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This tutorial focuses on devices and technologies that are part of laser-based visible light communication (VLC)
systems. Laser-based VLC systems have advantages over their light-emitting-diode-based counterparts, includ-
ing having high transmission speed and long transmission distance. We summarize terminologies related to
laser-based solid-state lighting and VLC, and further review the advances in device design and performance.
The high-speed modulation characteristics of laser diodes and superluminescent diodes and the on-chip integra-
tion of optoelectronic components in the visible color regime, such as the high-speed integrated photodetector,
are introduced. The modulation technology for laser-based white light communication systems and the chal-

lenges for future development are then discussed.
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1. INTRODUCTION

During the last decade, the demand for wireless network
services has witnessed an explosive growth owing to
the decrease in the cost of mobile electronic devices.
The fifth-generation (5G) wireless system requires larger
bandwidth to support more users simultaneously with
lower latency and higher data rates for better user
experience. The wireless communication system based
on conventional radio frequency (RF) uses the frequency
spectrum from 3 kHz to 300 GHz, and most of this range
has been allocated in such a way that limits the capacity of
the network. To realize an enhanced mobile broadband
wireless network, light-emitting diode (LED)-based vis-
ible light communication (VLC), also known as Li-Fil
to combine the data transmission function with the light-
ing technology, has been considered a potential technol-
ogy for integration into the 5G technology. This is
because Li-Fi covers a range of 428 THz (700 nm) to
749 THz (400 nm). Further, VLC has the advantages such
as high spectral efficiency, reliability, low latency, gigabit-
per-second (Gbps) data rate, being robust against electro-
magnetic interference, and enhanced security. Therefore,
VLC is a promising technology that will coexist with RF
systems in future 5G technologies?.

Table 1520 lists the selected recent progress achieved
over 1 Gbps on the VLC system in free space from 2012
to 2018. Since the early work at Keio University2!, where
the team used LEDs to transmit data by visible light
(1 Mbps, 1.15 m, white LED), the work on VLC has grown
gradually. In 2013, laser diodes (LDs) were proposed to re-
place LEDs as the transmitter in VLC links, as they exhib-
ited higher data rates and longer ranges, and a 2.5 Gbps of
data transmission within 1 m using a blue LD was achieved
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by A. E. Kelly from the University of Glasgow?. More
recent works on LED and LD-based VLC systems were also
summarized in the form of data rate versus transmission
distance, as shown in Fig. 12222, The inset of Fig. 1 shows
the data rate and corresponding eye diagram achieved over
a 100-m-long distance using a blue LD demonstrated by our
group?2. Depending on the application, collimated light
has the advantage of long-distance transmission, while
highly divergent light offers better room coverage, localiza-
tion, and simultaneous lighting.

The potential applications of Li-Fi are in traffic-
light-to-vehicle communications, VLC in hospitals, and
underwater communication. Traffic-light-to-vehicle com-
munication is enabled by existing lighting devices that can
be integrated with communication systems. With VLC-
based traffic-light-to-vehicle communications, the func-
tions of collision warnings, pre-crash sensing, turning
assistance, and self-driving guidance are feasible?2. To
avoid interference with the RF waves of the equipment,
such as magnetic resonance imaging (MRI) scanners,
VLC systems are likely to be implemented in electromag-
netic wave sensitive areas?. The utilization of VLC in
underwater environments has also attracted significant
attention, owing to the strong absorption of RF waves
in water and the bandwidth limitations of acoustic com-
munication (kilohertz). Therefore, optical waves are good
alternatives for underwater communication, because light
transmission at green and blue wavelengths has less
attenuation in water than in other ranges of wavelengths.
Since 2015, underwater wireless optical communication
(UWOQC) has appeared as an emerging topic with the first
Gbps data rate demonstrated in early 20082, In 2015,
Hassan et al.Z achieved a 4.8 Gbps data rate over a
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Table 1. Recent Progress in VLC Systems

Year Transmitter Data Rate (Gbps) Distance (m) Modulation Refs.
2012 pc-LED 1.1 0.23 CAP [3]
2012 RGB-LED 3.4 0.3 OFDM (WDM) [4]
2013 RGB-LED 3.22 0.25 CAP (WDM) [5]
2013 Blue LD 2.5 0.1 OOK-NRZ [6]
2014 GaN p-LED 3 0.05 OFDM [7]
2014 Red LD 12.5 5 16-QAM-OFDM [8]
2015 Blue LD + Phosphor 4 0.1 16-QAM-OFDM [9]
2015 Blue LD 9 5 64-QAM-OFDM [10]
2015 Blue LD + Phosphor 2 0.05 OOK [11]
2016 Blue LD + Phosphor 2 <1 00K [12]
2016 RGB-LED 3.375 1 PAM-8 [13]
2017 Violet p-LED 11.95 <1 OFDM [14]
2017 Violet LED + Phosphor 1 1 OOK [15]
2017 Blue LD 18 16 16-QAM-OFDM [16]
2018 RGBYC LED 10.72 1 64-QAM-DMT [17]
2018 Violet LD 3.2 0.1 16-QAM-OFDM [18]
2018 Violet LD 24 10 64-QAM DMT [19]
2018 Blue LD 2.3 100 OOK-NRZ [20]
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Fig. 1. Recent advances in nitride-based LED and LD-based
VLCZ2, Modified from the work presented in Refs. [20,22].

5 m working distance in a UWOC system with the 16
quadrature amplitude modulation (QAM) orthogonal
frequency division multiplexing (OFDM) modulation
scheme. Following that, in 2017, Shen et al2 demon-
strated a 20 m UWOC link with a 1.5 Gbps data rate
transmission using on-off keying (OOK) non-return-to-
zero (NRZ) modulation scheme. A recent review on
UWOC can be found in Refs. [23,30]. In 2018, Li
et al.BY achieved a 5 m, 25 Gbps data rate UWOC system.
Figure 2 shows the recent research progress in
UWOCEZZ  Tn contrast to LEDs, the LD and

Transmission Distance (m)

Fig. 2. Recent research progress in UWOCZ2:2-10,

superluminescent diode (SLD) emerge as alternative light
sources for achieving high Gbps data rates, owing to their
short relaxation time and not being subject to problems of
efficiency roll off. In 2015, the high modulation bandwidth
of 2.6 GHz in LDs was demonstrated by Lee et al.2, in
which 4 Gbps data transmission was achieved. Taking
advantage of the high modulation bandwidth in LDs
compared to LEDs, the laser-based and newly emerging
SLD-based VLC is considered the most competitive
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candidates for Gbps data rate transmission technology
beyond 5G technologies.

