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ABSTRACT

Traffic in wireless communications is expected to increase exponentially due to demands such
as multiple up/downloading, and streaming of ultra-high-definition or multi-dimensional content.
This demand requires the development of multi-Giga bit/s communication systems. Insufficient
radio spectrum is the main barrier to developing such high-speed wireless systems. Visible light
communications (VLC) has the potential to overcome this barrier by providing THz of unlicensed

spectrum.

This thesis reports a new generalized modelling method and demonstrations for multi Gigabit/s
VLC. For the optimum design of such system, a comprehensive investigation is presented,
including the review of existing investigations. Novel design methods, such as optimisation for
band-limited optical orthogonal-frequency-division-multiplexing schemes, generalisation of multi-
input-multi-output (MIMO) VLC channels, and consideration of device characteristics in the
modelling, are introduced for the first time. Then, various VLC techniques are compared

considering practical constraints from various VLC channels and devices.

Demonstrations of multi-Gb/s VLC systems are also presented: A 3-Gb/s wireless link with a
single Gallium Nitride micro light-emitting-diode (LLED), a 1.68 Gb/s white-light communication
link using a conjugated polymer and the uLED, and laser diode (LD) based remote phosphor
approach leading to data-rates of up to 6.52 Gb/s for single channel and 10 Gb/s for 2-channel
imaging system. These are the fastest demonstrations through a single LED source, and white-light

generating LED and LD sources, respectively, at the time this thesis was written.
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Chapter 1
Motivation and Aims

1.1

DEMAND AND CHALLENGES FOR MULTI GIGABIT/S WIRELESS SYSTEMS

24,3 EB
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Figure 1. Cisco prediction of global mobile traffic per month (source: Cisco VNI Mobile, 2015)

exponentially [1][2]. Figure 1 shows Cisco’s prediction that overall mobile data traffic will grow
almost ten times from 2014 to 2019. In addition, the demand for
supporting multiple up/downloading and streaming of ultra-high-definition (UHD) or multi-

dimensional content, requires the development of multi-Giga bit/s communication systems [3][4].

resources, known as ‘Spectrum-Drought’ [5]. The radio frequency spectrum is strictly regulated by
relevant authorities such as the Federal Communications Commission (FCC) in the US, and is full

from 3 kHz to 30 GHz [6]. In addition to its scarcity, the time and cost spent to secure such

It has been widely acknowledged that the traffic in wireless communications is increasing

The main challenge to develop such high-speed wireless systems is insufficient radio spectrum
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communication spectrum is large [7]. For these reasons, other spectrum bands, such as millimetre
wave [3][8][9] and optical wave lengths [10]- [11], have been investigated.

Millimetre wave communications systems use a high radio frequency carrier (20-90 GHz) to
obtain a large spectrum. For instance, a bandwidth up to 4 GHz is available at a carrier frequency
of 38 GHz bands, and a bandwidth of up to 10 GHz is available in a band between 70 and 80 GHz.
More details of spectrum planning and current regulatory issues are shown in [8]. There have been
a limited number of physical demonstrations. As an example, in 2014, a 1.06 Gb/s system using

27.9 GHz carrier was demonstrated by Samsung Electronics [9].

Optical wireless communications (OWC) uses optical wavelengths in the infrared (IR), visible,
and ultraviolet (UV) regions of the spectrum. OWC has the potential to provide ~THz of
unlicensed bandwidth, a high degree of spatial reuse, and high security [12]. Typical data rates
are hundreds of Mbit/s, using LEDs to provide diffuse coverage, using an intensity modulation,
direct detection transmission scheme. Early stage OWC investigations and demonstrations were
undertaken in 1960-70, and are reported in [13][14]. Reference [12] investigated diffuse IR
radiation and demonstrated 125 kb/s. In the 1990s, short-range links with data rates up to 4 Mb/s,
using the Infrared-Data-Association (IrDA) standard were widely deployed [15]. More recently,
multi-channel approaches including a 2x2 multiple-input-multiple-output system supporting 10
Mb/s was shown [16]. There have also been a number of high speed demonstrations. A Gigabit
class home access network supporting up to 1.25 Gb/s was developed [17], and an IR wireless link

with aggregate capacity over 100 Gb/s was demonstrated [11].

It can be seen that Gb/s implementation of both optical wavelength and RF systems have been

demonstrated. IR optical wireless requires additional dedicated infrastructure that preserves line of
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sight if high rates are to be achieved. In addition eye safety requirements limit the available power,

making achieving high rates challenging [8][18].

1.2 VISIBLE LIGHT COMMUNICATIONS

Visible light communications (VLC) can overcome the power constraints that limit
performance in IR systems. VLC is an OWC system operating in the visible region of spectrum
(390-750 nm). VLC uses the existing lighting infrastructure, which is designed for illumination. It
can, therefore, provide considerable cost saving compared with other communication methods
requiring additional infrastructure. For the success of VLC, a prerequisite is the deployment of
solid state lighting (SSL), usually based on light emitting diodes (LEDs). The successful
deployment of SSL based lighting depends on the efficiency and quality of the light compared
with the existing sources as well as the cost. White LEDs (WLEDs) are mostly based on blue
LEDs combined with a yellow phosphor. These provide high efficiency (94-119 Im/W)
comparable to that of fluorescent (108 Im/W) and high intensity discharge (HID) systems (115
Im/W) [19]. (The unit ‘Im/W’ is the ratio between the generated luminous flux and the applied
electrical power.) Also, they provide high quality colour rendering and controllability [20].

WLEDs are predicted to become main lighting sources by 2020 [21].

In 2003, the visible light communications consortium (VLCC) was established. This group
reported a number of VLC techniques and applications, and standards were also developed [22],
and more recently the visible light communications association (VLCA) has superseded the VLCC.

Over the following decade the field has grown substantially, with major efforts across the globe.
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Recent research has focused on increasing available data rate. These include work on high level
modulation, spatial-multiplexing, wavelength-multiplexing, and/or channel equalisation [23].

Reference [24] reviews the research before 2010, and Table 1 summarises recent demonstrations.

Table 1. Recent VLC demonstrations

Reference /

Year Applied source Applied schemes Result
Orthogonal-frequency-division- 14
[25] / 2015 R/G/B Lasers multiplexing &
L L Gb/s
Wavelength-division-multiplexing
Orthogonal-frequency-division- 10
[26] / 2014 Red Laser multiplexing & Gh/s

Spatial multiplexing

Orthogonal-frequency-division-

Comercial . . 5.6
(27172004 1 o/v/G/B LEDs multiplexing & Gbis
Wavelength-division-multiplexing

[28]/ 2013 Comercial Careless-ampl|tud§;phase-modulatlon 34
RIG/B LEDs Wavelength-division-multiplexing Gbls

[29]/ 2013 Comercial Orthogonal-frequency-division- 1
WLEDS multiplexing & Ghls

Spatial-multiplexing

[30] /2013 Comercial Orthogonal-frequency-division- 500
WLED multiplexing (Real-time) Mb/s

[31] / 2010 Comercial On-off-keying & 100
WLED Analogue-post-equaliser Mb/s

In the past several years, several projects are beginning investigating custom devices for VLC.
In the ultra-parallel visible light communications (UP-VLC) project, funded by the Engineering
and Physical Sciences Research Council (EPSRC), the use of customised GaN pLEDs and CMOS

based integrated system is being investigated [32]. The UPVLC collaborators hold the current
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‘world-record’ for a single LED data link [33], and also the record for a white LED using the fast

colour converters [34], with a multi-input-multi-output systems demonstrations.

All of these demonstrations have shown that it is possible to construct high-speed VLC links.
Most of these investigations chose a specific VLC scheme without in depth comparative research.
This is because there has not been a straightforward method to find an optimum scheme for a
given VLC channel. A method shown in [35] has been used in several publications comparing
performances of different modulation schemes. The method estimates the power and bandwidth
requirements for different IM-DD modulation schemes, and enables the comparison. However,
this modelling does not include i) the device technology used for transmitter and receiver, and ii)
key techniques such as equalisation and multi-input multi-output transmission. For the optimum

design of a multi Gigabit VLC system, however, a comprehensive modelling approach is required.

1.3 INVESTIGATION METHODOLOGY

This thesis aims to create a general approach for designing multi Gb/s VLC systems. For this, a
comprehensive understanding of VLC schemes and devices are required. A new design method

optimising both schemes and devices will be introduced. Work in each chapter is listed below.

e Chapter 2 shows modelling of illumination and the VLC communication channel.

e Chapter 3 shows the modelling frame work. Required bandwidth and signal-to-noise ratio for
a number of VLC schemes are discussed. The concept of ‘technology-curve’ is introduced to
include the impact of VLC transmitter and receiver devices on the available communication

power and frequency resources.

17



Chapter 4 shows the comparison of MIMO VLC schemes.

Chapter 5 presents examples of maximising the data-rate or margin of VLC systems using the
approach developed in Chapter 3 and 4.

Chapter 6 shows demonstrations of multi-Gigabit VLC systems using novel custom devices
developed in the UPVLC project.

Chapter 7 summarises the key results and suggest future work and further developments.
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Chapter 2
Modelling of the illumination and communication
channel

2.1 INTRODUCTION

Source Source

Line-of-sight

Field-of-view
\
\
\

Reflection
\ /
\ /

P 4 ,'
Yo Optics

Detector T

Figure 2. An example of VLC Channel

In this chapter, the impact of lighting designs on the performances of the illumination and
communication channel is presented. Figure 2 shows an example of VLC channel. LED sources
provide illumination and data transmission. The data signal is carried on the modulated intensity of

the visible light, and is collected by receiver optics. Depending on the optical path, optics collects
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the light and a photo detector subsequently converts the received optical power into the electrical
current for signal processing in electrical domain. It can be seen that the source layout can have a
strong influence on VLC channel. This chapter investigates the relationships between illumination

and communication channel using two distinct lighting designs as an example.

2.2 ILLUMINATION DESIGN

OUZ;EZ stripe (0.2m)

f@ 7 W

Inner strjpe (0.1m) l500

YU_Tl 7

480

e 460
440

420

400

5m 380

(a) Square design (b) Hollow design

Figure 3. Two lighting designs: (a) square design, and (b) hollow design

In an indoor environment, a certain level of illuminance (~400 Ix) on the desk level is required
[36]. For a given light source, the layout is an essential factor in meeting this criterion. Two
lighting configurations are investigated, as shown in Figure 3. (a) shows a typical square design,
and (b) shows the hollow design. (The latter was devised to provide even illumination, and chosen

after a number of simulations.)
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Table 2. Summary of geometric parameters

Geometric _ _
(a) Square design (b) Hollow design
Parameters
Room size 5m (length) x 5m (width) x 3m (height)
Light to desk 1.65m (lighting systems 2.5m — desk 0.85m)
Distributed area 4 x 1m? 4 x 0.11m?
. (1.2m,1.2m) (1.2m,3.8m) (Im,1m) (Im,3m)
Centre position
(3.8m,1.2m) (3.8m,3.8m) (3m,1m) (3m,3m)
Outer edges : 20cm
Features Square shape
Inner edges :10cm

Calculation of the illumination level starts from the Lambertian luminous intensity given by

[35]:

(m+1)

R,(#)=- { } +€0S" § [Im/sr] (1)

where ® [Im] and @ denote luminous flux of light source and radiation angle, respectively. The

Lambertian order m determines the radiation pattern and OLEDs can have almost perfect

Lambertian emission (m = 1). The illuminance (E) then can be obtained by [35]:
E=R,(¢)-cosd/r? [ix )

where 6 denotes the angle between the illumination plane normal direction and the direction of
propagation, and r is the distance between light source and illumination plane. In the simulation, it

is assumed that the distance between two adjacent LEDs is 1 cm, and the illuminance (E [Ix]) at a
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specific point on the illumination plane is obtained by summing each LED’s contributions, as
calculated by (2).

Table 2 shows the geometric parameters of the two designs, and Table 3 shows the illumination
statistics. In the simulation, the same amount of total luminous flux (~ 27 klm) as that in [37] is
used for both designs. On average, the square design provides brighter illumination than the
hollow design. However, there is a steep gradient in the illumination level, resulting in 7 % of the
room area being illuminated below 400 Ix. The hollow design shows even illumination with a
standard deviation (STD) of 26 Ix, and 99 % of desk level area above 400 Ix. Having a low STD is
important because it reduces the total energy required, considering this 400 Ix minimum. Also, a
high standard deviation can increase the dynamic range requirements of any VLC receivers,

increasing design complexity.

m ; 8 T T T % T T
,§.70 3 s
S.60 %
=
S50
ol h J 9
EUBT g o
(/] 8 & 80 80
Logt B
3 - #® 100 100

10 BV - 1 o = 120

AP EETS S—— 2T S ST ldan )
10 20 30 40 580 60 70
Imer Shripe widh[ar

Figure 4. Impact of stripe width in the hollow design on standard deviation of illumination level
(Ix) on desk plane. Other parameters are shown in Table 2
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Figure 4 shows the standard deviation of the illumination level on the desk plane for different
inner and outer stripe widths in the hollow design. It can be seen that low standard deviations are
achieved when the inner stripes are half the width of the outer stripes. This is thought to be

because the effect of two adjacent inner stripes is approximately the same as a single outer stripe.

