filter

loss is ignored ie the peak transmittance = 1 (100%) for both cases. In this simulation, the

transmitted power for all cases is fixed and the illumination at the receiver plane (before filtering) is

460/ux. Noise is simulated using Equation (18) and Equation (19) in Section 2.2.7, which includes

shot noise and amplifier noise. The SNR calculation is conducted with the following procedure:

1.

From 460/ux illumination level, the conversion parameter & after filtering is calculated for all
three respective filtering cases using Equation (6) in Section 2.2.1. From this, the optical
power for the respective cases is calculated.

Using Equation (15) in Section 2.2.6, photocurrents generated at DC for respective cases are
calculated. This photo-current is distributed across 100 frequency bands from 0.1MHz to
50MHz bandwidth. Fach band has a frequency spacing of 0.5MHz.

Assuming that i, = i, the photo-current as a function of frequency is obtained by
multiplying the generated photo-current in each band with the normalised frequency
response H( f) taken from Figure 21 for the respective filtering cases.

The SNR as a function of frequency is calculated for each band based on Equation (21) in

Section 2.2.7.

Figure 24 shows the result of the channel SNR calculation for the white and two blue channels and

Table 7 shows the simulation parameters and the calculated signal power and photo-current for

respective filtering cases.
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Figure 24. Simulated SNR versus modulation frequency.

At low frequencies, the highest SNR for the white channel and two blue low-pass and band-pass
channels is 96dB, 91db and 85dB respectively. At 50MHz, the SNR for white, low-pass and band-
pass blue channels is 46.5dB, 50dB and 47dB respectively. It can be seen that the band-pass blue
channel has the worst SNR performance because of the small available signal power due to the
narrow spectral filter response. The SNR dynamic range for white is ~50dB and for low-pass and

band-pass blue filter cases are ~40dB.

It can be seen that the white channel has higher SNR compared to the low-pass blue channel for the
frequency band below 8MHz. For frequencies higher than 8MHz, the low-pass blue channel has
higher SNR values compared to the white channel. This is due to the low bandwidth and high roll-

off of the white channel.
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Table 7. SNR simulation parameters and the calculated signal power and photo-current for respective

filtering cases.

Parameter Description

Collection area, A 0.0025m?2

Amplifier Noise Density, Ny, 5e-12 A/\Hz

Noise bandwidth, B 50MHz (100 point spacing with AB = 0.5MHz)

White Channel

White optical power 2.2mW

White photo-current 0.7358mA

Blue 520nm-lowpass Channel

Blue 520nm optical power 0.60mW

Blue 520nm photo-current 0.1681mA

Blue 450m-bandpass Channel

Blue 450nm optical power 0.23mW

Blue 450nm photo-current 0.0594mA

In order to simulate a system in which a flat-band equalisation is performed, the signal power
acrosss all frequencies is flattened ze averaged and equalised across a specific modulation
bandwidth. With this equalised signal power, a flat/averaged SNR across all frequencies within a
speficic modulation bandwidth is obtained. This averaged SNR versus modulation bandwidth is

calculated for the respective filtering cases for a set of modulation bandwidths up to 50MHz.

Figure 25 shows the average SNR versus modulation bandwidth. It can be seen that the average
SNR of the white channel is higher than the average SNR of the two blue channels up to ~20MHz
modulation bandwidth. Beyond this point, the low-pass blue channel has a greater average SNR. It
can be seen from Figure 25 that the power advantage of the white emission profile outweighs the

bandwidth advantage of blue filtering in giving a higher overall SNR for low modulation bandwidth.
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However, as modulation bandwidth increases, the high bandwidth advantage of using the low-pass

blue transmission filter outweighs the power advantage of the white emission.
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Figure 25. Average SNR versus modulation bandwidth. The insets show the corresponding cross-section

of the flat SNR versus frequency curve at instance a) 2.5MHz and b) 50MHz.

For the case of designing VLC systems that is optimised for high bit-rate transmissions, a typically
large modulation bandwidth is required to optimise capacity. The low-pass wide-band filter exhibits
the highest SNR for high modulation bandwidth of up to 50MHz, thus it is the best candidate

between the three cases in improving the overall transmission bit-rates.

Based on simulations and measurements conducted in this section, the VLC system exhibits a

channel with high available SNR. However, for practical systems with high channel SNR, the overall
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channel SNR dynamic range is typically constrained by the dynamic range of the transmitter and

receiver. In the following section, the overall dynamic range of the system is investigated.

2.6 System dynamic range measurement

To evaluate this, this section presents measurements of the dynamic range of the VLC system
described in Section 2.3. The experiment is conducted using the apparatus described in Section
2.4.1, where the distance between transmitter and receiver is set at Im and the bias current is kept
constant at 0.135mA. The lux level at the receiver plane is measured at 460/xx. The dynamic range

experiment is performed using the following procedure:

1. Sine waves at 1IMHz are transmitted, with a peak-to-peak input voltage (drive voltage) of
0.1V.

2. The averaged peak-to-peak output voltage at the receiver is recorded and the procedure is
repeated using increasing peak-to-peak input voltage up to 7V.

3. Noise variance at the receiver is recorded, when the illumination level is maintained but no
active sine wave signal is sent. From this noise level, the dynamic range SNR in dB is

measured.

From this experiment, it was found that the system has a linear operational range up to 0.7V input
voltage, which corresponds to ~0.2V output signal amplitude. Beyond the 0.7V input, nonlinearity
in a form of soft-clipping of the signal output starts to occur, and the signal output is fully clipped

beyond the 1.0V input which corresponds to the 0. 24V signal output.
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In order to understand the source of the nonlinearity, the experiment is repeated with decreasing
levels of optical power at the receiver. This is reduced by adjusting the incident angle of the
transmitted light on the receiver. This is to ensure that the electrical settings and output levels of the

transmitter remain fixed.

Figure 26 shows peak-to-peak input voltage versus peak-to-peak signal output at various
illumination levels at the receiver. For 50/xx illumination level received at the receiver, the full
channel electrical-optical-electrical response is not clipped for an input range between 0.1V to 7.0V.
This is verification that for this particular input range, the nonlinearity in the output is caused by the

receivet.
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Figure 26. Receiver peak-to-peak output voltage versus sine wave peak-to-peak input voltage at various
illumination levels. The saturation voltage of ~240mV which corresponds to ~20dB dynamic range shows

the maximum dynamic range of the received signal at the receiver.
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Further to this, it can be seen that as the illumination level at the receiver increases from 50/ux to
460/ux, the linear operational dynamic range of the system reduces. This is because of the receiver
saturation. There have been several applications of automatic gain control (AGC) technique in
receiver design [93, 94]. The AGC uses the peak/average signal to adjust the gain to ensure that the

receiver is not saturated. This introduces an additional complexity in the receiver design.

2.7 Conclusions

In this chapter, an investigation into the illumination and communication properties of indoor
visible light communication systems is presented. A practical VLC system is introduced and the

characterisation of this system is presented.

Simulation of a VLC configuration which delivers room-wide coverage at the required indoor
llumination level of 1000/xx using Luxeon Star-C LEDs is also described. From this model it is also
demonstrated that the contribution from diffuse components is relatively small in comparison with

the contribution from the LOS component.

This chapter also presented an analysis of the effect of blue filtering. A higher bandwidth can be
obtained by using a blue transmission filter to limit the phosphorescent component. However, this
also decreases the overall received signal power. Based on an SNR analysis of three different
emission spectral profiles, the low-pass optical transmission filter provides the highest SNR for
systems using high modulation bandwidth, as compared with no filtering, or a typical band-pass

filter.
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A single-channel system with high SNR profiles is typically limited by the dynamic range of the
electrical components in the system. The dynamic range of the experimental VLC system in
consideration is measured. It is found that the Luxeon Star-C LED used in this system has a large
linear electrical-optical operational dynamic range. However, the dynamic range of the full electrical-

optical-electrical link is limited by the receiver, which has an SNR dynamic range of ~20dB.

In conclusion, VLC systems in general have a high available SNR due to indoor illumination level
requirements. However, the transmission rates of typical VLC systems are limited by two factors

summarised as follows:

1) Low LED bandwidth — The overall electrical-optical-electrical VLC channel bandwidth is
limited by the low bandwidth of the LED.
2) Limited dynamic range — The electronics devices in the system typically operate within a

linear dynamic range that is lower than the range of the available SNR.
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Chapter 3

VLC Systems using OFDM

3.1 Introduction

In the previous chapter, an indoor VLC system is introduced and the characteristics and constraints

of the indoor VLC channel are discussed.

In this chapter, the use of higher-order modulation as a method to overcome VLC channel
constraints is investigated. As discussed in Section 1.4.2, higher-order modulation schemes offer
several advantages in VLC systems. One such scheme, orthogonal frequency division multiplexing

(OFDM) is selected as a modulation scheme to be investigated in this thesis because:

1- OFDM is robust against ISI caused by a dispersive channel and multi-path delays in a system
with multiple transmitters.

2- 'The frequency selective feature allows frequency domain equalisation in the digital domain.

This chapter investigates the BER versus bit-rate performance of OFDM to for data transmission in
the VLC system described in Section 2.3. The analysis begins by describing OFDM signal generation
and signal decoding. An OFDM transmission system is described, and investigations on a set of
equalisation methods to improve BER versus bit-rate performance are reported. Also included in
this section is an experiment investigating systematic clipping as a method of bit-rate improvement
is presented. Limiting cases of the range of the OFDM system in indoor environments are also

reported.
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3.2 OFDM background

OFDM uses the inverse fast Fourier transform (IFFT) (at the system transmitter) to transform a set
of multiplexed, overlapping sub-carriers in the frequency domain to a signal of its time-domain

equivalent form.

A single OFDM frame (sometimes also referred to as an OFDM symbol), carries a set of data
symbols, X in the frequency-domain. The OFDM symbol is a vector which consists of a set of N

subcarriers. The IFFT algorithm outputs the discrete OFDM symbol vector X in the time-domain,

which is given by
1 M J27km
xm:NZXke N for 0<m<N-1 (22)
k=0

where N is the size of the IFFT and X, is the £" subcarrier symbol. The corresponding FFT

conversion pair to (22) is given by

N-1 _ J2mkm
X,=Yx.e N for0<k<N-1 (23)
m=0

Each element of the subcarrier symbol vector in (22) is given by

X, =R K, @4

where R, =4/x; +y; is the magnitude and 6, =tan1[yk] is the angle of the k" complex
Xk

subcarrier constellation symbol. K, and €., are the parameters used to adjust the power and

phase for each subcarrier. This will be explained further in the description of a pre-equalisation

process in Section 3.4.4. The subcartier representing the DC value at k = 0 is left unmodulated. The
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subcarrier maintains orthogonality by having an integer number of oscillating cycles in a frame of

which adjacent subcarriers differ by one cycle.

The output of (22) is a complex signal and cannot be used in an IM/DD system such as the LED
based VLC. Hermitian symmetry is used to achieve a real-valued IFFT output. This is a transpose-

conjugate copy of the active subcarriers bin, which is added to the other half of the IFFT frame;

where the elements of new IFFT input vector X, are

Xy =X X Xt oo Xioyots X s Xy Xoya oo X0 X (25)

and the DC component, Xo = Xy = 0. This results in a 2N-point IFFT output of the OFDM

symbol. Equation (22) is modified to

1 2=t Jj27hm

X, =— Xy ae N for 0Sm<2N-1 (26)
N %

where h is the hth-subcarrier symbol of Xp. The OFDM symbol is a periodic function with a period,

T}, given by

T, =—
)= @)
where Af , the subcarrier spacing is given by
B
Af =——— 28
f = @8)

where B is the signal modulation bandwidth. Figure 27 shows a schematic of optical OFDM signal

generation.
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X, Signal Constellation

Figure 27. Schematic of an OFDM symbol generation in the frequency domain.