In this paper, we summarize the recent progress of VLC
systems in free-space environments. Section 2 explains the
concepts and general terminology of VLC. Section 3
focuses on the transmitter devices in VLC. Section 4
demonstrates the modulation and equalization technology
of the VLC system. In Section 5, we discuss the challenges
and mitigation strategies. Finally, Section 6 presents the
conclusions as well as the prospects of this technology.

2. BASIC CONCEPTS AND
TERMINOLOGIES

For the realization of a VLC system, the following param-
eters are imperative in determining the overall perfor-
mance of a VLC link. In this section, we summarize
some of the key terms that are closely associated with
the VLC system. The terminology can be characterized
into (1) white lighting characteristics, (2) performance
of communication systems, and (3) photodetector (PD)
characteristics.

A. White lighting characteristics
Lumen: Lumen (Im) is the international (SI) unit of
luminous flux to quantify the overall light emitted by a
light source. A typical 40 W incandescent light bulb
usually delivers a total light output of ~450 Im, while a
9 W LED can deliver 450 Im.

Lux: Lux (Ix) is the ST unit of illuminance, a measure of
light arriving at a surface; 1 Im per square meter equals
1 Ix. The Ix of an LED flashlight can be up to 5000 lx.

Candela: Candela (cd) is the ST unit of luminous inten-
sity in a particular direction because any given light source
will have different luminous intensities in different direc-
tions. To simplify the concept, the light from one candle
can be simply compared to 1 cd.

Beam angle: The beam angle of a lamp is the angle at
which the light is emitted. It shows how the light is dis-
tributed. A beam angle of 30°-40° can satisfy the need
of lighting from ceilings.

Correlated color temperature: The color tempera-
ture of a light source is defined as the temperature at
which the color of the heated blackbody radiator matches
that of the light source. Correlated color temperature
(CCT) is the representation of the emitted white (or
nearly white) color of the light relative to the temperature
of the Planckian radiator; it is measured in Kelvin (K).
For a white light emitter, there are three primary types
of color temperature ranges: warm white (2700-3000 K),
cool white (35004100 K), and daylight (5000-6500 K).

Color rendering index: Color rendering index (CRI)
is a value representing color accuracy rendered under the
light from a specific light source. It ranges from 0 to 100.
Taking the blackbody radiator (CRI = 100) as a reference
light source, CRI characterizes a light source’s ability to
reproduce the color of various objects being lit. Fluores-
cent light bulbs have a typical CRI of 50-70. Standard

LEDs have a typical CRI of 65-85. Some high-CRI
LED lamps can achieve CRIs higher than 90.

Efficacy: Efficacy (Im/W) is the efficiency of a light
source to convert electric power to light. While the typical
luminous efficacy of an incandescent bulb is 10-18 Im /W,
the luminous efficacy of a cool-white LED is 60-92 lm/W.

Dimming range: Dimming range is the brightness
range of illuminance, which reflects power and energy
efficiency. However, not all lighting products are designed
for dimming functions. The dimming range can be realized
based on the modulation schemes or error control schemes.

Flicker range: The flicker of a light source is the fluc-
tuation in light brightness. It can cause harmful physio-
logical changes in people. To avoid any harmful effects,
the Institute of Electrical and Electronics Engineers
(IEEE) 802.15.7 standard suggests that flickering should
be faster than 200 Hz. The mitigation strategy uses run-
length-limited codes.

B. Performance of communication systems

Bandwidth: Bandwidth characterizes the available sig-
nal range for our application. It can also be used to char-
acterize the throughput of a certain system. It depends on
the upper and lower frequencies in a continuous band of
frequencies that can be used in the system. In VLC sys-
tems, higher unregulated bandwidths are available, and
therefore, higher speeds are theoretically achievable.

Bit error rate: The bit error rate is the measurement
of errors per unit time. It is measured using a pseudoran-
dom sequence of bits, which is generated and transmitted
through designed components, and then, it is received and
compared with the generated sequence. It depends on fac-
tors such as bandwidth, transmitter power, path, used
components, data rate, and interference (noise). Low
bit error rate can be achieved by proper optimization of
these factors.

Bit error ratio: The bit error ratio (BER) is a dimen-
sionless measure of the number of bit errors divided by the
total number of transferred bits during the study period.
For instance, if the pattern generator sends one hundred
bits to the receiver and one error is detected by the
receiver, the BER would be 0.01.

Forward error correction: Forward error correction
(FEC) is a method of improving the reliability of data
channels using a redundant way of encoding data streams.
Hence, there is a way of error detection and correction
using the error correcting codes at the receiver end. This
method is useful because it does not require a backchannel
for corrupted or missing data. This technique can be sim-
ply done by an encoding and decoding piece of software,
which does not require dual-way communication. In gen-
eral, the FEC limit in the current technology standard is
3.8 x 1073. To utilize the FEC technique effectively, a
VLC system with a BER lower than the permitted limit
is imperative.

Signal-to-noise ratio: Signal-to-noise ratio (SNR)
represents the separation between the amplitudes of signal
and noise present in any analog (or digital) electronic
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circuitry. The main goal is to achieve a clear separation of
signal and noise, determined by SNR. Different decoding
equipment can handle different limits of SNR. In general,
SNR can be calculated as

__signal power

SNR (1)

noise power

Error vector magnitude: Error vector magnitude
(EVM) is used to quantify the performance of digital
transmitters and receivers; it is the distance between
the real point and the ideal point in a power diagram. This
value can be represented in decibels (dB) or percentages.

