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EXECUTIVE SUMMARY

In this research work, the author develop a visible light communication (VLC) framework
that can be used for intelligent transportation systems (ITSs). ITS has been motivated by the
need to reduce traffic congestion and offer better user experience in navigation and location-
specific services. Recently, VLC has drawn a lot of attention by the research community in
the areas of high data rate transmission, secure communications, and indoor localization
systems as well in ITS. The use of VLC in ITS could lead to potential new useful applications.
Traffic lights have been used to control traffic flow and are often located at a particular
place, and they are rarely moved. It would be of great use to enable the traffic lights to
be able to talk to the vehicles in their proximity and convey important information about
the traffic conditions. In this project, the aim is to develop a framework that can support
infrastructure-to-vehicle (I12V) and vehicle-to-infrastructure (V2I) communication: in this
context the infrastructure refers to traffic lights using VLC. Specifically, traffic lights are used
to not only to orderly provide traffic flow, but also to share some important information to the
cars. The developed smart traffic light can provide information about the traffic conditions
several blocks down the road, and in case of accidents this information would be useful for
the passenger to take a detour from their original driving route to help reduce congestion
and save time. The infrastructure of the ITS is composed of a central station that controls
the traffic flow and when new information is provided to the traffic lights they are routed to
the central station for analysis and to provide smarter traffic control. The focus is on the
development of VLC infrastructure to establish communications between the traffic lights
and vehicles for better traffic management.

To begin with, the researchers establish a visible light communication link between a traffic
light and a vehicle which is capable of receiving the information. To do that, the research
team first develops transmitter circuitry that is composed of an embedded system and
optical electronics fast-switching network. The traffic lights not only will be performing its
functionalities i.e., providing traffic light signals to pedestrians, drivers, but also sending
out pertinent coded information to the vehicles through light pulses. After presenting the
transmitter side circuitry, the authors will then present the receiver circuitry that is composed
of optical electronics circuitry in which the photodiode along with other circuitry is used for
detecting and decoding the VLC signal coming from the traffic lights. The received signal is
passed through an analog-to-digital (ADC) interface before sending them to the embedded
system to receive and decode the transmitted signals. The authors have also developed and
experimented a novel optical code-division multiple-access (CDMA) scheme for overloaded
optical CDMA transmission in which the optical codes will be uniquely decoded. This new
coding system could potentially provide higher data rates and can support larger numbers of
users in the visible light communication protocol establishment. After developing the system,
the researchers conducted actual experimentation using a traffic light model/prototype and
experimented with the VLC framework to test its functionality and have been working on
improving its performance.
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|. INTRODUCTION

In this research work, the researchers develop a visible light communication (VLC)
framework that can be used for intelligent transportation systems (ITSs). The development
of ITS has been motivated by the need to reduce traffic congestion and offer better user
experience in navigation and location-specific services. Recently, VLC has drawn a lot
of attention from the research community in the areas of high data rate transmission,
secure communications, and indoor localization systems as well in ITS. The use of VLC
in ITS will lead to potential new and useful applications.

Traffic lights have been used to control traffic flow, are often located at a particular place,
and are rarely moved. It would be of great use to enable the traffic lights to talk to the
vehicles in their proximity and convey important information about the traffic conditions. In
this project, the aim is to develop a framework that can potentially support infrastructure-
to-vehicle (I12V) and vehicle-to-infrastructure (V2I) communication; in the present context
the infrastructure refers to traffic lights using VLC. Specifically, traffic lights are used not
only to provide orderly traffic flow, but also to share some important information with the
cars. The traffic light can provide information about the traffic conditions several blocks
down the road, and in case of accidents this information would be useful to enable the
passenger to divert from their original driving route to help reduce congestion and save
time. The infrastructure of the ITS is composed of a central station that controls the
traffic flow, and when new information is provided to the traffic lights it is first routed
to the central station to undergo analysis to make sure it is a legitimate information
and in addition to that provide smarter traffic control. The focus in this work is on the
development of VLC infrastructure to establish communications between the traffic lights
and vehicles for better traffic management.

