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ABSTRACT

Visible light communication (VLC) keeps the promise of a high data rate
wireless network for indoor and outdoor applications. It competes with 5G radio
frequency (RF) system as well. Though the breakthrough of Gallium Nitride (GaN)
based micro-light-emitting-diodes (micro-LEDs) enhances the -3dB modulation
bandwidth dramatically from tens of MHz to hundreds of MHz, the light onto a fast
photo receiver drops exponentially, which determines the signal to noise ratio (SNR)
of VLC. To fully implement the practical high data-rate VLC link enabled by a GaN-
based micro-LED, it needs focusing optics and a tracking system. In this dissertation,
we demonstrate an active on-chip tracking system for VLC using a GaN-based micro-
LED and None-return-to-zero on-off keying (NRZ-OOK) scheme. Using this novel
technique without manual focusing, the field of view (FOV) was enlarged to 120° and
data rates up to 600 Mbps at a bit error rate (BER) of 2.1x10-4 were achieved. This
work demonstrates the establishment of a VLC physical link which shows enhanced
communication quality by orders of magnitude, making it optimized for practical
communication applications.

This dissertation also gives an experimental demonstration of non-line-of-
sight (NLOS) visible light communication (VLC) using a single 80 um gallium nitride
(GaN) based micro-light-emitting diode (micro-LED). IEEE 802.11ac modulation
scheme with 80 MHz bandwidth, as an entry level of the fifth generation of Wi-Fi,
was employed to use the micro-LED bandwidth efficiently. These practical techniques
were successfully utilized to achieve a demonstration of line-of-sight (LOS) VLC at a
speed of 433 Mbps and a bit error rate (BER) of 1075 with a free space transmit
distance 3.6 m. Besides this, we demonstrated directed NLOS VLC links based on

mirror reflections with a data rate of 433 Mbps and a BER of 1074. For non-directed



NLOS VLC using a print paper as the reflection material, 195 Mbps data rate and a

BER of 10°5 was achieved.
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CHAPTER 1
INTRODCTION
1.1 Overview of VLC

Today’s wireless network is in the midst of a transformation driven by the
proliferation of data. Explosive growth in data-driven applications is placing
unprecedented demands on communication networks. The performance of current
Wi-Fi technology, however, is fundamentally limited due to the radio frequency (RF)
spectrum crisis and is no longer sufficient to support the future “big data”
communication. Most recently, light-emitting diode (LED) Li-Fi visible light
communication (VLC) [1-10] has emerged as a promising technology to mitigate the
looming RF spectrum crisis as well as support a faster, safer and more reliable
wireless network for future communications.

Both Wi-Fi and Li-Fi transmit data over the electromagnetic waves, but their
spectrums are different. Li-Fi uses visible light, whereas Wi-Fi utilizes radio waves.
Figure 1 shows the schematic of how Li-Fi works: an LED light bulb can be switched
on and off (on = 1, off = 0 in digital system) within nanoseconds in order to transmit
data. Meanwhile, the LED light bulb can still be working for lighting because it flickers
too quickly to be noticed by the human eye. The major advantages for LED Li-Fi are:
(1) Large Capacity: while Wi-Fi is reaching its full capacity due to the overcrowded
RF domain, the visible light spectrum is 10,000 times larger in capacity and very
lightly used. (2) High Speed: Table I summaries data transfer speed for wired,
wireless and Li-Fi VLC technologies. Due to the high modulation speed of LEDs, a
much higher data transfer speed (> 10 Gbps) could be potentially achieved using Li-
Fi system, while the transfer speed of Wi-Fi is limited on the order of hundreds of
Mbps. (3) No RF interference: Since the visible light does not interfere with other

RF or with the operation of sensitive electronic equipment, it is idea for providing
1



wireless coverage in areas which are sensitive to electromagnetic radiation including
hospitals, airplanes, petrochemical and nuclear power plants, etc. (4) High
Security: The inability of light to propagate through walls will further eliminate
interference between neighboring cells, and offer a more securer network. (5) Low
Cost: the concept of combining the functions of illumination and communication of
LED lighting offers the potential for tremendous cost savings and carbon footprint
reductions. The deployment of Li-Fi VLC access points (APs) can reuse the existing
lighting infrastructure and reduce the cost. Therefore, Li-Fi is a promising technology

to act a key role in the next generation of communication.

Figure 1. Schematic Picture of How LED Li-Fi Works



T Tecmology | speed

Wired Fire Wire 800 Mbps
USB 3.0 5 Gbps
Thunderbolt 10 Gbps

Wireless Wi-Fi-IEEE 150 Mbps
(802.11)
Bluetooth 3 Mbps
IrDA 4 Mbps
Future  Visible Light >10 Gbps
Communication

Figure 2. Comparison of Data Transfer Speed for Wired, Wireless, and Li-Fi VLC

Technologies

By addressing the key challenges in devices, systems, channels, and
integration, the proposed research seeks to significantly advance LED Li-Fi
technology. To accomplish the objectives of the proposed research, we plan to
pursue the following goals:

» Device: to develop high-speed nonpolar and semipolar LEDs with plasmonic
nano-grating structure that can reach a high modulation speed > 2 GHz.
» System: to test and optimize the power consumption of the Li-Fi system for

practical applications.



» Channels: to design and test the multiple-input multiple-output (MIMO)
channels for both indoor and vehicular communications.

» Integration: to design, fabrication and test the PCB board and IC chip, which
is the first of its kind for Li-Fi systems.

We expect these studies to play a key role in accelerate the development of
high-speed low-power-consumption LED Li-Fi system as a new wireless
communication and network technology. The research and educational activities
proposed in this project are expected to have fundamental positive societal and

economic impacts.

1.2 Modulation Schemes

One major technical topic for Li-Fi system is the stability and compatibility of
the modulation scheme for LED. Due to the incoherent light of LEDs, information can
only be encoded in the intensity of the emitted light, while the actual phase and
amplitude of the light wave cannot be modulated. This significantly differentiates LED
Li-Fi to RF communications. Therefore, the majority of the early work on Li-Fi has
been focused on the modulation schemes. In this section, we provide a brief review
on existing modulation schemes as well as some related works. We also show our

preliminary results obtained on our basic LED Li-Fi setup.

1.2.1. OOK Modulation Scheme

On-off keying (OOK) modulation [11] is the simplest modulation scheme for
VLC, where the LEDs are turned on or off dependent on the data bits being 1 or 0.
While the modulation is logically OOK, OOK “off” does not necessarily mean the light
is completely turned off; rather, the intensity of the light may simply be reduced as

long as one can distinguish clearly between the “on” and “off” levels. The schematic
4



of OOK modulation scheme is as shown in Figure 3. The OOK mode transmitter
includes the forward error correction (FEC) and Manchester run length limited (RLL)
coding. The Manchester encoding embeds the clock into the data by representing a
logic zero as an OOK symbol "01” and a logic one as an OOK symbol “10,” providing

a DC balanced code.

A ook

Intensity

P Time
PP PC— > C—>C—>

1 0 1 1 0 0 1

Figure 3. Schematic of OOK Modulation Scheme

1.2.2 OFDM Modulation Scheme
Orthogonal Frequency Division Multiplexing (OFDM) [12-14] is a parallel data

transmission scheme in which high data rates can be achieved by transmitting
orthogonal subcarriers. OFDM systems do not require complex channel equalizers,
the time varying channel can easily be estimated using frequency-domain channel
estimation, and adaptive modulation can be applied based on the uplink/downlink
requested data rates and quality of service. Also, the possibility to combine OFDM
with any multiple access scheme makes it an excellent preference for visible light

communication application.



In general, the output of the OFDM modulator is complex. In intensity
modulation optical systems, quadrature modulation is not possible (i.e., phase
information detection is not possible for intensity modulation with direct detection
systems). Therefore, the OFDM commonly used in RF communications must be
modified. Both systems are very similar to RF systems designed for wired or wireless
communications, but they have their own requirements and methods. A real OFDM
signal can be generated by constraining the input to the inverse fast Fourier

transform (IFFT) operation to have Hermitian symmetry.

Af

Figure 4. Schematic of OFDM Modulation Scheme

1.2.3 VPPM Modulation Scheme

The use of modulation techniques such as pulse position modulation (PPM) for
dimming support has been proposed for VLC. Variable pulse position modulation
(VPPM) [15, 16] changes the duty cycle of each optical symbol to encode bits. The

variable term in VPPM represents the change in the duty cycle (pulse width) in



response to the requested dimming level. VPPM optical symbols are distinguished by
the pulse position. VPPM is similar to 2-PPM when the duty cycle is 50 percent. The
logic 0 and logic 1 symbols are pulse width modulated depending on the dimming
duty cycle requirement. The pulse width ratio (b/a) of PPM can be adjusted to
produce the required duty cycle for supporting dimming by pulse width modulation
(PWM). Figure 5 shows an example waveform of how VPPM can attain a 50 percent
dimming duty cycle requirement, where both logic 0 and logic 1 have a 50 percent

pulse width.