Eye diagram: The eye diagram is an indicator of the
quality of signals in a digital communication system. It
can be easily captured using an oscilloscope. The shape
of an eye diagram will depend upon various triggering sig-
nals, such as clock triggers, divided clock triggers, and pat-
tern triggers. The noise, jitter on the eye, and differences
in timing and amplitude from bit to bit will cause the eye
opening to shrink.

Bit loading: Bit loading, or adaptive bit loading, is a
technique to allocate bits into subcarriers based on the
current SNR. With this technique, it is possible to allocate
a higher number of bits into subcarriers with higher SNR,
values while cutting down the number of bits in subcar-
riers with low SNR, values for error prevention.

Power allocation: Power allocation is a method to dis-
tribute the total available power among all transmitters.
This technique is commonly used in multiple-input
multiple-output (MIMO) communication. In addition,
it is widely used by modern wireless fidelity (Wi-Fi) rout-
ers (also known as beamforming), because it can boost
power from the transmitter with the best SNR to the
specified client, while cutting the power for the clients
with good SNR.

Spectrum efficiency: Spectrum efficiency represents
the information rate that can be transmitted over a given
bandwidth, and it is measured in bps/hertz (Hz). Further,
spectrum efficiency provides information on the efficiency
of a given bandwidth.

Channel estimation: Channel estimation is a tech-
nique to estimate the channel properties on a short-term
basis during transmission using a pilot sequence, which is
known to the transmitter and the receiver. According to
the received data, channel properties can be updated.

C. Photodetector characteristics

Responsivity: Responsivity R is a measure of input—
output gain and is measured in ampere/watt (A/W). It
represents the generated photocurrent I per value of
incident optical intensity on the detector P,. R depends
on the wavelength and material properties of the detector
and can be expressed as

1

(2)

Quantum efficiency: The quantum efficiency for a
PD is defined as the number of electrons produced per

incident photon. In most cases, the detector cannot con-
vert all photons into electron—hole pairs. Quantum effi-
ciency 7 is given by

__ number of electrons produced

3)

~ number of incident photons

Spectral response: The spectral response of the detec-
tor varies with the change in the wavelength of the inci-
dent radiation. Figure 3 shows an example of the spectral
response of the Si-based PD.

Noise equivalent power: Noise equivalent power is
defined as the root mean square (RMS) incident power,
which gives rise to a current (or voltage) whose RMS value
is equal to the RMS value of the current (voltage) due to
noise effects.

3. DEVICES IN LASER-BASED
VLC SYSTEMS

A. Transmitter

As a key component of VLC, the spotlight on light
emitters for enabling high data rate and modulation band-
width is pivotal. In particular, the continuous improve-
ment of device technology related to laser and the
associated SLD is imperative. The first demonstration
of the GaN-based LD grown on (0001) sapphire substrates
was reported by Nakamura et al.”2. The InGaN multiple-
quantum-well (MQW) LD exhibits an emission wave-
length of 417 nm and thus completes one of the three
primary colors, i.e., red—green—blue (RGB), required for
generating white-light-based VLC using compact solid-
state devices. In this section, we discuss the critical
advances in light emitters for enabling high data rate

[11,12,15,42-51]

VLC systems, as illustrated in Fig. 4===2=2,

1. Semipolar InGaN laser diode
The development of GaN-based violet and blue LD tech-
nology in the past two decades is typically grown on

Spectral Response (A/W)

0.0

T T T T
200 400 600 800 1000
Wavelength (nm)

Fig. 3. Typical spectral response of Si-based photodetector.
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Sapphire: Nakamura et al., The Blue Laser
Diode, 2000 [42]

Non-polar m-plane GaN: Schmidt et al., Jpn.
J. Appl. Phys., 46 (9), 2007 [43]
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Blue LD+YAG:Ce phosphors, 2 Gbit/s, BER=3.5x10- : Lee et al., Opt.
Express, 23 (23), 2015 [11]

Blue LD+CsPbBr; nanocrystals phosphor, 2 Gbit/s, f ;,,=491 MHz,
CRI=89, CCT=3236K: Dursun et al., ACS Photonics, 3 (7), 2016 [12]
NUV LD+RGB phosphors, 1 Gbit/s, CRI=79, CCT=4050K: Lee et al.,
Opt. Express, 25 (15), 2017 [15]

Two-section laser

(2021) GaN (2021) GaN
Sub-7nm resolution SLD for OCT: Goldberg et al., IEEE J. Sel.
Top. Quantum Electron, 23 (6), 2017 [49]
Surface-shaped GaN (0001) substrate: Kafar et al., Opt. Express,
24.(9), 2016 [45]
1.3 Gbit/s, f,,5=807 MHz, BER=2.9x10: Shen et al., Opt.
Express, 24 (18), 2016 [46]
f 205=560 MHz, CRI=68.9, CCT=4340K: Shen et al., Opt. Lett.,
41 (11), 2016 [47]

1.45 Gbit/s, f,,5=404 MHz, CRI=85.1, CCT=3392K: Alatawi et al.,
Opt. Express, 26 (20), 2018 [51]

« Integrated waveguide
modulator (IWM)

» Semiconductor optical
amplifier (SOA)

wm:
8.1 dB on/off ratio: Shen et al.,
IPC, 2015 [44]

1 Gbit/s, f;45=1 GHz, OOK
modulation: Shen et al., ACS

Gain section
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Photonics, 3 (2), 2016 [48]

SOA:

5.7 dB SOA, BER=3.4x10"* at 1
Gbit/s: Shen et al., Opt. Express:
__ 26 (6), 2018 [50]