Table 3. Summary of illumination levels obtained

Brightness Statistics (a) Square design | (b) Hollow design

Min / Max / Average [IX] 218 /892 / 646 362 /528 / 490
STD [Ix] 157 26
Level > 400 Ix [%] 93 99

23 COMMUNICATION CHANNEL

Next, the communication channels constructed by these two designs are investigated. The VLC
channel is composed of line of sight (LOS) and diffuse-paths. LOS paths are modelled as
propagation of light from a Lambertian source directly to the receiver. Diffuse paths are modelled
as propagation from the LED to an intermediate surface then Lambertian re-emission. Depending
on the ray direction, the light may be re-emitted to another intermediate surface and be re-emitted
again, or propagate to the receiver. In the modeling, a receiver with a FOV (6:) = 60°, a collector
refractive index nc= 1.5, and area of photodiode Aps= 1 cm? are used. These are typical values that
might be available with a compact receiver. The channel gain H° from an ideal Lambertian source

to a receiver is [36]:
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H° :%cos¢-cos@-g(¢9)-Apd/r2 3)

where @ and 0 are the radiation angle and receiving angle from receiver’s normal direction. r is
distance between the source and receiver, and the g(é) is the concentrator gain. Assuming light
sources and room walls are composed of small segments (1cm?) with Lambertian emission
characteristics, the total optical power from all of the segments in the room (including sources and

surfaces) to a receiver at a time t can be expressed as

sources

Prx (t) = Z H gource, i dPsource (t - Z-source, i)
(4)

K walls

+ kZ;, Z Hv(\)/all,j ' PV\lfaII,j (t- Tvkvan,j)
=1 ]

The first term represents LOS components. Here, dPsource denotes the optical power of one LED
segment. HOourcei and zsource;i denote channel gain and delay from the i LED segment to the
receiver. The second term represents diffuse components up to the K" reflection. Hoan; is the
channel gain from j wall segment to a receiver. PXyaij and 7 are the power and accumulated
delay to a receiver on the j wall segment at the k™ reflection. Pr at ‘desk level’ is recursively
calculated by the deterministic simulation introduced in [38]. Monte-Carlo simulations with 10
million rays and 0.2 ns resolutions are used for each receiver delay profile. It is assumed that the

room has plaster walls and ceiling (reflectivity = 0.8), and the floor has a reflectivity = 0.3 [39].
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(a) Square design (b) Hollow design

Figure 5. Power (Prx) distribution on desk plane (5m x 5m) of the two designs

Table 4. Summary of received optical power

Received Power Statistics (a) Square design | (b) Hollow design
Maximum (LOS/Total) [mW] 0.81/0.98 0.43/0.71
Minimum (LOS/Total) [mW] 0.17/0.38 0.32/0.52

Average (LOS/Total) [mW] 0.57/0.76 0.40/0.63

STD. (LOS/Total) [mW] 0.15/0.13 0.02/0.04

Figure 5 shows received power distributions at desk level separated into LOS, 1% to 3"
reflections, and their total sum. The received power statistics are arranged in Table 4. In the square
design, the strongest LOS components are under the four lighting sources and abruptly fall as a
receiver moves to the four corners, causing an STD of 0.15 mW (0.13 mW in ‘Total’). In the
hollow design, however, the STD of the LOS distribution is only 0.02 mW (0.04 mW in ‘Total’).
On average, the hollow design transmits less optical power to desk level since the lighting system

is placed closer to the walls, losing more power due to the walls’ absorbance.
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Now, it is of interest to investigate the frequency components within the received optical power.
It is observed that where LOS components are dominant, mutual interference due to LOSs having
different delays determines the overall spectral shape. However, the worst frequency response
observed is at the four corners owing to the relatively higher diffuse power from the walls. Figure
6 shows the normalized impulse and frequency magnitude response at a distance 30 cm in both x

and y from one of the corners.

response
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(b) Hollow design

Figure 6. Normalized impulse response and frequency magnitude response of the two designs at

Rx position (30 cm x 30 cm)
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The 3-dB cutoff of the square design is 17 MHz, and that of hollow design is 40 MHz. This is
mainly due to the relatively stronger LOS component, as represented in the normalized impulse
response. Nevertheless, it is worth noting that in both designs only ~5 dB of attenuation at
frequencies up to 100 MHz is observed. Using this channel, high-speed data transmission (>100
Mbps) can still be achieved by complex modulation and/or equalisation schemes. Therefore, it can
be concluded that as long as LOS component exists the effect of the diffuse component in overall

frequency response is not significant. (A similar result is shown in [40].)

2.4 CONCLUSIONS

In this chapter, the illumination and communication channel characteristics of two lighting
designs were investigated. A simple square design showed a steep gradient in illumination level
(and hence the received optical power) compared with a hollow design. The hollow design has
even illumination with 99% of room illuminated above the proper level (400 Ix) with STD of 26 Ix.
The hollow design also showed a very small STD of 0.04 mW. Having this low STD can relieve
the dynamic range requirements of VLC receivers, reducing the complexity. In terms of bandwidth,
both designs showed only ~5 dB attenuation to 100 MHz. It indicates that overall channel
frequency response follows that of LOS, and data transmission at frequencies >100 Mbps is still

feasible through these channels.
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Chapter 3
Modelling of requirements for various VLC techniques

3.1 INTRODUCTION

In order to construct a reliable high-speed VLC link, it is necessary to use optimum
communication techniques for a given power and frequency resources. For this, a comprehensive
understanding of a number of modulation schemes, channel impairment compensation techniques,

and multiple input and output based transmission schemes is required.

There has been some work investigating communication techniques in various VLC
environments [38]-[43]. However, many of them show different results and conclusions, due to the
different conditions and assumptions. In this chapter, various VLC schemes are compared under
the same practical constraints. An in-depth comparison is made by comparing the SNR and
bandwidth (BW) requirements of each. This extends the work in [38] by including the
characteristics of transmitter and receiver components and MIMO systems. There has been little
work analysing the use of equalised channels despite being widely used. In this chapter, such

schemes are analysed.

3.2 COMPARISON OF MODULATION SCHEMES IN VLC

A modulation scheme is chosen upon according to available resources (SNR and BW) and

required data-rate. An important constraint is that the modulation scheme must not change the
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average illumination level, which implies that the comparison should be made under the same
average optical power, Popticat. Figure 7 shows different modulation schemes with the same average

optical power

\ | ™1 Dynamic Range (DR}

| | PEI;'. cal

)
e S

DCO ACO L-PPM L-PAM 00K
OFDM OFDM

Figure 7. Modulation schemes with the same optical power (the same illumination level)

For the same average optical power (Poptical), €ach modulation scheme experiences different
levels of penalty from system non-linearity and/or finite dynamic range. Thus, the dynamic range
(DR) provided by transmitter and receiver is another key factor to consider. Here, the DR is

defined as the maximum level that the instantaneous optical power can reach to. In this chapter, a

DR

dynamic range constraint of = 2 is used in most cases, as this condition enables a full use of

optical

the dynamic range.

In the following comparison, the optical power and receiver noise are the same for all
modulation schemes. However, some schemes may induce additional noise, and others may have
to reduce signal variance for optimal operation. Therefore, each modulation scheme has a different

SNR although the same optical power and receiver noise are present.
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SNRiotar =

()

Nmod (RPoptical)z _ Nmod _ Nmod

.2 -9 - .2 .0 - — 1
lmod + Llcomm lmod + lcomm Vmod + Ycomm

(RPoptical)z (RPoptical)Z

R : responsivity

Nmoa * Signal variance over squared photocurrent « modulation dependent
i%,04 : modulation dependent noise

i2,mm : common noise (receiver noise) « modulation independent

Ymod : SNR by modulation dependent noise only

Yeomm ° SNR by common noise only

Equation (5) shows the total SNR is made up of a modulation independent term and a
modulation dependent term. Equation (6) shows how the required overall SNR (SNRotalreq) 1S
derived. By (5) and (6), the common required SNR for a target (Vcomm,req) iS Obtained. In this way,
performance of modulation schemes can be compared purely by the optical power and receiver

noise relationships.

BER = fBER_mod (SNRtOtal) > SNRtotaI,req = f_lBER_mod (tal’get_BER) (6)

feER mod * Modulation dependant BER function

SNRiotaireq * TEQUIred SNR4qq for target BER
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YComm,req

Nmod

- (nglR_mod(target_BER)

-1
- yr?t%)d)

Ycomm,req * F€Quired common SNR for target BER

For a particular error rate, the required ‘common’ SNR will be compared because it represents
the SNR that the optical power and receiver noise of the system can provide. The overall SNR
(SNR;ota1) can be lower than the ‘common’ SNR (V.omm). Table 5 summarises previous work on
the performance comparison of modulation schemes. Each one has meaningful outcomes, although
conclusions are not consistent, due to the different assumptions made. The ‘comment’ column in

the table notes some of the shortcomings when taking into account the above practical constraints

and the comparison methodology.

Table 5. Previous work

(7)

PREVIOUS SCHEMES COMPARISON METHOD CONCLUSION COMMENT
WORK
L-PAM
Compared the required L-PPM or L-PAM is more
[38] /L-PPM optical powers as well as appropriate for IMDD due to [CN]
BPSK/QPSK BW for each modulation penalties in pass-band [DR]
scheme modulation schemes.
IN-L-QAM
OOK/L-PPM ACO-OFDM is desirable
a1[as] /DCO-OFDM |  Compared the required ﬁt_hz_anks tOAthl%WFPSmEF [CNI,[DR]
- 1Eb efficiency. - can '
/ACO-OFDM optical /No and BW. be more power efficient than [NS],INC]
/ADO-OFDM ACO-OFDM.
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[46]

L-PAM/
DCO-OFDM

Compared optimally bit-
loaded DCO-OFDM and
equalised L-PAM in terms
of optical link margin. The
cases of data-rate
exceeding bandwidth were
studied.

(L-PAM + EQ) results in
higher link margin when data-
rate exceeds less than ~10
times of the bandwidth.
Beyond ~10 times, (bit-loaded
DCO-OFDM) gives rise to
higher link margin.

[CN],[NS]
[NOL[NG]

[47]

L-PPM
/L-PAM
DCO-OFDM
ACO-OFDM

Compared optimised O-
OFDMs (without bit-
loading) and L-PAM/L-
PPM with equaliser in
terms of the required SNR
per bit and spectral
efficiency. The cases of
data-rate exceeding
bandwidth were studied.

When signal-bandwidth
exceeds channel-bandwidth,
DCO-OFDM has the highest

spectral efficiency, and its
SNR requirement becomes
similar (L-PAM + DFE).
Thus, DCO-OFDM is
desirable.

[CNLINS]
[NG]

[41]

L-PAM
DCO-OFDM
ACO-OFDM
L-PAM-DMT

Compared equalised L-
PAM and bit/power loaded
O-OFDMs in terms of
required SNR. Statistically
obtained room impulse
responses were included.

When modulated less than the
given BW, equalised L-PAM
performs the best, ACO has
the same as L-PAM DMT, and
DCO is the worst.

When modulated beyond the

BW, DCO performs the best,

ACO has the same as L-PAM

DMT, and equalised L-PAM
is the worst.

[CN],[DR]
[NS],[NO]

Abbreviations: L-PAM (L-level pulse amplitude modulation), L-PPM (L-level pulse position modulation),
BPSK (binary phase shift keying), QPSK (quadrature phase shift keying), N-L-QAM (N sub-carriers L level
quadrature amplitude modulation), BW (bandwidth), IMDD (intensity modulation direct detection), O-
OFDM (optical orthogonal frequency division multiplexing), OOK (on off keying), DCO-OFDM (DC biased
optical OFDM), ACO-OFDM (asymmetrically clipped optical OFDM), ADO-OFDM (asymmetrically
clipped DC biased optical OFDM), Eb/NO (bit energy over noise density), EQ (equaliser), DFE (decision-

feedback equaliser)
[CN]: Constant Noise; Impact of the shot-noise caused by the received optical power was ignored.
[DR]: Dynamic Range; Impact of the limited dynamic range was not considered.
[NS]: Not Same optical power; optical power was not set to the same value.
[NO]: Not Optimised; O-OFDM’s signal variance was not optimised.

[NG]: Not General; only specific cases were discussed.
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3.21 Base-band modulation schemes

L-PAM
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Figure 8. Impact of limited dynamic range on L-PAM and L-PPM

In this section the required common SNR (y comm,req) of base-band modulation scheme is
derived, in order to perform a fair comparison with other modulation schemes. The most widely
used schemes include On-off-keying (OOK), L-level pulse-amplitude-modulation (L-PAM), and
L-level pulse-position-modulation (L-PPM). Methods to generate these signals are detailed in [38].

They have a fixed peak value, so it is not necessary to clip the signal for a given dynamic range.

There is no noise generated by the modulation itself. Therefore, ymoq is 0. However, 1,,,4 Can

vary depending on the peak-to-peak-amplitude requirement of each scheme. This is because the

peak-to-peak-amplitude is limited by the finite DR, for a given Poptical.
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Nmod —_T
- = - 8

Ycomm req <fB_E1R-mod (target_BER) ymod) ( )

fB_ElRfmod (targe t_BER)

Nmod

Vb_comm -req —

fB_ElRfmod (target_BER)

77b_mod
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where 1, mod = NMmoa 1092 L

Figure 8 shows how OOK, L-PAM, and L-PPM operate under different dynamic ranges. Unlike
L-PAM, L-PPM is highly sensitive to the limited dynamic range, and it cannot generate the same
optical power (Popticat) that OOK generates. For instance, using 8-PPM requires 8 times higher peak
signal than OOK for the same optical power. If the dynamic-range is sufficient for OOK (DR/Poptical

=2), there is (1/8)? SNR penalty for PPM compared with OOK.

Table 6 lists the required SNR and bandwidth for OOK, L-PAM, and L-PPM scheme from
[38], but with the consideration of limited DR. As seen in Figure 8, OOK can also have a penalty
when a dynamic range of twice the optical power is not available. In L-PAM, signal variance
reduces by factor of (L-1)%. However, thanks to the use of logzL times less BW, SNR gain of log.L

is obtained. In L-PPM, the impact of limited DR becomes more severe. For example, the penalty

DR

from DR induced loss (losspg) of 4-PPM becomes (% )?or 12 dB when = 2. And, it becomes

optical

(% )2or 6 dB when —=—=4.

optical
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Table 6. Required resources for baseband modulation schemes

loss/gain (n) due to

Required SNR per bit

SCHEMES v ) Required Bandwidth
DR and multi-level b_comm-req
Nook ycomm-req,OOK =
( 1 QUL
_ optical
00K B { ( DR )2 DR__, BWook
k Poptical ’ l:)optical {Q‘l(target_BER)}z
Mook
logz L )/comm-req,OOK BWOOK
L-PAM nb_L-PAM = 77001( (L _ 1)2 nb_L-PAM logz L
r’b_L-PPM = OSL lng L * lOSS]%R
Y. req, L BW,
L-PPM losspr = fcomm-req,00K L B5Woox
DR Mb_L-PPM log, L
Poptica
pt l/2L B lOSSDR <1
1 ,losspr =1
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Carrier-less amplitude phase (CAP) modulation is a different kind of baseband modulation
scheme. It utilises two orthogonal baseband basis functions that enable quadrature modulation, in
the baseband. General quadrature amplitude modulation (QAM) requires a BW at least twice that of
OOK. However, CAP allows the required BW to be altered by employing a variable root-raised-

cosine (RRC) filter based basis function. Detailed implementation methods are shown in [48][49].

In-phase basis

cos
(a) QAM x
mapping E’* RRC @ ; f
bit, , [°[°] P —a -
stream 218~ 7% P
7w | | RRC @& |
&
_sin DC-bias
CQuad-phase basis
(b) CAP basis function
0.8 ** ----- +—In-phase basis .|
[ A +—Quad-phase basis
06
5 P
& 04 A
3
g 02
= i
0 e ga7 % T i
£ RN A
2 .02 T
S o4 e
Q- T
xr Lo
b
0.6
08
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Figure 9. (a) CAP signal generation and (b) two orthogonal base assigning in-phase and

quadrature-phase components for CAP modulation
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Figure 9-(a) shows how a CAP signal is generated. The main difference from QAM is the direct
convolution with two base-band basis with no need for up-conversion, after QAM mapping. Figure
9-(b) shows RRC (roll-off = 0.01) based orthogonal functions with 4 samples per symbol. Using
this basis with 0.01 roll-off, the BW that L level CAP (L-CAP) occupies becomes almost half of L-

QAM and the same as L-PAM.