At the receiver, a fast Fourier transform (FEF'T) operation performs the conversion from the time to

the frequency domain and each element of the FFT output Y, is given by

2N-1 _Jj27hm

V=Y v ¥ for 0SAS2N-1  (29)
=0

where y is vector consists of a set of amplitudes of the received time-domain signal of length 2N.

In an additive white Gaussian noise (AWGN) channel, the transmitted and the received signal are

given by
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Y =X+ yen (30)
where n is an AWGN noise component, and by substituting (30) in (29),

2N-1 _J2mm N1 _Jj27mm

Yh=2xme N +ZnAWGN’me N for 0Sh<2N -1
m=0 m=0

(31)

where x,, and nawen,m are the signal and noise amplitude of the m-th point of the 2N point time-
domain signal. Nawgnn is a Gaussian noise component of the h-th FFT output at the receiver is

given by

2N-1 _Jj2mhm

32
NAWGN,h = ZnAWGN,me N for 0<h<2N -1. (32)
m=0
therefore, Equation (31) can be reduced to
Y, =X, +Nawon - (33)

Signal transmission in multipath propagation introduces inter-symbol interference (ISI) which limits
the transmission bit-rates. An advantage of OFDM transmission is that it can overcome this ISI
problem by using a cyclic prefix, inserted at the beginning of the OFDM frame. The cyclic prefix is a
cyclical copy of an end fraction of the OFDM frame. The prefix is longer than the estimated delay
spread in the channel; this mitigates the detrimental effect caused by the dispersive channel by
localising it in a non-information bearing prefix of the OFDM symbol which is later removed upon

reception [77].
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3.2.1 DCO-OFDM scheme

The time-domain optical OFDM symbol waveform is real and bipolar. To ensure a unipolar signal
to meet IM/DD requirements, a DC-offset is added in the DC-coupled optical OFDM (DCO-

OFDM) scheme.

The generation and recovery of the DCO-OFDM scheme is straightforward. A DC-offset
(implemented in practice as a dc-bias current to drive the LED transmitter) is added to the generated

time-domain waveform to lift the signal into a unipolar region and is then transmitted. The gross

data rate for a DCO-OFDM transmission is

B& 34
Ry co-orom = N Z log, M, 59
k=1

where B is the modulation bandwidth and log,M represents the number of bits per symbol of a

carrier modulation scheme, which is typically M-QAM.

There are several other alternative schemes to create a unipolar signal to meet IM/DD
requirements. One such scheme is asymmetrically clipped optical OFDM (ACO-OFDM), which
generates a waveform in such a way that its positive and negative parts are symmetrical. Thus, the
negative values are clipped and only the positive values are transmitted [54]. Further details on

ACO-OFDM and alternative OFDM approaches are discussed in Chapter 5.

3.3 VLC OFDM communications overview

This section describes an OFDM communications experiment that is developed for this

investigation. Figure 28 shows the OFDM communications system block diagram.
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Figure 28. OFDM Communications block diagram.

The OFDM transmission is performed using the VLC system setup and configuration described in
Section 2.3. For this transmission, the range is fixed at 1m and the corresponding illumination level
is 460/ux.

Signal generation and recovery is conducted offline using signal processing algorithms that are
written using MATLAB software. A set of pseudo-random bit sequences (PRBS) is coded into a
series of quadrature amplitude modulation (QAM) symbols. These symbols are then sent to the
OFDM encoder to be loaded onto each OFDM subcarrier.

A 2N-point IFFT algorithm is used to transform frequency-domain symbols into a 2N-point time-
domain waveform to form one OFDM frame. 2N is the IFFT size, which is typically 2N = 64, 256,
512, 1024. A large IFFT size results in a narrow bandwidth of each sub-carrier, which corresponds
to a longer symbol period. This increases tolerance against inter-symbol interference (ISI) due to
delay spread. Alternatively, a small IFFT size increases tolerance against inter-carrier interference

(ICI) due to channel nonlinearity and frequency offset. This is because the influence of nonlinearity
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grows with an increase in the symbol period [78]. The contribution of ISI in VLC systems is not as
severe as an RI system, because the frequency response of VL.C channel falls-off relatively slowly.

N= 64 is selected for this experiment. For this experiment the subcarriers are assigned using the

DCO-OFDM scheme.

A 10-point cyclical pre- and post-amble is added as a buffer to the 64-point IFFT output to ensure
the receiver capacitances are fully charged before valid data is transmitted. This reduces the effect of
the jump’ from no signal to an OFDM waveform. This waveform is then oversampled by 10 points
per sample and is sent to the AWG for transmission, where digital to analogue conversion takes
place. This signal is then transmitted using the Luxeon Star-C LED across the VLC channel and

detected at the receiver.

Upon detection at the receiver, the OFDM signal is captured by an oscilloscope where analogue to
digital conversion takes place. MATLAB is used for subsequent processing. The waveform is then
converted back to the frequency domain by the fast Fourier transform (FFT) algorithm. OFDM
subcarrier symbols are recovered and QAM constellation quantisation process takes place to retrieve

the information bits. Finally, the retrieved bits are sent for bit-error rate (BER) estimation.

3.4 OFDM equalisation

Key to the success of OFDM is equalisation. The aim of this section is to investigate the bit-rate
versus BER performance of the OFDM communication system using a set of equalisation methods

that work both in the time and frequency domains.
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3.4.1 Time domain post-equalisation

From Equation (31), the communication signalling in AWGN channel can be represented by:
Y =XHey (f)+ N ywen (35)

where Y and X are the received and transmitted signal vectors in the frequency domain, Hep( f) is a
complex number representing the EOE channel frequency response and Nawgy is an additive white

Gaussian noise component.

As described in Section 2.5, the overall data rate is limited by the low LED bandwidth. Several
synchronisation methods have been applied in OFDM systems, including sine wave training
sequences and pilot tones [50, 79-81]. However, due to this low-pass channel characteristic,
synchronising the received frame-based time-domain OFDM symbol is difficult to perform because
the high-frequency signal is highly attenuated. To counteract this, a discrete-time post-equalisation

(Post-TDE) is performed before the synchronisation process.

In this investigation, a straightforward approach is investigated. A Post-TDE of the received OFDM
signal is performed, and an autocorrelation synchronisation technique is then used. This allows the
starting point of the received OFDM symbol frame to be detected [14]. The autocorrelation is
conducted between the transmitted and received OFDM training symbol using a MATLAB-based
cross-correlation algorithm. Figure 29 shows a system schematic showing the post-equalisation

processing module.
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Figure 29. VLC OFDM system schematic showing the Post-TDE equaliser processing modules.

The Post-TDE response used is the inverse of the response of the channel, where

1
Hoppp (f) = 36
TDE HCH (f) ( )
thus giving the estimated received symbol
XTDE =YHp: (f) = X + N yyonHoppp (f) 37)

For processing simplicity, a first order high-pass filter is selected as the estimated channel response,
using the measured -3dB bandwidth of the full channel as the bandwidth. The equaliser first order

high-pass filter response is given by

. (f
Hpp =1 e
) +J(fj

c

(38)

where f,,is the -3dB bandwidth of the LED.

The time-domain post-equalisation bit-rate versus BER experiment was conducted using the
following procedure:
1. A set of 500 64-point DCO-OFDM frames was sent at a bit-rate of 10Mbps to 350Mbps.

Each frame transmits 16-QAM symbols on each 31 active subcarriers. The received time
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domain signal is post processed without equalisation and the BER versus bit-rate plot is
obtained.
2. Next, time domain equalisation was applied to the same received signal for comparison. The

discrete received time-domain signal was equalised using a direct form II transposed digital
filter function in MATLAB [14] in which f,= 4.5MHz. The BER versus bit-rate plot for the

equalised transmission is obtained.
Figure 30 shows the bit-rate versus BER from 10Mbps to 350Mbps for both cases. The Post-TDE
signal achieved a bit-rate of up to ~130Mbp/s before exceeding a BER of 2x10°. A BER of 2x107is
taken as the target BER because this level can be further reduced with a forward error correction
(FEC) coding algorithm [82]. However, the BER for the signal without Post-TDE was above 2x10°
for all transmission bit-rates. Hence, it is demonstrated that Post-TDE greatly improves the bit-rate
performance for this transmission. It can be seen from Figure 30 that BER is degraded at lower data
rate. This is due to the limitation of the equipment that is the Bias-T used has a high-pass
characteristic at low frequency. This effect can be removed by deactivating low-frequency
subcarriers to avoid operating within this frequency band, with a penalty of a reduction in the overall
bit-rate. However, in order to maintain consistency in the experimental procedures, all subcarriers

are active.
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Figure 30. BER versus bit-rate for 16-QAM DCO-OFDM transmission with and without Post- TDE for

this particular experimental setup.

Figure 31 shows a comparison between transmitted and received time-domain waveforms, with and
without Post-TDE. The time domain waveforms are shown at bit-rates of ~100Mbps and
~360Mbps, which correspond to a modulation bandwidth of 25MHz and 90MHz respectively. As
the modulation bandwidth increases from 25MHz to 90MHz, it can be seen that the waveform is
less well-matched with the actual transmitted signal. This is due to the low-pass channel. Post-TDE
boosts the high frequency components (both signal and noise) and improves the received waveform
allowing signal synchronisation. The Post-TDE process is therefore used prior to the FFT algorithm

to enable subsequent processing in the frequency domain.
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Figure 31. Transmitted (blue) and received (red) OFDM time-domain waveforms without Post-TDE (left)

and with Post-TDE (right) for a modulation bandwidth of 25MHz and 90MHz.

However, for the case of the Post-TDE signal, it is observed that the received constellation has a
severe subcarrier phase error. This results in a rotation of the received symbol constellation which

significantly contributes to the bit error count. This effect is explained by imperfect estimation of

1

—— . The
Hey (f)

the Post-TDE response, I:ITDE( f) as an inverse of the VLC channel response,

solution to mitigate this effect is reported in the following section using a frequency domain

equalisation (Post-FDE) that is incorporated with the Post-TDE operation.
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3.4.2 Frequency domain post-equalisation

As mentioned, the Post-TDE operation is required for signal synchronisation but an imperfect
match between the Post-TDE frequency response and the VLLC EOE channel frequency response
results in rotated symbol constellations that increase the BER. To counter this, a frequency-domain
post-equalisation (Post-FDE) is introduced. This method adds another layer of equalisation to

further ‘fine-tune’ the frequency response of the equaliser to better match the frequency response of

the channel.

In an imperfect H,,, estimation case where H,,, # ——

represent the Post-TDE signal as

Y,

CH

e = XH ey (f)Hppp (f) + NHppp (f).