Semipolar (2021) GaN Substrate

Fig. 4. Recent advances in II-nitride-based LDs and SLD for enabling high data rate VLC systemst:2242:5

c-plane oriented substrates, in which the polar plane
suffers from strong polarization fields and reduced
internal quantum efficiency??. Since 2007, there has been
growing research interest in developing various types of
InGaN LDs on non-c-plane GaN substrates. The LDs
on an m plane (a nonpolar plane) and a semipolar plane
indicated their potential to outperform the devices grown
on c-plane surfaces, owing to the absence or reduction of
piezo-polarization fields, respectively®2. In early 2012,
Kelchner et al. reported a detailed review for the
development of GaN LDs on nonpolar and semipolar
planes from both material and device aspects. Since
then, there have been continuous efforts in improving
the device performance, as well as the exploration of
emerging applications®2, For example, a pulsed high-
power AlGaN-cladding-free blue LD with an optical power
of 2.15 W and external quantum efficiency (EQE) of 39%
was reported?!. The InGaN-based LD design and device
performance are summarized in Table 2225,

The design and fabrication of lasers should consider the
active region design, optimization of the confinement
factor, waveguide design, contact formation, and facet
optimization. Most published works explored the utiliza-
tion of asymmetric InGaN/InGaN MQW active regions'®,
insertion of InGaN/GaN shallower quantum well (QW)
layers®, adding a hole blocking layer prior to the first
quantum barrier™, and interface engineering™ to reduce
the threshold current density and increase the slope
efficiency. Similar designs may also be implemented in
fabricating semipolar InGaN-based LDs. Moreover, by
incorporating transparent conducting oxide (TCO) top
cladding layers into Ill-nitride LDs, the device perfor-
mance can be improved by reducing the growth time
and temperature of the p-type layers. Both indium tin

oxide and zinc oxide (ZnO) have been utilized as the
top cladding layer, replacing a thick p-GaN layer to
fabricate semipolar GaN LDs%%% The improved ther-
mal performance was also observed for the thin p-GaN
LDs, resulting in a 40% increase in peak light output
power and a 32% decrease in surface temperaturel®.
The waveguide design and optimization are other impor-
tant design factors that have been studied™™. Since the
p-GaN exhibits a lower conductivity than n-GaN, there
are studies to replace p-GaN contacts with the n-GaN tun-
nel junction contacts for efficient hole injection™2,
Finally, facet formation is another critical design consid-
eration for semipolar GaN LDs because of the difficulties
in cleaving a semipolar GaN substrate. As alternative ap-
proaches, dry etching and polishing were proposed and
demonstrated for the fabrication of semipolar LDs®25
The facet etched by Cly-based reactive ion etching
(RIE) was first reported, and later, a chemically assisted
Ar ion beam etching (CAIBE) method was demonstrated
to define vertical and smooth mirror facets.

Here, we characterize a 410 nm emitting semipolar
InGaN/GaN QW LD. Violet-emitting LDs have a similar
epitaxial structure to blue-emitting LDs® except for a
lower In composition in the active region, which is
Ing;GagoN/GaN QWs. The LDs were also grown on the
(202 1) plane GaN substrate using a metal-organic chemi-
cal vapor deposition (MOCVD) technique. Figure 5(a)
presents the electroluminescence emission spectrum of
the 1500-pm-long violet-emitting LD at an injection current
of 400 mA using an Ando AQ6315 A optical spectrum
analyzer. A peak emission wavelength of 411.3 nm was
measured. The LD shows a single emission peak with a
narrow peak full-width at halfmaximum (FWHM) of
0.527 nm. To study the high-frequency performance of
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Table 2. Summary of InGaN-based Laser Diode Design and Performance

Threshold
Wavelength Waveguide Optical Power Density = Modulation
(nm) Substrate Design Facet (mW) (kA/cm?) Bandwidth Refs.
395 c-plane GaN  Broad area  Cleaved, uncoated 10-180 3.2-3.6 - [58]
(Pulse)
410 c-plane GaN  2-10 pm ridge Cleaved, 10-75 (CW) - 2.5 GHz and  [59]
7Zr0,/Si0, coated 1.38 GHz
410 Semipolar ~ 2pmand3pm  RIE, uncoated  20-128 (CW) 6.25 5 GHz [1,60]
(2021) GaN ridge
445 Semipolar 2.5-15 ym  CAIBE, uncoated ~ 100-1100 2.2 - [61]
(2021) GaN ridge (CW)
450 (commercial) ¢-plane GaN - - 10-70 (CW) - 1.8 GHz [62]
453 Semipolar Ridge Polished, 5-35 (Pulse) 8.6 - [63]
(2021) GaN uncoated
457 Semipolar 2 pm and Polished, 1-10 (Pulse)  13.0 and - [64]
(1122) GaN 4 pm ridge uncoated 12.6
518 Semipolar Ridge RIE, uncoated  5-18 (Pulse) 40 - [65]
(2021) GaN
520 (commercial) c-plane GaN - - 10-80 (CW) - 200-1000 MHz [66]
536.6 Semipolar 2 pm ridge  Cleaved, Coated  10-90 (CW) 5.9 - [67]
(2021) GaN
(2 (b) as the DC power supply, a Tektronix PSPL 5580 broad-
%\ band bias tee, and an ALPHALAS 7 GHz UPD-50-UP
g high-speed Si PD. A significantly large —3 dB modulation

Intensity (a.u.)

408 409 410 411 412 413 414

Wavelength (nm) %
(c) @ =~
m 5
-30 R
[
R —-——/v% § ors AR
5 - L !
: 2 asers -
e -3 dB bandwidth 25 \ .
g -50 & o ;
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> 2 ¥ [ Blue LED !
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= \ | = = -Blue LD+phosphor |+
-70 § 20 \ \
19 100 1000 1E-3 0.01 0.1 1
Frequency (MHz) Frequency (GHz)

Fig. 5. (a) Electroluminescence emission spectrum of the semi-
polar violet-emitting LD at an injection current of 400 mA.
(b) Schematic of the small-signal modulation response measure-
ment setup. (¢) Small-signal modulation response of the violet-
emitting LD at an injection current of 400 mA. The LD shows a
—3 dB modulation bandwidth of ~3.1 GHz. (d) Comparison of
modulation bandwidth in commercial LEDs and LDsW.

the LD for VLC applications, a small-signal modulation
response measurement was performed using an Agilent
E8361 C network analyzer. Figure 5(b) shows the sche-
matic of the measurement setup. The LD was probed using
a custom-made prober with a high-frequency ground-signal
RF probe. The setup involves a Keithley 2400 source meter

bandwidth >3 GHz was measured from the 1500-pm-long
violet-emitting LD at a driving current of 400 mA [Fig. 5(c)].
In typical InGaN/GaN-based QW LEDs, a relatively
small —3 dB modulation bandwidth of a few to tens of
megahertz has been reported®. Recently, the develop-
ment of micro-LEDs has shown improvement in extend-
ing the modulation bandwidth to hundreds of megahertz,
albeit at a relatively low emission power (1-2 mW)Z&28,
However, a light source with high optical power and large
modulation bandwidth, such as an LD, is more favorable
for practical VLC systems, as demonstrated in Fig. 5(d).
Therefore, the GaN-LD-based platform is promising for
free solid-state lighting (SSL) and VLC applications.