To begin with, the researchers establish a visible light communication link between
traffic lights and a vehicle which is capable of receiving the information. To do that,
the researchers first develop transmitter circuitry that is composed of an embedded
system and an optical electronics fast-switching network. The traffic lights will not
only be performing their standard functionalities, i.e., providing traffic light signals to
pedestrians and drivers, but they will also be sending out pertinent coded information
to the vehicles through light pulses. After presenting the transmitter circuitry, this report
will then present the receiver circuitry that is composed of optical electronics circuitry
in which the photodiode along with other circuit components is used for detecting and
decoding the VLC signal coming from the traffic lights. The received signal is passed
through an analog-to-digital converter (ADC) before being sent to the embedded system
to receive and decode the transmitted signals. The researchers also developed and
tested a novel optical code-division multiple-access (CDMA) scheme for overloaded
optical CDMA transmission in which the optical codes will be uniquely decoded. This
new coding system could potentially provide a higher data rate and can support larger
numbers of users in the visible light communication protocol establishment. After
developing the system, the authors conducted actual experimentation using a traffic light
model/prototype and experimented with the VLC framework to test its functionality and
improve its performance.
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Introduction 3

A demonstration of the ITS traffic light controller using the VLC framework is shown in
Fig. 1. As shown, the traffic lights can transmit digital pulse coded information to the
vehicles for navigation or to convey important information.

Traffic Light-to-Vehicle
: Communication
= (e.g. navigation system)

Intelligent Transportation
System (ITS) (e.g., real
time route scheduling)

s
: 77707
>

—

.

Figure 1. Intelligent Transportation System Using VLC Framework

In this project, a transmitter and receiver circuitry is developed that communicates
pertinent information using modulated light pulses. It is meant to improve upon the existing
infrastructure of LEDs by adapting their driver circuitry for high-speed VLC. The project
also serves to test the capabilities of photodiodes as viable receiver devices used in the
developed VLC network. The main component of the project is a transmitter/receiver pair
design that can send and receive modulated light data. The transmitter system is designed
for high-frequency operation in order to modulate the data at optimal rates. The system’s
microcontroller outputs a modulated bit stream to an amplifier, whose output drives the base
of a transistor controlling the current flow to a high-power red LED. The binary data are
encoded into the pulses of light through the quickly switching behavior of the transistor. On-
Off-Keying (OOK) modulation is used for data transmission, which is simply switching on and
off the LED light, i.e., the traffic light, at a very high rate. To transmit the digital information,
a binary “1” information bit is represented by a square pulse and is generated by turning the
LED on, while the binary “0” is generated by turning the LED off, i.e., no light transmission.
The modulated light is projected into the medium where it can be detected by the receiver
system’s optical sensor. The optical sensor is composed of a photodiode, which converts
the modulated light data sent from the transmitter into a current. This current is converted
into a voltage using a transimpedance amplifier (TIA), and the output voltage is then filtered
and amplified using a band-pass filter and inverting amplifier. The voltage is sampled by the
ADC connected to the receiver system’s microcontroller, where the received signal can be
processed and decoded.
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Figure 2. Block Diagram of VLC System

Figure 2 shows an overview of how the complete system operates. All of the main components
are indicated by numbers and are described below.

1. The encoding is performed by the Raspberry Pi board scripted in Python. The general-
purpose input/output (GPIO) ports on the Pi board are output to the encoded data.

2. The light-emitting diode (LED) circuitry consists of amplifiers and transistors to drive
the LED with the proper amount of current.

3. The high-power LED is used to convert the modulated data into light pulses that is
projected through the physical medium.

4. The photodiode collects the incident light pulses sent from the transmitter and converts
the information to a current signal.

5. The current is converted into a voltage utilizing the TIA, which is optimized for
fast response.
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Introduction
5

6. The voltage signal from the TIA is filtered using a combination of a high-pass and a
low-pass filter.

7. The signal is amplified for increased reception reliability.

8. The signal is sampled by an ADC and decoded using the Raspberry Pi board.
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Overloaded Optical Code-Division Multiple-Access Modulation for VLC

Il. OVERLOADED OPTICAL CODE-DIVISION MULTIPLE-
ACCESS MODULATION FOR VLC

The authors have recently developed a fast decoder algorithm for uniquely decodable
(errorless) code sets for overloaded synchronous optical code-division multiple-access
(O-CDMA) system in Kulhandjian et al. (2019), which is then utilized to improve the
proposed VLC system developed for ITS. The proposed decoder is designed in such a
way that the users can uniquely recover the information bits with a very simple decoder,
which uses only a few comparisons. Compared to maximume-likelihood (ML) decoder,
which has a high computational complexity for even moderate code lengths, the proposed
decoder has much lower computational complexity. Simulation results in terms of bit
error rate (BER) demonstrate that the performance of the proposed decoder for a given
BER requires only a 1-2 dB higher signal-to-noise ratio (SNR) than the ML decoder. The
Fast Decoder Algorithm (FDA) is presented below. The details of the algorithm can be
found in Kulhandjian et al.