However, L-CAP suffers from higher peak level (ApeakLcap) to standard deviation (STD) ratio,
mainly due to the basis shape. Despite L-CAP’s finite Apeak,Lcar, the signal peak-to-peak amplitude

has to be scaled to fall within the system DR, causing a corresponding penalty. For this, a peak

. . A . :
level to standard deviation ratio (% ), or ‘crest-factor’, is useful. It becomes straightforward

T

to examine the impact of the system dynamic-range using this ratio.

Table 7. L-CAP penalty due to peak to standard deviation ratio

2-CAP 4-CAP 16-CAP 64-CAP | 256-CAP | OOK
M 2.11 2.38 2.68 2.83 2.97 1
STD
Penalty 6.5 dB 7.5dB 8.5 dB 9dB 9.5dB 0dB

Table 7 shows the peak to standard deviation ratios of different L-CAP levels and their penalties.

A RRC with a roll-off of 0.01 and —2

optical

of 2 is assumed. Compared to OOK which can have a

crest-factor of 1, L-CAP shows a value at least twice as high, mainly due to the RRC based basis.
This ratio increases for high level CAP schemes, because they require a higher peak amplitude

mapping. Assuming that a system has to re-scale Apeak t0 unity due to constrained dynamic range
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(Pongcal =2), the corresponding penalty can be calculated. Finally, one can calculate the required

SNR for L-CAP to provide a target BER by using a typical L-QAM BER equation [50], with the

penalties calculated above incorporated.

BER 2(VL-1) < STD )2 3 SNR 10)
LCAP VLlog, VL Apeak LcaP L-1
3.2.2 Multi-carrier modulation schemes
E Non-linear region
QAM mapping = i Tl ol
S‘JFP {Eﬂu&u‘?n} h l& PfS &
S O i W B P
™ oo 0 \
bit L ‘ - elol—+ F ?:CP ]
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Figure 10. DCO-OFDM signal generation

DC-biased optical orthogonal frequency division multiplexing (DCO-OFDM) [41] [44]-[47] is
modified from conventional complex-valued OFDM to allow intensity modulation, and is widely

used in VLC. Figure 10 shows the generation of DCO-OFDM. First, QAM symbols are generated
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in parallel using the data bits which are to be transmitted, and mapped to sub-carriers by inverse-
fast-Fourier-transform (IFFT). The symbols on the IFFT inputs are duplicated and arranged to be
Hermitian symmetric, so that the IFFT outputs are real. These outputs are serialised, and a cyclic-
prefix (CP) is added. Then, DC addition and appropriate clipping are done to prevent negative

intensity and non-linear impairment.

Asymmetrically clipped optical orthogonal frequency division multiplexing (ACO-OFDM)
[41][44][45][47] [51] uses a similar method to generate the signal. If QAM symbols are assigned
only to odd subcarriers, noise generated by asymmetrical clipping (normally clipping below zero
signal level) only falls into even sub-carriers. These carriers are not used, but allow an increased
signal variance. However, in a dynamic range limited system, the upper signal level clipping has to
be accommodated. Then, the clipping noise generated by this falls not only on even subcarriers, but

also on odd-subcarriers where information is loaded.

DCO-OFDM is considered a bandwidth efficient scheme, but generates high clipping noise, with
a low power efficiency. ACO-OFDM is considered a power efficient scheme, but requires twice the
bandwidth of DCO-OFDM. For both O-OFDMs, careful clipping optimisation is needed. Equation
(11) shows how to obtain the required common SNR for O-OFDM schemes. Setting a large signal
variance can increase no_orpmM, thus reducing the required SNR. In return, however, clipping noise
is increased with the increased signal variance. Therefore, there is an optimal signal variance (or
clipping level) leading to a minimum SNR requirement for a target performance, under a specific
DR. The minimum required ycomm-req,0-orpm fOr a target BER can be calculated by using (11)
detailed in (A1) in Appendix 1, and by employing the clipping noise modelling (A2) introduced in

Appendix 2.
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-1
No-oFpm 1
ycomm-req,O-OFDM (fB_ElRL'QAM (target_BER) )/O-OFDM> ( )

No_orpm : Useful O_OFDM signal variance over a given optical power
Y 0 orpm * SNR resulting from O"_" OFDM clipping noise

Ycomm-req,0-orpm * the required common SNR for O_OFDM

Single carrier frequency division multiplexing (SC-FDM) [52][53] is based on OFDM, but is

designed to reduce the high PAPR of OFDM.

CAM mapping
{ e & T }
. > ol < —t %
™, o o Xﬂ
N ——F sl F = | Ee
. Sj’?xf eje X * T —o "
bit .~ | ° 1| p | X °
| e ° ¢ P/S
stream ; o ° T! - ° 2 i
L] o + |-$ l-‘::l- -
. ::? I ? CP 1 'l....q-.-\"
M-1 Xy 4| F
] F e DC-bias
3 R I
o “ o Ve
-] @ C =0
@ e
4 ——%
X 0
X{]

Figure 11. SC-FDM signal generation

Figure 11 shows the generation of an SC-FDM signal. This is similar to OFDM except that

there is an FFT operation between the QAM mapping and IFFT operation. This FFT operation
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spreads the QAM signal before sub-carrier mapping. This reduces the probability of strong

. . . A
constructive interference among subcarriers, and therefore reduces #Dk

Table 8. Comparison of peak to standard deviation ratio

4-QAM 16-QAM 64-QAM 256-QAM
Apeak,ACO_OFDM 74 75 75 75
STD
Apeak,DCO_OFDM 4.5 46 46 46
STD
ApeakscFDM
_peag,Lrbom 3 34 3.6 3.8
STD

Table 8 compares the simulated 99.9-percentile % of ACO-, DCO-OFDM, and SC-FDM. An
IFFT size of 256 is used and 50000 OFDM (or SC-FDM) frames are generated and tested. The

percentile indicates the probability that a frame has % less than the shown values is 99.9%.

As seen, SC-FDM suppresses the ratio compared to OFDM schemes. It can be further
suppressed by interleaving the symbols between the FFT and IFFT block [52]. However, it is hard
to apply clipping optimisation. Moreover, it is difficult to apply channel adaptive bit and power

loading algorithm that enables the maximum use of the available SNR/frequency resources.

The required SNR for SC-FDM to provide a target performance can be calculated by (12) by

using a typical L-QAM BER equation [50], with the penalties calculated from Table 8.

- 2(Vi-1) < STD )2 3 SNR (12)
SCFDM \/Zlogz VL Apeak SCFDM L—-1
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Figure 12. SNR and BW requirements for various modulation schemes to achieve a BER of 103
compared to the reference scheme (OOK), where the dynamic range constraint is PR of 2,

optical

unless indicated otherwise

Figure 12 shows SNR and BW requirements for all the modulation schemes compared to those

of OOK. The required SNRs are derived from Table 6 and equations (10-12) above and by

Monte-Carlo simulations. All schemes have a target BER of 103 and dynamic range, ——~—, of 2.

l:’optical
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Schemes such as L-PAM, L-CAP, DCO-OFDM, and SC-FDM have signals with symmetrical

DR

peaks below and above the average. For these schemes, a full modulation depth, > more than

optical
2 is not necessary. However, so called power-efficient schemes such as L-PPM and ACO-OFDM
suffer from considerable peak power suppression by the limited DR. This leads to a significant

penalty compared to the case with an infinite dynamic range shown as ‘co DR’ in the figure.

L-CAP, DCO-OFDM, and SC-FDM show similar performance with maximum differences of
~4 dB, depending on modulation levels. For 4-QAM, optimally clipped DCO-OFDM shows the
minimum required SNR. For larger constellations, the benefits of clipping reduce as the multi-
level penalty increases. In this case, DCO-OFDM shows higher penalties than L-CAP, which has a
smaller peak-to-standard-deviation ratio. SC-FDM shows the highest penalties compared with L-

CAP and DCO-OFDM.

For L-PAM, a 4-level scheme requires a similar SNR and BW as DCO-OFDM. However, due
to the limitation of one-dimensional modulation, the penalty relative to ‘oo DR’ rises roughly twice

as fast as the quadrature modulation schemes.

In comparison with previous work, the L-PAM and L-PPM results of ‘co DR’ case are in good
agreement with [38], but here the practical constraints on DR are taken into account. The ACO-
OFDM results of ‘oo DR’ are in good agreement with [44], but the practical constraints

summarised in Table 5 are considered here.

For DCO-OFDM, the result shown in Figure 12 shows similar results as [47]. However, [47]
assumes that DCO-OFDM consumes twice the BW of OOK. Other DCO-OFDM results shown in

[41][44] did not optimise the clipping level and assumed the infinite DR only. There has not been
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an investigation of L-CAP and SC-FDM using the same method shown here, to the best of our

knowledge.

3.3 BW LIMITED CHANNEL COMPENSATION TECHNIQUES

In previous section, it is assumed that the BW is sufficient to provide a flat channel across the
signal’s frequency spectrum range. However, in many cases, the signal is modulated beyond the
available bandwidth, demanding additional compensation techniques such as equalisation for
baseband modulation and bit/power loading for O-OFDM schemes. Additional power (SNR)
margin is required for these compensation techniques. Their performance depends on the shape of
the frequency response of the system and the margin available. Such techniques are examined in

the following sections.

3.3.1 Channel Equalisation

For baseband modulation schemes, there are a number of equalisation techniques from
linear/non-linear to analogue/discrete-time [54]. Well-known among them are the discrete-time
zero-forcing-equaliser (ZFE) and decision-feedback-equaliser (DFE) [55]. In this sub-section, ZFE

and DFE approaches are examined.

SoutlK) =Nk m_—

Jp(n JpU s
5,
| |>|>—>zu<>

(a) Zero-forcing-equaliser
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A
> Sln(k)

(b) Decision-feedback-equaliser

Figure 13. (a) Linear transversal filter structure of ZFE and (b) feed-back structure of DFE

Figure 13-(a) shows a linear transversal filter structure for ZFE. Sou(k) is the received signal

modelled as [38];

Sout(k) = h(K) * Sin(k) + n(k) =N0)-S;,(k) + ;h(i)-sm(k—i) tonk) (1)

Signal Noise

1SI

where Sin(k), n(k), and h(k) denotes transmitted, noise, and impulse response sequence,

respectively.

Sout(K) contains a noise term, but also an inter-symbol-interference (1SI1) term in the bandwidth
limited channel case. A ZFE is constructed with a transversal filter that contains delay taps (Ts)

and weighting coefficients (C,) on each tap. The coefficient set, Czre = [ Co C1 ---Cn], that leads
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to no ISI term in the summed output (Zx) is derived by transmission and reception of known

training sequences [55].

Figure 13-(b) shows a DFE structure employing a transversal feed-forward filter with
coefficients F = [Fo F1 -~ Fnr] and feed-back filter with coefficients B = [B1 B2 --- Bng]. The

equalised signal Z(k) is represented as [56];
NF NB R _
Z(k) = F, (k) Sy (k=n) + > B;(K)-S;, (k= J) (14)
n=0 j=1

To find the optimum filter coefficients F and B, the least mean square (LMS) algorithm [55]
[56] is usually applied. Using the LMS algorithm, F and B are iteratively updated until the

minimum square error is achieved, as shown below.

Ck+1) =C(k) + A-e(k) - Y(K) (15)

where
Ck) =[ Fok) Fui(k) - Fnr(k) Bai(k) B2(k) ---Bns(k)]

Y(K) = [Sout(k) Sout(k-1) ---Sout(k-nF) Z(k) Z(k-1) ---Z(k-ng)]

, and A is the step-size parameter, and error is defined in two modes

(16)
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e(k) = Straining (K) - Z(k) , Training mode

=S, (k) - Z(K) , Decision directed mode

In the training mode, a training sequence Straining (K) is transmitted and the resultant DFE output
Z(k) is compared with a locally generated replica. In decision directed mode, the coefficient C is

updated in real time using the error e(k) between the DFE output Z(k) and the estimated symbol
S, (k). This mode is beneficial when the channel is varying; however, it is more susceptible to
wrong decisions (S, (k) # Sin(k)). For this reason, it takes a longer time for C(k) to converge than
in the training mode. In an indoor VLC environment, the channel can be considered stationary,

consequently making the training mode more suitable for use in VLC.

The additional SNR required for ZFE and DFE to equalise the aliased channels are given by

[46].

BW -1
1 . 1
SNR penalty for ZFE = 20log;, <ﬁ f_éTW ) df) (17)
BW
SNR penalty for DFE = 201log;, {exp (ﬁ f_é_w ln(Y(f)) df> } (18)
2

Y (f): Received power spectrum

47



When the signal bandwidth does not surpass the available bandwidth, Y(f) is 1. Thus, no penalty
occurs for both ZF and DFE. However, in a band-limited system, the SNR penalty occurs in
accordance with the channel’s spectral shape. In a typical VLC channel, the limited BW of sources

and detectors leads to a low-pass -filter like channel.

—&-ZFE, Ch. -100dB/dec
—+ZFE, Ch. -80dB/dec |
—-ZFE, Ch. -60dB/dec
——ZFE, Ch.-40dB/dec
—B—ZFE, Ch.-20dB/dec

--DFE, Ch. -100dB/dec|
..... +-DFE, Ch. -80dB/dec
| -t1.DFE, Ch.-60dB/dec |
----- +-DFE, Ch. -40dB/dec
_-20dB/dec |

Required SNR (dB)

0.1 0.2 0.3 05 -
Relative channel bandwidth

Figure 14. SNR penalty for ZFE and DFE in low-pass-filter channels with various slopes and
relative 3-dB BW

Figure 14 shows the calculated SNR requirements for ZFE and DFE to compensate the impact
of low-pass-filter (LPF) channels with a slope from -20dB/decade (dec) to -100dB/dec,

considering a relative 3 dB BW from 0.1 to 1.
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When the channel BW is half of the modulation BW, an SNR penalty of ~2 dB is observed,
regardless of equaliser types and channel slope. However, when the relative channel bandwidth is
0.1 with a modulating signal BW 10 times beyond the available BW, the required SNR shows
significant differences. In this case, DFE demands less SNR than ZFE for all channel slopes. This
difference varies from ~2 dB to ~24 dB in channel slopes from -20dB/dec to -100dB/dec. This is
because ZFE is accompanied by significant noise enhancement due to channel flattening, whereas

DFE minimises error from both noise and ISI together.

3.3.2 Channel adaptive bit and power loading

O-OFDM schemes allow the segmentation of frequency spectrum and enable capacity
approaching bit and power loading schemes. There are several loading algorithms, which can be
categorised as i) maximising bit-rate given the available power-margin [57] and ii) Maximising
power-margin given the same target bit-rate [58]. The second approach is preferred when
comparing the performance of the algorithm for the same target data-rate and BER in various

channel environments.