, Equation (37) can be rearranged to

(39)

Figure 32 shows an OFDM system schematic showing the Post-TDE and Post-FDE modules.
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Figure 32. VLC OFDM system schematic showing the post-equalisation process (Post EQ) consisting

Post-TDE and Post-FDE modules.
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This equalisation is in the frequency domain for each subcarrier symbol. The Post-FDE response is
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1

H porpe (f) = ~ (40)
H ¢y (F)H i (f)
and the estimated Post-FDE symbol is given by
X ppp =Yoo H = X 4 raver
e = YpeH pogrpe (f) = X + 41)

Hey (f)

The Post-FDE response can be estimated from a training operation. A known sample, X is
transmitted and this sequence is repeated to allow averaging and noise reduction. For a large
averaged sample of Y, the AWGN noise component is averaged to zero, thus Equation (41) can

be reduced to

Yipe = XH pyrpe(f) (42)

and the estimated Post-FDE frequency response is given by

Ay (F) = —— (43)

YTDE

where X and Ytpg are set of vectors of transmitted and received OFDM symbol in frequency-
domain, in which each element in X and Yrpg represents the transmitted and received complex

symbol on each subcarrier.

As each OFDM subcarrier is available separately in the OFDM domain, a specific Post-FDE
response for each subcarrier symbol can be obtained. Referring to Equation (24) in Section 3.2,

Equation (43) can be rearranged to give
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. Ry,
PostFDE .k~
RY,k

e./(gx.k_HY.k) (44)
— RFDE,ke./ﬂFDE.k (45)

where Rxy, Ryy and 6 0, . are the respective magnitudes and phases of the transmitted and

Xk

received symbols for the i subcarrier; and Rrpgy and @

wor  ar€ the magnitude and phase response

of the Post-FDE for the k™ subcarrier.

The frequency-domain post-equalisation bit-rate versus BER experiment was conducted using the

following procedure:

1. First, a training run was conducted to obtain the frequency response of the Post-FDE
equaliser by sending a sequence of 500 64-point DCO-OFDM frames. Each OFDM frame
consists of 31 subcarriers, with each carrying a known 4-QAM symbol. These are
transmitted and the frames were retrieved at the receiver end. The phase and normalised
magnitude were averaged for each of the 31 subcarriers across 500 frame samples. The Post-

FDE frequency response is obtained using Equation (44).

2. The experiment was conducted for bit-rates between 10Mbps to 350Mbps. Based on the
measured Post-FDE response, received symbols are equalised by derotating the phase and

normalising the magnitude of the constellation. The BER is calculated and recorded.

Figure 33 shows the magnitude and phase response of the Post-FDE equalizer measured for 31

subcarriers across 2 90MHz modulation bandwidth corresponding to a bit-rate of ~350Mbps.
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Figure 33. Magnitude, R, and phase, 8, response of the Post-FDE for individual subcarrier index

across a 90MHz modulation bandwidth.

Figure 34 shows the signal constellation of all Post-TDE recovered 31 training subcarrier symbols in

500 OFDM frames before and after the Post-FDE process.

Quadrature
Quadrature

Figure 34. Signal constellation of all 31 training subcarriers symbols of 500 OFDM frames before (left) and

after (right) Post-FDE at modulation bandwidth of 90MHz.
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Figure 35 shows the BER versus bit-rate from 10Mbps to 350Mbps for transmission without
equalisation, with Post-TDE equalisation alone, and with Post-TDE and Post-FDE. The Post-FDE
equalisation alone without the Post-TDE is not feasible as this is used for synchronisation which is

required before the IFFT processing.
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Figure 35. BER versus bit-rate for 16-QAM DCO-OFDM transmission with and without Post- FDE.

The Post-FDE transmission achieves a bit-rate of up to ~250Mbps before exceeding a BER of
2x10”. In comparison with the cases of only Post-TDE or no equalisation applied, the Post-FDE

equaliser greatly improves the performance.

Referring to Equation (37) and (41), the Post-TDE and Post-FDE processes are conducted at the
receiver when the detected signal is already impaired with noise, thus by boosting high frequency

components of the channel response increases the noise as well as the signal. Therefore, the

76



respective signal-to-noise ratios (SNR) for the individual subcarriers remain the same before and

after post-equalisation.

To overcome this, a frequency-domain pre-equalisation (Pre-FDE) method is introduced. This
method equalises the power distribution to each subcarrier at the transmitter so that the received
SNR for each subcartier at the receiver is similar. To enable this, the subcarrier SNR at the receiver
is required. In the following section, an error-vector magnitude (EVM) measurement is introduced
to estimate the subcarrier SNR at the receiver. This method measures the error-vector ze the

aggregate departure of the received symbol from its actual expected point on the constellation.

3.4.3 Error-vector magnitude measurements

EVM is a common figure of merit for system linearity in wireless communications standards. It can
be related to the channel SNR, under assumptions that the noise distribution is AWGN and the M-
QAM constellation is quadratic [83]. The quality of received symbols is measured from the root-
mean-squared (RMS) difference between received and the expected symbol. This value is often
shown as a percentage of the average power per symbol. Figure 36 shows a typical error vector of a

normalised measured symbol.

77



15L Measured Symbo
A
Errar ector |
1k
deal 5 100
05t
o
g
5 0r
©
g
05 L
qL
15
-2 L 1 1 Il 1 1 1 1
-2 1.5 -1 0.s 0 0.s 1 15 2

In-phase

Figure 36. Error vector; a scalar departure length of a measured symbol from the ideal symbol.

For the OFDM transmission case, the EVM is calculated for each subcarrier, and from the EVM the

subcarrier SNR can be estimated. The averaged mean-squared EVM can be related to SNR by [84]:

(40)

2

1
SNR ,; =10log £V

A channel EVM measurement is conducted to obtain the SNR estimation for each subcarrier
channel across a specific modulation bandwidth. The channel EVM measurement was conducted

using the following procedure:

1. A set of 100 64-point DCO-OFDM frames was sent at ~100Mbps, which corresponds to a
25MHz modulation bandwidth. Fach frame transmits known 4-QAM symbols on each of

the 31 active subcattiers.

2. Atfter Post-TDE and Post-FDE equalisation the EVM for each sub-carrier is measured. The

SNR for each subcarrier was estimated from the measured EVM. The measurement is
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repeated across a modulation bandwidth of 50MHz, 75MHz and 90MHz, which

corresponds to bit-rates of ~200Mbps, 300Mbps and 360Mbps respectively.

Figure 37 shows the estimated SNR for each subcarrier across a modulation bandwidth of 25MHz,
50MHz, 75MHz and 90MHz. It can be seen that as the modulation frequency increases, the SNR
for high frequency subcarriers decreases, due to the frequency response of the LED transmitter
(beyond 4.5MHz), and the receiver (beyond 40MHz). In the next section, an iterative pre-
equalisation module is introduced which uses the subcarrier SNR information to equalise each

subcarrier symbol at the transmitter.
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Figure 37. Subcarrier SNR estimation based on EVM measurement for DCO-OFDM transmission with

modulations bandwidth of (a) 25MHz (b) 50MHz (c) 75MHz and (d) 90MHz.
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3.4.4 Iterative frequency domain pre-equalisation

In this section, an iterative Pre-FDE method for maximising transmission performance is presented.
As discussed, a post-equalisation method equalises the received signal which has been corrupted
with noise. The pre-equalisation method on the other hand, equalises the transmitted signal prior to

transmission by adjusting the power to each subcarrier at the transmitter.

The Pre-FDE transmitted signal can described as

XPreFDE = XHPreFDE(f) (47)

where Hpr.rpg 1s the Pre-FDE frequency response. The Pre-FDE frequency response is estimated
from a training process, which will be explained in the following pages. This allows the power to
each subcarrier is allocated based on the subcarrier SNR estimation. The power is distributed from
the high SNR subcarrier to the low SNR subcarrier via means of an iterative process.

Substituting Xprrpr in Equation (47) with the transmitted signal, X in Equation (35) gives

Y = XHprerpe (f)Hcu( f) + Nawen. (48)

The received set of symbols, Y is sent through the post-equalisation blocks, and Equation (48)

becomes

A N
X prerpE = XH prerpe( f) +—2%— 49
Hey (/) *9)

where X preFDE 1s the new estimate of the pre-equalised signal. It can be seen from Equation (49)
that the noise components are not affected by the frequency response of the Pre-FDE, thus the

signal can be adjusted independently of the noise.
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The Pre-FDE response adjusts the power to each subcarrier based on the subcarrier SNR
estimation. The power is distributed from the high SNR subcarrier to the low SNR subcarrier via

means of an iterative process.

At high frequencies, SNR decreases due to the low-pass characteristic of the channel. The high SNR
that is available at low frequencies is constrained by the dynamic range of the receiver. Figure 38
shows a simplified schematic of the channel constraints. Therefore, channel SNR per modulation
bandwidth is optimised by ‘packing’ the SNR within these two constraints, which is obtained by

flattening the SNR across a particular modulation bandwidth.

Dynamic range limitation

SNR (dB)

Bandwidth limitation

Frequency, f (Hz)

Figure 38. A simplified schematic of channel constrains.

A training run of the Pre-FDE equaliser is conducted using an iterative process as a form of a
frequency-domain decision feedback equaliser. This is a nonlinear equalisation method that uses a
previous detection decision to correct any nonlinear offset in the channel. The decision feedback
equaliser is needed as the phase offset and SNR profile changes nonlinearly (with each iteration).

This is because a change in the subcarrier load power results in a change in the statistical property of
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the OFDM waveform, thus an iterative training run is conducted where the phase offset for each
subcarrier is calculated and compensate for each run. This process continues until the variation of
subcarrier SNR differences at the receiver converges to the lowest value ze. the SNR for each

subcarrier at the receiving end is the same within a pre-determined tolerance.
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Figure 39. VLC OFDM system schematic including the complete end-to-end iterative equalisation

modules.

Figure 39 shows a VLC OFDM system schematic including the complete end-to-end iterative
equalisation modules. An initial training run is conducted and the received signal is equalized using
the Post-TDE and transformed back to the frequency domain for the Post-FDE module. At this
stage, the EVM is measured and from the EVM, the SNR for each sub-carrier and the average SNR
of all the sub-carriers are obtained [18]. This SNR information is passed back to the transmitter for
pre-equalisation. The Pre-FDE uses a weight multiplier w, (where n is the subcarrier number) to
change the amplitude and phase of each carrier before transmission. The optimisation proceeds by

setting the Pre-FDE weights to an initial value, which can be unity, or a value based on previous
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experiments. For each iteration, the weight multiplier is increased/decreased by a step-level
coefficient, A if the SNR is less/more than the average SNR value.This iteration stops when the
equilibrium condition of

subcarrier SNR, = average OFDM symbol SNK, T tolerance;
forn=1,2,... N

is met.
A set of experimental measurements are conducted with the aim of investigating the convergence
rate, which is the number of iterations required for the SNR equalisation to converge from an initial

value of the weight multiplier w, =1. The experiment was conducted using the following method:

1. A set of 100 64-point DCO-OFDM frames was sent at ~200Mbps which corresponds to a
50MHz modulation bandwidth. Each frame transmits 4-QAM symbols on each of the 31
active subcarriers.

2. The EVM for each subcarrier was measured after Post-TDE and Post-FDE equalisation.
The SNR for each subcarrier was estimated from the measured EVM.

3. Using A = 0.1, the Pre-FDE weight was adjusted from the initial value based on this SNR
information.

4. 'The process was repeated and the weight is iteratively adjusted until the stop condition is
met when the SNR for each subcarrier is equalised. The tolerance variance is set to 1dB.