Optical A 509 duty cycle
Signal

Power
(W)

P Time (s)
«—> «—> «—> <«—>

T T+AT T T+AT

Figure 5. Schematic of VPPM Modulation Scheme

1.3 Channel: MIMO Channel Study
1.3.1 Introduction

Proper design of wireless systems (e.g. signal set selection, or receiver
equalization) starts with an understanding of the channel at hand. In wireless
systems, the channel phenomena of interest include delay spread, Doppler spread,
and MIMO channel characteristics. In this aspect of work, we propose using the

following MIMO system to study the channel:



g—'Output 1
g—‘ Output 2

Inputl —

Input 2 —> ‘
—_—

Input NLeEp —

——

Output Nro

Channel
(Ideal/Fog/Smoke)

LED Array Photo Detector Array

Figure 6. NLED x NPD System: Input Processing Circuitry and Output Processing

Circuitry Omitted for Simplicity.

Referring to the above NLED to NPD system, we shall perform channel
estimation over a variety of physical arrangements between the LEDs and the PDs,
recording the channel estimation data for later analysis. As the channel varies
greatly depending on the physical arrangement of the LEDs, the PDs, and other
objects such as ceilings, walls, and so forth, we shall endeavor to reproduce
arrangements representative of potential applications of Li-Fi. For example, since Li-
Fi has potential applications in office areas, in congregation areas such as coffee
shops, and in vehicular communications, we shall endeavor to replicate relevant
aspects of those scenarios. The fog/smoke scenarios are of interest to vehicular

communications, as automobiles often operate in fog, rain, and snow.

1.3.2 Indoor Channel Measurements
We shall perform channel measurements, for each of an office scenario, a

coffee shop/eatery scenario, and an auditorium scenario. These scenarios correspond
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to small/medium/large indoor areas. Emphasis shall be placed on the coffee
shop/eatery and auditorium scenarios, as Li-Fi has particular value here, given the
inconvenience of a wire-line network connection. In each scenario, the LED array
shall be located consistent with indoor lighting locations, and the PD array shall be
located consistent with user terminal locations. Channel data shall be measured and
recorded, along with approximate room measurements and LED and PD locations.

Images (pictures) of the scenario shall also be recorded.

1.3.3 Vehicular Communications Channel Measurements

We shall perform channel measurements for each of a vehicle-to-vehicle
scenario, and a vehicle-to-traffic-light (i.e. vehicle-to-infrastructure) scenario. For
the vehicle-to-vehicle scenario, the LED array shall be mounted on one vehicle,
consistent with vehicle lighting locations. The PD array shall be mounted on a second
vehicle consistent with vehicle lighting locations. Channel measurements shall be
performed over a variety of vehicle velocities. For the vehicle-to-traffic-light
scenario, the LED or PD array shall be mounted on the vehicle, consistent with
vehicle lighting locations. The PD or LED array shall be mounted on the traffic light
consistent with lighting locations on that fixture. If obtaining use of a traffic light
location is too inconvenient, we may use a substitute, such as a light pole, to mimic
the traffic light location as well as is practical. Channel measurements shall be
performed over a variety of vehicle velocities.

As vehicles must operate in rain, snow, fog, and other scenarios with channel
impediments, we additionally want to characterize the channel in these scenarios.
However, we do not sufficiently control the weather to generate these channels as
needed. Therefore, we shall give reasonable effort to measure the channel in these

scenarios, or mimic and measure such scenarios as is practical in the laboratory
9



environment. Emphasis shall be given to repeatability; i.e. as fog or rain can vary
greatly, we shall endeavor to record the degree of impediment such that it can be

objectively known.
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CHAPTER 2
LINE-OF-SIGHT VISIBLE LIGHT COMMUNICATION ACTIVE TRACKING
2.1 Introduction

The demand for high data rate wireless communication has increased over
the past decade for the applications such as Internet of things (I0T), big data,
augmented reality (AR), virtual reality (VR), and vehicle-to-vehicle (V2V)
communication. Though the 5G radio frequency (RF) communication network takes
use of millimeter wave carrier frequencies to 60 GHz, the limited frequency spectrum
crisis restricts the development of wireless communication. In order to meet this
challenge, visible light communication (VLC) has been brought as a promising
method for wireless communication [17]. The utilization of optical carrier frequencies
allows for a much wider available spectrum, a high degree of spatial multiplexing,
and the possibility to communicate at a higher speed [18].

Light emitting diodes (LEDs) are utilized as the optical source in VLC. Because
the system bandwidth is mainly limited by the electrical to optical bandwidth of an
LED, Gallium Nitride (GaN) based micro-LEDs become the hot choice for the VLC
optical source. Scaled with their size, GaN based micro-LEDs’ smaller carrier lifetime
and lower junction capacitance lead to a bandwidth on the order of 100 MHz [19].
On-off keying (OOK), pulse-amplitude modulation (PAM) and orthogonal frequency
division multiplexing (OFDM) have been taken into use to achieve high-speed
communication up to 11.95 Gbps for a single micro-LED [20], demonstrating the
significant advantages of micro-LEDs in the application of VLC.

Due to the smaller size of a GaN-based micro-LED, the order of optical power
drops from 100 mW to 1 mW dramatically. Although this can be compensated for
with focusing optics, the drawback is a reduced field of view (FOV) because of the

conservation of etendue in geometrical optics. The loss of FOV related to the
11



constant increased active aperture is often made up for by active tracking systems in
optical communications [21-23]. We demonstrate a method to enhance the active
area and FOV, widely used to concentrate light in solar panel. A novel light tracking
sensor and the custom circuit were integrated in a chip by a standard 0.18 pm CMOS
process. The results showed the system has nice sensitivity to the incident angle and
achieve the tracking accuracy of 1.9° over a range of 120° [24, 25].

In this dissertation, we present an active tracking system consisting of a
motor and a CMOS chip with a light sensor and the signal processing circuits [26].
The majority of the circuits were integrated on the same chip to process the sensing
signal and control the motor. This is available for high speed visible light
communication using a GaN-based LED and NRZ-OOK, insensitive to the spatial
mode of the incident light obtaining 600 Mbps at a bit error rate (BER) of 2.1x10-4
below the limit of forward error correction (FEC). For the indoor use, 3D high-
definition (HD) video streaming to VR helmet requires high throughout wireless
channels without harmful radiation that would not exert a health threat. Being a
green communication link, the VLC system is applied to track the VR helmet
movement and offer large HD video data. For the outdoor application, Facebook
Company conducts a breakthrough project called ‘*Connecting the World’. As shown
in Figure 7, two auto pilot flights are in the sky 20 Km far away and connected by
point-to-point VLC link using laser diodes (LDs). This brings in a new set of
challenges; the tracking system should be precise enough to hit a dime-sized object
20 Km away. Air flow between the flights interferes with the point-to-point VLC link

and needs the active tracking.
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Figure 7. For Outdoor Use, 20 Km Long Range Point-to-point VLC Link Using an LD Is

Needed in the Latest Project Named ‘Connecting the World’ Conducted by Facebook

2.2 GaN-based Micro-LED Design and Fabrication

We applied a GaN-based micro-LED with a pixel size of 80ym x 80um. It is
fabricated from a commercially available LED wafer grown on a c-plane sapphire
substrate. The LED had a traditional p-i-n structure with an n-GaN layer, InGaN/GaN
multiple quantum wells (MQWSs), an AlGaN electron blocking layer and a p-GaN layer.
Ni/Au (10nm/25nm) layers were deposited on top of the p-GaN. Afterwards, dry
etching was used to etch the Ni/Au layer and the GaN layers to build the mesas. P-
contacts were built by thermal annealing in purified air at 500 °C. Then, SiO, was
deposited by plasma-enhanced chemical vapor deposition (CVD) as the passivation
layer, and apertures on the mesas were further formed by HF-based wet etching. In

the end, Ti/Au (50nm/200nm) deposited as the p-pad and n-pad to address each
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pixel separately. The micro-LEDs were bonded on a custom-designed PCB and only
the light emission from the sapphire side was employed for VLC. The peak
wavelength of the micro-LED is around 440 nm at a driving current 40 mA [19]. To
measure the -3dB modulation bandwidth of the packaged micro-LED, a small signal
modulated output from an Agilent N5225 network analyzer was added with direct
current from a Yokogawa GS610 source to power the micro-LED. The light emission

was detected by a 1.4 GHz photo sensor. Then, the frequency response was

measured from the network analyzer.