The algorithm shown in [58] is known as the Levin-Campello (LC) algorithm. The LC
algorithm assigns bits to each subcarrier, in a way that maximises the total ‘left-over’ SNR margin
at each assignment. The bit assignment is repeated until no subcarrier has any margin for adding
one more bit. At the end of this process, the residual margins over all subcarriers are equalised so

that each sub-carrier can have the same amount of residual margin.

However, there are two problems in applying LC algorithm directly for O-OFDM schemes

which are based on optimum clipping; i) the clipping changes the available SNR margin, and ii)
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taking out the residual margin from the derived SNR is not straightforward. This is because the
residual SNR contains the clipping noise. Therefore, a novel composite LC based bit/power
loading algorithm, i) jointly optimising clipping level and SNR margin and ii) leaving zero

residual margin at the end, is newly introduced as shown in Figure 15.

Assign bits
Increase Increase Calculate by “Levin- |<4s
- Signal |— |"CommonSNR|-% Available |[—» Campello”
Variance | ¥ comm SNRoal Algorithm
<l= 2> <F=
yes

Sum [SNR margin)
{JG}‘

no }rc A >

Previous one

.H yes

Figure 15. A composite bit and power loading algorithm jointly optimising clipping level and

SNR margin to calculate the required common SNR, ¥ comm,req

Firstly, the number of bits to be transmitted in each frame is determined, including the overhead

of cyclic-prefix required for various channel slopes and BWs (Appendix 3.), and types of O-

OFDM schemes used. Then, the following steps are taken.
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Step <1>:

Step <2>:

Step <3>:

Step <4>:

Step <5>:

Step <6>:

O-OFDM signal variance is increased from a small initial value under a given
dynamic-range. Clipping is applied for the signal peaks that lie outside this dynamic-

range.
The common SNR, Ycomm. IS increased from a small initial value.

The available total SNR, SNRy.a, comprising the impacts of clipping noise from

step <1> and AWGN from step <2> with respect to the signal variance is calculated
The LC algorithm is executed until all bits are assigned.

The sum of residual SNR margin is checked. If negative, the procedure in step <2> is
repeated with higher SNR. This is achieved by reducing the AWGN. If positive, the

bit and power loading method is feasible.

The current common SNR is compared with the best value. If smaller, the common
SNR is decreased by increasing the signal variance, in return adding more clipping
noise in step <1>. If larger, the algorithm ends with a conclusion that the signal
variance (clipping-level) is the optimum and its common SNR required for a target

BER is the minimum.
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(a) DCO-OFDM (b) ACO-OFDM
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Figure 16. SNR requirement for optimally bit/power loaded (a) DCO-OFDM and (b) ACO-
OFDM in various LPF channels

Figure 16 shows the simulated SNR requirement for (a) DCO-OFDM and (b) ACO-OFDM by

using the introduced composite bit and power loading algorithm in LPF channels with slopes of -

20, -40, -60, and -80 dB/dec. An FFT size of 256, and dynamic range PR of 2 are used for both

1:)optical

O-OFDM schemes.

Overall, DCO-OFDM performs better than ACO-OFDM, and the gap in performance becomes
greater in channels with faster roll-off. In addition to the penalty from the limited dynamic-range,
high frequency sub-carriers in ACO-OFDM are more susceptible to the LPF channel’s high-

frequency attenuation as only odd-subcarriers are used. In the -20 dB/dec channel, the optimally
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bit/power loaded DCO-OFDM shows outstanding performance. When using only 1/100 of the

bandwidth, it requires an SNR of ~30 dB, which can be achieved in practical cases.

By applying the above algorithm, [33] demonstrated 3 Gb/s VVLC link based on a pLED and a
low-noise PD with (1 GHz BW). A system BW was 60 MHz (1/50 of the data-rate). This was
possible because the slope of the channel was ~ -20 dB/dec up to ~500 MHz. (The waveform
generator used in the experiment had a BW of ~500 MHz so there was a limited performance

beyond this frequency.)

According to the above analysis, if the uLED has sufficient power for ~30 dB SNR and if high-
speed equipment preserving the ~ -20 dB/dec channel slope is used, 100 times the available BW

could be used and rate of 6 Gb/s, should be feasible.

34  TECHNOLOGY CURVE

Until now, VLC schemes have been compared, in terms of SNR and BW (or spectral
efficiency). However, there is usually a relationship between the available BW and SNR for a
particular transmitter/receiver pair. At the transmitter, a particular source technology (such as a
GaN LED) will typically emit higher power for lower BW. For a particular type of device, this can
be described by a ‘technology curve’ that relates power to BW. At the receiver, a larger area
detection allows more power to be collected, but a proportionately lower BW due to the

capacitance.

Therefore, high SNR links tend to have lower system bandwidth, and vice versa. To generalise

these assumptions the following models can be postulated.
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1 KSOurCe
BWsource = Csource (P ) (33)
source
1 Kdetector
BWietector = Cdetector (A ) (34)
detector

where Cgourcer Ksourcer Cdetector, @Nd Kgerector @re constants describing a specific source and
detector technology. Psource @aNd Kaetector mean source power and detector area. In order to verify
this model, data from real devices was obtained. Figure 17-(a) shows the available source power
vs bandwidth from a range of different diameter GaN PLEDs [72]. The optical power and
bandwidth were measured by UP-VLC project partners in Strathclyde University. The fitted line
using (33) with Csource = 2.564x10° and Ksource = 0.6 brings the minimum squared error, and is in

reasonably good agreement with the measured results.

(a) Source power-bandwidth trade-off (b) Detector size-bandwidth trade-off
® Measured 10008~ ® Data-sheet
........... Fitted o .""-,.' r'y seeneeeneees Eittad
.‘"‘4“ I Cn, - »
", ."... g ., -
‘4.... E . v
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Figure 17. (a) Source power vs source BW from GaN pLEDs and (b) detector area vs BW from

Hamamatsu S8664 series, with actual points and a fitted line
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Figure 17-(b) shows the detection area vs. bandwidth from a commercial detector (Hamamatsu
S8664 series). A fitted line using (34) with Caetector = 7.9x10* and Kgetector = 0.59 is in reasonable
agreement. The effect of these ‘technology curves’ on the optimum communication scheme can be

examined by observing the SNR gain by changing the BW.

2 2
__ SNRy _ (Preceived,2 _ —(1/Ksource) —(1/Kgetector)
SNRgain = gos = (Preceivedl = (ABW (M Ksource) . 5 gy~ (1/Kae (35)
~ ABW_ZKS_}}Stem
- system

,where Preceived 1 and Preceived,2 are the received optical power at the two design points on the
technology curve. Using equation (34) (35), SNRgain can be calculated as a function of BW
changes of source, ABWqyurce, and detector, ABWyetector- 1T ABWsource @and ABWoetector are the

same, the SNRgin is simplified by introducing KZsysiem (=1/Ksourcet1/Kgetector). When signal

-1
dependent noise (such as shot-noise) is dominant, the SNRgain becomesABWSyfigf;em. This is

because in this case the SNR gain linearly changes with the optical power gain [36][37].
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Technology curves and SNR margin
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Figure 18. Required SNR for L-PAM and the available SNR vs relative BW for various Ksystem

Figure 18 shows the additional SNR required for L-PAM vs BW relative to 2-PAM. Also
shown are the available SNR (technology curves) for different values of K™ysem. Assuming a 0 dB
margin for 2-PAM the additional margin can be calculated using the technology curves for other

schemes.

Klysem = 0 implies BW and optical power are independent, so there is no further SNR
improvement despite reducing the bandwidth. However, when Ksystem increases, it is seen that
increasing the number of levels in the L-PAM scheme brings a great benefit in terms of system

margin.
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(a) Optimum L-PAM by K“,ﬁi.m {b) Maximum achievable SNR margin
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Figure 19. (a) Optimum number of bits for L-PAM, and (b) achievable SNR margins from
technology curve vs different K-lsysiem , in the thermal noise or shot noise dominant case.

Figure 19 shows (a) the optimum number of bits per symbol for L-PAM, and (b) the achievable
maximum margins for different K-1system. It is observed that using higher level PAM and lower BW
leads to a larger margin, especially for high K™system. This tendency is more prominent in a thermal

noise dominant case.

As an example, for a system using a specific GaN pLED and a specific detector out of
Hamamatsu S8664 series, the estimated Ksysem is 3.36. If the system meets the target date-
rate/BER performance for OOK, the graph in Figure 19 (a) suggests the use of 32-PAM and a
reduction in BW to 1/5 of the original in thermal noise dominant case. Figure 19 (b) indicates that
a 23 dB margin can be created by doing so. However, in shot noise dominant case, a maximum of

4 dB margin can be obtained with 8-PAM using 1/3 of the original bandwidth.
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Chapter 4
Multi-input-multi-output schemes for VLC

4.1 INTRODUCTION

In this section, multi-input-multi-output VLC (MIMO-VLC) systems are investigated. MIMO-
VLC uses a number of transmitters and receivers, which allows parallel data transmission. This
can lead to improved spectral efficiency or enhanced link margin, depending on the particular

approach used.

LEDs Receiver
) Array
g H _
© € E
Information & 2L Estimated
bit sequence g % o) bit sequence
s o<
Q
[7s]

Figure 20. MIMO-VLC system diagram

Figure 20 illustrates a MIMO-VLC system. M and N denote the number of LEDs and sub-
elements of a receiver (Rx). x(k) is the transmitted column vector (M x 1) and and y(k) is the

received column vector (N x 1) at the k™ time sample. The system model can be expressed as
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y(k) =H-x(k) + n(k) (18)

where n(K) is noise column vector (N x 1) due to the shot noise and thermal noise of each receiver

element. The N by M channel matrix H is defined by

where hjj is channel gain from the j'" LED to the i"" receiver elements. In order to have a full-rank
matrix, a requirement for inverting the matrix, the number of receiver elements (N) should be

larger or equal to that of LEDs (M).

In addition the H-matrix must have a good condition number. This is governed by spatial
correlation between channels. When there is crosstalk between channels due to the spatial
correlation, a particular receiver cannot determine which transmitter is transmitting. This leads to a

poor matrix condition number, in turn leading to poor MIMO performance.

There have been several investigations of MIMO-VLC [42][59][60][61][43]. These analyses
were based on specific cases and do not assist in more general design. Moreover, previous work
does not provide a straightforward way to find SNR and BW requirements needed for various

modulation schemes used in different MIMO approaches.
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This section aims to provide a general method to compare and select the optimum MIMO
approach in a given VLC environment. Firstly, some representative MIMO-VLC approaches are
described. A general correlated VLC channel modelling method is then introduced. Lastly,

representative MIMO schemes are compared.

4.1.1 MIMO-VLC receiver algorithms and schemes
1) Representative schemes

Ganging is the simplest method of using multiple sources and receivers. Here, multiple sources
transmit the same information and multiple receivers process the information together. Compared
to SISO, this can provide more link margin, allowing higher level modulation, or increasing link-

distance and/or coverage area whilst maintaining the same data-rate.

Spatial modulation (Smod) [62][63] assigns information to each source’s location. In contrast
to Ganging, Smod turns on only one source at a time. An Smod receiver determines which source
is turned on by comparing the arrived light intensity at each of it receiver channels, and translates
the source’s location into data information using pre-defined spatial symbols. Smod allows an
improved spectral efficiency by a factor of log2(M), but is susceptible to spatially correlated

MIMO-VLC channels.

Spatial multiplexing (Smux) [59][61][64] assigns information to each source, as Smod.
However, Smux turns on all sources at once, transmitting M independent streams together. Smux
allows an enhanced spectral efficiency by a factor of M, but is most vulnerable to correlated
MIMO-VLC channels. This is because Smux allocates more symbols than Smod to the same

spatial domain.
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2) Representative algorithms

There are several detection algorithms to estimate the transmitted signal, x(k), from a given
received signal, y(k). The most straightforward method is zero-forcing (ZF) [65]. ZF is designed to
suppress the cross channel interference by multiplying by the matrix, Cf, which is equivalent to

the pseudo inverse, H', of channel matrix H. C is given by:

Cut y(K) = HTHx(K) + H n(k) = R(Kk) (20)

However, ZF can be ineffective when a channel is ‘ill-conditioned’, due to the large estimation
error and enhanced noise [65]. The estimated vector X(k) contains the remaining noise term, H'

n(k), whose covariance matrix is

E[ H n(k)n*(k) H™* ] = &% -( HH) (21)

where 6%, denotes the noise variance of each Rx element before applying the ZF algorithm. This
expression assumes that noise of each receiver is uncorrelated, i.e. E[ n(k)n*(k) ] = o?l, where I
means the identity matrix. (‘*’ denotes conjugate transpose operator.) It can be seen that the
pseudo inverse of channel covariance matrix (H'H™*) may enhance the total noise variance when
the channel is ill-conditioned. For instance, when H is a perfectly uncorrelated M x M matrix,
HYH™ becomes I. Therefore the total noise variance, tr(c?nl), becomes Mao?,. But, when H is
highly correlated, H'H™ becomes an almost singular matrix (A). Therefore, the total noise

variance, tr(c%nA), tends to infinity.
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The MMSE algorithm [65] is designed to minimise the interference and noise simultaneously
so as to mitigate the noise enhancement. Given channel information and noise statistics, the

solution matrix for MMSE (Cmmse) is as follows.

Cmmse = (H*H + Gzn /sz'IM)-l H* (22)

where 6% is the variance of transmitted signal and Iy denotes the M by M identity matrix. MMSE
normally performs better than ZF, but when o2 is 0 they perform equally, since the remaining

term in (22), (H*H)™H*, simply represents the pseudo inverse H'.

A better performing (but more complex) algorithm is maximume-likelihood-decoding (MLD)
[66]. MLD uses channel knowledge to estimate all the possible received vectors given a particular
modulation scheme. It then compares the received vector y(k), and the most probable transmitted

vector x(k) out of all possibilities is chosen. The solution leading to the maximum probable x(k) is
argmin | y(k) - H xm(k)|| (23)

where xm represents all possible cases of transmitted vector. For instance, when the number of Tx
is 3 and the modulation format is BPSK, xm has 22 possibilities. The benefits of this technique are
that the number of Rx (N) needs not to be more than that of Tx (M) since it does not require
channel matrix inversion. However, when the number of Tx and constellation points increases, Xm

has to be found by exhaustive search, resulting in exponentially increasing complexity.

Another approach is V-BLAST [67]. The algorithm first utilises ZF or MMSE to estimate an
element of the transmitted vector x(k), then using knowledge of the channel H, the interference

caused by the estimated element is erased from H. Subsequently, ZF or MMSE is again applied to
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estimate another element x(k). This process keeps repeating until all components of x(k) are
estimated. Meanwhile, optimal detection ordering (the order to estimate each component of x(k))
Is carried out by monitoring the erased channel matrix. This ordering provides the best post-

detection SNR.