5. The experiment was repeated using A = 0.5 and 0.01.

Figure 40 shows the gap between the highest and lowest SNR of the 31 subcarriers versus the
number of iterations. The higher the step-coefficient, the faster the convergence rate; 10 iterations
for A = 0.1, 35 iterations for A = 0.05, and 200 iterations (not shown in the figure) for A = 0.01.

However, it can be seen that as a trade-off the higher step coefficient results in a higher SNR
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variance at equilibrium. A step coefficient of 0.05 is selected for the rest of the pre-equalisation

experiments, giving a reasonable compromise between convergence rate and SNR variance of the

equalised subcarriers.

The difference betwen the highest and lowest SNR (dE)

L e R L
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Figure 40. The difference between highest and lowest SNR versus number of iterations. A values = 0.01,

0.05 and 0.1.

An experiment was then conducted to obtain the subcarrier SNR for the VLLC channel after the full

end-to-end equalisation was applied. The experiment was conducted using the following procedure:

1. Aset of 100 64-point DCO-OFDM frames was sent at ~100Mbps which corresponds to a
25MHz modulation bandwidth. Each frame transmits 4-QAM symbols on each of the 31

active subcarriers.

2. Using A = 0.05 the training run was conducted until the subcarrier SNR is equalised. The

stop condition tolerance is set to 1dB.
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3. The experiment was repeated with a modulation bandwidth of 50MHz, 75MHz and 90MHz.

Figure 41 shows the experimental estimated SNR for each subcarrier across a modulation bandwidth

of 25MHz, 50MHz, 75MHz and 90MHz after the equalisation.

Table 8 summarises the results.
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Figure 41. Subcarrier SNR estimation for DCO-OFDM transmission with modulation bandwidths of

(a) 25MHz (b) 50MHz (c) 75MHz and (d) 90MHz.

Table 8. Modulation bandwidth versus average SNR
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Modulation Bandwidth 25 MHz 50 MHz 75 MHz 90 MHz

Average SNR 234B 204B 15dB 114B

It can be seen from this experiment that the method can be used to distribute the transmitted power
to equalise the frequency response of the channel. With a flat SNR profile across the modulation

bandwidth, the QAM modulation level can be adjusted accordingly to give the target BER.

It was also observed that the statistical properties of the OFDM waveform change when the

equalisation method is applied. The following experiment was conducted to investigate this.

1. A set of 100 64-point DCO-OFDM frames was generated with a uniform load power for all
subcarriers. Each frame transmits 16-QAM symbols on each of the 31-active subcarriers at a
50MHz modulation bandwidth.

2. The received time domain signal amplitude for each point in one OFDM frame is recorded

and a probability density function of all amplitude points for 100 OFDM frames is derived.

3. The experiment was repeated using a load power based on weight parameters from the Pre-

FDE training.

Figure 42 shows the probability density plots of the amplitudes of transmissions with and without
pre-equalisation. It can be seen that the pre-equalised signal has a standard deviation of 0.0108
wheres the OFDM signal without pre-equalisation has a standard deviation of 0.0168. In a system
with a limited dynamic range, the Gaussian distributed signal suffers from clipping noise due to
signal clipping at the peak amplitudes ze. the tail ends of the distribution. Thus, a higher OFDM
signal standard deviation results in a greater probability that the signal is clipped due to the limited
dynamic range, thus increasing the clipping noise incurred. Therefore, the pre-equalised signal is

more robust towards clipping noise because it has a lower standard deviation.
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Figure 42. Probability density of the received random amplitude of the OFDM signal (a) with pre-

equaliser and (b) without pre-equaliser.

3.4.5 Iterative equalisation bit-rate versus BER experiment

A bit-rate versus BER experiment is conducted with the aim of evaluating the performance of the

end-to-end equalisation process. The experiment was conducted using the following procedure:

1. A set of 16-QAM DCO-OFDM frames was sent and the BER versus bit-rate was examined
from 10Mbps to 350Mbps. 16-QAM is selected based on the available SNR from EVM
measurement. The illumination level at the receiver was fixed at 460/xx.

2. At each bit-rate point, a binary stream of 30,000 bits was tested. Transmission of 30,000 bits
with zero error is represented as a BER of 1x10™ on the graph.

The BER versus bit-rate curve is plotted and this is compared with the previous transmission
without Pre-FDE equalisation. Figure 43 shows the BER versus bit-rate for transmission with full

end-to-end equalisation and transmission without Pre-FDE equalisation.
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Figure 43. BER versus bit-rate for equalisation modules.

In comparison to the transmission without pre-equalisation, it can be seen that a bit-rate of
~310Mbps can be achieved using the additional pre-equalisation without exceeding the target BER.
This corresponds to using a modulation bandwidth up to B = 85MHz. Based on this parameters, the
theoretical maximum calculated using Shannon’s capacity, C = Bloga(1+SNR) gives a bit-rate of
424Mbps, which gives the overall transmission ~75% bit-rates efficiency to the theoretical

maximum.

The main constraint for bit-rate is the combined bandwidth of the LED and equipment used: the
LED has a bandwidth of ~4.5MHz, the receiver has a bandwidth of ~40MHz, and the arbitrary
waveform generator has a maximum bandwidht of 120MHz. The usage of a higher order
modulation (64-QAM for example) to reduce bandwidh requirements is constrained by the dynamic

range of the receiver, which results in a limited channel SNR. Figure 44 shows the comparison

88



between the received constellation for the case of a fully equalised (pre and post) and time-domain

equalised transmission at ~310Mbps.

Quadrature

In-phase

Figure 44. A comparison between fully equalised constellation (blue) and only time-domain equalised

(ted).

3.4.6 OFDM equalisation summary

In this section, an OFDM equalisation method is presented as a potential solution in optimising
transmission rates by using the available SNR to compensate the limited channel bandwidth and
dynamic range. A set of experimental transmissions are conducted to investigate characteristics of
the VLC channel and the transmission performance, and the main components of the equaliser are

summatised as follows:
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1. Post-TDE equalisation mitigates signal synchronisation problems, which exist because the
high frequency component of the received signal is highly attenuated due to the channel
frequency response.

2. Post-FDE equalises the deterministic subcarrier phase offset and normalises the subcarrier
magnitude. From this, a Gaussian distributed constellation is achieved and an EVM
measurement is performed to estimate the subcarrier SNR.

3. Pre-FDE adjusts the power allocated to each subcarrier based on subcarrier SNR
information. This adjustment is done iteratively until the SNR for all subcarriers are
equalised.

A transmission bit-rate of up to ~310Mbps is achieved under the target BER of 2x10°. This
corresponds to a modulation bandwidth of ~85MHz, which shows the outstanding performance of
the OFDM system in transmitting high-speed data far beyond the channel bandwidth of ~4.5MHz.

Next, an investigation into signal clipping due to limited dynamic range is presented.

3.5 Systematic clipping as a method to increase performance

Signal clipping is a form of nonlinear effect that exists in VLC links and several studies have been
conducted to characterise this effect [57, 85, 86]. The random Gaussian-distributed nature of
OFDM signals exhibit high peak-average power ratio (PAPR) with randomly-occurring large peaks.
Therefore, normalising the peak-to-peak amplitude to fit the dynamic range of a VL.C system results
in a reduction in the average transmitted power due to this high PAPR. Systematic clipping of the

large peaks at signal generation has been applied as a method to improve power efficiency [20].
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Clipping at the tail ends of Gaussian-distributed OFDM signal amplitude introduces additional
clipping noise to the received signal [59]. However, experiments conducted in [26] demonstrated
that signal clipping is beneficial as a compression method that allows a higher signal power to be

transmitted which outweighs the effect of the clipping noise.

In this section, a clipping experiment is designed using clipping parameters similar to the work
conducted in [26]. A set of time domain OFDM signal frames are collected and from this sample

the standard deviation and variance are averaged. The variance of a single frame is obtained by
2N

(x*)=2)(x7)=2P (50)
n=1

where X, is the amplitude of the 7" point of the 64-point IFFT output, and P is the transmitted

power. The clipping level (CL) is defined by

c

CL = ZOIOg{ a (51
<x2>]

where x_is the clipping limits. A pseudo-unclipped case is obtained using x, = 6.3v2P which

corresponds to CL = 16dB.

A bit-rate versus BER experiment was conducted to evaluate systematic clipping as a method to
improve the BER of DCO-OFDM transmission. The experiment was conducted by sending a set of
16-QAM DCO-OFDM frames at 300Mbps. The BER versus CL is examined for CL. = 2dB to
16dB. At each CL point, a binary stream of 30,000 bits is tested. Figure 45 shows the systematic
clipping level versus BER. The transmission is optimised by applying the equalisation method at

each clipping level.
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Figure 45. Systematic clipping level versus BER for 16-QAM DCO-OFDM at transmission bit-rates of

300Mbps.

At a clipping level = 2dB (a high amount of clipping), the received signal is dominated by clipping
noise which results in a high BER. As the clipping level increases (less of peak amplitudes are
clipped), the BER improves to an optimum clipping level of 9dB where a BER = 1x107 is recorded.

For clipping levels higher than 9dB, the BER starts to degrade slightly.

It can be seen from these results that systematic clipping demonstrates a slight improvement in
practice. This result matches with the clipping experimental result conducted in [26], for which only
a marginal increase in BER/bit rates improvement in the experimental measurements as compared
with a higher SNR gain in a clipping simulation conducted in the same investigation. This is because
the clipping noise in the conducted simulation is assumed to be lower than the actual clipping noise

that occurred in a practical bandwidth-limited system.
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It can be concluded that systematic clipping in a practical bandwidth-limited system only results in
marginal improvements in SNR because the gain in power efficiency is counteracted by the clipping
noise. Therefore, in the following experiments, systematic clipping is not applied in the OFDM

signal transmission.

Further increase in the transmission bit-rates can be achieved by increasing the overall signal power,
which corresponds to the available illumination level in the room. In the following experiment, an
investigation into the relationship between indoor illumination level and transmission bit-rates is

presented.

3.6 Illumination level versus bit rate

The transmission bit-rates optimisation of a single channel VLC OFDM transmission at a fixed
llumination level has been presented and discussed. In this section, an investigation is conducted on

improving bit-rates by increasing the illuminations level.

The experiment is conducted by sending a set of 16-QAM DCO-OFDM symbols at illumination
levels from 10/ux to 2000/xx. The illumination level is varied by changing the distance between the
transmitter and receiver. At each illumination level point, a binary stream of 30,000 bits is sent and

the bit-rate at the target BER of 2x107 is recorded.

Figure 46 shows illumination level versus bit-rate for a 16-QAM DCO-OFDM transmission at the
target BER of 2x10°. The level of illumination is proportional to the level of optical received signal
power for a fixed transmission power, thus it can be seen that the bit-rate rises as the illumination

level (and signal power) increases from 20/ux to 500/ux and peaks at ~310Mbps. The bit-rate then
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decreases as the illumination increases beyond this level. This is because the transmission is

constrained by the receiver’s dynamic range which results in clipping of the OFDM waveform peak

amplitudes.
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Figure 46. Illumination level versus bit rate for 16-QAM DCO-OFDM at BER of 2x10-3.

This experiment shows the relationship between the illumination levels of a single transmitter and
the achievable bit rates for the OFDM transmission. At low illumination levels, the transmission
rates are constrained by the available signal power. High illumination levels result in the saturation of
the receiver, which shows a drop in the overall transmission rates due to the increasing clipping

noise.