InGaN/GaN
MQW

SiO,
n-contact

Figure 8. 3-D Schematic Structure of the Fabricated Micro-LEDs
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2.3 The Setup of VLC Link

Figure 9 shows the proposed VLC link using a single GaN-based micro-LED
and NRZ-OOK modulation scheme, accompanied with an active tracking system. An
Anritsu Signal Quality Analyzer MP1800A (Pulse Pattern Generator) generated high
quality, low intrinsic jitter PN15 outputs. The peak-to-peak voltage is 2.0 V. A DC
bias, GS610, was combined to the AC input signal by a Bias-T, Mini-Circuits ZFBT-
6GW, which drives the blue GaN-based micro-LED. The light beam was focused at
both transceiver and receiver within a 1 m transmit distance and captured by a 1.4
GHz bandwidth photodetector, HAS-X-S-1G4-SI-FS. The electrical output signal of
the detector was measured by an Anritsu Signal Quality Analyzer MP1800A Error
Detector and Wide-Bandwidth Oscilloscope 86100A to acquire BER and eye
diagrams, separately. In BER measurement of NRZ-OOK, the delay model in
MP1800A brings in a delay of N samples to the input signal, PN15 data pattern, to
generate the reference. With the bit streams synchronization, the reference (REF)

and test (TEST) inputs are calculated for BER measurement.
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Figure 9. Experimental Setup Including a VLC Link Using a GaN-based Micro-LED and

NRZ-0OO0K, an Active Tracking System Using an On-chip Photo Sensor

2.4 Characteristics of GaN-based Micro-LED

To measure the electrical to optical performance of the single 80 um x 80um
GaN-based micro-LED, we firstly packaged the die of micro-LED to printed circuit
board (PCB) as demonstrated in Figure 10. It is made up of a GaN-based micro-LED
array, a high-speed PCB board, and a soldered SMA connector. The power-current
(P-I) and voltage-current (V-I) response shown in Figure 11 illustrate that the sheet
resistance Rseries = dV/dI at bias currents from 30 mA to 102.7 mA kept steady
around 19.1 Q. When we exerted a small modulated signal to the current, it would
lead the variation of the optical power. Because of the linearity of the P-I response,

the GaN-based micro-LED modulation performance is fit to VLC. The characteristics
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of extracted -3dB modulation bandwidth with bias currents are described in
published paper [29]. When bias current goes up from 1 mA to 61 mA, the
bandwidth shifts up dramatically. When the bias current is higher than 61 mA, the
bandwidth stays at 160 MHz. Higher current leads to more self-heating to the micro-
LED, thus higher junction temperature makes the micro-LED’s lifetime and reliability
worse [30]. So we chose 40.8 mA bias current and 4.6 V bias voltage for the
operation point of VLC system, at which the -3dB bandwidth of the micro-LED is 140
MHz. The electroluminescence spectrum measurement shows that the GaN-based
micro-LED emits mostly 440 nm wavelength blue light at the bias current of 40.8 mA

[32-35].
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Figure 10. Image of the Packaged 440-nm Blue GaN-based Micro-LED
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Figure 11. P-I Curve and V-I Curve of the GaN-based Micro-LED

2.5 440-nm Blue Micro-LED Based VLC System over an 80-cm Free Space
Distance

Appling an active tracking system with an on-chip photo sensor, a VLC link
using a GaN-based micro-LED and NRZ-OOK scheme is experimentally built as
demonstrated in Figure 12. Due to the blue GaN-based micro-LED is applied as both
a data transmitter and a lighting source in the VLC system, most of the optical
emission is distributed within a large angle of around 120° [31]. Because of its
smaller optical power compared to commercial LEDs and Laser diodes, the optical
emission is collected by the focusing lens to make sure that the PIN receiver can

acquire the most optical power. As a trade-off, its low divergence angle limits the
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allowable lighting range after collimation. So the focusing lens placed next to GaN-
based micro-LED would correspond to the communication quality. It also affects its
divergence angle as well. The transmission performance of VLC link depends on the
direction of the measurement setup placed with respect to the GaN-based micro-
LED. In this dissertation, the active tracking system adhered to the photo detector
locates in front of the micro-LED with a free-space distance of 80 cm to investigate
its maximal allowable VLC capacity.

For VLC link using GaN-based micro-LED and NRZ-OOK, manual focus
provides the high-quality and high-speed wireless communication demonstration
within 80-cm free-space transmit distance. NRZ-OOK is used. Eye diagrams are
shown in Figure 12. Error free eye diagrams at 200 Mbps, 300 Mbps, 400 Mbps, and
500 Mbps can be achieved at 40.8 mA DC bias. In Figure 13, the BER at different
driving currents was measured from 13 mA to 102 mA. A higher throughout
communication link can be achieved at a higher driving current, because of the
increase of modulation bandwidth and optical output power. From 70 mA to 102 mA,
a slightly higher speed than 600 Mb/s was obtained because the bandwidth already
saturated at 70 mA. At 78 mA, a data rate of 600 Mb/s was obtained with a BER
3.4x1077 (below FEC 3.8x1073). Even though manual focus brings good performance
in VLC, at 40.8 mA within 80-cm free-space transmit distance, the received power is
1.15 mW. At data rates of 200 Mbps, 300 Mbps, and 400 Mbps, BERs are below than
1x10713, So the NRZ-OOK VLC link is error free. At data rates of 500 Mbps and 600
Mbps, BERs are 1x1071% and 2.1x10~* as shown in Figure 14. We also apply neutral
density filters to decrease the received power to its one-fourth for VLC BER
measurement. Figure 14 demonstrates that BER drops dramatically to 2.8x103 at

500 Mbps when the received power decreases to its one-fourth. Since the received
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optical power decreases, then the received effective signal intensity becomes less.

Thus, the signal to noise ratio (SNR) and BER become worse.
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2.6 Active Tracking System

A CMOS sensor is to sense the incident light and point in the direction of the
light. Figure 15 shows a basic cell of the sensor. The whole sensor consists of a set of
the basic cells. A metal wall built by stacking all metal layers, contacts, and vias
available in the process is applied to generate the on-chip micro-scale shadow. The
height of the metal wall denotes to h. We choose the dimensions of the metal wall
for the sensor’s performance. In this work, we use 12 pm as the height of the metal

wall. Diffraction has been also taken into account. The bandgap voltage of silicon is

23



1.12 V. So the sensor can absorb the light wavelength to 1.1 pm covering 440 nm
blue light generated by GaN-based micro-LED. But the distance between two
adjacent metal walls is 30 um, and the height of the metal wall is 12 pm. The
physical dimensions are larger than the wavelength of the absorbed light, therefore,

the diffraction exerts little impact on the sensor’s performance.
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Figure 15. On-chip Light Tracking Sensor Structure and Micrograph
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Figure 17. Photograph of the Active Tracking System
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Figure 18. Block Diagram of the Proposed Tracking Circuit

Two same photodiodes locate on both sides of the metal wall. Dv is the left
side diode while Dr is the right side diode. They have the identical width W and the
same length L. The schematic current sources beside each diode show the
photocurrents are produced by the related photodiodes. The angle between the
metal wall and the light direction is 8. When the light comes from directly above of
the wall, namely 6 = 0, the two photodiodes are even and generate the identical
current values. When the light comes from one side above the wall, namely 6 > 0 or
B < 0, the wall blocks some of the light to the other photodiode will offer less
current. So the relationship between of IL and Ir is related to the incident light angle
8 given by [28]

(1+ pB)L-cost+aH -sint

IL El+ﬁ%£-cosH—H-sinH'
I 1+ p)L-cost + H-sméb

(1+B)L-costl —aH-smb’

[1]

in which a corresponds to the ratio of the reflected light to the total light
reaching the left side of the metal wall, B corresponds to the ratio of the reflected
light to the total light reaching the right side of the metal wall. a and B depend on
the package, process, and layout. Both values are assumed to remain constant in a
known design. So, from Eq. 1, the current ratio of IL/IR is independent of the light
intensity and only dominant by the incident light angle 8. Figure 16 shows the
photocurrents IL, IR and its current ratio versus the angle of the incident light when
the constant light intensity is 80 mW/cm?. It was measured with KEITHLEY 2636A

Source Meter. Both photocurrents vary with the light angle. When the angleis 0, IL
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and ID are almost the same. When the light comes from left side 6 < 0, IL is larger
than IR. When the light comes from right side 6 > 0O, IL is larger than IR.

The active tracking system for VLC consists of an on-chip light tracking
sensor, the integrated circuits, a motor, and the mechanical transmission as shown
in Figure 17. Figure 18 demonstrates the circuit schematic of the tracking system.
Photodiodes DL and DR, photocurrents IL and IR are identical as shown in Figure 16.
It shows that when 6 < 81, the motor is driven by VM > 0, thus the angle will
increase to the balance. When 6 > 82, the motor is driven by VM < 0 and the angle
will decrease to the balance. When 81 < 8 < 82 and VM = 0, the motor will be
steady and there will be little power consumption by the motor driver. It is the
steady region. For a fixed-location solar-cell sun tracking application, the needed
rotating speed is very slow, so most of the time this system stays in a very low
power state, in which the motor driver does not consume power, and only the
comparators continuously work. In this design, the consumed current is only 88 pA
for the low power applications. The results showed that the system has good
sensitivity to the incident angle and achieve a tracking accuracy of 1.9° over a range

of 120°.

2.7 An Active Tracking System for 440-nm Blue Micro-LED Based VLC

System over an 80-cm Free Space Distance
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LOS geometry applied in micro-LED light distribution simulation and LOS
channel gain simulation is shown in Figure 19. d is the free space distance from the
GaN based micro-LED to the PIN receiver; ¢ is the angle of irradiance; y is the angle
of incidence. To evaluate the farfield of a micro-LED manipulated by the focusing
lens, a simple optics approximation is employed [36]. It is obvious that this
approximation is only accurate when tané ~ ¢, which is clearly not always the case
in our work. However, because the most of optical power is concentrated at small ¢
region, this approximation still provides useful information for this research. To
estimate the farfield from a single micro-LED, a Gaussian-type distribution is utilized
in Equation below, where R is the radiance; ¢ is the angle of irradiance; and @O0 is
the fitting parameter assumed as 30° in this work. The farfield pattern is shown in

Figure 20 (blue curve).