41.2 A correlated MIMO-VLC channel model

There are a number of MIMO scheme-algorithm pairs, but the one that best suits a given
MIMO-VLC channel is complex to determine. In RF, MIMO channels are normally assumed to be
richly scattering, and thus identically and independently distributed (i.i.d) with complex-valued
coefficients [68]. However, the VLC link is conventionally constructed of strong line of sight
(LOS) paths with high directionality. Using IM-DD transmission leads to a highly spatially
correlated channel with real-valued coefficients. The correlated channel may induce significant
inter-channel interference causing severe performance degradation in a Smod and Smux based

MIMO-VLC system.
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Figure 21. MIMO-VLC channel model
The MIMO-VLC channel depends on a number of variables, such as transmitter/receiver
location, size, emission angle, receiver FOV and geometry. Reference [42][69] compared the
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performance of Smux and Smod in non-imaging and imaging receiver cases. Reference [42]
showed that in a low correlated channel Smux performs better, and in a high correlated channel
Smod performs better, in a non-imaging receiver scenario. Reference [69] showed that for a low
spectral efficiency schemes Smod performs better, and for a high spectral efficiency schemes
Smux performs better, in an imaging receiver scenario. However, these investigations were
conducted for several selected MIMO-channels, and it is difficult to generalise the results from
such limited cases.

Figure 21 shows the MIMO-VLC channel model adapted here and presents how an individual
channel is constructed. Each individual element of the channel matrix H is mostly determined by
the source’s Lambertian emission pattern and receiver’s FOV dependent gain. In this analysis a
correlated form of the H matrix shown in [70] is used, and modified to fit the MIMO-VLC

environment.

H= Osiso C*o Ctx (24)

where gsiso IS the constant making the maximum element of the H matrix unity. Using gsiso allows
separate analysis of channel loss and cross-talk penalty, and enables a comparison between SISO
and MIMO performance. C* represents the impact of the Lambertian emission profile determined
by the radiation angle (@;;) from a transmitter to a receiver. C™ describes the impact of receiver
FOV on the correlated MIMO-VLC channel. The FOV angle (yc) can be represented by a critical
distance (dc). For instance, the i"" source is detected by the j™ detector only when the horizontal

distance djj is less than dc.

‘o’ is an element-wise multiplication operator.
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References [42][69] chose several MIMO geometries, constructed H-matrices, and compared
the performance of MIMO schemes. Therefore, it is difficult to generalise the results from such
limited cases. However, a number of different combinations of dn, dij, and m; can lead to the same

cit]-X, and the same H-matrix. In this thesis we use a single parameter, Kcorr, to describe a number

of MIMO VLC channels. Kcorr allows more general conclusions to be drawn and a common

understanding of MIMO performance for various geometries. d;j min is the minimum horizontal

separation between the i source and the j™ detector. d} and dj, are unity. @, /, is half-angle

j,min
making half the intensity from the source. Kcorr can be further simplified by using the small angle
and log approximation.

It can be seen that there is a simple relationship between. @,,,, dy, and djjmi,. This

approximation was tested and verified for a wide range of cases, as set out below.

Figure 22, Figure 23, and Figure 24 show perfectly uncorrelated (case-i), partially correlated
(case-ii), and completely correlated (case-iii) 4x4 MIMO-VLC channel matrices, respectively.
Each example shows Kcorr, a number of transmitter/receiver geometries that can be described by
the same Kcorr, their schematics, H-matrix, and corresponding condition number (an indicator of
channel cross-talk). These examples show that Kcorr can characterise a wide range of MIMO-

VLC channels.
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- Kcorr < 0.07

- Geometry: (a) dn=1m, dio=di3=1cm, di=\2cm, @, ,,<0.2°
(b) dv=0.5m, d12=d13=1cm, d14=\2cm, @, ;,<0.4°
(c) dn=1m, d12=013=10cm, d1s=10\2cm, @, /,<2°
(d) dv=0.5m, d12=015=10cm, d1=10V2cm, @, /,<4°

(a) (b)
lcm
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1 : — 4
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- Condition number =1

Figure 22. Case-i: perfectly aligned and uncorrelated channel
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- Kcorr =15

- Geometry: (a) dy=1m, dio=d15=1cm, d1==\2cm, @/, =1°
(b) dv=0.5m, dzo=d13=1cm, d14=\2cm, @, ,,=2°
(c) dn=1m, d1=d13=10cm, d1s~10\2cm, @, ,,=10°
(d) dv=0.5m, d1o=d13=10cm, d1=10V2cm, @, ,=20°

(a) (b)

-
i {@“13"0

- )
m OV =0.8°
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OY;"ZO / 0.§m
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- Condition number = 4.3

Figure 23. Case-ii: partially correlated channel by Lambertian emitters and FOV
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- Kcorr > 38

- Geometry: (a) dn=1m, diz=d1s=1cm, dis=V2cm, @ /,>5°
(b) dv=0.5m, d1o=d13=1cm, d14=\2cm, @, ,,>10°
(c) dh=1m, d12=d15=10cm, d1s=10V2cm, @, ;,>50°
(d) dv=0.5m, d1o=013=10cm, d1=10V2cm, @, /,>90°

(a) (b)
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- Condition number = 3997
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Figure 24. Case-iii: completely correlated channel
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As shown, a Kcorr represents a number of channel matrixes derived for a number of non-

imaging receiver cases. Further work is required to investigate its applicability to the more

complex imaging case. The simulations between the two cases suggest that this should be feasible.

4.1.3 Comparison of MIMO-VLC schemes and algorithms

As shown in the previous section, MIMO-VLC channels can be generalised by introducing a

correlation coefficient, Kcorr. In this section, we compare the performance of MIMO schemes and

algorithms with channels that have different Kcorr. For comparison of the three representative

schemes (ganging / Smod / Smux), we limit our investigation to MLD (most complex) and ZF

(least complex). Table 9 shows the spectral efficiency of the three MIMO-VLC schemes compared

to the SISO case, and Table 10 presents their BER expressions.

Table 9. Spectral efficiency of selected MIMO schemes

Schemes

Ganging

Smod

Smux

Spectral efficiency

Log 2 (M)

M
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Table 10. BER expressions of selected L-PAM based MIMO-VLC system

Algorith
m

\ MLD ZF

Scheme

IR

BER

Ganging Q MZSI\IN(fiSISO <Z z ||hnm||> ) (27)

BER BER =
(28) (30)

R

1

LMlog, LM 21 {dH(bvb ) QO)}
smod 4 /\ Q \]YSmodZF

w-12 SNRsis0

2
Q JYSmod - SNRgiso ) [1H- (S = 8))I|
n
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BER = BER =~
(29) (31)

1

Miog, IV Y S L du(by, by) Q)

Smux /\ YSmux_ZF
' Q| |77 SNRgiso

(L—1)?

Q JYSmux : SNRSISOZ [|IH- (S; — S]‘)”Z
n

< M: Number of transmitters; N: Number of receivers; m: transmitter index; n: receiver index;
% hom: (N row, m™" column) element of MIMO channel; SNRg;s,: SISO SNR; L: PAM level;

Ysmod: SMod  coefficient; ysmux: Smux coefficient; ye™'Y: Zero-forcing penalty ||-||: Frobenius norm

Ganging schemes aim to achieve higher SNR than can be achieved by SISO. The receiver sums
the electrical amplitude from all channels. Each source emits 1/M optical power to have the same
total output power as the SISO case. The noise variance increases by factor of N. As expected, (27)
shows that if the MIMO channel constructs an identity H-matrix, SNR can be reduced by a factor
of N compared to SISO since N times more receivers cause N times lower SNR. However, when
the MIMO channel constitutes a highly spatially correlated H-matrix, then ganging scheme

achieves N times higher SNR (when N = M) than the SISO case.

Smod normally uses an MLD algorithm [62], and (28) shows the union bound BER
approximation. In Smod, there are LM different symbols, and the equation shows summations of
symbol error probabilities, and by the number of corresponding error bits, over all LM possible

symbols. yg,,4 INdicates the penalty caused by generating Smod symbols.
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This penalty is because one of the sources has to be turned on at any one time for a spatial
index to be encoded. Hence, the modulation depth has to be reduced, possibly causing
considerable penalty. Unlike [42][69] using fixed modulation depth reductions of L/(L+1) for L-
PAM based Smod, the optimum reduction factors can be significantly changed by the degree of

MIMO channel correlation, and this factor sets yg,,,q 0f MLD based Smod.

Figure 25 shows the optimum peak to peak reduction factor of 2-PAM based Smod, found by
using (28) for a number of MIMO-VLC channels represented by Kcorr. As shown, if the MIMO
channel constructs a near identity matrix (Kcorr = 0.1), the peak to peak amplitude has to be
reduced by 60%. When the MIMO channel constitutes a highly correlated matrix (Kcorr = 10), the
optimum peak to peak amplitude reduction is 95%. This means that decoding the spatial index for

a higher degree of channel correlation demands a higher minimum L-PAM signal level.

10
E o
10" RO Do
rl AN i =
5 S, W w
- b b Y. -
b e, & e
A — N L
\\ SN ool s
. P
&5 10° RN Rl
i 5 5 = 7
X ¥ — 3 A
\\ ‘\ ‘\,” e //
Y N e A Kcor=01 []
H LAY 4 o -
T I AN o ,.)\_/ """"" Kcorr=1 N
----- Keorr=2 3
""""""" Kcorr=10 ]
4
10

0] 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
Peak-to-peak reduction factor

Figure 25. BER versus peak-to-peak reduction factor in 2-PAM based Smod for different degrees

of MIMO channel correlation
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Table 11. Optimum peak-to-peak reduction factors

Kcorr= | Kcorr= | Kcorr= | Kcorr= | Kcorr= | Kcorr= | Kcorr= | Kcorr = Valugs

0.1 0.2 1 2 5 10 20 100 [‘f;ﬁgg]
2-PAM 04 0.39 0.3 0.19 0.09 0.05 0.03 0.005 0.67
4-PAM 0.68 0.66 0.55 0.42 0.24 0.11 0.08 0.015 0.8
16-PAM 0.92 0.91 0.87 0.8 0.63 0.38 0.31 0.069 0.94
64-PAM 0.98 0.98 0.96 0.95 0.88 0.73 0.64 0.24 0.98

Table 11 shows the optimum peak-to-peak reduction factors for L-PAM based Smod. It is seen
that higher order multi-level PAM schemes require less peak-to-peak reduction. This is because

the possibility of errors caused by the reduced minimum Euclidean distance becomes comparable

to the possibility of errors caused by the higher order L-PAM.

Smux can be decoded using MLD, which does not bring about noise enhancement, as generally
happens in linear channel inversion approaches. Equation (29) shows the union bound BER
approximation of MLD based Smux. In Smux, there are LM different symbols, and the equation
shows the same pair-wise comparison based calculation as used in Smod, but this time the
summation is done over all LM symbols. yg,,,« indicates the penalty caused by applying Smux.

Smux turns on all light sources at the same time like ganging, leading to the optical power

reduction by 1/M. Therefore, yg,,4 P€COMes simply 1/M.
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Figure 26. Required SISO SNR (dB) of MLD based ganging, Smod, and Smux schemes for (a) 4-
bit transmission and (b) 8-bit transmission, and (c) considered 4x4 MIMO channels.

Figure 26 shows the comparison among the three schemes: ganging, Smod, and Smux in 4 x 4
MLD systems. Required SNRs are obtained by the equations in Table 10 and Monte-Carlo
simulation. The spectral efficiency is equally set to 4-bit and 8-bit for all three schemes. For
instance, for a spectral efficiency of 4 bits/symbol, ganging requires 2* levels of modulation, Smod
requires 22 levels of modulation, and Smux requires 2 levels of modulation. Figure 26 (a) shows
the case of 4-bit transmission and (b) shows the case of 8-bit transmission. Figure 26 (c) shows the

considered channel matrix. Smux demands the lowest SNR for a low Kcorr of 0.1, which is
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constituted mostly of LOS SISO channels. However, Smux requires the highest SNR in a highly
correlated channel (Kcorr = 10), for both 4-bit and 8-bit cases. Smod demands lower SNR than
Smux in this high Kcorr for both these also. This is because the correlated channel has less
influence on Smod than Smux as symbols from sources are turned on one at a time. In 8-bit
transmission, the multi-level penalty of ganging becomes more significant and the non-zero
intensity constraint of Smod becomes less significant. This makes Smod perform the best of the
schemes at a high Kcorr (=10) for these reasons. Ganging requires lower SNR as Kcorr increases
as it has more power to sum (compared to SISO). Ganging demands the lowest SNR at a Kcorr of

10 in 4-bit transmission case.

These results imply that when the MIMO system has a small channel correlation, Smux is the
appropriate scheme, and for highly correlated channel, either ganging or Smod becomes the
optimum scheme depending on the degree of correlation and/or the spectral efficiency. This
analysis assumes the use of MLD, which optimally decodes MIMO signals. However, the number
of possible symbols for the pair-wise comparison required in MLD increases rapidly as the number
of sources increases. This constraint is true for both MLD based Smod and Smux, since Smod has

to have a larger symbol set for the same spectral efficiency as Smux.

Table 12. Penalty induced by inverting MIMO-VLC channel

Kcorr = Kcorr = Kcorr = Kcorr = Kcorr = Kcorr = Kcorr = Kcorr =
0.1 0.2 1 2 5 10 20 100
Penalty (dB)
0 0 2.8 7.1 14.3 20.1 26 40
Theory
Penalty (dB)
) ) 0 0 2.9 7 14.3 20.1 26 39.9
Simulation
Condition
b 1.0002 1.0273 3.9004 9.6645 29.1891 | 62.9236 | 130.982 | 677.064
number
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Linear matrix inversion such as ZF can be used as an alternative. Assuming that the MIMO-
VLC channel does not change much between channel estimates, the computational cost of the
matrix inversion can be relatively small compared with MLD. After the matrix inversion each data
stream can be treated as a SISO channel with a corresponding penalty, ysmoq zr for Smod and
Ysmux zr TOr Smux. These penalties are obtained using the same total optical output constraint for

Smux and peak-to-peak reduction factor for Smod, respectively.

However, when inverting the MIMO channel using ZF, Smux and Smod experience the same
amount of noise enhancement. The enhanced noise power in ZF output (02 gise after zr) Can be

calculated as [71]

(32)

0.2
noise_before_ZF l

2 —
Gnoise_after_ZF =E I 2
Om

,where o2 denotes the m" squared singular value of channel matrix H. Table 12 summarises the
calculated and simulated ZF penalty and condition number of the 4x4 MIMO channel with

different Kcorr.