2. Two-section laser and photonics integration

GaAs- and InP-based photonics integration has been
achieved in optical telecommunication wavelength regimes
for many commercial applications®y. For example, an
electroabsorption-modulated laser integrated with a semi-
conductor optical amplifier (SOA) has been developed as a
compact, high-performance, and low-cost optical trans-
mitter for access-metropolitan network convergence.
However, the realization of photonics integration in the
visible wavelength regime remains a challenging topic.
Recently, the design, fabrication, and characterization of
ITI-nitride photonic integration, including the light emitter,
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waveguide modulator, amplifier, and PD based on multi-
section devices have been reported.

In order to achieve a high-efficiency electroabsorption
modulator (EAM) on a Ill-nitride platform and reduce
the required modulation bias for low voltage operations,
the waveguide modulator based on semipolar (2021)
QWs was demonstrated and characterized 2%, A com-
parative analysis of the photocurrent versus wavelength
spectra in semipolar and polar plane InGaN/GaN QWs
was conducted [Fig. 6(b)]. The polar QWs exhibited a
monotonic blue-shifting absorption edge with an increas-
ing applied electric field due to the reversed quantum-
confined Stark effect (QCSE) with Vpy from 0 to —4 V.
In contrast, similar blue shifting was observed when a
small negative bias was applied (0 to —1 V) to a semipolar
MQW modulator, but a red-shifting trend was observed
when an increasing negative bias (>2 V) was applied.
Such red shifting indicates the occurrence of a QCSE-
induced red shift in the absorption edge because of the
applied external field on the EAM canceling the built-in
polarization-induced electric fields in the active region.
Owing to a reduced piezoelectric field in semipolar QWs,
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Fig. 6. Comparison of photocurrent versus wavelength spectra
in (a) semipolar (2021) and (b) c-plane (0001) InGaN/GaN
QW modulatorsZ,

the significant shifting of absorption edges in response to
the modulation bias is effective in modulating the optical
output power®. Our prior work investigated the first, to
the best of our knowledge, integrated EAM laser grown
on semipolar (202 1) GaN substrates with an on/off ratio
of 8.1 dB, demonstrating the monolithic and seamless
on-chip integration of optical modulators®.

As a building block of the high-performance transmitter
in a VLC system, a dual-section SOA-LD was demon-
strated and characterized®d. The high-gain SOA-LD fea-
tures the seamless integration of an SOA and an LD in the
form of a 2 pm ridge waveguide fabricated on a semipolar
GaN substrate [Fig. 7(a)]. The working principle of the
integrated SOA is similar to that of conventional GaAs-
based SOAs®, where the waveguide mode traveling
through the gain medium contributed to the optical tran-
sition of the electrically injected carriers in the conduction
band. The effective gain of the dual-section SOA-LD is de-
fined as the ratio between the optical power at the driving

(a) \ Integrated SOA LlD
2 um ridge
waveguide

D
IS
o<

-

ES

N

Effective Gain (dB) @

o

0 50 100 150 200 250
Current (mA)

Fig. 7. (a) Three-dimensional (3D) illustration of the 405 nm
emitting dual-section SOA-LD on a semipolar GaN substrate.
The device involves four pairs of Iny;GagoN/GaN MQWs as
the active region and a pair of InGaN separate confinement
heterostructure (SCH) waveguide layers. The lengths of the
SOA and LD are 300 and 1190 pm, respectively. (b) Effective
gain versus laser current relationship of the dual-section
SOA-LD at different SOA bias values ( Vgoa )2,
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voltage, Vgpa, and the optical power at the transparency
condition [Fig. 7(b)]. The high-gain (5.7 dB) dual-section
LD with integrated SOA constitutes an important build-
ing block for the eventual development of large-scale
IMT-nitride photonic integrated circuit (PIC) at the visible
wavelength2?,

The combination of both active and passive photonic
components enables the on-chip integration of optoelec-
tronic devices with versatile functionalities®*%Y, Benefiting
from the relatively small separation between the absorp-
tion and emission peaks in semipolar InGaN/GaN QWs,
the on-chip integration of an LD and waveguide PD
(WPD) has been fabricated without epitaxy regrowth
in violet-blue wavelength regimes22. Figure 8 compares
the relationship between LD output power and current in
an LD and the relationship between photocurrent from
the WPD at zero bias and current in an LD, The
WPD current is strongly correlated with the emitted op-
tical power by the LD, suggesting that the integrated
WPD can be utilized for on-chip power monitoring.
The responsivity of the InGaN-based WPD increases from
18 to 51 mA /W with increasing reverse bias voltage from 0
to 10 V. Since the WPD and LD are sharing the same
active layer design without the need of epitaxial regrowth,
the semipolar InGaN-based WPD outperforms other QW
PDs grown on polar c-plane substrates for simultaneous
light emission and detection®. In summary, multi-
section InGaN-based LDs on semipolar GaN substrates
show promising performance for photonics integration
in the visible wavelength regime.