¢*
R(¢) = exp(——)
2(4!%
[2]

By applying an ABCD matrix method in ray optics shown in Eq. 3, the farfield
and energy distribution can be solved, where y0 and @0 denote the initial position
and the initial angle. In this simulation, y0 is 0 and @O0 is calculated by Eq. 2. The M
matrix is determined by Eq. 4, whose value for each component can be found in
Table 1. B1 is the distance between the micro-LED and the focus lens; C2 is the lens

strength; and B3 is the distance between the micro-LED and the PIN receiver. The

calculated farfield and power distribution is illustrated in Figure 20 (red curve).
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LOS channel gain is given by Eq. 5. [37-40]
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Table 1. ABCD Matrix Value

i Ai Bi Ci Di

1 1 0.55 cm 0 1

2 1 0 -2cmt 1

3 1 80 cm 0 1
Where m = — In2/In(cos(®1/2)) is the Lambertian order of the optical source

relative to ®1/2, the transmitter semi-angle (at half power). Original directed
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transmitter ®12 = 15° corresponds to m = 20. A denotes the detection area of the
PIN receiver. We assume the receiver is pointed straight upward, and utilizes a
concentrator of field of view (FOV) ®12=15°. It achieves omnidirectional gain g(y) ~ g
~ n2 and an omnidirectional filter with Ts(y) ~ Ts. We did simulation based on those
equations and got results of normalized LOS channel gain versus the angle of
incidence y when the angle of irradiance ¢ is small as shown in Figure 21. If ¢ is very
small, we can increase H(0) by narrowing the angle y. It enhances the SNR or BER
of this VLC system.

Figure 22 demonstrates that the BER becomes worse when the incident light
leaves from the point-to-point link. It shows that the angle of incidence changes the
concentration of the received power, similar to the mechanism using neutral density
filter as shown in Figure 20. Therefore, the active tracking system is necessary in
VLC, especially for practical indoor or outdoor uses. The histogram as shown in
Figure 23 reveals that the active tracking system enhances VLC performance if it is
out of focus or far away from the point-to-point transmission. BER ratio represents
the ratio of the BER after active tracking to the BER originally. When the angle is 0°,
BER ratio is 1 for active tracking system does not function to change the pointing of
the PIN receiver. Within a 10° range, BER does not enhance dramatically even if the
active tracking system works because the ball lens of the PIN receiver can
concentrate the received optical power. In the range between 10° and 50°, BER
improves a lot by automatically narrowing the angle of incidence. When the angle of
incidence is between 50° and 60° out of FOV, active tracking system can still sense

the incident light and narrow the angle of incidence to provide a valid VLC link.
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CHAPTER 3
NONE-LINE-OF-SIGHT VLC DEMONSTRATION
3.1 Introduction

Today’s wireless network is in the midst of a transformation driven by the
proliferation of data. Explosive growth in data-driven applications is placing
unprecedented demands on communication systems. The performance of current Wi-
Fi technology, however, is fundamentally limited due to the radio frequency (RF)
spectrum crisis and is no longer sufficient to support future big data communication.
Most recently, visible light communication (VLC) has emerged as a promising
technology to mitigate the looming RF spectrum crisis as well as support a faster and
safer wireless network for future communications. Thus, the essential techniques,
including the fabrication of fast LEDs and optimization of the modulation scheme,
have been widely investigated.

However, the limited bandwidth is the key factor of an LED-based optical
source in VLC. Commercial LEDs based on blue LEDs and yellow phosphor usually
have a modulation bandwidth of several MHz. Using a blue filter can increase the
bandwidth to 20 MHz [41]. In comparison, micro-LEDs based on gallium nitride
(GaN) offer much smaller carrier lifetimes and lower capacitance, which increases
the bandwidth from several MHz [41] to hundreds of MHz [42]. On-off keying (OOK),
pulse-amplitude modulation (PAM) and orthogonal frequency division multiplexing
(OFDM) have been used to achieve high-speed data communication up to 5 Gbps for
one micro-LED [42], demonstrating the significant advantages of micro-LEDs in the
application of VLC.

Regarding the VLC standard, the IEEE 802.15.7 VLC task group has
completed a PHY and MAC standard for VLC as of December 2011 with maximum

data communication rate of 96 Mbps [43]. It fails to consider the latest technological
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developments in the field of optical wireless communications, specifically with the
wider bandwidth of GaN-based micro-LEDs and the introduction of optical orthogonal
frequency-division multiplexing (O-OFDM) modulation methods which have been
optimized for high data rates, multiple-access and energy efficiency. IEEE 802.11ac,
widely used in 5G Wi-Fi communication, is a wireless networking standard based on
OFDM modulation methods in the 802.11 families providing wider bandwidth (up to
80 MHz), high-density modulation (up to 256-QAM), and a single link high-
throughput of up to 433 Mbps [44, 45]. Its 80 MHz channel bandwidth and 400 ns
guard interval provides a data rate of 433 Mbps with a 256 QAM modulation scheme.
Being able to use an IEEE 802.11ac-based communication system [46] provides a
pathway towards merging Wi-Fi and VLC links, which can accelerate the practical
application of VLC.

Line-of-sight (LOS) VLC using a GaN micro-LED achieves speeds on the order
of Gbps in previous research [47, 48], but its indoor communication scenario is not
realistic. Non-line-of-sight (NLOS) VLC is more realistic, but there is no experimental
demonstration, especially for micro-LEDs, due to its small emission area and low
optical output power. In this research, a packaged GaN-based micro-LED with a pixel
size of 80pym x 80um was employed with a frequency response up to 92.7 MHz. We
improved optics at both transceiver and receiver and enlarged the free space
transmit range to 3.6 m for LOS VLC. We analyzed NLOS of the proposed VLC
system using a micro-LED based on four kinds of reflection material such as mirror,
ceramic, print paper, and photo paper. It demonstrated a high-speed VLC link for
multi-path free space transmission according to the modified IEEE 802.11ac standard

achieving a data rate of up to 433 Mbps.

3.2 Experimental Setup
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IEEE 802.11ac has been used in RF band for high-throughput Wi-Fi. Here, we
introduced IEEE 802.11ac wireless networking standard to VLC and modified its
carrier frequency to approximately 50 MHz, which fit the electrical-to-optical
modulation bandwidth of the micro-LED as discussed above. Figure 24 demonstrates
the proposed LOS VLC link using a single GaN micro-LED and practical IEEE 802.11ac
wireless communication standard. We reproduced the IEEE 802.11ac-based VLC link
by SystemVue, which includes an IEEE 802.11ac source, IEEE 802.11ac vector signal
analysis (VSA) and bit error rate (BER) measurement. The IEEE 802.11ac data
source generated a PN15 data pattern. The IEEE 802.11ac source module generated
IEEE 802.11ac-coded baseband signal with modulation coding scheme up to 256
QAM and a supported bandwidth of 80 MHz. The Complex to Real and Imaginary
Converter model converted complex input values to real and imaginary output
values. The oscillator generated an RF (complex envelope) tone. Then M-ary
quadrature amplitude modulation (M-QAM) baseband signal was modulated with the
carrier frequency implemented by the modulator model, which was then downloaded
to an ESG vector signal generator, Agilent E4438C. A DC bias, GS610, was added to
the AC input signal by a Bias-T, Mini-Circuits ZFBT-6GW, driving the single GaN-
based micro-LED. The light beam was concentrated by both transceiver and receiver
optics in the 65 cm transmit distance and then captured by a high-sensitivity
avalanche photodiode (APD), Hamamatsu C12702. The electrical output signal of the
APD was detected by a PXA signal analyzer, Agilent N9030A. This IEEE 802.11ac
receiver model was used to detect, demodulate and decode the baseband signal. In
the IEEE 802.11ac VSA, it was captured by a Keysight 89600 vector signal analyzer.
The Spectrum Analyzer model was used to measure the spectrum of a real
baseband. A coherent demodulator can be used to perform amplitude, phase,

frequency, or I/Q demodulation. The Real and Imaginary to Complex Converter
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model converts real and imaginary input values to complex output values. After
equalization, the output signal is ready for constellation of each spatial stream. In an
IEEE 802.11ac BER, the Delay model introduces a delay of N samples to the input
signal, in this case a PN15 data pattern, to generate the reference. After the bit
streams synchronization, the reference (REF) and test (TEST) inputs are compared

for BER measurement.
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In practical applications, the NLOS VLC link relies on the reflected light from
the walls. For this scenario, we studied two commercially available reflection
materials for directed NLOS: mirror and ceramic. As a reference, a mirror-based
NLOS VLC setup with several reflections was established as shown in Figure 25. The
blue light is emitted from a GaN-based micro-LED and concentrated by a focus lens.
Both the incident angle and reflected angle are 45° due to directed reflection. After a
few reflections, the directed NLOS optical power is concentrated by the focus lens
and captured by an APD. The system performance is evaluated by the overall
distance, the received power, the transmitted data rate with modulation mode, and

BER.