Fast Decoder Algorithm (FDA)

Input: y
l: 21 + Q(yl,O,K)
2: if ‘Zl| :K, X +— 1K
3: else
4 m<+ —1g,rc+ 1, n<+ 2z
3 tapp(Ps,d) B
6: dP(r.) + [0, K, miglre, 1), mig(re, 2), mP(re)]
L car, < 0,2+ 0,51+ 1, c7 + 1
8 while (s; =1 AND cp < N¢)

9: s+ 0

10: while (r. < L, 7¢ <+ 7+ 1)

11 [dP(r:),m]«<meP(dP(r. — 1), m,n, K, rc, mp g, mP)
12: Az, < mranT(dPlre)), Amas — masT(dP(r.))
85 Z(rc) T Q(y’a . S TIRD e 1)

14: CAL (?“C,Q) — (Am?jn — Amagj) +1

15 mLR(r613) FZ(TC)

16: mrr(re,4) < n—mrppr(re,3)

L m < uM(m,mpgr,rc, mP)

18: m < fe(m,mpRr),tp <z — Cm

19: iftp €0, sy + 1, 7r:. + ig

21k car(re+1,1) +car(re+1,1)+1

21 ct +—cr +1

20 X +— m

Output: X

The researchers evaluated the performance of the proposed antipodal UD code sequences
generated in the simulation results section.
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Ill. LED DRIVER CIRCUIT FOR TRANSMITTER

Traffic lights are composed of high-power LEDs that require driver circuitry capable of
supplying enough current to the LED. Figure 3 below shows the driver circuit designed for
simulation purposes using National Instruments (NI) Multisim software package.

20v
Rf R2 Re
A My
5.0V 5.0V k!
- - :

. | 1 1

—f+ . R1 1+ _ Rb a1
>'—‘ ' ANy TIPB1CG

Syy—

r”’LMﬁﬂzm r:/LMﬁWEIr‘l Q2
_”_AL = —lh Rdg >TIF’3‘ICG

Asv| = 15y 4

Figure 3. LED Driver Circuit

The encoded binary information is applied as a voltage signal to the input of an operational
amplifier (op-amp) in an inverting amplifier configuration. Resistors R and R. are used to
amplify the voltage signal, where V_= -V, *R./R. The output voltage from the first amplifier is
returned to a positive voltage using another inverting amplifier configuration with R, and R,
having the same resistance value of 1 kQ.

The amplified voltage output from the op-amp is used to drive a transistor switch. Two BJTs
are used in a Darlington pair configuration for heat dissipation and high current gain. R, and
R, are used to set the base current, with R, also serving as a sink for the turn-off period. R is
used as a current-limiting resistor for the LED. Table 1 below shows the resistor component
values used for the LED driver circuit.

Table 1. Resistor Component Values for LED Driver Circuit

R (kQ) R, (kQ) R, (kQ) R, (kQ) R, (kQ) R, (kQ) R, (Q)
1 3.3 1 1 10 17 330

The capacitors on the op-amp power supplies are used to prevent oscillations from the
power supplies by shorting AC components to ground. All capacitors are 0.01 uF.
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IV. PHOTODIODE RECEIVER CIRCUIT

There are two main ways to receive a visible light signal: an image sensor or a photodiode.
A photodiode is used for this design to improve the response time. A photodiode is a type of
semiconductor device that converts absorbed photons of light into current. Figure 4 shows
the receiver design used for the simulation.

C_HighPass R1
g

" v
PA2810
R_HighPass

Figure 4. Photodiode Receiver Circuit

As can be seen in Fig. 4 (left side), the photodiode receives the encoded light signal sent
through line-of-sight (LOS) and converts the pulses of light into a current waveform. The
photodiode is operated in reverse bias with V, _ being used to decrease the junction
capacitance, thereby increasing the responsiveness and decreasing the rise time. The
current is converted into a voltage using a TIA configuration. The feedback capacitor (C)
offsets the effects of the photodiode’s junction capacitance. The current generated by the
photodiode runs through the feedback resistor (R.) and generates a voltage at the output.