3. Superluminescent diode

In recent years, nitride-based SLDs have also received sig-
nificant attention, owing to their optical characteristics,
i.e., broadband spectrum similar to that of LEDs and high
spatial coherence similar to that of LDs. Owing to its
unique advantages, SLD is typically used as the source
of broadband light in short-wavelength optical coherence
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Fig. 8. Comparison of output power versus current in the LD
and photocurrent from the WPD at zero bias versus current
in the LD,

tomography and fiber optic gyroscope systems. Other
examples of newly emerging applications of SLD that
received increasing attention include droop-free SSLEY
and VLCY,

For nitride-based SLD, Feltin et al.'y demonstrated for
the first time, to the best of our knowledge, the achieve-
ment of MOCVD-grown SLD emitting at 420 nm with
peak output power of 100 mW. Hardy et al.y demon-
strated an m-plane blue SLD fabricated using KOH wet
etching method. Rossetti et al.’ also presented high out-
put power and single-mode emission of a blue-violet SLD
using a ridge-waveguide structure and varying indium
content in the active region, which could potentially lead
to SLD for a number of practical applications in addition
to conventional LDs and LEDs. Following these demon-
strations, many studies on device optimization and
system-level demonstrations have also been published.
For instance, the design of waveguide structurel21%
SLD on semipolar/non-polar substrates“?, SLD in SSLZ,
optical coherence tomography221% and optical communi-
cations? were demonstrated. Here, we summarize and
discuss the key developments in SLD in both device-
and system-level improvement, in particular, the practi-
cality and feasibility in VLC.

The droop-free and speckle-free high optical power
InGaN-based SLD for SSL was first, to the best of our
knowledge, demonstrated by Shen et al.Z in 2016. Using
the blue-emitting SLD grown on semipolar (2021) GaN
substrates, the generated white light with the combination
of SLD and yellow-emitting yttrium aluminum garnet
(YAG:Ce*") phosphor (hereinafter called YAG phosphor)
demonstrated a CCT of 4340 K and CRI of 68.9, which are
viable for indoor illumination. In the same work, the fea-
sibility of SLD-based VLC was also demonstrated; a
higher modulation bandwidth (~560 MHz) of SLD than
that of LEDs was characterized. Later, Shen et al. pre-
sented a high modulation bandwidth SLD of up to
807 MHz using a 405 nm InGaN-based SLD2, The sche-
matic illustration of the SLD with a tilted facet configu-
ration is shown in Fig. 9(a), while the emission spectra of
the SLD, LDs, and LEDs are shown in Fig. 9(b). For high-
speed VLC application, by using SLD as the transmitter, a
data rate of ~1.3 Gbps and a BER of 2.1 x 1073 below the
FEC limit were successfully achieved with the OOK
modulation scheme, thus laying a strong foundation to-
wards SLD-based VLC applications. More recently, a
high-power c-plane GaN blue (442 nm) SLD of up to
474 mW under pulsed injection was demonstrated by Ala-
tawi et al.Z2 for simultaneous speckle-free white lighting
and wireless data communication dual functionalities.
Apart from the achieved high CRI of 85.1, a record-high
1.45 Gbps communication link with BER under the FEC
limit was also demonstrated, paving a way forward for
speckle-free and high data rate SSL-VLC applications.
Figure 9(c) shows the BER and data rate achieved in
OOK-modulated SLD-based VLC. A detailed comparison
of white light generation for dual-functionality SSL-VLC
technology using conventional LEDs, laser, and proposed
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Fig. 9. (a) 405 nm SLD grown on semipolar (202 1) GaN substrates with tilted facet configuration. (b) Electroluminescence spectra of
SLD in comparison with the LD and LED at constant current injection. (¢) BER versus data rate for OOK-modulated SLD-based
VLC. Inset shows the corresponding eye diagrams at different data ratesZ.

Table 3. Comparison of LEDs, Laser Diodes, and SLDs for SSL-VLC Systems

Characteristics LEDs Laser Diodes SLDs

Spectral width (FWHM) 40 to 80 nm 0.1 to 5 nm 6 to 20 nm
Modulation bandwidth Up to tens of MHz Up to few GHz Up to hundreds of MHz
Eye-safe level High Low Moderate

Cost Low High Moderate to high
SLD can also be found in the report of Shen et al.’Z. Conventional phosphors for SSL or VLC are based on

Table 3 provides a comparison and summary of the device inorganic materials. They contain an inorganic host
characteristics of LEDs, LDs, and SLDs as light emitters material doped with an optically active element. Garnet

for the SSL-VLC system. (A3B50,) is the most commonly used host, where A

and B are chemical elements, and O is oxygen. Among
B. Phosphor for SSL-VLC the large groups of garnet, YAG is the most common
Phosphor is a material that can release secondary optical ~ material. The optical characteristics of YAG phosphors
emissions at a certain wavelength (1) when excited pri- can be modified by changing the composition ratio.
marily by optical radiation (4;). Phosphors can be inor- Figure 10 shows the emission spectrum of Ce-doped

ganic or organic in any phase (solid, liquid, or gas). It can ~ YAG phosphors, which reveals that the increasing concen-
be categorized into down-converting phosphors, where tration of Ga shifts the spectrum to a shorter wavelength,
A < A9, and up-converting phosphors, where 1; > 15. In while the addition in Gd shifts the spectrum to a longer
the case of down-converting phosphors, a photon with wavelength2.

higher energy will be converted to a photon with lower en- However, the long decay time for the YAG phosphor,
ergy. However, two or more primary photons are required which is on the order of microseconds, hinders the progress
to emit one secondary photon for up-converting the phos-  from being applied in the VLC system. As a result, the
phors to conserve energy. This section focuses on the  overall bandwidth for the VLC system is limited by the
down-converting phosphors. phosphor within a few megahertz (3-12 MHz)21%,

Phosphor: (Y,.,Gd);(Al, ,Ga,);0,,:Ce Excitation: 460 nm
100 T T T T T

Y,ALO,,:Ce
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Fig. 10. Emission spectrum of Ce-doped yttrium aluminum garnet (YAG:Ce®") phosphor for different chemical compositions™.
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To overcome the bandwidth bottleneck in the YAG-
phosphor-based SSL-VLC system, organic materials,
such as boron-dipyrromethene and poly|[2,5-bis(2’, 5'-bis
(2"-ethylhexyloxy)phenyl)-p-pheylene vinylene] (BBEHP-
PPV), were proposed as alternative color converters
due to their visible light emission, high photolumine-
scence quantum yield (PLQY), direct radiation recom-
bination, and ease of integration with nitride-based
semiconductors™%, The lifetime for such organic materi-
als is shorter than for YAG phosphors, which leads to a
modulation bandwidth in the range of 40-200 MHz!Y,
However, a phosphor material with a much shorter lifetime
and higher efficiency is desired for high-performance
SSL-VLC systems.