Figure 25. Mirror-based Directed NLOS VLC Setup with One Reflection; (b) Mirror-
based Directed NLOS VLC Setup with Two Reflections; (c) Mirror-based Directed
NLOS VLC Setup with Three Reflections; (d) Mirror-based Directed NLOS VLC Setup

with Four Reflections

With a non-directed NLOS link, the divergent beam of the communications
between a transceiver and a large field-of-view (FOV) of the receiver depend on light
reflections on the wall surfaces in the room. Two commercially available materials
were used: print paper and photo paper. In comparison to the directed NLOS VLC
setup, we added two optical lenses at the receiver in the non-directed NLOS VLC
system as shown in Figure 26 (a) with careful alignment in order to focus the
transmission beam and narrow receiver FOV, which can support a feasible VLC link.
In Figure 26 (b), (c), and (d), we fixed the 45° incident angle, the 40 cm free-space
transmit distance, and changed the reflected angle to 10°, 45°, and 70°. The overall
performance is measured by the reflected angle, the received power, the transmitted

data rate with modulation mode, and BER.
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Figure 26. (a) Print Paper Based Non-directed NLOS VLC System; (b) Print Paper
Diffuse Reflection for 45° Incident Angle and 45° Reflected Angle; (c) Print Paper
Diffuse Reflection for 45° Incident Angle and 10° Reflected Angle; (d) Print Paper

Diffuse Reflection for 45° Incident Angle and 70° Reflected Angle

3.3 GaN-based Micro-LED Bandwidth

Figure 27 shows that the electrical-to-optical modulation bandwidth of the
micro-LED is 92.7 MHz at the 40 mA DC bias. Note that the micro-LED has a much
higher bandwidth than 92.7MHz, but packaging the micro-LEDs on a PCB limited the
achieved bandwidth. However, the 92.7 MHz bandwidth is large enough for the 80
MHz IEEE 802.11ac standard. Improved packaging techniques, such as impedance

matching, will be done in our future work. Figure 28 shows the -3dB electrical-to-
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optical modulation bandwidth of the GaN-based micro-LED with DC bias from 10 mA
to 100 mA. In this range, higher currents lead to the bandwidth increasing from 57.8

MHz to 107.6 MHz. Then the tendency keeps steady for the bandwidth saturation.
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Figure 27. The Frequency Response of the Packaged Micro-LED under 40 mA DC

Bias. The Extracted Modulation Bandwidth Is 92.7 MHz
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3.4 Optimal Operating Point

The VLC link has been built by a single GaN-based micro-LED and modified
IEEE 802.11ac standard, in which DC bias dominates the bandwidth of the micro-LED
and the AC carrier frequency determines the band used in the modified IEEE
802.11ac standard. In the micro-LED bandwidth experiment, it shows that the
bandwidth increases dramatically when DC bias goes up to 40 mA. If DC bias
continually increases, the bandwidth will increase slightly because it is saturated by
both PCB impedance matching and the micro-LED itself. Considering the reliability of
the micro-LED, we chose 40 mA for the optimal operating conditions because larger

DC biases might reduce the lifetime of the micro-LED. Also, AC carrier frequency is
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the key factor to the VLC link band when using a modified IEEE 802.11ac standard.
As 80 MHz channels were employed in VLC, a low AC carrier frequency moved the
used band close to DC. Therefore, the quality of VLC became worse, because DC
noise was brought into VLC. On the contrary, when a high AC carrier frequency was
used, the band moved beyond the -3dB bandwidth (92.7 MHz) of the packaged
micro-LED when the DC bias was at 40 mA. Figure 29 demonstrates the relationship
between DC bias and BER of the VLC link. Figure 30 demonstrates the relationship
between AC carrier frequency and BER of the VLC link using a practical IEEE
802.11ac with 256 QAM modulation scheme. The VLC link with 50 MHz carrier
frequency and 40 mA DC bias offers a BER of 6.2x10°. These characteristics proved

that the optimal operating current is 40 mA and AC carrier frequency is 50 MHz.
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Figure 29. BER versus DC Bias in VLC for 50 MHz AC Carrier Frequency and 256 QAM
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Figure 30. BER versus AC Carrier Frequency in VLC at 40 mA DC Bias with 256 QAM

Scheme

3.5 LOS VLC

The LOS VLC using a GaN-based micro-LED and modified IEEE 802.11ac
standard was established as shown in Figure 24. According to this modified standard,
the LOS VLC link at optimal operating condition using 80 MHz channels and 400 ns
guard interval achieves a data rate of 433.3 Mbps and a BER of 4.6x107> with a 256
QAM modulation scheme. Figure 31 shows received power spectrum over a

frequency range from 10 MHz to 90 MHz. The received power spectrum decreased by
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6 dB approximately due to the -3dB bandwidth of the packaged micro-LED. Figure 32
illustrates the received constellation maps for four modulation schemes including

QPSK, 16 QAM, 64 QAM, and 256 QAM.
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We also investigated the distance loss of LOS VLC within different distances
over a range from 0.2 m to 3.6 m by measuring the received power and BER as
shown in Figure 33. The 3.6 m distance was limited by the size of our lab, and longer
distance communication will be done in the future. It shows that received power
decreased from 1.22 mW to 0.91 mW and thus BER kept a stable value of
approximately 5x10> when the transmit distance increased. The distance loss

largely depended on the proposed optics at both the transmitter and the receiver.
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3.6 Directed NLOS VLC
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Previous studies on VLC only assumed LOS between the transmitter and the
receiver [47, 48]. Thus the transmission loss of indoor VLC is mainly related to the
transmit distance, which determines the received optical power by LOS. In practice,
the LOS light is usually blocked by obstacles between the transmitter and the
receiver. Therefore, NLOS VLC link based on reflections can be utilized to keep
communication functional [52, 53]. There are two kinds of transmission loss in NLOS
VLC link: distance loss and reflection loss. The distance loss of LOS VLC link has
already been discussed above. The mirror-based reflectivity is 0.91 while the
ceramic-based reflectivity is 0.07 according to the incident optical power and
reflected optical power. These results illustrate that the reflection loss is the principal
loss in NLOS VLC.

Table 2 shows the system performance of directed NLOS VLC measured by
the overall distance, the received power, transmitted data rate with modulation
mode, and BER. The mirror-based NLOS VLC can still offer an effective high-speed
communication link at a data rate of 433.3 Mbps and a BER of 10-°. Ceramic, as the
traditional wall material, was also employed in directed NLOS VLC. The result in
Table 1 illustrates that after two ceramic-based directed reflections, the received
optical power decreased dramatically to -22.22 dBm when background noise exerted
a large impact to SNR. Even if the SNR of the ceramic-based NLOS VLC cannot
support the high-speed link with 256 QAM, the practical IEEE 802.11ac standard with
QPSK modulation scheme can be applied to this link at a data rate of 97.5 Mbps and
a BER of 9.3x10°°. We can also conclude from this that the proposed VLC link is
suitable for visible light communication with very weak light due to the combination
of the high-sensitivity APD, noise resistive modulation scheme, large bandwidth of

micro-LED, and proposed optics.
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Table 2. Directed NLOS VLC Using Practical IEEE 802.11ac for 40 mA DC Bias and 50

MHz AC Carrier Frequency

Direct Reflection Overall Received Applied Data Rate BER
Type Distance  Power Modulation (Mbps)

(cm) (dBm) Mode
mirror reflection 40 -0.27 256 QAM 433.3 1.27x107*
once
mirror reflection 60 -0.71 256 QAM 433.3 6.54x107°
twice
mirror reflection 80 -3.47 256 QAM 433.3 5.54x107°
three times
mirror reflection 100 -5.69 256 QAM 433.3 2.01x10™*
four times
ceramic 40 -12.22 64 QAM 325 5.15x107°
reflection once
ceramic 60 -22.22 QPSK 97.5 9.32x107°

reflection twice

3.7 Non-directed NLOS VLC

Besides directed NLOS VLC, non-directed NLOS VLC was firstly demonstrated
experimentally in our work and may require higher transmission power. In the
modeling literature [54, 55], it has been found that the intensity via diffuse paths is
much weaker than that via LOS paths. The power via an LOS path is about ten times
higher than that via the first reflective path. In the non-directed NLOS VLC

experiment in our work, the intensity via an LOS path is 37.3 times greater than that
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via the first print paper reflective path and 32 times higher than that via the first
photo paper reflective path.

Table 3 shows the overall performance of non-directed NLOS VLC evaluated
by the reflected angle, received power, transmitted data rate with modulation mode,
and BER. Diffuse reflection of non-directed NLOS VLC was uniformly distributed in
different reflection angles when using print paper. With a 45° incident angle light,
non-directed NLOS VLC can provide an effective communication link at a data rate of
195 Mbps and a BER of 6.36x10° at different reflection angles. On the other hand,
the photo paper-based demonstration shows a non-uniform distribution in diffuse
reflection. With a 45° incident angle light, it can provide communication links with
different modulation modes at different reflected angles. The photo paper shows the
performance of both directed reflection and diffuse reflection due to its surface
roughness between the mirror and the print paper. When the reflected angle is 45°,
using mirror-based reflection, it is possible to achieve 325 Mbps with 64 QAM
modulation and a BER of 5.15x10°>. When the angle is changed to 75°, the same
BER can be achieved at a lower speed of 195 Mbps. However, when the reflected
angle changes to 15°, keeping the 325 Mbps speed makes the quality of non-
directed NLOS VLC decrease to a BER of 2.79x103.