Figure 27 shows the required SISO SNR for ganging, Smod, and Smux schemes in the 4x4
MIMO system using ZF for channel inversion. Required SNRs are obtained from equations in
Table 10 and Monte-Carlo simulation. The spectral efficiency is equally set to 4-bit and 8-bit for
all three schemes. Figure 27 (a) shows the case of 4-bit transmission and (b) shows the case of 8-
bit transmission. Figure 27 (c) shows the considered channel matrix. ZF based Smod does not

perform as well as MLD based Smod. This is due to i) the same ZF penalty as Smux, ii) an
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additionally required comparator after the ZF to decide the spatial index, iii) the signal peak-to-

peak amplitude reduction, and iv) the higher number of modulation levels required to match the

spectral efficiency of Smux. Therefore, it can be seen that Smux always demands less SNR than

Smod, and ganging requires the least in the highly correlated channel.

(a) 4-bit transmission
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Figure 27. Required SISO SNR (dB) of ZF based ganging, Smod, and Smux schemes for (a) 4-bit

transmission and (b) 8-bit transmission, and (c) 4x4 MIMO channels.
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Chapter 5
Optimised VLC System Design and Examples

5.1 INTRODUCTION

As shown throughout the previous chapters, there are a number of communication schemes and
devices, requiring and providing different SNR and BW. Figure 28 summarises all the VLC
schemes and techniques discussed, by plotting the required SNR and BW of selected cases. The

requirements are normalised with respect to those of OOK. OOK needs an SNR of 9.8 dB for BER

DR

of 103, and of 2 is assumed unless labelled otherwise. In such cases « DR is used. There

l:’optical

are a number of interesting observations.

1. A link using devices with K™ssem of 3 shows considerable SNR margin improvement
for almost all schemes as the BW reduces. The margin declines in a shot-noise
dominant link.

2. However, the SNR margin improvement can be limited by practical system constraints.
For example, for K-1system 0f 3, reducing the BW below 29 % and 24% is not helpful in
a 7-bit and 8-bit resolution system, respectively. This is because the maximum system
SNR is limited by the quantisation noise of the DACs.

3. For a Kysem of 1 and in a shot-noise dominant case, L-PPM is optimal when the
system has enough dynamic-range to take advantage of L-PPM’s outstanding power

efficiency.

79



4. The best scheme depends on channel frequency response. It is observed that when -60
dB/dec LPF channel with relative BW greater than 0.15 is assumed, OOK with DFE
requires the smallest SNR. When below 0.15, bit/power loaded DCO-OFDM demands
the smallest SNR.

5. The effectiveness of ganging and MIMO schemes (ZF based Smod and ZF based Smux)
can be incorporated into the graph. As shown in the inset, the reference OOK point is
shifted according to the correlation factor, Kcorr, and a comparison with other SISO
cases can be made after this reference shift.

For example, for a low MIMO channel correlation (Kcorr = 0.1), 4x4 Smux requires
an SNR of 22 dB. SISO 16-PAM has the same spectral efficiency as 4x4 Smux, and it
requires an SNR of 27dB, and thus 4x4 Smux is preferred. However, for a high
correlation (Kcorr = 10), a 4x4 Smux requires an SNR of 33 dB. Therefore, SISO 16-

PAM is preferred.
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Figure 28. SNR and BW requirements for various VLC schemes and techniques compared to

OOK demanding SNR of 9.8 dB for a BER of 10
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It can be seen that the optimum scheme depends on the particular type of device used for
transmitter and receiver, and the relationship between SNR and BW. In this section, two examples

of constructing multi Gbit/s VLC systems are presented.

The first example explains the design method for an information broadcasting system. Multiple
sources are used to broadcast the same information and a single detector is used for the signal

reception. The maximum achievable data-rate rate is found under given constraints.

The latter presents the design method for a 4 (sources) by 4 (detectors) MIMO module. In this
example the target data-rate is given and the optimum conditions such as modulation scheme and

source/detector size are found.

511 (Design Task-1) Information broadcasting system design
Table 13 shows the specifications of different elements and the tasks required.

Table 13. Design Task-I

“Given conditions below, design the fastest VLC based broadcasting system in a typical
room”
Illumination scenario Figure 2
WLEDs
Source type (phosphor + GaN LED)
Total luminous flux 5000 lumen
Transmitter B/W and power T‘o be determined b’y
of individual source technology curve
Divergence angle 120° (full)
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APD
Detector type (Hamamatsu S8664 series)
. . To be determined by
B/W and active detection area ‘technology curve’
Recelver Receiver noise 10pA/NHz

Coverage area 5m x 5m

FOV 90° (full)
DAC resolution 8 bit

Noise property AWGN
Other constraints :

Blue-filtering loss 3 dB (optical)
Frequency response slope -60 dB / decade

The design steps are as follows.

<Step-1> Draw the technology curve.

1)

2)

3)

The total luminous flux from all WLEDs are fixed by the given illumination
requirements. Therefore, the technology curve only includes the APD properties. The
number of LEDs needed for the illumination level and BW can be calculated once the
optimised BW is found.

Condition-i) WLDEs are composed of phosphor and blue GaN LED, and the blue
component follows the power-bandwidth relationships derived from GaN WLEDs
shown in Figure 17-(a).

Condition-ii) APD with area-bandwidth relationships of Hamamatsu S8664 series is
considered as shown in Figure 17-(b).

Then,
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_E . . .
ABWSy‘;tem, Thermal noise limit

SNRgain = 1 (40)
ABW._%%  Shot noise limit

system’

<Step-2> Prepare curves of signal and noise variance by OOK data-rate.

Using the information in Table 13 and the area-bandwidth relationships of the photodiode, the
relative signal and noise variance are obtained according to the applied OOK data-rate. From
Figure 29, it can be seen that the system is mostly thermal noise limited. The SNR can be

calculated by subtracting the dominant noise variance from the signal variance.

0 | | T
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Figure 29. Relative variance of signal, and thermal and shot noise according to OOK data-rate
<Step-3> Locate the technology curves at the point where they are tangential to the requirement

curve of the communication schemes.
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Figure 30. Required SNR vs relative BW, given selected communication schemes

1)

2)

Thermal noise limited operation,

The technology curve meets the curve of DCO-OFDM with adaptive loading at (1)

where the relative BW is 0.12. This means that this scheme operates even though
the SNR for the 00K is -4.5 dB (at (2))

Shot noise limited operation,

The technology curve meets the curve of OOK with DFE at (3) where relative BW is

0.33. This means that this scheme operates even though the SNR for OOK is 6 dB

(at ).
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<Step-4> ldentify the optimum conditions and find out the maximum data-rate.
As shown in Figure 29, the system noise is mostly thermal noise. Therefore,

1) The optimum modulation scheme is DCO-OFDM with adaptive loading, which uses a

BW of 8.3 (=1/0.12) times higher than the available BW.

2) The achievable data-rate is 2.9 Gb/s at which the OOK SNR becomes -4.5 dB in

Figure 29.

3) The optimised detector bandwidth is 350 MHz (=0.12 x 2.9 GHz). This bandwidth is
obtained by having a detector size of 0.7 mm? according to the technology curve of the

Hamamatsu S8664 series.

512 (Design Task-11) 4 x 4 MIMO module design
Table 14 shows the design task and given conditions.

Table 14. Design Task-11

“Given conditions below, design a 4x4 MIMO VLC module
supporting 10 Gb/s at 1m distance ”
Non-imaging
Scheme Spatial multiplexing (Smux)
DI ) 4 channels
imension i i
MIMO (4 transmitters, 4 receivers)
Decoding algorithm Zero-forcing (ZF)
Size of module <50 cm?
Transceiver properties Source type GaN uLED
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Beam divergence angle 10° (full)

APD
Detector type (Hamamatsu S8664 series)
FOV 10° (fuI |)

) Same as Design Task-I
Other constraints (see Table 13)

The design steps are as follows.

<Step-1> Choose suitable transceiver geometry

Source spacing
S

g -
' =

i i = 1
Source Module E

o. -
£ , =
= Detector spacing -
<—> n
o
]

3 5 7 g 11
Receiver Module Source spacing (cm)

Figure 31. Zero-forced spatial multiplexing cross-talk penalty vs. source spacing

Figure 31 shows the 4x4 MIMO modules and the cross-talk penalty by the source spacing. The

link distance is 1m, and beam divergence angle (full) and receiver FOV (full) is 10°. The graph

shows that a larger area module allows less cross-talk between channels. (The detector spacing is

assumed to be the same as the source spacing.) The penalties are calculated by using the simulated
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irradiance distribution and equation (32) for the case of zero-forcing algorithm. It is shown that a

source spacing of 7cm leads to a penalty of 5.7 dB while meeting the size constraint.
<Step-2> Given conditions, determine the technology curve.

1) The source power-bandwidth relationship follows the curve derived from GaN pLEDs
shown in Figure 17-(a).
2) An APD with area-bandwidth relationships of Hamamatsu S8664 series is considered

as shown in Figure 17-(b).

( (k)
ABWSystg';f %6/ Thermal noise limit

Then, SNRgain = | L (40)
kABWS;EE:R) , Shot noise limit

<Step-3> Prepare curves of signal and noise variance by OOK data-rate.

Using the information in Table 13 and Table 14, the area-bandwidth relationships of
Hamamatsu S8664 series, and power-bandwidth relationships of GaN pLEDs, relative signal
and noise variance are obtained for each OOK data-rate. The SNR can be calculated by
subtracting the signal variance from the dominant noise variance. When 10 Gb/s OOK is

applied, the SNR becomes -75 dB.
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Figure 32. Relative variance of signal, and thermal and shot noise according to OOK data-rate

<Step-4> Locate the technology curves.

1) Relocate the requirement curves.

2)

As shown at (1), the MIMO OOK reference relative to SISO OOK reference can be
obtained by applying the zero-forcing penalty calculated in <Step-1>.

In the case of shot noise limited operation,

The technology curve meets the curve of DCO-OFDM with adaptive loading at (2)
where BW relative to SISO OOK is 0.03. It means that this scheme works even though
SNR for SISO OOK is -19 dB (at (3)). However, as calculated in <Step-2>, when
applying 10 Gb/s of SISO OOK, -75 dB SNR (at (4)) is expected. Therefore, this case
cannot support the data-rate, as it is. If there is an initial SNR margin of 56 dB, 10 Gb/s

becomes possible. The most straightforward way without compromising other
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optimisations is to assign more uLEDs per channel. For the 56 dB, however, about 40k
units are required per channel. This number is impractical. Therefore, more parallel
channels may be required for 10 Gb/s.

3) In the case of thermal noise limited operation,

From Figure 32, it can be seen that the system is mostly thermal noise limited. In this
case, DCO-OFDM with adaptive loading can support a SISO OOK SNR of -75 dB. By
placing the technology curve at (4), the available margin can be calculated. An 8 bit
resolution system with an SNR upper bound = 48.1 dB is assumed in this system. The
maximum margin is obtained at the relative bandwidth of 0.015 (at (5)) where the
technology curve meets the upper bound. The gap between the available SNR and the

required SNR at the bandwidth is 5 dB. This value becomes the margin.

<Step-5> Identify the optimum communication scheme, source and detector parameters for the 10

Gb/s 4x4 MIMO system.

1) The optimum modulation scheme is DCO-OFDM with adaptive loading, which uses a

BW of 150 MHz (=0.015 x 10 GHz).

2) For the BW, the optimised detector size is 2.77 mm? and the optimised source power is

1.1 mW, according to the technology curves of Hamamatsu S8664 series and GaN pLEDs.
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Figure 33. Required SNR vs relative BW, given selected communication schemes for the 4x4
MIMO system described in Table 14

5.2  CONCLUSIONS

In this chapter, two VLC system design examples were introduced, in order to demonstrate the
optimisation of design parameters given practical constraints and targets. The first example
considered an illumination constraint. A maximum achievable data-rate of 2.9 Gb/s was found by
using adaptively loaded DCO-OFDM with a modulation BW of 350 MHz. The second example
showed an optimised design of 10 Gb/s 4x4 MIMO VLC module. The largest SNR margin of 5 dB
was achieved by using adaptively loaded DCO-OFDM with a modulation BW of 150 MHz.
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Chapter 6
Multi-Gigabit/s VLC system demonstrations

6.1 INTRODUCTION

This chapter presents several practical demonstrations of multi-Gb/s VLC systems. Three
systems, published in [33][34][73], are introduced. It was not possible to apply the technology
curve based optimisation introduced in the previous chapter in these cases due to the limited
choice of experimental devices. However, comments, and comparison with the optimum, are given

where relevant.

6.2 A 3GIGABIT/S VLC LINK USING A GALLIUM NITRIDE pLED

In this section, the communication capabilities of Gallium Nitride uLEDSs in conjunction with
OFDM are investigated. OFDM is selected because as shown in chapter 3, OFDM can outperform
other modulation schemes when the SNR is sufficient to modulate the LED at >10 times the
available BW. The channel conditions shown later in this section indicate that this system meets
this criterion. Moreover, the scheme is robust to low-frequency interference caused by ambient
light and by the baseline wander in electrical components. A performance comparison is also made

between fixed-rate data loading with pre-equalisation and adaptive bit/power loading.
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6.2.1 System descriptions
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Figure 34. Experimental set-up

Figure 34 shows a diagram of the experimental set-up. Firstly, an incoming bit stream is
encoded into M-QAM symbols. Secondly, the symbols are assigned to different subcarriers and
rescaled when pre-equalisation is employed. Afterwards, an IFFT operation is applied on a block
of symbols which produces a discrete time-domain signal. This signal is conditioned for
transmission by clipping any peaks outside the dynamic range set by the electrical characteristics

of the uLED.

All digital processing steps are performed using MATLAB® . Then, the conditioned signal is
supplied to an arbitrary waveform generator (AWG), Agilent N8241A, which assigns it to an

analogue signal. This is amplified with a high-power amplifier (Mini-Circuits ZHL-6A) which
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drives the uLED. The pLED emits blue light with a wavelength distribution centered at ~450 nm
and has a maximum optical power of approximately 4.5 mW. This uLED was supplied by
Strathclyde University, a UP-VLC project partner. A DC bias from a laser driver is added to the
drive signal using a bias-T (Mini-Circuits ZFBT-6GW). Light from the uLED is imaged onto a
high-speed photo-detector (New Focus 1601FS-AC) using a high numerical aperture (NA)
microscope objective (Comar Optics 400A65). The output signal of the photo-detector is captured
by a digital oscilloscope (Agilent MSO7104B). Afterwards, it is processed in MATLAB® with a
sequence of steps that include: synchronization, FFT, equalisation, and M-QAM demodulation.
QAM mapping and de-mapping were undertaken using an efficient algorithm supplied by
Edinburgh University, and the other algorithms were developed here as part of by the author thesis.
The distance between the transmitter and the receiver is set at 5 cm. This is limited by the optical

power of the pLED and the small area of the PD.