The TIA maximum output voltage is set by the maximum generated photodiode current and
the R.. The relative spectral sensitivity of the BPX61 photodiode used in the system is shown
below in Fig. 5. Due to red light being approximately 70% of the peak spectral sensitivity
for the BPX61, the maximum photodiode current is 49uA. The equation for determining the
value of the feedback resistor in the transimpedance ampilifier circuit for a maximum output
voltage of 1V is shown below.
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Photodiode Receiver Circuit

Rf _ Vout,maz—Vout,min _ 1v-0ovV _ 204kQ ~ 20kQ

IPD,maac 4911'14

Relative Spectral Sensitivity
OHF00078
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\
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400 500 600 700 800 900 nm 1100

——
Srel = f(}\)
Figure 5. BPX61 Photodiode Relative Spectral Sensitivity as a Function of

Wavelength

Junction capacitance of the photodiode with a reverse bias voltage of 10V is determined
from the BPX61 datasheet, as shown in Figure 6. Total input capacitance is determined
from the junction capacitance of the photodiode and the differential and common-mode
input capacitance of the operational amplifier, according to the following equation.

Cin =C5+ Cgss + Copm = 18pF
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Photodiode Receiver Circuit 10

Capacitance
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Figure 6. BPX61 Photodiode Junction Capacitance as a Function of Reverse
Bias Voltage

10" 10°

The BPX61 photodiode photocurrent and open-circuit voltage as a function of luminosity
is depicted in Fig. 7.

Photocurrent / Open-Circuit Voltage
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Figure 7. BPX61 Photodiode Photocurrent and Open-circuit Voltage as a Function
of Luminosity
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Photodiode Receiver Circuit 11

The gain-bandwidth product (GBWP) for the OPA2810 op-amp is 70 MHz. For stability, the
GBWP is set to 60% of that value, 42 MHz. The equation for determining the value of the
feedback capacitor for the TIA is shown below.

1—|—\/1—|—(87r>|<Rf>!<Cm*GBWP)
Amx Ry *GBW P

C; =

~ 2pF

The output voltage from the TIA is filtered using a combination of a high-pass filter and low-
pass filter to produce a bandpass filter as shown in Fig. 4. The high-pass filter blocks any
DC interference and therefore is set to a lower cut-off frequency of about 3000 Hz. The two
filters are separated by an inverting op-amp buffer that amplifies the voltage output from the
high-pass filter, where V_= -V *R,/R,. The output from the amplifier is put through a low-
pass filter to eliminate high-frequency oscillations present at the maximum and minimum
light levels. The upper cut-off frequency is set to 20 MHz. The voltage output is inverted to
a positive voltage using an inverting amplifier with a gain of 1. The output is sampled by an
analog- ADC and the binary information is processed. Table 2 shows the component values
for the receiver circuit.

Table 2. Component Values for Receiver Circuit

V.. (V) R (kQ) c R Cop R R R C, R

(oF) (kQ) (nF) (kQ) (KQ) (kQ) (pF) (kQ)
10 20 2 20 16 1 2 5 10 1
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V. SIMULATION RESULTS

The next step was to evaluate the performance of the proposed antipodal UD code se-
quences generated to be utilized in the developed VLC system for ITS. Two of the code
sets are shown in Figs. 8 and 9.

1 1 1 1 1
C s B 4 & B
dxh— |1 1 8 @ 1
1 0 0 1 1
Figure 8. UD Code SetCwithL=4and K=5
i & % % 4 2 ¥ O£ T v m o 1
i g 1 8 1 @ T ©% p ¥ W © @
f ¥ & ® 1 1 @& B8 ®» a4 1 T 73
C ) |2 e &« 4 2 » B 1L & B @ 4 1
|13 — i 14 4 4 84 o p o6 4 1L 4 4 @8
i &8 1 O @ 1 B 1 I I 1 B 1
i I &% 8 @4 % & 1 1 & 4 I @
7 ¢ ©# 1 ¢ 2 I @ 1 I 1L 1 @]