3.7 Conclusions

This chapter presented an investigation into higher-order modulation schemes using OFDM as a

method to overcome channel limitations and improve VLC transmission bit rates. A practical
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demonstration of high-speed VLC transmission is presented and a development of an OFDM

equalisation method to optimise transmission bit-rates is discussed.

The equalisation method combining frequency and time-domain equalisation maximises bandwidth
efficiency by equalising the subcarrier SNR, as well as reducing bit-error rate by correcting phase
offsets. In the experiments conducted, transmission bit-rates of up to ~310Mbps are demonstrated
at a Im range and 460/xzx illumination level for a single channel link. This particular transmission
corresponds to a modulation bandwidth of 85MHz, which shows the outstanding performance of

the OFDM system in transmitting high-speed data beyond the channel -3dB bandwidth of 4.6MHz.

Systematic clipping demonstrated an improvement in reducing the BER for the OFDM
transmission conducted. In the experiments conducted an increase in power efficiency only results
in a marginal increase in transmission bit-rates/BER petformance, which shows that increasing

transmission bit-rates of this system is limited by the available bandwidth.

The transmission bit-rate increases as the illumination level increases. This is however limited at a
point where the signal is clipped due to dynamic range, which causes the bit error-rate to increase

due to the additional clipping noise.
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Chapter 4

Alternative Optical OFDM Approaches

4.1 Introduction

Previous chapters have presented investigations of OFDM VLC in single-channel using the DCO-
OFDM modulation scheme. In this chapter, several alternatives to DCO-OFDM are investigated as

a potential modulation scheme in VLC system.

As described in Chapter 1.4.3, the bipolar OFDM signal can be made unipolar by several ways. The
DCO-OFDM scheme operates by adding a DC-bias to the bipolar signal to make it positive to fulfil
the IM/DD requirement. However, this incurs an additional power requirement due to the dc-bias
current applied. Several methods have been introduced as a power-efficient alternative to the DCO-

OFDM approach at a cost of reduced bandwidth efficiency.

One such method, ACO-OFDM is a well-known alternative to the DCO-OFDM scheme, in which
the bipolar OFDM signal is made unipolar by clipping the signal at zero ze. removing negative parts
of the signal. Only the positive real parts of ACO-OFDM waveform are sent for transmission. This
offers higher signal power efficiency. Theoretical comparison with DCO-OFDM has demonstrated
that except for extremely large constellations, ACO-OFDM requires lower optical power for a given

BER and data rate than DCO-OFDM [87].

Several other variants of asymmetrical OFDM scheme have also been developed to improve the

efficiency of ACO-OFDM [88-90]. An advanced receiver ACO-OFDM design in [65] shows an
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improvement, by approximately halving the noise variance by using maximum likelihood detection
at the receiver. Unipolar OFDM (U-OFDM) [66] transmits the positive and negative halves of the
DCO-OFDM signal in two separate parts in series, and uses a similar receiver design as the

advanced receiver ACO-OFDM scheme to reduce noise variance.

Nevertheless, the experimental performance of ACO-OFDM and other variants of the asymmetrical
power-efficient schemes have never been reported, to the best of the author’s knowledge. This
chapter presents an investigation into transmission of these schemes using the VLC system under

consideration.

4.2 Asymmetrical OFDM signal generation

A general characteristic of the asymmetrical scheme is that the waveform is generated in such a way
that the negative part is omitted without losing any information. The signal generation of some of

the asymmetrical schemes are described in the following sections.

4.2.1 ACO-OFDM scheme

The ACO-OFDM scheme loads the useful information bit on the even subcarriers while leaving the
odd subcarriers unmodulated. Therefore, only N/2 subcartiers carry data symbols out of the 2NN-
IFFT points in one OFDM frame. Figure 66 shows a schematic of ACO-OFDM signal generation.
Figure 66(a) shows an example of an ACO-OFDM subcarrier assignment in the frequency domain
and Figure 66(b) shows the corresponding time-domain IFFT output. The resulting IFFT time-

domain output waveform has a negative part that is a symmetrical copy of its positive part. This
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negative part is then omitted by clipping the signal at zero as shown in Figure 64(c), thus only

transmitting the positive part.
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Figure 47. ACO-OFDM signal generation: (a) data is loaded onto even subcarriers in the frequency
domain, (b) the resulting time-domain output of the IFFT has a positive part that is an anti-symmetrical

copy of the negative part and (c) the negative signal is clipped at zero.

At the receiver, the time-domain waveform is sent to the FFT algorithm, and only even subcarrier
symbol outputs are passed for symbol detection and odd subcarriers symbol outputs are omitted.

The gross data rate for an ACO-OFDM transmission is
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4.2.2 Advanced Recetver ACO-OFDM scheme

It can be seen from Figure 66(c) that each clipped point has a corresponding amplitude pair that
carries data signal ze. point n and point N+n form a signal pair, for n = 1, 2, ..., N. At the receiver,

both clipped point and its corresponding amplitude pair are corrupted by additive white Gaussian

noise (AGWN).

Using an advanced receiver design demonstrated in [65], the received ACO-OFDM noise variance is
reduced by fixing the clipped point of the received waveform to zero. This is done using a simple
pairwise maximum likelithood (ML) detector that detects a point with a lower amplitude in the signal
pair and this point is fixed to zero. The ML decision of subcarrier number, n is described using the

following algorithm:

for n=1,23..N

if n>N+n
N+n =0;
else
n=0;

This process is repeated for every point in the time-domain OFDM symbol before the FFT process.

4.2.3 Unipolar OFDM (U-OFDM) scheme

The U-OFDM method uses the DCO-OFDM signal generation scheme, in which all subcarriers are
loaded with complex data symbols. However, the positive and negative parts of the IFFT output are

sent in two separate frames, thus this method requires double the time-period of a single DCO-
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OFDM frame. Therefore, this method exhibits half the bandwidth efficiency of DCO-OFDM

which is the same as the bandwidth efficiency of the ACO-OFDM.

Similar to the advanced- receiver ACO-OFDM, each point on the positive part has a corresponding
point on the negative part. A pairwise ML detection and correction is performed at the U-OFDM

receiver to reduce the noise variance.

4.3 BER versus bit-rate experiment

In this section, a BER versus bit-rate experiment for ACO-OFDM, advanced receiver ACO-OFDM
and U-OFDM scheme is reported. First, a single-channel transmission experiment is conducted

using the transmission system setup as described in Section 3.3.

Signal clipping of the asymmetrical waveform is conducted digitally. The clipped asymmetrical
waveform is then sent to the AWG for digital-to-analogue conversion. The AWG operates in such a
way that the output waveform is bipolar with a zero mean value. This is to allow full usage of the
AWG modulation amplitude dynamic range. Because of this, a 135mA dc-bias current is added to

ensure that the waveform is positive.

An experiment was conducted to evaluate the BER versus bit-rate performance for the various
OFDM approaches. For each case, the BER is collected from 30,000 bits that are transmitted using
16-QAM symbols, at bit rates between 20Mbps to 350Mbps. For all cases, the OFDM signal
occupies the same modulation amplitude range. The illumination level at the receiver plane is

measured.
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4.3.1 Baseline wander

From the experiment, it is observed that the ACO-OFDM signal suffers from baseline wander. This
is caused by the asymmetry of the clipped ACO-OFDM signal. Figure 67 shows two instances of
time domain waveform of ACO-OFDM signal, at a modulation bandwidth of 10MHz and 90MHz.
It can be seen that the axis of the received and transmitted ACO-OFDM signal is not aligned due to
baseline wander. Further to this, it was observed that the other two cases of asymmetric OFDM
signal ze. the Advanced Receiver ACO-OFDM and U-OFDM suffer from the same effect. This is
caused by the changing average of the asymmetric signal. It is an open question whether this
baseline wander is related of the number of subcarriers. Although based on central limit theorem
that a higher number of subcarriers reduce the moving average, the length of the time-domain signal
frame is however increases due to lower subcarrier frequency spacing. The investigation into this

area is beyond the scope of this work, and will be included in future studies.
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Figure 48. Received (post-equalised) time-domain waveform of ACO-OFDM modulation (red) is plotted
onto the generated time-domain waveform (blue) at (a) 10MHz and (b) 90MHz modulation bandwidth.
The figure retains the axis of the generated waveform that is normalised to a zero-mean amplitude value,

which explains the negative amplitudes.
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To counteract the effect of baseline wander due to the asymmetrical waveform, a modified ACO-
OFDM scheme is introduced where instead of clipping the waveform at zero; an unclipped ACO-
OFDM signal is transmitted. This scheme is termed dc-biased ACO-ODFM. Figure 68 shows a
schematic of a dc-biased ACO-OFDM waveform generated based on the ACO-OFDM signal in
Figure 66(b). The signal is generated using the same method as described in Section 5.2.1, but
instead of clipping the negative part (see Figure 66(c)), a dc-bias current is added to the unclipped

ACO-OFDM waveform to make it positive.
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Figure 49. A unipolar signal is achieved by adding a dc-bias to the waveform in Fig. 3(b) instead of signal

clipping at zero.

Although a dc-bias is added, this scheme gains a 3dB power advantage over DCO-OFDM by
sending the signal twice: by transmitting both halves of the anti-symmetrical signal (positive and
negative parts) in one frame. The signal follows a Gaussian distributed amplitude. The bandwidth

efficiency of this method remains the same as the conventional ACO-OFDM.

4.3.2 BER versus bit-rate results

The BER versus bit-rate curves for all five cases are plotted for comparison and these are shown in
Figure 69. The Illumination level is measured at ~250/ux. As a comparison, the BER versus bit-rate

result for the DCO-OFDM scheme is also included. It can be seen from Figure 69 that the
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bandwidth-efficient DCO-OFDM scheme performs better than the rest of the power-efficient
schemes, achieving ~305Mbps at the target BER. On the other hand, the U-OFDM and Advanced
Receiver ACO-OFDM (AR-ACO on diagram) cases perform worst. In theory these should deliver
higher bit-rates than the conventional ACO-OFDM scheme because of the noise improvement
achieved using the ML detection in the receiver design. However, the base axis of the received signal
is not flat due to baseline wander and the ML detection sets the base axis of the signal to zero (as
described in Section 4.2.2). This causes additional distortion to the signal waveform, which result in

a transmission with high BER.

The dc-biased ACO-OFDM scheme (dc-ACO on diagram) performs better than the rest of the
power-efficient cases. This shows that this scheme is robust to baseline wander due to the symmetry
of its waveform. A bit rate of ~180Mbps is achieved for the dc-biased ACO-ODFM case while the

conventional ACO-OFDM scheme achieves a bit rate of ~150Mbps.
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Figure 50. Experimental BER versus bit-rate curves for different optical OFDM schemes.
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4.3.3 Power-efficient versus bandwidth-efficient scheme

For a fair comparison between the power-efficient and bandwidth-efficient schemes, without taking
account the effect of baseline wander, this discussion focuses on dc-biased ACO-OFDM and DCO-

OFDM.

Figure 70 shows the estimated post-equalised subcarrier SNR obtained from EVM measurements
for both schemes at a modulation bandwidth of 50MHz. Figure 71 shows the corresponding signal

constellation for both cases.
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Figure 51. Estimated subcarrier SNR from EVM measuremens for (a) DCO-OFDM and (b) dc-biased

ACO-OFDM schemes.