Recently, there has been an emerging interest in lead
halide perovskites [ABXj, where A is G3NH;, Cs', or
HC(NH,)?**, B is Pb?*, X is Br—, I, and/or C1~7] in opto-
electronic devices due to their superior performance,
mobility, lifetime, and diffusion length™. In particular,
nanocrystals (NCs) of CsPbBr3 perovskites are attractive
for white light emission™ ) and display™? due to their
high PLQY (>70%) and short light conversion time2.
A record perovskite-based VLC system with a modulation
bandwidth of 491 MHz was reported by Dursun et al.
and is ~40 times greater than that of the conven-
tional phosphors-based VLC systems!21%. In this study,
CsPbBr; perovskite was synthesized via a modified injec-
tion method™¥, With the perovskite-based VLC system, a
high data rate of up to 2 Gbps was achieved [Fig. 11(b)].
With the same perovskite material, a white light source
was strongly enhanced with a high CRI of 89 and a
CCT of 3236 K.

The laser-based SSL-VLC system requires new phosphor
geometries to handle the greater light flux from the laser.
Spark plasma sintering (SPS), which allows for composi-
tional modulation and phase fraction controlling, provides
the ability to create new desired phosphor geometries.
Using SPS to prepare YAG phosphors combined with
a chemically compatible and thermally stable oxide,
o-ALO;, Cozzan et al. presented stable, heat-conducting

[115]

phosphor composites for high-power laser lighting<='.
4. SIGNAL PROCESSING IN VLC

A. Modulation Technology

After preprocessing, coding, and modulation, the LD (or
LED) is driven by the original binary bit stream, and elec-
trical signals are converted into optical signals with inten-
sity modulation. Each modulation technique has a finite
number of symbols in which data can be encoded. Having
more symbols allows the representation of more bits by a
single symbol. For example, if an eight-symbol modulation
technique is used, each symbol can represent a set of three
bits because each set can have one of eight possibilities. In
general, each symbol of an M-symbol scheme can re-
present k= logy, M bits, and these k bits are mapped
such that adjacent symbols differ by only one bit (gray

encoding)Y. Therefore, the incorrect selection of adjacent
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Fig. 11. (a) Measured frequency response of the perovskite-
based VLC system. (b) BER of the perovskite-based VLC system
at different data rates and the eye diagram of 2 Gbps data rate
showing a clear open eyel?.

symbols results in a single bit error™. The use of such
techniques, however, comes with an increase in the power
required or a decrease in the immunity of errorJ. Some of
the most commonly used modulation methods in VLL.C are
as described in sections 4.A.1-4.A.3.

1. On—off keying
In OOK, the signal can be written as

sook (t) = Am(t), (4)

where m(t) is the signal pulse shape, and A has a value of
one for a “1” bit and zero for a “0” bit. The waveform of
this technique is shown in Fig. 12(a). This method is called
NRZ, as opposed to the return-to-zero (RZ) scheme shown
in Fig. 12(b). This technique is simple and suitable for use
in VLC, as shown in Refs. [33,37,50]. The number of sym-
bols can be increased by changing the amplitude, depend-
ing on the bits to be represented by each symbol. This
modulation scheme is known as pulse amplitude modula-
tion (PAM). For example, if A can take four different
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Fig. 12. Signal waveforms of different modulation techniques:
(a) NRZ-OOK and (b) RZ-OOK.

values, each one of them will represent two bits. Each bit
can also be represented by a transition. Manchester cod-
ing, for example, uses the transition from high to low and
low to high to represent “0” and “1”, respectively.

2. Phase-shift keying

Instead of modulating the amplitude of the carrier, we
can modulate its phase. This method 1is called
phase-shift keying (PSK). One variation of PSK is binary
PSK (BPSK), in which a “0” is represented by a phase
shift of 180° in the carrier, and a “1” is represented by
not changing the phase of the carrier. Other PSK tech-
niques with more symbols are also available and called
M-ary PSK, where M is the number of symbols. Increasing
M does not increase the required power directly, but it in-
creases the probability of error. To double the number of
symbols when M is sufficiently large and to maintain the
same performance, an increase of 6 dB/bit is needed.
Figures 13(a) and 13(b) show the constellation diagrams
for 4-PSK and 8-PSK, respectively. Gray encoding was
also used to map the sets of bits to the appropriate
symbols. This type of modulation was demonstrated in
Refs. [119,120]. This scheme is possible only when OFDM
is used (section 4.A.3).

3. Quadrature amplitude modulation

QAM combines both PSK and amplitude-shift keying by
changing the two parameters of the carrier. For that
reason, this method is also known as amplitude phase
keying™. The number of symbols can be increased to
represent more bits by a single symbol. The constella-
tion diagrams of 4-QAM and 16-QAM are shown in
Figs. 13(c) and 13(d), respectively. The constellation dia-
grams of 4-QAM and 4-PSK are identical, but in 16-PSK,
all symbols have the same amplitude A, unlike 16-QAM.
In Refs. [9,121], 16-QAM was used, and in Ref. [122],
64-QAM was used. The use of QAM is only possible if

Q
01 1
@ o
I I
0® ®,
(a)
Q Q
0000 0100 | 1100 1000
; ® o o o
01
® ® 0001 0101 | 1101 1001
e o o o
! 0011 o111 | 1111 1011 !
® O e O
0® ®, 0010 0110 | 1110 1010
e o o o
(0 (@

Fig. 13. Constellation diagrams of (a) 4-PSK, (b) 8-PSK,
(c) 4QAM, and (d) 16-QAM.