The dynamic range of the LLED is limited in terms of a minimum and a maximum signal level.
Hence, clipping of the signal on both sides of the time-domain distribution is practically
unavoidable. In this work, exhaustive experiments have determined the best clipping levels at -
3.20 and 3.20, where o is the standard deviation of the time-domain signal. The optimal biasing
point is at 5.2 V (lbias = 40 mA). The peak-to-peak voltage swing of the modulating signal is at
Vpp = 2.5 V in order to use the full dynamic range of the uLED. The sampling frequency of the
AWG is fixed at Fs = 1.25 Gs/s, which results in a maximum achievable single-sided BW = 625

MHz.
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Figure 35. Estimated: (a) channel gain and (b) SNR

Channel estimation using a pilot sequence that is composed of random binary phase shift
keying symbols with constant energy. The relative channel gain and the SNR values, obtained
through error vector magnitude estimation, are shown in Figure 35 for the different frequency
subcarriers. The channel attenuation follows closely the frequency profile of the uLED whose 3-
dB attenuation occurs at a frequency of 60 MHz. The remaining elements in the system have a flat
BW up to a frequency of at least 500 MHz. This assumption is supported by Figure 35 (a) where
the gain factor experiences a sudden drop after carrier 220 which corresponds to a frequency of

approximately 540 MHz.

The estimated SNR profile of the communication channel follows closely the estimated
frequency profile. This suggests that the additive white Gaussian noise (AWGN) distribution in the

system is uniform within the communication bandwidth.
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6.2.2 Communication performance

In this work, two approaches are employed for maximizing the data rate. In the first approach, a
fixed rate M-QAM scheme is used on all modulated subcarriers. Power pre-equalisation is used in
an attempt to equalise the achievable SNR values on each subcarrier at the receiver. In the second
approach, both the constellation size and the energy on each subcarrier are decided based on the
achievable SNR at that particular frequency. It is expected that the second approach will exhibit

better results as it provides more freedom in the signal optimisation procedure.

The first DCO-OFDM implementation is based on pre-equalisation. The pre-equalisation is
achieved by applying the inverse function of the system frequency response on all subcarriers
before transmission. This effectively scales the energy in each frequency band with the inverse of
the system gain. Hence, after propagating to the receiver, all subcarriers should exhibit the same
average energy level. The power spectral densities (PSD) of the received signal for the case

without pre-equalisation and for the case with pre-equalisation are shown in Figure 36.
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Figure 36. Power-spectrum of 64QAM DCO-OFDM with the last (a) 100 and (b) 60 sub-carriers

unused
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This shows pre-equalisation leads to a uniform SNR distribution on all subcarriers. In these

experiments, the highest data-rate using this approach can be achieved for a constellation size of M
= 64.

Figure 36 (a) illustrates the signal PSD when the last 100 subcarriers are not used and the
signal BW is approximately 380 MHz. Figure 36 (b) illustrates the case when the last 60
subcarriers are omitted, and the signal bandwidth is approximately 480 MHz. The case in Fig. 3(a)
achieves higher SNR values and so a lower BER because the signal energy is distributed over a
smaller frequency range. The system throughput, however, is also lower than in the case presented
in Figure 36 (b) where the data-rate reaches a value of 2.8 Gb/s for a BER < 0.002. The addition of

a forward error correction (FEC) code with an overhead of about 7% can guarantee an error-free
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Figure 38. BER results and received constellations for 3.22 Gb/s with adaptive bit and power

loading

DCO-OFDM can be optimally used by applying a channel adaptive loading algorithm. In this
case, the modified Levin algorithm introduced in Chapter 4 is used. The optimal bit allocation can
be seen in Figure 37 (a). The theoretical system capacity for the achieved SNR values on the
different subcarriers is also shown. Figure 37 (b) shows the allocated energy on each subcarrier.
The algorithm aims to ensure a constant SNR on all received subcarriers with the same
constellation size. This optimised modulation signal achieves 3.22 Gb/s with a BER < 0.002. With
the 7% overhead for FEC, the data-rate becomes 3 Gb/s. These results are summarised in Figure

38, and the received M-QAM constellations are also shown.
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6.3 A 1.68 GIGABIT/S WHITE-LIGHT VLC LINK USING A GALLIUM NITRIDE puLED

AND PLOYMER BASED COLOUR CONVERTER

In this section, we investigate the feasibility of using a conjugated polymer colour converter to
overcome the limitations of existing phosphors. Conjugated polymers are an important class of
organic semiconductors that have high fluorescence quantum vyields, short (~1 ns) radiative
lifetimes and they are simple to process from solutions. Another advantage of using polymers is
that they can be blended to obtain a higher quality white-light than the conventional blue LED chip

with a phosphor. These properties make them attractive alternatives to current phosphors.

Here, a scheme is proposed to create white-light suitable for both illumination and high-speed
VLC, by using the blue electro-luminescence (EL) of a GaN uLED and the yellow photo-
luminescence (PL) of a conjugated copolymer of poly para-phenylene vinylene, “Super Yellow”
(S-Y; PDY132, Merck KGaA). The uLED with conjugated polymer design can not only generate
white-light but also provide higher modulation BW than that of the blue chip and phosphor based

commercial WLEDs.

99



6.3.1 White-light generation
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Figure 39. EL spectrum of a GaN puLED (solid line). PL (dashed line) and absorption (dotted line)

spectrum of S-Y.

Figure 39 shows the EL emission spectrum of the GaN puLED and the PL emission and
absorption spectrum of the S-Y. The S-Y material was supplied by St Andrews University, a UP-
VLC project partner. The GaN pULED used in this work has a diameter of 50 um, Electrical-
Optical-Electrical (EOE) B/W of 60 MHz and total radiant flux of 3.5 mW at 60 mA. Higher
driving current can increase the B/W, but this value was selected to allow operation in the linear

region of its response.
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S-Y has a photoluminescence quantum yield (PLQY) of 60%. The measured BW of S-Y in

solution is > 200MHz, which can provide a ~50 times higher B/W than a typical phosphor based

colour-converter, due to the short fluorescence lifetime (100s of ps) of the material.
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Figure 40. Experimental set-up for white-light generation a) block diagram of the set-up, b)

picture of the set-up and c¢) measured emission spectrum for GaN pLED illuminating a S-Y sample

of optical density 0.96.

Figure 40 shows the experimental set up used to generate white-light. Blue light from the GaN

uLED was collimated and focused onto the S-Y colour-converter via a series of high numerical

aperture (NA) lenses as detailed in the figure. The high NA optics design was used because of the
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limited optical power from the uLED and its Lambertian emission profile (half divergence angle

of 60°).
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Figure 41. (a) Representation of measured colours on the CIE chromaticity diagram. For
comparison, the colours of a commercial WLED, and a fluorescent light tube together with the
black body locus (solid line) are presented. (b) Photograph of the projected light of 0.96 OD

solution.

The S-Y colour-converter is composed of a 2 mm path length cuvette containing a solution of
S-Y in chlorobenzene. This forms a Lambertian emitter and the mixture of emitted yellow and
transmitted blue that is emitted from the cuvette holding the S-Y material is highly divergent.
Another high NA optical system is used to collect and collimate this emission. To increase the

emission efficiency in the forward direction a dichroic mirror, transparent for blue but reflecting
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yellow light, is placed just before the S-Y converter. This reflects part of the backward
propagating yellow light into the forward direction, increasing the efficiency by approximately

20%.

The composition of the white-light generated in this process can be altered by changing the
concentration of the S-Y solution, which controls both the transmittance of the LED light and the
intensity of yellow emission. It was found experimentally that the S-Y follows the Beer-Lambert
law and the optical density (OD) is proportional to concentration of the solution: OD=5.2c, where

c is the concentration in mg/ml.

Figure 41 (a) shows a CIE plot of the colour generated as the OD is varied. Experiments
verified that an OD of 0.96 creates light with the smallest distance from the reference white point
(0.33, 0.33). This results in a cool white-light as can be seen in Figure 41 (b). For comparison, the
coordinates of a commercial WLED and a fluorescent light tube were also measured, and are also

shown in the figure.

6.3.2 Communication performance

PC

Waveform
Generator . . 1‘
ZHL-BA Tranermitior Wireless link
wem T L |
—) Module ‘ Optics ‘—)1 APD Oscilloscope
ZFBT-6GW ACL4050A MSO7104B
DC Current

LDC205C

PC

Figure 42. Experimental set up for data communication
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DCO-OFDM is used to transmit data as used in the section 5.2. Figure 42 shows experimental
set-up for the data communication. The transmitter module is described in Figure 40. The
modulated white-light generated from the module is focused onto APD based receiver, through a
collecting lens. Two link distances (3 cm and 2 m) were tested, in order to investigate potential of
this approach in terms of data-rate and link distance. A small area (0.8 mm?) and 900 MHz BW
APD for the 3cm link and a large area (3 mm?) and 200 MHz BW APD with higher sensitivity for
the 2 m link were used. The output signal is captured by a digital oscilloscope, Agilent
MSO7104B. Finally, signal processing for recovery is executed in MATLAB® after

synchronization.

The optimal biasing point was determined to be at 60 mA and the peak-to-peak AC voltage
swing is set at Vpp = 3.5 V, for full modulation depth. An FFT size of 256 and a cyclic prefix
length of 3 were selected as there was no significant improvement for a greater CP (the CP
overhead was ~ 1.2%). The applied FFT sampling rate is 1250-Ms/s and 625 Ms/s, which results
in a maximum achievable single-sided B/W of 625 MHz and 312.5 MHz, for the 3 cm and the 2 m
link, respectively. A bit and power loading scheme was applied. Figure 43 shows the allocated
bits and power on each subcarrier. Figure 44 summarises the measured BER results from the two
link distances. As shown in the 3 c¢cm link results, £2.5¢ clipping was found to be the optimum for
the system we used. The BER curve using + 3.0c clipping follows that of the optimum one with a
slightly higher BER. Using the optimum clipping level, a data-rate of 1.81 Gb/s was achieved with
a BER of 1.2x1073. Considering a FEC overhead of 7%, the data-rate becomes 1.682 Gb/s. For the
2 m link, 904 Mb/s at a BER of 1.2x107 was achieved, and this becomes 840 Mb/s after taking

account of the FEC overhead.
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Table 15. Data-rate comparison on the same illumination level

Available Data-rate Data-rate Data-rate
IHlumination level in [60] in [74] in the current work
14 Ix - ~650 Mb/s 840 Mb/s
240 Ix ~300 Mb/s ~950 Mb/s 1682 Mb/s

Table 15 shows that at an illumination level of 240 Ix, the ‘fast-white” LED described here can
provide significant additional capacity. These are the fastest results so far reported for a single

white LED source based VLC.

6.4 A 6.52 GIGABIT/S SISO AND 10 GIGA-BIT/S MIMO VLC LINK USING A LASER

DIODE BASED REMOTE PHOSPHOR TECHNIQUE

As seen in the previous sections, increasing the BW of the source and generating white-light
whilst supporting high-data transmission are key challenges. The combination of a blue laser diode
(LD) and a phosphor plate is examined in this section. Despite the low BW of the commercial
phosphor plate, it is seen here that the high BW of the LD allows considerable improvement in

data-rate.

In the next sub-section, the characteristics of white-light generated by this approach are
examined. Parameter optimisation and demonstration of high data-rate VLC using the white-light

generated is detailed in the following section.
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6.4.1 Laser diode based remote phosphor lighting
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Figure 45. Lighting properties of the blue LD base remote phosphor approach: (a) schematic, (b)
emission profile, (c) optical spectrum, and (d) CIE colour coordinate.
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Remote phosphor approaches typically use a phosphor plate some distance from the source, and
this can improve the efficiency and reliability of the emitter by reducing deleterious thermal
effects on the phosphor, compared with typical phosphor coated WLEDs. Another benefit of this
remote phosphor approach is that it provides room to optimise the source module as shown in [75]

where a very high efficiency of 162.3 Im/W was achieved.

There has been little work on using LD based lighting, although some suggests that the overall
system cost may be lower than LED based approaches in the future [76]. There are also few
studies on human perception of such sources [77]. LD eye safety also requires investigation,
although the diffusing effect of the phosphor plate and the highly divergent source should allow a

safe source to be created [78].

Figure 45-(a) shows a schematic of a remote phosphor lighting source based on a blue LD. Blue
light from the LD is focused on the phosphor plate through an aspheric lens. This is to create a
quasi-point source. The optical spectrum of converted light is measured by a spectrometer
(SD2000) while mechanically varying the measurement angle and maintaining the distance from
the point source. Then, the properties of each colour component are analysed. Figure 45-(b) shows
the measured emission profile, together with a Lambertian fit to the data. The Lambertian pattern
shows a normalised intensity profile of cos™(#) with the highest intensity at normal direction (6 =
0°). The converted yellow light shows an almost perfect Lambertian profile (m=1). The blue
component from the LD shows a Lambertian profile with order of m = 1.5, resulting in a half
intensity half angle of ~ 50°. The phosphor plate therefore not only converts colour, but also
scatters the residual blue component. Figure 45-(c) shows the measured optical spectrum. Despite

a sharp peak observed at 448.5 nm, the total power (obtained by integration) in blue wavelengths
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was less than half of that in the converted broad wavelengths. As the measurement angle 6 tends to
60°, the proportion of the blue EL component reduces. This leads to a small change in colour

temperature, as indicated in the CIE colour coordinate shown in Figure 45-(d).

6.4.2 Communication performance

DCO-OFDM is applied to test the communication performance. As shown in previous sections,
it is important to optimise the signal (such as clipping-level and cyclic-prefix optimisation)
beforehand. The optimum condition was obtained by a series of experiments, and then the
maximum data-rate was determined, using both a fixed-rate quadrature amplitude modulation

(QAM) and a rate adaptive scheme based on the estimated channel information.

Figure 46-(a) shows the experimental set up for single channel VLC using the blue LD based
remote phosphor lighting system. First, a PC generates unclipped DCO-OFDM sequences using a
512 IFFT, followed by pulse shaping if needed. In this work, a root raised cosine filter with roll off
factor of 0.1 and oversampling factor of 2 is applied. The shaped sequences are further constrained
by clipping the upper and lower part. Then, the clipped signal is converted into an analogue signal
by an arbitrary waveform generator (Agillent 81180B) with sampling rate set to 4.5 GHz. The
analogue signal (7.8Vpp @50Q load), in addition to a DC current (100mA) supplied by a current
source (LDC205C), is applied to a blue LD (LD450 100-SG) via a bias-T (ZFBT-6GW). This
peak to peak voltage value was selected as it provides almost full modulation depth and linear
response. The blue EL light is focused through an aspheric lens and is incident on a phosphor plate
(CL840 R45-XT), creating a white emission. The light is collimated by another aspheric lens

(ACL4050A). The distance between the lens and the plate is first adjusted to provide 100 Ix at a
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1m range. Higher lux levels are easily achievable by decreasing the range (i.e., 400 Ix @40 cm,

1000 Ix @15 cm).
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Figure 46. (a) Experimental set up, (b) channel gain and (c) SNR by varying the clipping level, (d)

clipping level optimization by calculated capacity, and (e) cyclic prefix optimization
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The collimated light is focused onto a high-speed photo detector (New Focus 1601) using a
further lens. An oscilloscope (MSO7104B) captures the electrical signal from the detector and

sends it back to the PC for demodulation.