Figure 52. QAM constellations for DCO-OFDM (a) and ACO-OFDM (b) at 50MHz.
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It can be seen from Figure 70 that the dc-biased ACO-OFDM has an average subcarrier SNR of
~24dB, whereas the DCO-OFDM has an average of ~21dB. This ~3dB increase in SNR is because
the dc-biased ACO-OFDM signal is sent twice in one frame. Figure 72 shows the modulation
bandwidth used to achieve the bit-rates shown in Figure 69 for the DCO-OFDM and dc-biased
ACO-OFDM schemes. It can be seen that because of the higher SNR, dc-biased ACO-OFDM
occupies modulation bandwidths of up to ~90MHz before exceeding the target BER, whereas the
DCO-OFDM exceeds the target BER at ~75MHz. This result shows dc-biased ACO-OFDM
scheme has more than half of transmission bit-rate of the DCO-OFDM scheme despite only having
approximately half the bandwidth efficiency. However, for transmission in a bandwidth-limited
system, the bandwidth efficiency advantage of DCO-OFDM outweighs the power-efficiency of dc-

biased ACO-OFDM to give a higher overall bit-rate.
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Figure 53. BER versus modulation bandwidth used to achieve the bit-rates shown in Figure 69 for the

DCO-OFDM and dc-biased ACO-OFDM schemes.
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4.4 Conclusions

This section presents an experimental comparison of the performance of bandwidth-efficient DCO-

OFDM scheme and several power-efficient asymmetrical OFDM schemes.

In practical transmission cases, asymmetrical OFDM schemes suffer from the effect of baseline
wander, which results in severe bit-rate degradation. To our knowledge, this is the first time that this

has been reported. This result introduces a severe constraint on the asymmetrical OFDM approach.

To counteract, dc-biased ACO-OFDM is introduced to evaluate this effect in a symmetrical
transmission. This is not a novel communication scheme, rather to provide a condition that is robust
to baseline wander to demonstrate the performance of ACO-OFDM as an alternative power-
efficient approach. A single-channel transmission using this scheme achieves transmission rates of

up to ~180Mbps.

Although dc-biased ACO-OFDM has approximately half of the bandwidth efficiency of DCO-
OFDM, this scheme offers 3dB gain in signal power. However, for signal transmissions in a
bandwidth-limited system, the bandwidth efficiency advantage of DCO-OFDM outweighs the

power advantage of dc-biased ACO-OFDM giving a higher overall bit-rate.

Nevertheless, the primary function of VLC communications system to provide the required room
llumination requires a constant level of illumination. The dc level is necessary to ensure the
llumination level is fixed despite no data is transmitted. For this, the integration of dc level has to be

considered in selecting or designing the suitable modulation scheme for VLC systems.
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Chapter 5

VLC Systems using Imaging MIMO-OFDM

5.1 Introduction

In the previous chapters, the constraints of single-channel VLC transmission are examined and the
performance of an optimised single channel transmission using the ACO-OFDM and DCO-OFDM

modulation schemes at a specific illumination level is discussed.

The DCO-OFDM scheme is demonstrated to be effective in combating the effect of limited
bandwidth by using time- and frequency-domain equalisation methods to optimise the transmission
bit-rates. However, from the single-channel transmission it can be seen that ultimately the dynamic

range of a system limits the overall achievable transmission rates.

The inherent availability of multiple transmitter sources in typical VLC configurations offers the
potential of implementing a multi-input multi-output (MIMO) transmission system. MIMO
transmission offers a linear capacity gain with the increase in the number of channels in an ideal
crosstalk-free configuration. In such a system, the optical power from multiple sources is directed
onto multiple detectors, creating an independent, crosstalk-free channel for each transmitter-
detector pair. In this case, power is divided between multiple channels, thus mitigating the dynamic

range problem.

Several MIMO transmission systems have been discussed in Section 1.4.4. One such system, the

imaging diversity MIMO uses an imaging lens to create a full rank channel matrix. For this, the
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optical power at the receiver plane is separated using an imaging lens and directed onto multiple

detectors. Figure 47 shows a schematic of such a system.

D4 Transmitlers

Receiver plane

Recever Imaging

Lens

Photodetedors

Figure 54. Schematic showing an imaging MIMO system.

This chapter presents an investigation into using an imaging MIMO system as a method to further
increase bit-rates. An imaging-diversity MIMO-OFDM VLC prototype is built, and configurations
of the system are described. Experimental analysis is conducted to investigate the performance of

the system.
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5.2 VLC MIMO-OFDM system overview

The imaging MIMO-OFDM system developed is a 4x9 MIMO system, which consists of 4
transmitter (Tx) units, an imaging lens and a 9-detector MIMO receiver. The 4-channel transmitter is
deemed adequate for this MIMO analysis. Increasing the number of Tx unit will require additional

signal processing equipment that is beyond the budget and scope of this work.

Each Tx unit represents an independent channel which transmits OFDM signals. This is detected by

the MIMO receiver. Figure 55 shows a block diagram of the system.
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Figure 55. MIMO-OFDM system block diagram.

The system is based on the single-channel transmission system described in Section 3.2. The single-
channel transmission system is replicated, forming four channels. Each channel consists of a Luxeon

Star-C LED LXHL-MW!1B fitted with an optical diffuser FRAEN FHS-HMB1-LL01-z. The optical

diffuser has a 5° half-power semi-angle, ®,,,, which is selected to provide high illumination level at

172>
the receiver plane at the cost of a narrow field-of-view. The Tx unit is arranged in a 2x2 grid. The

separation between transmitter channels is varied. Figure 49 shows the MIMO transmitter setup.
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Figure 56. MIMO transmitter setup consists of 4 Tx units.

Data signal generation and processing is done offline using MATLAB software. A binary data signal
is generated and encoded digitally into OFDM symbols. This is then split into four Tx channels. For
each Tx channel, signal generation and encoding is the same as the previous OFDM system

described in Section 3.2.

For this MIMO system, two Agilent 81150A two-channel waveform generators are used. For each
Tx channel, the OFDM symbols are routed from a computer to each AWG input for digital-to-
analogue conversion. Each LED is driven by a 135mA DC-bias current and for each Tx channel
the bias current is combined with an electrical output of the respective AWG outputs using a bias-T.
This signal is then transmitted using the Luxeon Star-C LED across the VLC channel and detected
at the receiver. The data signal travel across the LOS channel to the optical receiver (Rx). Figure 57

shows the receiver setup.
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Figure 57. MIMO receiver setup.

The Rx consists of nine photo-detectors arranged in a 3x3 grid. It is fitted with a Melles-Griot MG
520-A blue filter and the aspherical concentrator as previously described in Section 2.3 is used as an
imaging lens to form images of the Tx beams onto the detectors. The geometry of the imaging

optics is described in the following sections.

Received signals from each of the nine channels are routed to an oscilloscope, and transferred to a

control computer for MIMO processing, equalisation and subsequent OFDM processing.
5.2.1 Imaging optics geometry

This section describes the design of the geometry of the MIMO system considered. A thin lens
approximation is used to obtain the required transmitter separation, d, which best aligns the

transmitter and receiver. The thin lens equation is given by
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u v f

where f is the lens focal length, u is the object size and v is the image size. Figure 51 shows the

schematic of the geometrical arrangement of the MIMO optics.
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Figure 58. The geometrical arrangement of the MIMO optics based on thin lens equation.

The linear magnification approximation of a thin lens is given by

=S (54)
h, R

The ratio of the object size, hy, ie. the separation 4 between Tx units, to the image size, h, Ze. the

separation between incident beams on the photodetectors is equivalent to the ratio of the range, R

to the focal length, /. For a MIMO system to work all Tx beams must fall on the receiver, hence

parameter d is constrained by

d <2Rtan(®,,,)+ D (55)

where @, ), is the half-power semi-angle of the transmitter, and D is the imaging lens diameter.

112



The lower limit of d is governed by the separation between detectors to ensure that no two beams

fall onto the same detector
[
d>—-2r (56)
M

where [ is the detector spacing, and r is the radius of the transmitter source.

5.2.2 Full-room MIMO configuration model

Based on the geometry described in Section 5.2.1, this section presents a model of MIMO
transmitter-receiver design geometry to operate in a full-room VLC configuration as described in
Section 2.4.3. For simplification, the model operates with assumptions that the transmitter is a point
source, optical power is evenly distributed within the half-power semi-angle and the receiver has the

same FOV as the transmitter. Table 11 shows the calculation parameters

Table 9. Calculation parameters.

Parameter Description

Tx spacing, d 4m/30 LEDs = 13.33cm
Range, R 2m

LED half-power semi-angle, CI)l /2 5°

Imaging lens diameter, D 4.5cm

Figure 59 shows a schematic of a cross-section of the overlapping area of illumination from multiple
Tx units based on the geometrical calculation of the VILC configuration considered. Figure 60 shows
the corresponding receiver FOV, based on Figure 59. It can be seen from the calculation that there
are a maximum of 3 Tx units that can be detected on a single axis, which gives a maximum total of 9

Tx units that can be detected at the receiver.
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Figure 59. Schematic of a cross-section of the overlapping areas of illumination from multiple Tx unit
based on the geometry of the VLC system described in Section 2.4.3, showing two cases of receiver FOV

(1) and (2).
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Figure 60. Schematic of the corresponding receiver FOV based on case (1) and (2) of the illumination

ovetlapped as shown in Figure 61.
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Given that the transmitter geometrical configuration is fixed based on the illumination level
requirement described in Section 2.4.3, the MIMO receiver parameters are varied to ensure that the
beam formation on the detector plane is designed to provide a full-rank matrix. Figure 63 shows
magnification versus detector separation based on Equation (55). A magnification can be selected to
ensure that the MIMO constraint that no two beams fall solely on the same detector is met. Two
examples of receiver design are shown in Figure 63. a) The imaging lens magnification is reduced to
0.021 to allow the usage of the same MIMO receiver with detector spacing, [/ = 2.7mm and b) The
receiver detector spacing is increased to [ = 6mm to allow the use of the same imaging lens
magnification, M=0.045.
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Figure 61. Magnification, M versus detector separation, I curve for Tx separation d=13.33cm plotted based
on Equation (55) described in Section 4.2.1. Two designs are shown in a) the imaging lens magnification
is reduced to 0.021 to allow the usage of the same MIMO receiver with detector spacing, I = 2.7mm and b)

the receiver detector spacing is increased to I = 6mm to allow the usage of the same imaging lens

magnification, M=0.045.
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Full room coverage can be obtained by increasing the number of cells. It can be seen from
calculation that this system can be scaled to give full-room coverage operation while maintaining the
required illumination level. The practical demonstration of full room coverage and illumination is

however beyond the scope of this work.

5.3 MIMO algorithm

The MIMO channel can be modelled as;

Y=HX+N S

where Y is a 9-by-1 received signal vector; H is the 9-by-4 channel matrix; X is a 4-by-1 transmitted

signal vector; and N is a 9-by-1 channel additive white Gaussian noise (AWGN) vector.

A technique to measure the channel matrix and to recover the signal has been reported in [84]. This
experimental work was undertaken jointly with Tran Tuan-Anh, another DPhil candidate from the

same research group.

The transmission begins by sending a set of training signals to estimate the channel matrix. This
process is conducted by sending low frequency sinusoidal signals from a single Tx unit and the
averaged amplitude of received sinusoids for each detector is recorded, while the rest of the Tx units
are switched on (dc-biased) but not transmitting any signal. This process is repeated for each Tx
unit, to obtain a series of scalar amplitudes, yjj for the j-th Tx and the i-th detector. Each element of

H is obtained by
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h, = 1/y; ~o;} (58)

> is the noise variance corresponding to the i-th detector. The noise variance is obtained

where o,

from the statistics of the receiver noise y,. This is measured when all the Tx units are switched on,

but no signal is sent.