In solar blind ultraviolet NLOS communication [51, 56-59], bit rates of 2.4
kbps in 11 m or 200 bps in 100 m have been achieved by utilizing an LED array of 40
mW with a wavelength 274 nm as the light source. Compared with previous work,
NLOS VLC shows its advantages including large-scale communication capacity,
illumination spectrum, and 5G Wi-Fi standard compatibility for indoor

communication.
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Table 3. Non-directed NLOS VLC Using Practical IEEE 802.11 ac for 40 mA DC Bias

and 50 MHz AC Carrier Frequency (Reflection Materials Are Print Paper and Photo

Paper)
Diffuse Incident Reflected Applied Data BER
Reflection Type  Angle Angle Modulation Rate

(degree) (degree) Mode (Mbps)

print paper 45 10 16 QAM 195 6.36x107°
reflection
print paper 45 45 16 QAM 195 6.36x107°
reflection
print paper 45 70 16 QAM 195 6.54x107°
reflection
photo paper 45 15 64 QAM 325 2.79x1073
reflection
photo paper 45 45 64 QAM 325 5.15x107°
reflection
photo paper 45 75 16 QAM 195 6.36x107°
reflection
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CHAPTER 4
WI-FI OVER VLC TECHNOLOGY

4.1 Introduction

The RF based wireless communication has been developed to the fifth
generation, which meets the unprecedented communication demands and brings
more benefits to human life nowadays. The Cisco white paper on visual networking
index shows that the global mobile traffic data has reached 7 Exabytes per month in
2016, and is expected to be 49 Exabytes per month in 2021 [60]. However, the
current RF technology is fundamentally limited to radio spectrum. As an emerging
wireless technology, VLC utilizes the unregulated and wider optical spectrum. Thus, it
becomes one of the alternative wireless technologies to RF communication.
Furthermore, VLC can be integrated to the conventional illumination, which evolves
each of light bulb to a high speed hotpot. Modern VLC system using GaN based
micro-LED and orthogonal frequency division multiplexing (OFDM) has achieved
high-throughput communication up to 11.95 Gbps for one micro-LED, which shows
the significant advantages of micro-LEDs in the application of VLC. Because micro-
LEDs have smaller carrier lifetime and lower junction capacitance. It elevates the
electrical to optical modulation bandwidth from dozens of MHz to hundreds of MHz.

In regards to radio-over-fiber (RoF), it allows the delivering of radio services
through distributed antenna systems built on top of fiber network infrastructures
[61-64]. Similar to RoF, Wi-Fi over VLC system is another wireless technology, which
allows the latest Wi-Fi standard services through VLC systems. Therefore, Wi-Fi
services by VLC systems can easily deliver in extreme environments, especially in
hospitals where electro-magnetic impact is regarded as an interference to high
sensitive medical care facilities. In this paper, we investigate the coexistence of Wi-Fi

and VLC systems, and demonstrate a VLC link using GaN based micro-LED and IEEE
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802.11ac Wi-Fi service. Data transmission over VLC system can achieve a data rate
of 433 Mbps and a bit error rate (BER) of 10-5 in 256 QAM modulation without pre-
equalization. Error vector magnitude (EVM) and Eb/NO are also provided to evaluate

the communication performance in terms of signal quality.

4.2 Wi-Fi over VLC System Performance

According to this modified standard, the LOS VLC link at optimal operating
condition using 80 MHz channels and 400 ns guard interval achieves a data rate of
433.3 Mbps and a BER of 4.6x10> with a 256 QAM modulation scheme. Fig. 9 shows
received power spectrum over a frequency range from 10 MHz to 90 MHz. The
received power spectrum decreased by 6 dB approximately due to the -3dB
bandwidth of the packaged micro-LED.

IEEE 802.11ac not only supports the modulation modes used up to now
(BPSK, QPSK, 16QAM and 64QAM) but also 256QAM. The wireless device
determines, on the basis of the measured signal quality, which modulation mode is
used. If the signal quality improves or degrades during a connection, the system will
select a higher-order or lower-order modulation. To allow 256QAM transmission at a
5/6 code rate, IEEE permits an error vector magnitude (EVM) of at most -32 dB
(2.5 %). For 64QAM, up to -27 dB (4.4 %) is tolerated. Fig. 10 illustrates the
received constellation maps for four modulation schemes including BPSK, QPSK, 16
QAM, 64 QAM, and 256 QAM. The EVM for all of the modulations are lower than -27
dB. According IEEE 802.11ac standards, all the modulations except 256 QAM meet
the EVM requirements below -27 dB. The results show that the Wi-Fi over VLC
system can easily achieve 64 QAM modulation of IEEE 802.11 ac without

equalization.
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Table 4. IEEE 802.11ac EVM and BER Test Table

Rate EVM

No. [Modulation |(Mbps)BER EVM(dB) limit
9256 QAM 5/6 | 433.3|6.77E-05| -27.196| -32
8256 QAM 3/4 390(4.90E-05| -26.737| -30
7|64 QAM 5/6 325|5.15E-05| -27.094] -27
6/64 QAM 3/4 292.5(5.38E-05] -25.94| -25
564 QAM 2/3 260|5.63E-05| -26.095 -22
4116 QAM 3/4 195/6.36E-05( -26.094| -19
3(16 QAM 1/2 130| 7.82E-05 -26.235| -16
2|QPSK 3/4 97.5(9.32E-05| -25.937| -13
1/QPSK 1/2 65|1.22E-04| -25.923| -10
OBPSK 1/2 32.5/2.14E-04 -26.589 -5

To evaluate the performance of the WiFi-over-VLC system for a real scenario,

we measured the quality of the received signal in terms of error vector magnitude

(EVM) at different levels of luminance, varying the VLC distance Tx-Rx from 0.8 to

3.6 m (illuminance ranging between 1300 uW and 117 uW). We illustrate the

performance of the hybrid system in Fig. 2a. Here we report the constellation

diagrams of the received signals at distances of 0.8 and at 3.6 m. Clearly, at longer

distance (lower luminance) we observed a deterioration of signal quality. In Figure

34, we summaries the system performance in terms of EVM values for configurations

against illumination. The data were measured from the VSA by moving the VLC RX

away from the TX with distance. We see from the reported EVM values that the
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performance was degraded at 117 uW (3.6 m distance); at any distance, we typically
measured a slightly better EVM value (around 1.5 dB difference). This is ascribed to
the fact that in the downlink case, the signal obtained by the receiver, although
having an excellent EVM, had a limited electrical power: after the down conversion
and the amplification, it experienced a significant SNR reduction, thus resulting in a
sub-optimal LED driving signal. To separate the impairments in the VLC and in the
RoF channels, we also report the performance trend obtained by transmitting the
same signal only over the VLC part of the link. However, in all cases and at all
luminance levels, the EVM value was always much lower than -27 dB, which is the
limit given in the IEEE 802.11ac standard for the 325 Mbit/s transmission. In
particular, we observed a working system at a luminance value even lower than 15
uW (i.e. at 3 m distance), which is a common distance from the ceiling in indoor

communications.
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Figure 34. Wi-Fi over VLC System with Distance

4.3. Wi-Fi over VLC Link with Post Equalization

The system magnitude and phase response are shown in Figure 35 and Figure
36. As post equalization, Finite Impulse Response (FIR) Filter is used in Wi-Fi over
VLC link to enhance the communication performance. The custom design FIR
response is shown in Figure 37 in order to cancel the magnitude decline and phase

shift. The number of taps in FIR is 112.
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Figure 38 shows the power spectrum without post equalization. Figure 39
demonstrates the power spectrum with post equalization. With post equalization, the
droop becomes improved. Therefore, EVM becomes better. EVM of 256 QAM 5/6
coding rate decreases from -27.196 dB to 27.429 dB. But BER stays meanwhile.

If the additive white noise is the only source of noise in IEEE AWGN BER
analysis, the Wi-Fi over VLC link can be simulated as shown in Figure 41. Table 5
illustrates the results Eb/NO versus BER in IEEE 802.11ac AWGN BER Analysis. When
the energy per bit to noise power spectral density ratio is 9, BER is close to our

experimental results.