OFDM is applied, as will be explained in the following
sub-section. However, it is possible to use carrier-less
amplitude and phase (CAP) modulation directly in inten-
sity modulation. This technique uses two shaping filters
that are orthogonal, one of which is for the in-phase part,
and the other is for the quadrature part®,

B. Multiplexing

By using multiplexing, the data rate can be significantly
increased while maintaining an acceptable error rate.
There are many ways in which multiplexing can be
achieved in VLC. For example, multiple wavelengths
can be used to transmit different data streams simultane-
ously. It is also possible to use different optical angular
momentum modes. Spatial division multiplexing allows
the use of multiple transmitters and receivers to commu-
nicate parallel data streams. One of the most commonly
used multiplexing techniques is OFDM.

OFDM uses different subcarriers with orthogonal
frequencies to utilize the available bandwidth efficiently.
The block diagram of OFDM transmission and reception
is shown in Fig. 142524 The serial data stream is con-
verted to a parallel stream and then is mapped using a
modulation scheme, such as PSK or QAM. Hermitian
symmetry is then imposed on the data stream to make
sure that the output of the inverse fast Fourier transform
(IFFT) in the following block is real-valued. The use of
PSK or QAM is therefore possible when OFDM is em-
ployed. If the size of the IFFT is N, N/2 symbols going
into the IFFT will represent the data to be transmitted,
and the other N /2 symbols will be their conjugates. This
ensures that the IFFT generates only real values. Follow-
ing the IFFT, the data is converted into a serial stream
after a cyclic prefix is added, and then the data is trans-
mitted through the channel. Since no negative values can
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Fig. 14. OFDM transmission and reception block diagram™X&24,

be transmitted in optical intensity modulation, a DC bias
is required.

C. Equalization

In communication systems, the signal is often distorted
when transmitted through a channel. This distortion will
cause inter-symbol interference (ISI) and contribute to the
increase in the bit error rate. To improve the performance
of the system, an equalizer is used to reverse the distortion.

The equalizer is also known as the equalization filter be-
cause it is a special filter that reverses the distortion by
cutting down some of the unwanted components and
boosting some desired components.

There are two approaches that can be used to deter-
mine the parameters of the filter: using a training se-
quence and blind equalization. The training requires
sending a given pseudorandom binary sequence or a
given code sequence, using this information to determine
the distortion of the system, and calculating the inverse
filtering parameter to reverse this distortion. Blind
equalization, however, requires updating the parameters
until the error caused by the distortion is minimized.
Therefore, it is also named adaptive filtering. The most
widely used adaptive filtering methods include constant
module algorithm, least mean squared equalizer, zero
forcing equalization, decision feedback equalization,
maximum a posteriori probability, and maximum likeli-
hood sequence estimation.

D. Optical Wireless Communication Standards

The IEEE standards are developed to facilitate better
communication among market participants and help to
accelerate the introduction of products to the market.
Users of these standards should consult all applicable laws
and regulations. VLC-related standards include ITEEE
802.15.7, which is for short-range optical wireless commu-
nication using visible light and supports data rates up to
96 Mbps. Another standard is IEEE 802.15.13, which sup-
ports up to 10 Gbps for wavelengths ranging from 190 to
10,000 nm, which covers the visible light wavelength, and
for a range up to 200 m. One other standard is IEEE
802.11.bb.

5. CHALLENGES

While VLC has many advantages over RF communica-
tion, it also faces unprecedented challenges that need to
be mitigated. One of these challenges is commercialization,
in which lighting companies and phone manufacturers
have to develop their future devices to accommodate
the current VLC technologies for use in future applica-
tions2. Another challenge is creating new VLC standards
and developing the current ones by considering the latest
technological evolutions in the field’2¥. In addition, the
performance of VLC can be degraded or distorted due
to the background noise. Manchester coding mitigates
this background noise®2d. Moreover, to cater for dual-
functionality LD- or SLD-based SSL-VLC applications,
the quality of the produced white light still needs to be im-
proved using stable light converters that can be used for
prolonged periods of time. The use of LDs as data trans-
mitters also faces issues with misalignment and outages
because there are many ways in which the line-of-sight link
between the transmitter and the receiver might be lost or
blocked. A critical concern is the hazards related to eye
safety, as long-term exposure to high-intensity light is po-
tentially harmful to human vision and circadian rhythm2.
In the case of using LEDs as transmitters, the limitation
in allowable bandwidths would potentially limit the
transmission rate in Li-Fi systems; thus, the LD is a more
promising alternative, offering higher bandwidths and
transmission rates.

6. CONCLUSIONS

With the increasing demand for high-speed communica-
tion and the inability of existing communication technol-
ogies to keep up with the exponentially growing demand,
VLC, with its large unregulated bandwidth, has the po-
tential to become the new standard for wireless communi-
cation. While it is possible to use Li-Fi, the use of LDs has
the additional advantage of being able to transmit data
with much higher data rates. Moreover, it can also be used
for dual-functionalities in VL.C and SSL. This tutorial pro-
vides the reader with the necessary information about the
general construction of the laser-based VLC system and
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methods of improving the overall system performance.
After introducing the general terminology typically used
in VLC systems, we described the state-of-the-art devices
used as transmitters, including semipolar InGaN LDs,
two-section lasers, and SLDs. Then, we discussed the
use of phosphor to generate white light from lasers to cater
to dual-functionality SSL-VLC systems. We also pre-
sented different modulation schemes used in VLC and
the prospect of multiplexing to increase the data rate of
the communication link. We also included a discussion
of the use of equalization to improve the performance of
a VLC system. Finally, we discussed the challenges and
prospects concerning the VLC system.

Despite these challenges, VLC technology has a great
potential to be the ultimate solution to the impending
crisis caused by the increasing demand for wireless
communication applications that cannot be met by RF
technology. However, there is still much work needed to
overcome some of these challenges, including improving
the quality of white light produced using stable light
converters, misalignment between the transmitter and
the receiver that can cause outages, and standardizing
the technology. Based on the current trend, we anticipate
exponential growth in the field of VLC and envision that
the related technology can be expanded in the forthcom-
ing years.
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