At the receiver, an estimate of X is given by

X =GY (59)
where G is a pseudo-inverse of the channel matrix H obtained using a minimum mean squared error
(MMSE) algorithm [85]. Assuming that the Tx units are independent of each other, and have equal

average transmission power p, the matrix G thus takes the form
T il CN -1

where H ' is the Hermitian transpose of H and Cy is the covariance matrix of N.
5.4 BER versus bit-rate experiment

A bit-rate versus BER experiment is conducted with the aim of evaluating the performance of the
best case of the MIMO-OFDM system. For this, the imaging lens is arranged in such a way that the

Tx beams fall onto separate detectors to ensure a full rank channel matrix.

Figure 62 shows the experimental configuration, in which the transmitter is placed perpendicular to
the receiver on the optical axis of the system. The range between the transmitter and receiver is set
at 1m and the distance d between Tx units is set at 15cm. The total combined illumination level

from all Tx units measured at the receiver plane is ~1000/#x and each Tx unit contributes ~250/ux.
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The experiment is conducted using the following procedure:

1. A MIMO channel training run described in Section 4.3 is conducted to obtain the channel
matrix, H and the pseudo-inverse channel matrix, G.

2. A set of 16-QAM DCO-OFDM frames is sent from 10Mbps to 350Mbps per channel,
corresponding to an overall transmission bit-rate of 40Mbps to 1.4Gbps. 16-QAM scheme is
selected based on the available SNR for each channel. A total of 30,000 bits per channel is
sent

3. At the receiver, the received signal vector is multiplied by G to obtain the estimate of the
sent signal vector X. The output of this process is four parallel streams, and each stream is
further processed independently.

4. At each bit-rate, iterative channel equalisation is conducted for each stream. OFDM symbol
recovery is conducted and the BER is recorded. A transmission with zero error is

represented as a BER of 1x10* on the graph. A BER of 2x107 is taken as the target BER.
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Figure 62. Experimental configuration for imaging MIMO transmission.

Figure 63 shows the BER versus bit-rate for 4-channel MIMO-OFDM transmission. A bit-rate of
~1.1Gbps can be achieved before exceeding the target BER. This uses a modulation bandwidth of

~65MHz per channel.
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Figure 63. BER versus bit-rate for MIMO-OFDM transmission.

As a comparison, the experiment is repeated using a single channel of the system. This is to
represent an ideal case for a single channel in a parallel communication system. For this
transmission, the configuration used in the previous experiment remains the same but only a single
Tx unit is active and transmitting data. The other three Tx units are switched on but inactive (no
signal transmitted) to provide the required level of llumination.

Figure 64 shows BER versus bit-rate for SISO-OFDM and ‘per channel’ MIMO-OFDM. The
SISO-OFDM and MIMO-OFDM per channel cases achieved transmission bit-rates of up to
~290Mbps and ~280Mbps at the target BER respectively, and error-free transmissions of
~250Mbps and ~150Mbps respectively. It can be seen that the SISO channel outperformed the
MIMO system on a per channel basis, and the SISO channel also exhibits a lower BER floor. This is
due to the additional penalty introduced by crosstalk between detectors when more than one

detector of the multi-channel receiver is used for the MIMO system. An ideal multi-channel
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communication system is a number of isolated parallel channels where there is no crosstalk between
them, and the SISO example represents one such channel. However, such a system requires precise

optical alighment between sources and detectors.
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Figure 64. BER versus bit-rate for SISO-OFDM and per channel MIMO-OFDM.

This experiment demonstrated a static MIMO-OFDM transmission configuration, of which the
formation of an alighed MIMO-OFDM channel is straightforward. However, in order to provide
mobility and coverage, maintaining such precisely-aligned configuration is difficult because of
dynamic positions between the transmitter and receiver. This results in the received light shifting
away from a dedicated detector, which reduces received signal power and increases crosstalk/
spillover to adjacent detectors. In the extreme case, no signal can be detected and a realignment of
the optical system is required. In the following section, the MIMO performance for a wide range of

transmitter and receiver positions of the system is evaluated in the following section.
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5.5 Comparison between DCO-OFDM and ACO-OFDM

This section presents an investigation into the overall the BER versus bit-rate performance for
ACO-OFDM and dc-biased ACO-OFDM in MIMO transmission. The experiment is conducted

using the MIMO transmission setup and experiment procedures as described in Section 5.4.
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Figure 65. (a) BER versus bit-rate curves for ACO-OFDM, dc-biased ACO-OFDM and DCO-OFDM

schemes and (b) the corresponding BER versus modulation bandwidth for each case.
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Figure 73(a) shows the BER versus total transmission bit-rates and Figure 73(b) shows the
corresponding BER versus per-channel modulation bandwidth for MIMO transmission using DCO-
OFDM and dc-biased ACO-OFDM schemes. The bit-rate for ACO-OFDM MIMO parallel
transmission is also included for comparison. Dc-biased ACO-OFDM achieved bit-rates of up to
~600Mbps and ACO-OFDM achieved bit-rates of up to ~560Mbps. It can be seen that DCO-

OFDM outperforms both the power-efficient schemes with bit-rates of up to ~1.1Gbps.

5.6 Coverage experiment

In this section, the robustness of the imaging MIMO-OFDM transmission in providing coverage is
investigated. Two sets of experiments are conducted to investigate the horizontal and vertical
coverage limit of the system under consideration. Figure 66 shows the configurations for the
experiments. The horizontal coverage is a combination of the range and horizontal displacement,
while the vertical coverage is a combination of the horizontal displacement and vertical

displacement.
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Figure 66. Configuration for vertical and horizontal coverage experiment.

5.6.1 Vertical coverage experiment

In this experiment, two configurations with d = 9.5cm and d = 15cm are selected to give different
levels of illumination level at the receiver surface. The closer the separation d, the higher the

combined illumination at the receiver plane.

In this experiment, the receiver is fixed and coverage is measured by moving the transmitter. The
transmitter is initially placed perpendicular to the receiver at a 1m range, and the receiver is
positioned in the centre of the illumination pattern as shown in Figure 66. The imaging lens is
adjusted before the start of the experiment to ensure Tx beams fall on the detector for a full rank

channel matrix. The experiment is conducted using the following procedure:
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1. The separation, 4 between Tx units is set to 15cm. The combined illumination level at the
receiver plane is measured.

2. The BER versus bit-rate experiment is taken on 7 x 7 points across horizontal and vertical
displacements from this center point to form a surface plot.

3. At each displacement point, MIMO channel training is conducted to obtain the channel
matrix.

4. 'This is then followed by transmission of a set of 16-QAM DCO-OFDM frames at
~250Mbps per channel, corresponding to an overall transmission bit-rate of ~1Gbps
(1007Mbps). At each transmission, channel equalisation is conducted and a binary stream of
30,000 bits per channel is sent. A raw BER of 2x10” is taken as the target BER. The
measured BER is represented by log,,(BER) on the BER plot..

5. Step 1-4 is repeated using a configuration in which the transmitter spacing, d is reduced to

9.5cm. The combined illumination level at the receiver plane is measured.

Figure 67 shows the BER versus vertical and horizontal displacements for the 15cm spacing
configuration. The vertical coverage within the target BER of 2x107 is measured to be ~4cm x
~4cm = ~16ecm® The combined illumination level at the centre axis of the receiver ze. on the

imaging lens plane is measured at ~1000/xx.
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Figure 67. Vertical coverage for d=15cm. The white region shows the coverage within the BER of 2x10-3.

Figure 68 shows the BER versus vertical and horizontal displacements for the 9.5cm spacing
configuration. The vertical coverage within the target BER of 2x10” is measured to be ~10cm x
~10cm = ~100cm’. The combined illumination level at the centre axis of the receiver plane is

measured at ~1500/xx.
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Figure 68. Vertical coverage for d=9.5cm. The white region shows the coverage within the BER of 2x10-3.

It can be seen from both results that there is 1Gbps transmission at the target BER within the white
area. This shows that crosstalk between Tx units is mitigated without the need to realign the imaging
lens. BER performance degrades away from the center of the coverage area due to lower

llumination intensity, and falls off rapidly as the beam images do not fall on the receiver.

Based on these results, the coverage measured is compared with the calculation of beam
displacement on the receiver surface using the thin lens equation given in Section 4.2.1. The

parameters used in the calculation are summarised in Table 9.

It can be seen from Figure 53 that transmission at 1Gbps rate achieves a BER of 5x10™. Thus, to
achieve the target BER of 2x107 at this transmission rate, there is a BER margin. This allows some

portion of the beam images to fall out of the detector which increases coverage. Therefore, for a
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simplified approximation, the calculation is conducted with an assumption that to achieve a

transmission below the target BER, at least half of all the beam images must fall onto a detector.

Table 10. Geometry calculation parameters.

Parameter Description
Focal length, f 4.5cm
Magnification, M 0.045
Detector size 2.70mm (with 0.10mm spacing between detectors)
Tx source diameter (object) 30.50mm
Beam diameter (image) 1.37mm
8.30mm
0.10mm 0.10mm

2.70mm 2 2.70mm A4 2.70mm

6.75mm —

—

Y o P

Figure 69. Schematic showing the beam displacement (blue to ted) on the detector surface for d =15cm.

For the first case of d = 15cm, the separation between beams is calculated to be 3.75mm. Figure 58

shows a simplified schematic to show the beam (image) formation on the detector plane. For this
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arrangement, the maximum calculated horizontal displacement from one end to another is 1.55mm
before the beam moves out of the detector plane, which corresponds to 3.4cm calculated horizontal
displacement of Tx units (object). For a square arrangement, this gives a total calculated horizontal

and vertical displacements (coverage) area of 3.4cm x 3.4cm = 11.55cm’.

8.30mm

0.10mm 0.10mm
2.70mm _b_ 2.70mm &< 2.70mm

4.28mm -

Figure 70. Schematic showing the beam displacement (blue to red) on the detector surface for d = 9.5cm.

For the second case of d = 9.5cm, the separation between beams is calculated to be 2.37mm. Figure
59 shows a simplified schematic to show the beam (image) formation on the detector plane. For this
arrangement, the maximum calculated horizontal displacement from one end to another is 4.03mm
before the beam moves out of the detector plane, which corresponds to 9cm calculated horizontal
displacement of Tx units (object). For a square arrangement, this gives a total calculated horizontal

and vertical displacements (coverage) area of 9cm x 9cm = 81cm’.

129



Table 10 shows calculated parameters for each Tx separation cases. The measured coverage for both
cases is close to the geometry calculation, with a disparity that is likely due from misalignments of
the manually-positioned imaging lens. As the separation d decreases, a bigger atea of ovetlapping
llumination exists allowing a greater displacement on the detector surface thus providing a greater

coverage. This is also results in an increased of the combined illumination level at the receiver plane.

Table 11. Parameters obtained from the geometry model, and also included are the measured results.

Parameter Description

Tx spacing, d (object) 9.5cm 15.0cm
Beam spacing (image) 4.28mm 6.75mm
Calculated maximum beam displacement (image) 4.03mm 1.55mm
Calculated maximum source displacement (object) 9.0cm 3.4cm
Calculated coverage 81cm? 11.55cm?
Measured maximum displacement within target BER ~10cm ~4cm
Measured coverage 100cm? 16cm?