Table 5. Eb/NO versus BER in IEEE 802.11ac AWGN BER Analysis

Eb/NO  BER
/7 0.029
8 6.57E-04
9 5.76E-05
10 3.42E-06
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CHAPTER 5
SELF-POWERED CHIP FOR VLC

5.1 Introduction

Attitude sensors are widely used in the aircraft’s orientation which usually
depends on some reference vectors. According to the reference vectors they use,
attitude sensors are classified into different categories including gyrocompasses,
magnetometers, star tracking sensors, and sun tracking sensors. Sun tracking
sensors are characterized among the attitude sensors due to their simple structures,
low power consumption and low cost in the aircraft applications. In recent years,
nanosatellites have rapidly developed in military and commercial field because of
nanosatellites’ low power consumption, low weight and low cost. A nanosatellite
usually has a weight less than 10 kg. So it is significant for the sun tracking sensors
which are a necessary part of nanosatellites to minimize. Many kinds of sun sensors
have been utilized into space applications including positioning solar panels, orienting
solar thermal collectors, and the spacecraft attitude determination [65]. However,
most solutions need some special process, such as MEMS, or other off-chip devices
which is a trade-off of the weight and size of sensor [66-68]. In this case, it is better
to have an on-chip light direction sensor for this system. Many techniques have been
developed to detect light direction, such as the shading device method [69], the
tilted surface method [70], and the collimator tube method [71]. However, this
conventional techniques have some disadvantages on accuracy, size and integration
[72]. Both small form factor and low power consumption is required by many aircraft
applications. Since we can use the light detected to provide needed energy, energy
harvesting is an attractive approach which absorbs ambient energy to support the
system. A self-powered on-chip sensor is a smart choice to meet these

requirements. Some complete solutions have been presented, but these solutions
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just offer an analog output which cannot directly provide control signals to the
system [73] e.g., controlling attitude of solar panel or aircraft. Apart from aircraft
utilization, the light direction detection sensor chip we designed can also be
transplanted into some internet of things such as smart medical, smart vehicles and
smart home. This paper demonstrates a self-powered solution with an on-chip light
direction sensor and real-time adaptive tracking ADC to detect the direction of the
incident light. In our approach, the integrated real-time adaptive tracking ADC can
generate a digitized output that can directly control the system. Built in photodiodes
are utilized to harvest energy so no external power supply is needed when the chip
works. On-chip photo sensor offers the light direction with an accuracy of 1.8 degree
over a 120 degree range. In addition, the digitized output has an accuracy of

approximate 7 ENOB.
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Figure 41. The Block Diagram of the Self-powered Light Direction Chip
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5.2 Top-level Design

The complete block diagram of the self-powered sensor chip we presented in
this work is shown in Figure 41 including five blocks: POWER, LDS, LAS, OSC & CMP
and DIGITAL. In POWER block, the photodiode DP harvests energy for the other
blocks. The current sources beside diodes indicate the photocurrents generated by
corresponding photodiodes. Under Voltage Protection (UVP) is an adaptive supply
voltage monitoring circuit. When VDD is lower than the threshold of transistor which
changes due to process deviation, the circuit provides an EPN signal to switch the
chip into sleep mode in which oscillator stops but the digitized output is stored to
decrease the power consumption. LAS is a Light Angle Sensor with the Adjustable
Current Mirror (ACM) which is regulated by the further digitized signals and LDS is a
Light Direction Sensor with the Fixed Current Mirror (FCM). Two identical
photodiodes are located on opposite sides of the micro-scale metal wall as it is
revealed in both LAS and LDS. The four identical photodiodes DL, DLX, DR, and DRX
generate four different photocurrents with diverse incident light. Current mirror ACM
and FCM convert the four photocurrents into four voltage signals VL, VLX, VR and
VRX. These signals come into OSC & CMP block to generate direction and angle
signals TDX and TD. Besides that, the OSC & CMP block also generates clock signal
CLK. Depending on these signals, DIGITAL block produces two 8 bits digitized signals
to adjust the ratio of the current mirror ACM and a 9 bits digitized signal for incident
light information. In order to improve the measurement precision, a Current
Compensation (CC) circuit is designed in LAS. These blocks will be described in detail
in the latter parts of this paper. Section 3 describes the photo sensor and the circuit
implement of proposed approach. Section 4 gives the measure results and

discussion. Finally, conclusions are presented in Section 5.
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SHADOW

Figure 42. Structure of the Presented On-chip Sensor

5.3 Circuit Implementation
5.3.1 Photo Sensor

Figure 42 shows the structure of the on-chip light direction sensor, the diodes
pairs DL, DLX, DR, and DRX have the same structure. The basic sensor cell of the
on-chip light direction sensor lies at the bottom of Figure 42. Many primary cells
compose the on-chip sensor as shown at the top. As an innovative detection method,
the sensor we presented consists of 154 individual sensor basic cells for a total area

of approximately 1.25 mm? fabricated in a standard 0.18 ym CMOS process.
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Each cell has a metal wall created by stacking all metal layers, contacts, and vias
available in the process to generate on-chip micro-scale shadow. The height of the
metal wall is h, and the width of identical photodiodes on both sides of the wall is
w. We should optimize the dimensions of the metal wall for the sensors good
performance. In this design, diffraction has also been considered. As we all know,
the bandgap voltage of silicon is about 1.12 V. So the longest wavelength of the
absorbed light is about 1.1 pm. The absorption peak is around 0.7 pm. In this
design, height is designed as 12 pm and width is designed ad 15 pm. The physical
dimensions are much larger than the wavelength of the absorbed light. So the
diffraction has little influence on the sensors performance. The basic cell of the
photodiode is built by P+ resistance in N-well. The contact of the N-well and the
connection metals form a wall which is used to block the light pass through the
middle position of the two photodiodes. When the light comes from not just the
middle top, the two photodiodes will receive different luminous flux, hence the two
photodiodes generate different amount of currents. As it is shown in Figure 42, light
comes from right to left and this means the right photodiode is fully illuminated and
the left one is partly shadowed by the metal wall. In this case, the total photocurrent
generated by the right diode DR can be divided into three parts. The first part of the
current is the current generated by the light which directly illuminates the diode. The
second part is the current generated by the reflected light from the metal wall. And
the rest of the current is generated by the residual light reflected many times by the
back metal base, the metal layers, and the interfaces of different materials. For the
left photodiode DL, the total current consists of only the first and the third part.
While the currents generated by right one DR have three parts.

The photodiode model shown in Figure 42 is composed of a current source

and a diode. DR and DL which locate on both of the metal baffle are utilized to detect
72



light. Two energy harvesting photodiodes DP placed separately on both sides of the
sensor cell are used to provide power for the whole chip. The photocurrent ratio of
the smaller one to the larger one in DR and DL is almost linearly dependent on the
angle of the incident light. A function of the ratio of current and the incident light

angle has been described above. According to the function, we can get the incident

light angle messages with an accuracy of 1.8 degrees over a 120 degree range.

5.3.2 Forward Current Compensation Circuit

The current ratio of the two photodiodes DL and DR shown in Figure 43 has
an approximate linear relationship with the angle of the incident light. As described
above, we use a basic model for the photodiodes composed of a diode and a current
source, the forward currents IDL and IDR decrease the accuracy of the ratio between
two photocurrents. So we present a compensation circuit (CC) as shown in Figure 43
to compensate the forward current. In this circuit, we design a special diode DN
which is the same kind of DL and DR but is completely shielded by metal layers, thus
there is no photocurrent in DN. The size ratio of DN, DL, DR is 1: n: n. In order to
match the current, PMOS currents has the same ratio of 1: n: n. The NMOS threshold
voltage in this process is about 0.3V. The voltages VL and VR will be higher than the
NMOS threshold voltage when the photocurrents IPL and IPR flow through ACM. If 10
is low, DN is reverse biased and VN is low. While VL is about NMOS threshold voltage
0.3V, because there is a photocurrent flowing IPL into the ACM. If 10 is high, DN is
forward biased and VN is about 0.6 V. The V-I curves of the diode DN and
photodiode DL has been described in the lower right corner of Figure 43. The curves
describe the relationship of voltage between DN and DL in different current
conditions. The OP shown in the yellow part of Figure 43 is used to keep VN=VL.

Based on Kirchhoff’s Current Law at the point A, we can get the equation as follow:
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nIO+IPL=IDL+IL. Considering the size ratio of diodes, IDL=nIPN=nIO. Hence, we
can get another equation IPL=IL which means that all the photocurrents generated
by DL flow into ACM without the effect of forward currents. For IPR, when the real-
time adaptive tracking ADC reaches a balanced state, VR almost equals to VL, so
IDR=nIDL=nIO, and hence IPR=IR. So the compensation circuit works well and

enhances the accuracy of the ratio between two photocurrents.
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Figure 43. Forward Current Compensation Circuit

5.3.3 Oscillator & Comparator Block
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The OSC & CMP block shown in Figure 44 generates incident light
angel/direction signal TD/TDX and clock signal for DIGTIAL block further processing.
It is mentioned above that the photocurrents have been converted into voltages (VL,
VLX, VR and VRX) by adjustable current mirror (ACM) and fixed current mirror
(FCM). These voltages are compared by CMP in OSC & CMP block to get TD and TDX.
The comparator has an enable signal SET to control it. Its outputs are both high
levels when SET is low. When SET is high, it compares the two input signals VL, VLX,
VR and VRX. When the comparing is completed, one of the outputs signal will change
to low level. This change will be detected and used to generate the clock signal and
to indicate the comparing result. The purple part in Figure 44 receives the signal SET
and outputs XCK with inverse phase after a delay time. So the function of this block
can be seen as an inverter. Then we get the clock signal CLK and it is the inverse
phase of XCK. Unlike a usual oscillator, the frequency of our oscillator in this work is
variable and adaptive. Because the power supply is offered by the photodiode DP
absorbing ambient energy which is very limited and varying with the incident optical
intensity. So we present a low power ADC with an adaptive frequency oscillator to fit
the power supply. When the incident optical power is intense, the oscillator will
generate high frequency to fit the quick digitized output. On the contrary, the weak
power results in the low frequency to decrease the power consumption. The delay
time in the oscillator loop depends on not only the comparator operating speed, but
also the capacitor values and charging/discharging currents. The T-ADJ] block in this
work is designed to control the discharging current for adjusting the delay time. It
can be seen that the discharging current is dependent on G1 and G2 which are
controlled by VL, VLX, VR and VRX. The higher incident optical power leads to higher
voltages of VL, VLX, VR and VRX which results in higher discharging currents in the

T-ADJ block. The oscillator outputs a high frequency signal in this condition.
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Whereas, lower incident optical power results in lower voltages, lower discharging
currents and lower frequency finally. T-ADJ block also has a control terminal G3 to
enhance the discharging current as necessary. The OSC & CMP block provides CLK,
TD, TDX signals which represent clock, light angel and light direction to the DIGITAL

block for data processing.