Figure 46-(b) shows the measured channel gain at 400 Ix for different clipping levels. Generally,
in DCO-OFDM, clipping is applied symmetrically and is expressed relative to the unclipped
signal’s standard deviation. In the figure, it can be seen that increasing clipping also increases the
channel gain. This is mostly because the power in the unclipped signal for the given transmitter’s
dynamic range is inversely proportional to the clipping level. For this reason, compared to the
channel gain for clipping of +4.5c, that of £2.56 is higher by ~5dB (= 20 log,,(4.5/2.5)). Figure
46-(c) shows the SNR, incorporating the effect from the additive noise and the clipping noise. A
+3.50 clipping level presented the best SNR throughout all subcarriers. Figure 46-(d) shows the
capacity vs the measured SNR, and clearly shows that +3.5¢ offers the maximum capacity. Figure
46-(e) shows the CP optimisation. This time the clipping level was fixed to the optimum value
(£3.50). It can be seen that after a length of 5 the capacity shows a slight increase, but considering

the capacity reduction due to the CP overhead, a length of 5 is optimal.

The communication performance was measured at illumination levels of 100 Ix, 400 Ix, and
1000 Ix . The optimal clipping level is found to be +2.5¢ and +4.5¢ at 100 Ix and 1000 Ix,
respectively. The first 5 subcarriers (up to 22.1 MHz) were not used to avoid impairments caused
by the wide band amplifier, which has a low frequency cut off of 20 MHz. Then, by changing the
number of subcarriers used and QAM level, the highest data-rates with bit error rate (BER) <

2x10-3 were determined. Figure 47-(a), (b), and (c) show the constellations and received power

112



spectral density at 100 Ix, 400 Ix, and 1000Ix, respectively. The measured data-rates were 3.42

Gb/s, 4.89 Gb/S, and 6.05 Gb/s, respectively.

Next, a channel adaptive bit and power loading technique was applied. Figure 47-(d) and (e)
show the optimised bit loading and power loading schemes at illumination levels of 100 Ix, 400 Ix,

and 1000 Ix. Data rates of 4 Gb/s, 5.67 Gb/s, and 7.01 Gb/s were achieved, respectively.
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Figure 48. Data-rates for different illumination levels using fixed-rate and adaptive loading

approaches

Figure 48 summarises the results of both fixed-rate and adaptive loading approaches, before
and after 7 % of FEC overhead reduction. Overall, adaptive loading showed better results than the
fixed-rate approach. Compared to previous results using a blue LED plus phosphor coating (1 Gb/s)

and an RGB WDM approach (3 Gb/s), this blue LD based remote phosphor technique allowed
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6.52 Gb/s @ 1000 Ix after overhead reduction. Using the simple fixed-rate method it was still

possible to achieve a data-rate of 5.62 Gb/s after overhead reduction.

The potential of using an imaging receiver for spatial-multiplexing was also investigated. It is
essential to explore the spatial dimension because i) a proper room illumination level, between 400
Ix and 1000 Ix, creates a communication system in a BW limited regime of channel capacity,
where the capacity increases logarithmically by increasing SNR, and ii) there is significant
difficulty in increasing the overall BW mainly due to the limited availability of high BW optical
and electronic devices. Here, the performance of a two channel imaging system using the blue LD

based remote phosphor technique is investigated.
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Figure 49. (a) Experimental set up for two channel imaging system and (b) picture showing

sources and images for this system
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Figure 49-(a) shows the experimental set up for the two channel imaging system. The
transmitter system is identical to the system described in the single channel case, except that two
LDs were modulated using two independent data streams. At a link distance of 35 cm, two optical
beams overlap sufficiently to provide almost equal power to the receiver module. At this distance,
a total illumination level of 500 Ix was measured. Then, using an aspheric concentrator lens with a
diameter of 5.5 cm and f-number of 1, two distinct images of sources are formed. The main
advantage of such a imaging system is that it can de-correlate a combination of highly directional

light sources, and Figure 49-(b) shows this.

By placing the PD at these image points, it was feasible to capture the individual channel and
process independently. Note that only the data from each single channel was captured at one time
as a large commercial detector module did not allow placing two photo detector units at the
imaging points. However, we verified the validity of this approach by measuring the channel

matrix, and there was no optical cross-talk.

mCh. 1 Ch.2 mTotal m After FEC overhead reduction

10.85

.45 879

4.78 467

Bit/Power loading 32 QAM

Figure 50. Data-rates for two channel imaging system
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Figure 50 summarises the achieved data-rates for a BER of < 2 x 10, As before, fixed-rate
with pre-equalisation and channel adaptive bit and power loading were investigated. Parameter
optimisation was undertaken for each channel, following the same procedure as detailed earlier in
this section. Both channels presented similar performance (< 5% difference), and the adaptive
loading approach offered higher data-rates than the fixed-rate case. The total data-rate after FEC
overhead reduction was 10.09 Gb/s and 8.79 Gb/s for the two approaches, respectively. These
results demonstrate the considerable potential for the high-speed VLC using a blue LD based

remote phosphor lighting technique combined with spatial multiplexing.

6.5 CONCLUSIONS

In this chapter, three high-speed VLC demonstrations were introduced. First, the feasibility of a
3-Gb/s wireless link with a single Gallium Nitride pLED was investigated. Also, the feasibility of
using a conjugated polymer for white-light VLC was investigated. Here, white-light (for
illumination) with a high modulation BW (for Gb/s communication) was generated. A 1.68 Gb/s
white-light communication link was demonstrated at 3-cm distance. It was also verified that the
scheme can be used in a distance of 2m. Lastly, it was found that LD based remote phosphor
white-lighting has considerable potential to provide high data-rate. After optimisation, data-rates
of up to 6.52 Gh/s were achieved at 1000 Ix. Furthermore, by employing a two-channel imaging

system, a total data-rate of 10 Gb/s was found to be achievable.

It was not possible to optimise the source and detector based on the technology curve
introduced in the previous chapters due to the limited choice of experimental devices. However,

the outcomes of these demonstrations are very promising and show that the multi-Gb/s VLC
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systems are feasible. Future work includes improving the coverage area, implementing real-time
systems, and investigating the human acceptance associated with the generated light, especially for

the laser-based white-light.
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Chapter 7
Conclusions and Future work

7.1  CONCLUSIONS

VLC can potentially assist in alleviating the wireless communications spectrum ‘drought’, thanks
to a considerable amount of unlicensed spectrum. For the optimum design of a multi Gigabit VLC
system, however, a comprehensive modelling approach is required. The main aim of this thesis is
to create a general modelling for multi Gb/s VLC system design. This was achieved by analysing
and comparing a number of VLC schemes, techniques, and devices in terms of the SNR and BW
requirement (and the availability), given the same practical VLC constraints. Novel design
methods, such as optimisation for band-limited O-OFDMs, generalisation of MIMO VLC

channels, and technology curve including device characteristics, were newly presented.

The thesis begins with the illumination and communication channel modelling. It was shown
that optimisation of lighting for both communications and illumination has substantial benefits.
Two lighting designs were studied. The square illumination design has a steep gradient in
illumination level (and hence the received optical power) compared with the hollow design. The
hollow design having a low STD can relieve the dynamic range requirements of VLC receivers,
reducing the complexity. In terms of bandwidth, both designs showed only ~5 dB attenuation to
100 MHz at the worst receiver position. It implicates the overall channel frequency response

follows that of LOS, high speed data transmission is still feasible through these worst channels.
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A number of VLC schemes and techniques were compared to estimate their required SNR and
BW. A technology curve approach that incorporates device parameters was also introduced. From
this investigation it was found that for typical devices with device property parameter K-1system
of > 3, significant gain in margin can be obtained by using low BW high SNR approaches. When a
-60 dB/dec LPF channel with relative BW greater than 0.15 is used, OOK with DFE requires the
smallest SNR. When below 0.15, bit/power loaded DCO-OFDM demands the smallest SNR. The
effectiveness of MIMO schemes (Ganging, ZF based Smod, and ZF based Smux) can also be
incorporated into the analysis. It was shown that depending on the degree of MIMO channel

crosstalk, the optimum MIMO scheme is determined.

Two optimised system design examples using this comprehensive modelling were introduced.
The first example considered an illumination constraint. A maximum achievable data-rate of 2.9
Gb/s was found by using adaptively loaded DCO-OFDM with a modulation BW of 350 MHz. The
second example showed an optimised design of 10 Gb/s 4x4 MIMO VLC module. The largest
SNR margin of 5 dB was achieved by using adaptively loaded DCO-OFDM with a modulation
BW of 150 MHz. These examples showed how to maximise data-rate (or margin) when

illumination level (or target data-rate) is given.

To check the feasibility of the multi Gb/s VLC system by a series of ‘proof-of-concept’
experiments were also conducted. A 3-Gb/s wireless link with a single Gallium Nitride uLED is
feasible. The result shown here is the fastest single LED based wireless VLC system
demonstration up-to-date. A 1.68 Gb/s white-light communication link can be constructed, using a
conjugated polymer for the white-light generation. The data-rate is the fastest result so far reported

for a single white LED based VLC. LD based remote phosphor white-lighting has considerable
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potential to provide high data-rates. After optimisation, data-rates of up to 6.52 Gb/s were
achieved at 1000 Ix. Moreover, by employing a two-channel imaging system, a total data-rate of
10 Gb/s was found to be feasible. These demonstrations show the potential of VLC to construct

high-speed communication links as well as the generation of white-light suitable for illumination.

From the modelling, numerical analysis, and experimental investigations conducted throughout
this thesis, it can be seen that choosing the optimum VLC schemes is crucial, and the
characteristics of the devices used must be taken into account. There is considerable potential for
further optimisation of data transmission using custom designed transmitters and receivers. The
new generalized modelling method incorporating these important aspects enables the optimum

design of multi Gb/s VLC systems.

7.2 FUTURE WORK

Future work should focus on including VLC schemes not examined in this thesis since it will
allow more options for the optimum design of multi Gb/s VLC systems. In addition, the overall
signal energy consumption might be modelled in an optimisation process in conjunction with

commercialisation.

7.2.1 Further investigations in VLC schemes

Investigations in VLC schemes should be done mainly in two aspects: 1) research on variations
of O-OFDM schemes and 2) further generalisation of MIMO schemes. Variations of O-OFDM
schemes, such as ADO-OFDM shown in [45], introduced in the recent two years or so should be
studied. Some claim that the new OFDM schemes they introduced are both power and spectrally
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efficient, but there have not been any experimental verification. Their performances have to be

investigated not only by modelling but also by experiments, given practical VLC constraints.

In this thesis, only 4 x 4 MIMO was examined. For a better generalisation, the impact of adding
more MIMO channels, deviating from the centre alignment, and applying different pitch sizes
have to be investigated. Also, incorporating imaging MIMO schemes and a more general analysis
between imaging and non-imaging, using the MIMO crosstalk coefficient introduced in this thesis,

Kcorr, is an area worthy of investigation.

7.2.2 Energy consumption and commercialisation

It was shown that constructing a multi Gb/s VLC system is feasible. One of the most significant
barriers for the commercialisation of this system could be the cost. Generally, the cost means the
installation and the operating cost. As discussed in the introduction, since VLC can reuse the
existing lighting infrastructure, the installation cost can be smaller than the other candidates

supporting multi-Gb/s links, such as IR or RF (mm-wave) based systems.

The operating cost is closely related to the energy consumption of the system. Investigation of
the energy consumption of a number of VLC schemes or sets should be investigated. Then, the
overall signal energy consumption can be modelled in the communication performance
optimisation process in this thesis. The performance-energy optimised Gb/s class VLC system can
then be compared with the other candidates. When the VLC’s operating cost turns out to be

smaller than the other candidates, there can be more opportunities for VLC in the market.
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Appendix 1
SNR requirement for L-QAM O-OFDM

(A) Useful signal power over total noise power
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Appendix 2

Clipping noise in O-OFDM

xun-clipped =N (0 ’ sz)

Signal Distribution
After Clipping

Clipped
Region A

CIiplow

Clipped
Region B

Figure 51. Clipped O-OFDM time-domain signal distribution

(A) DC component generated by clipping, E[Xciip(K)]
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Appendix 3
Cyclic-prefix overhead in low-pass-filter channels

In a band limited communication channel, inter-symbol-interference occurs. For an OFDM to
be free from the inter-symbol-interference, a cyclic-prefix is required. This uses a portion of the
OFDM frame and reduces the overall data-rate. For a fair performance comparison of OFDM with

respect to OOK in the band limited channel, this has to be included.

Table 16. Relative RMS delay spread of LPF channel with various BWs and slopes

Slope\ BW 1/2 1/4 1/8 1/16 1/32 1/64 1/128

10 dB/dec 0.062 0.087 0.147 0.273 0.515 0.959 1.720

20 dB/dec 0.112 0.225 0.450 0.900 1.800 3.601 7.202

30 dB/dec 0.159 0.318 0.636 1.273 2.546 5.092 10.185

40 dB/dec 0.194 0.389 0.779 1.559 3.118 6.237 12.474

50 dB/dec 0.225 0.450 0.900 1.800 3.601 7.202 14.400
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Table 16 shows the RMS delay spread relative to one OOK symbol duration Tsook. For
instance, when a signal occupies 8 times the 3-dB BW (relative BW = 1/8) of a low-pass-filter

channel with a slope of 30 dB/dec, the relative RMS delay spread (Trei,ps = Tos/Ts,0ok ) is 0.636.

For ISI free operation of OFDM, a cyclic prefix duration (Tcp) with 2~4 times the RMS delay
spread has to be applied [79]. Then, the ratio between the increased number of required bits to

apply a CP (bwith_cp) and the required number of bits without CP (bwithout cp) for optical OFDMs is

calculated as below.

bwithcy  Torpm + Tecp  Torpm + 4Tps

bwithoutcp Torpm Torpm
NsubcarriersTs,OOK + 4‘Trel,DSTs,OOK _ Ngpr + 8Tre1,DS (A3)
NsubcarriersTs,OOK NErr

,where Torpm, Nsubcarriers:» @Md Nppr denotes OFDM symbol duration, number of sub carriers, and

. . - - bwi
FFT size, respectively. For example, when Treips 0.636 and FFT size is 64, ——— e
Withoutcp

becomes

1.08, meaning that 8 % more bits have to be allocated to achieve the same data-rate as the case

without CP overhead.
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