Ultimately, coverage is limited by the number of transmitter and detector sources. Nevertheless, in
typical VLC systems, a larger number of transmitter sources are inherently used to provide the
required illumination for full room coverage. This system under consideration is an example of a
single MIMO unit that can be scaled to give room-wide coverage and the required illumination level
by adding more cells. The 4-channel MIMO unit under consideration is a part of a bigger full-room
configuration as explained in Section 2.4.3. With adjacent cells placed next to each other, the MIMO
algorithm can detect the contribution of a particular Tx from the adjacent cells. Figure 60 shows an
example of an operation of such configuration. The blue box represents the field-of-view (FOV) of

the receiver and the coloured circles represent Tx channels; a set of four channels for each cell. As

130



the receiver moves out of a specific cell (case A to case B), a retraining of the MIMO matrix is
conducted to take account channel from the adjacent cells. The following section presents a model

of MIMO configuration to provide full-room coverage.

o [+ © O O @)

A B

o o 2 © o O 2] @

Figure 71. Schematic of an example of cellular arrangements for the MIMO system to provide full room
coverage. MIMO channel training is conducted after moving the receiver from case A to case B, which

will take account of sources from the adjacent cells.

5.6.2 Horizontal coverage experiment

Next, an experiment is conducted using the same apparatus and configuration to investigate the
horizontal coverage, which is a combination of the range and horizontal displacement. Experimental
setup is as shown in Figure 55. The separation, d between Tx units is set to 9cm. The imaging lens is
adjusted once before the start of the experiment to ensure Tx beams fall on the detector for a full

rank channel matrix. The experiment is conducted using the following procedure:

1. The range is set at 70cm and the BER for 16-QAM DCO-OFDM at 1Gbps transmission is

recorded.
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2. The experiment is conducted for 7 points across a =7cm horizontal displacement from the
centre. At each displacement point, MIMO channel training is conducted to obtain the
channel matrix, and 30,000 bits per channel is sent.

3. Step 2. is repeated at 7 points between the range of 70cm and 130cm, giving an overall 7x7
points of horizontal surface coverage. At each range, the illumination level at the receiver Ze.
the imaging lens plane is measured.

4. A raw BER of 2x107 is taken as the target BER. The measured BER is represented by
log,(BER) on the BER plot.

Figure 72 shows the BER at points across the range and horizontal displacement at 1Gbps and
Figure 73 shows measured illumination level versus range. It can be seen that as the range is
decreased/increased from 1m Ze. initial position where the optical alignment is optimised, the BER

falls rapidly.

Horizontal displacement, x [cm]

70 80 a0 100 110 120 130
Range, B [cm]

Figure 72. Horizontal coverage for d=9cm. The white region shows the coverage within the BER of 2x10-3.
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Figure 73. Measured illumination level versus range for the MIMO transmitter with d = 9cm.

This is caused by two factors. First, as the range decreases, the incident power at the receiver
increases which results in BER degradation due to receiver saturation as discussed in Chapter 3. As
the range increases, the available signal power for communications decreases, resulting in BER
degradation. Second, BER degradation is also caused by beam images on the detectors being
defocussed as the range is decreased/increased. This results in an increase in the image beam size,
which increases the level of crosstalk that the channel matrix has. In turn, this leads to lower

performance.

Nevertheless, it can be seen that a Gigabit/s transmission at the target BER can still be achieved
within the range of 85cm to 125cm. This shows that the MIMO system is robust to the effect of

crosstalk from a defocussed image, given that the channel matrix is maintained at full rank.
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5.7 Conclusions

In this chapter, a MIMO communications method is introduced and a prototype imaging-diversity
MIMO-OFDM system is built. A 4-channel MIMO transmission experiment is conducted at an

illumination level of 1000/.x.

The experiment has demonstrated that the MIMO transmission system overcomes the dynamic
range limitation of a single-channel transmission. Transmission bit-rates of up to ~1.1Gbps are
achieved. This would not be possible for a single-channel transmission as receiver saturation and

signal clipping occur beyond a 500/zx illumination level due to the limited dynamic range.

Nevertheless, a comparison between the best case of per channel MIMO transmission and an ideal
isolated channel case shows that there is penalty introduced by the MIMO system due to crosstalk
between channels. However, establishing such an ideal channel is difficult and requires precise and

complex mechanical optical alignhment.

The imaging MIMO system provides a straightforward and simple configuration, and the MIMO
processing algorithm mitigates inter-channel crosstalk and removes the requirement of mechanical
realignment by shifting channel realignment from optical to electrical domain. In the coverage
experiment, the imaging MIMO system has demonstrated to be robust to changes in receiver-
transmitter positions in providing coverage, as long as the channel matrix is maintained at full rank.
Coverage is limited for the system under consideration due to the limited transmitter sources.
Nevertheless, this system can be scaled to provide room-wide coverage by replicating more MIMO

cellular units.
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Chapter 6

Conclusions and Future Directions

The main aim of this research is to address the challenge of increasing data rate for indoor wireless
communications using VLC. The thesis presents an investigation into practical challenges and

potential methods in increasing data rates for indoor VLC systems.

The main contribution from these investigations is a novel imaging diversity MIMO-OFDM system
as method to achieve high data rates. This system optimises channel spectral efficiency using the
OFDM modulation scheme, and increases the overall channel capacity using multi-channel MIMO
transmission. This allows transmission at data rates of up to ~1.1Gbps at a target BER of 2x10°.

The main conclusions from the thesis are summarised as follows:

1) The thesis begins by reporting the characteristics and constraints of the VLC channel and
components of the VLC system, which is analysed using theoretical simulation and
experimental investigation. A simulation of the illumination level from the experimental

Luxeon Star-C LED in providing room-wide coverage is reported.

The VLC channel exhibits a high SNR under a standard room illumination level. However,
increasing the VLC transmission bit-rate faces several constraints; particularly LED
bandwidth and the limited dynamic range of system components. Several methods of

increasing transmission rate are introduced.
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2)

3)

4)

One such method is using a blue filter to block slow phosphor component of the LED to
increase the bandwidth of the LED frequency response. Analytical and experimental
measurements show that the blue filter method improves the bandwidth of the channel.
However there is a trade-off between bandwidth and power and the blue filter response has
to be selected taking into considerations of competing factors including the frequency

response and the available signal power of the light that passes through the filter.

OFDM is introduced as a key approach to improving data rates in bandwidth-limited VLC

systems by increasing the spectral efficiency of signal transmission.

To investigate this, a VLC OFDM system is built and the performance and constraints of
this system are specified. It is shown experimentally that the OFDM scheme is sensitive to
frequency/phase offsets in the system. This is due to the low-pass characteristics of the
channel frequency response, which results in the rotation of subcarrier signal constellations.

This increases bit-error and limits transmission bit-rates.

One of the advantages of OFDM is a straightforward implementation of frequency domain
equalisation using the IFFT algorithm to compensate the low-pass characteristics of the
channel frequency response. An equalisation method is introduced that incorporates pre-
and post-equalisation in frequency and time domain. This method corrects constellation

rotations and equalises SNR on each subcarrier.

Using this approach, transmission bit-rates of up to ~310Mbps at 460/ illumination level
on a single channel link are reported. This corresponds to a modulation bandwidth of

~85MHz, which shows the outstanding performance of the OFDM system in transmitting

136



5)

0)

high data rates at frequencies beyond the channel bandwidth of 4.6MHz. Further increase in

data rates for this transmission is constrained by the dynamic range available at the receiver.

The thesis presents an extended investigation on several other OFDM approaches. In
practical transmission cases, asymmetrical OFDM schemes suffer from the effect of baseline
wander, which results in severe bit-rate degradation. To our knowledge, this is the first time
that this has been reported. This result introduces a severe constraint on the asymmetrical
OFDM approach. Dc-biased ACO-OFDM is introduced as an alternative power-efficient
approach that is robust to baseline wander. A single-channel transmission using this scheme
achieves transmission rates of up to ~180Mbps. This scheme has shown to offer 3dB gain in
signal power over DCO-OFDM. However, for signal transmissions in a bandwidth-limited
system, the bandwidth efficiency advantage of DCO-OFDM outweighs the power advantage

of dc-biased ACO-OFDM giving a higher overall bit-rate.

A MIMO system offers a linear capacity gain with the number of transmission channels in
an ideal configuration. This system is a potential solution to mitigate the dynamic range
limitation, as power is divided between multiple channels. To investigate this, an imaging
MIMO transmission experiment is conducted under the same dynamic range constraint. A
4-channel MIMO transmitter is built using four sets of transmitter components of the single-
channel link, giving a combined illumination of 1000/xx at the MIMO receiver plane. An
imaging system is used to separate the optical power at the receiver plane onto multiple
detectors, and MIMO processing relaxes the requirements for precise mechanical
alignments. This allows data rates of up to ~1.1Gigabit/s at a BER of 2x10°. To the authot’s

knowledge, this reported data rates is the highest recorded for an indoor VLC MIMO-
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OFDM transmission. The first practical implementation of MIMO-OFDM transmission in

visible light communications was reported in [91] by the author and co-writers.

7) An investigation into MIMO system scalability to provide room-wide coverage is presented.
In a coverage experiment conducted, the imaging MIMO system was demonstrated to be
robust to changes in receiver-transmitter positions in providing coverage, as long as the
channel matrix is maintained at full rank. However, coverage is limited for the system in

consideration due to the limited number of transmitters and detectors.

6.1 Future work

To further increase data rates and to provide the required coverage, the possible areas into which

this work may usefully be extended are set out as follows.

6.1.1 Further increase in data rates

Further increase in transmission rates can be realised by two means: 1) Increase the data rates of per
channel transmission and 2) Increase the number of parallel transmission channel. From a system
point-of-view, data rates per channel can be possibly increased using advanced transmitter and
receiver components. For example, a micro-LED (uLED) array as demonstrated in [92] can be
potentially used. Work reported in [92] shows transmission bit-rates of up to 1.5Gbps are achieved
using a CMOS-controlled MIMO approach, but range and coverage is limited due to low signal
power of these LED emission. An investigation into the possibilities and limitations of an imaging
MIMO-OFDM system design using multiple of these pLEDs to provide the required room-wide

illumination would be an interesting area of further studies.
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More complex transmitter and receiver components also offer the potential for higher data rates.
RGB LEDs offer the potential of wavelength-division multiplexing, and transmission bit-rates of up
to ~3.4Gbps are achieved using a single RGB LED [63]. The application of RGB LED in MIMO
systems is also attractive. However, this system requires a complex receiver design with an added

diversity: to separate signals from multiple sources, as well as multiple colours.

At the receiver end, data rates per channel can be improved by increasing per channel SNR using
receivers with a higher sensitivity. For example, an advanced avalanche photodiode (APD) receiver
as demonstrated in [61] shows that bit-rates of ~600Mbps per channel can be obtained at a very low

llumination level of 10/xx.Again, this is at the cost of complexity.

0.1.2 Improving coverage

In section 4.5, a proof-of-concept model on MIMO system scalability has been presented. Work to
improve coverage is required. This should include the effects such as shadowing, and the
configuration of the mobile receiver. There is also a possibility of integrating the imaging MIMO

system with beam-steering methods to further increase MIMO performance under these constraints.
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