Vrx

VLX

Vr
Vi

Figure 44. The Schematic of OSC & CMP Block

5.3.4 Digital Block
DIGITAL block works like an analog to digital converter to generate a 9-bits
digitized output. And this ADC has an adaptive conversion speed with variable supply

power. This block receives three signals TD, TDX and CLK which are generated by
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OSC & CMP block and outputs three signals L, R and DOUT. L and R both are 8 bits
signals which go back to control the current mirror ratio in ACM. DOUT is a

9 bits signal that carries the incident light angel and direction. The first bit of DOUT
means the incident light direction left/right with 0/1, respectively. When DOUT
begins with 0, it means the light comes from left side, and the other bits of DOUT
mean the current ratio of left side to right side. Similarly, DOUT indicates the
incident light from right side and the current ratio of right side to left side when the
first bit of DOUT is 1. Figure 45 shows the complete block diagram of DIGITAL in this
work. DIGITAL block can be divided into three parts, 8 bits up/down adder and
register circuit, ADD/SUB control signal detection and generation circuit, and output
level circuit. The core of DIGITAL block is the 8 bits up/down adder and register
circuit which consists of an 8 bits full adder as function of real-time adaptive tracking
ADC and 8 DFF for latching data. The ADD and SUB signals are generated by all 0
detection circuit and all 1 detection circuit which is shown in the red dotted frame.
The two signals are used to control an 8 bits full adder in an add operation or a
subtraction operation. When the detected signal D which represents the latter 8 bits
of DOUT indicating the current ratio is 00000000, the ADD signal will be 0 and the
SUB signal will be 1. So the 8 bits full adder is set to an add operation and D will
accumulate. When the signal D is detected as 11111111, the 8 bits full adder will
work in subtraction operation and D will decrease. If D is neither 00000000 nor
11111111, the operation mode of full adder will be dependent on TD and

TDX rather than ADD and SUB. Not only the full adder but also the Light Angle
Output depends on TD. TD and TDX which produced by OSC & CMP block can be
permuted and combined into four types 00, 01, 10, and 11. When the combination of
TD and TDX is 00 or 11, the full adder will work in a subtraction operation and D

decreases. Conversely, when the combination of TD and TDX is 01 or 10, the full
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adder will work in an add operation and D accumulates. Through output level circuit,
we obtain the output DOUT and L and R are in different conditions according to TD
and TDX. The 8 bits signal L and R which represent the incident light angle
information come back to control the adjustable current mirror. Then the adjustable
current mirror’'s outputs change and TD maybe change or not. So D will increase or
decrease with the incident light angle changing. The flow chart of the signal

processing in DIGITAL block is shown in Figure 45.

Note:

TD=0 when V >Vz,
TD=1 when V <Vz.
TDX=0 when V x>Vax.
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Figure 45. Flow Chart of Data Processing in DIGITAL block

5.4.4 Under Voltage Protection Block
In this work we use photodiodes absorbing ambient light to provide the power
supply, however the variable incident optical power leads to unstable power supply.

Considering the risk of low supply voltage, an Under Voltage Protection (UVP) circuit

78



is needed. Under Voltage Protection as shown in Figure 46 is designed like a simple
power management to detect the voltage of the power supply. VDD is compared with
the threshold of transistor not with some a fixed value. So the UVP circuit is
adaptive, because the threshold of transistor varieties due to different processes,
process deviation or some other environment effects. If the power supply voltage
generated by photodiodes is lower than the threshold voltage, the UVP circuit
outputs an ENP signal which controls the oscillator entering sleep state and no longer
oscillating. In this case, all the digitized outputs are stored and VDD will not decrease
more. When the photodiodes harvest enough energy, VDD becomes higher and chip
works again. In Figure 46, there are two resistances which are used to set a
threshold range for preventing the ENP signal flipping back and forth. In this work,

the wake-up voltage is 383 mV while the standby voltage is 360 mV.
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Figure 46. The Schematic of Under Voltage Protection Circuit

5.4 Layout and Test Results
The chip is fabricated in a 0.18 ym CMOS process with 6 metal layers and the

whole areas is 4.5 mm2. Figure 47 shows the micrograph of the test chip including
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an expanded view of the interface circuits and sensor elements. The interface circuits
are covered by metal layers to prevent the circuits from the incident light. We have

marked the important blocks in the chip micrograph in Figure 47.

Layout showing the detail

'..----

Figure 47. The Layout for the Interfaces Circuits

To verify the performance of our chip, we set up a test platform as shown in
Figure 48. The self-power chip is mounted on a breadboard which is placed on an
angular actuator to allow us to adjust the angle of the incident light. We measure the
data with an oscilloscope both inside the laboratory and outside under the sun. The
energy harvesting photodiodes absorb the ambient light to generate a supply power
ranging from 380 mV to 480 mV over the optical intensity from 45 mW/cm?2 to 95
mW/cm2. In the range of the optical intensity, the chip generates a variable
frequency changing from 1.57 kHz to 32.93 kHz. The UVP circuit works and the

oscillator stops when the power supply is lower than the threshold approximately
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380 mV. Some relationships of VDD and oscillator frequency is shown in Figure 49.
In Figure 49, it is clear that 380 mV is the minimum evoke voltage and the oscillator
frequency changes automatically as VDD varieties. The power supply and frequency

are proportional to the optical intensity. The relationships of VDD and frequency

versus optical intensity are plotted in Figure 49.

Figure 48. The Test Platform

We adjust the incident light angle to measure the short currents IPR and IPL for an
optical intensity of 80 mW/cm?. It is shown in Figure 49. When the incident light
angle is zero, the two photocurrents are equal. When the incident light angle is
negative, the left photocurrent is larger than the right one and vice versa. It is
significant to calculate a ratio of the small current to the large current for

comparison. The calculated ratio will be compared with the digitized output ratio of
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real time adaptive tracking ADC and Figure 49 shows the comparison result. The two
ratios are very close to each other, and 7 ENOB is achieved as the test results. The
power supply is completely driven by on-chip photodiodes without any exterior
energy sources. So the power consumption is low ranging from 727 nW to 2.32 uyW

for the test optical intensity.
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Figure 49. Test Results: VDD and Frequency vs. Optical Intensity, Short Circuit

Photocurrents vs. Incident Light Angle, Current Ratio vs. Incident Light Angles

5.5 Self-powered Chip for VLC
We did preliminary test on the self-powered chip for visible light

communication as shown in Figure 50. It just shows the feasibility that VLC can
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transmit clock signal to self-powered chip which can be widely used in IoT system.
Figure 51-53 demonstrate that when the clock signal is modulated in the light
emission of laser diode, the self-powered chip can sense the clock signal and regards
it as universal clock signal. 100 KHz clock signal can be transmitted by laser diode

based VLC. The experiment will be improved in the future research.

10 points, Sample mode

Figure 51. 10 kHz 1Vpp Square Wave AC Input
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CHAPTER 6
CONCLUSION

VLC can be employed to realize a high throughout wireless network
competing with 5G RF systems. In addition, GaN-based micro-LEDs provide
important qualities ideal for the implementation of VLC links. The VLC using GaN-
based micro-LED demonstrates the communication link at a data rate of 600 Mbps
and a BER of 2.1x10~* for a distance of 80 cm in our dissertation. But this VLC
system is so sensitive that manual focus is essential. We put forward a novel active
tracking method to increase BER by orders and enlarge the FOV of the PIN receiver
to 120° even if it is out of focus. So the micro-LED based VLC becomes both optically
and mechanically robust.

The NLOS VLC using a single GaN micro-LED was experimentally
demonstrated in this work. Several advanced approaches were utilized for the
feasibility of VLC, including the 92.7 MHz modulation bandwidth of the micro-LED,
the modification of IEEE 802.11ac standard, and the proposed optics. All these
techniques offered a high-speed LOS VLC at a data rate of 433 Mbps and a BER of
5x 107 at a free space transmission distance of up to 3.6 m. Moreover, based on
these techniques we also provided a possible VLC link in both directed NLOS and
non-directed NLOS. Specially, non-directed NLOS VLC was achieved at a data rate of
195 Mbps and a BER of 10x107 via one reflection. Beyond theoretical analysis, the
first experimental demonstration of practical implementation of NLOS VLC shows

significance for indoor VLC system establishment.
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