Figure 9. UD Code Set C with L =8 and K =13

In the simulations conducted, the researchers compare the proposed decoder with the
maximum likelihood (ML) decoder and a probabilistic data association (PDA) decoder to
decipher the proposed code set sequences. The comparison in the simulation is performed
with the PDA algorithm alone as it has the best performance compared to other decoding
algorithms (e.g., matched filter (MF), minimum-mean-square-error (MMSE), and so on).
Figures 10 and 11 plot the BER performance averaged over the different users for C, , and
C,, .., respectively. As can be seen from Figs. 10 and 11 for a BER of 10° the performance
of the proposed detector is only about 0.2 dB and 1 dB inferior compared to the ML decoder
for UD code sets C, . and C,_,,, respectively. In other words, using the proposed overloaded
O-CDMA code design along with the developed detector, it would require additional powers
of 0.2 dB and 1 dB to decode the UD code sets C, , and C, ,, respectively, compared to the
ML decoder. The performance of the PDA suffers significantly compared to the proposed
decoder developed in Kulhandjian et al. Although the BER performance of the proposed
decoder is slightly higher than that of the ML detector, it is much less complex and less costly
to implement compared to the ML decoder.
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Simulation Results
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Figure 11. UD Code Set C8x13
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VI. HARDWARE IMPLEMENTATION

The proposed visible light communication framework for ITS was developed and tested
in a laboratory. A description of some of the hardware used in developing the VLC system

follows.

Figure 12. Raspberry Pi 3 Model B+

Figure 12 shows the Raspberry Pi 3 Model B+. The board is used for transmitting the
CDMA-encoded information.
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Figure 13. ThorLabs PDA 100A2

Figure 13 shows the photodetector from ThorLabs used for running tests. The PDA
100A2 is a switchable gain detector with a large active area and bandwidth used for
high-speed applications.

Figure 14. BPX61 Photodiode
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Figure 14 shows the BPX61 photodiode that is used for receiving the light signals sent by
the transmitter. The BPX61 is a fast-response, highly sensitive photodiode that works well
with bias voltages.

Figure 15. High-power Red LED

Figure 15 shows the high-power red LED that is used in the project. This LED is driven by
the LED driver circuitry to modulate light data and send through the medium.

Figure 16. OPA2810 Operational Amplifier

Figure 16 shows the OPA2810 operational amplifier that is used in the transimpedance
amplifier for the receiver. The OPA2810 is a rail-to-rail operational amplifier that has a large
small-signal bandwidth, dynamic AC/DC performance, large GBWP, low noise, and a fast
slew rate.

Figure 17. Red Green Traffic Light Signal Display
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Figure 17 shows the traffic light signal display that is used to simulate a real traffic light
signal lens. The light from the high-power LED is partially scattered by the red covering but
this causes no significant degradations in the quality of the light at the receiver side.

Figure 18. Arduino Uno R3 Board

Figure 18 shows the Arduino Uno R3 board that is used for sampling the output voltage of
the receiver circuit and decoding the information.

Figure 19. Transmitter Circuit Design on Breadboard

Figure 19 shows the transmitter side of the VLC system. The LED driver circuit is shown on
the breadboard connected to the Raspberry Pi board. The traffic light signal display is shown
with the high-power LED behind the red lens. The Raspberry Pi board outputs modulated data
to the driver circuit and pulses the LED on and off corresponding to the binary information.
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Figure 20. High-power Red LED with Heat Sink and Focusing Lens

Figure 20 shows the high-power red LED assembled with the heat sink and focusing lens.
The LED receives modulated current pulses from the driver circuit.

Figure 21. Receiver Circuit Design on Breadboard

Figure 21 shows the receiver circuit on the breadboard. The photodiode receives optical
signals sent from the LED and converts them to current pulses. The current is converted
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to a voltage and is then filtered and amplified to be sampled by the ADC.

Figure 22. Transmitter and Receiver Circuitry Experimentation

Figure 22 shows the VLC system as a whole. The data are modulated and sent from the
transmitter side through the medium and received by the optical sensor.
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Figure 23. Transmitter and Receiver Voltage Analysis on the Oscilloscope

Figure 23 shows the signal that is sent by the transmitter (yellow) and the signal that is
received by the sensor (blue), as observed on the oscilloscope.
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+*

Figure 24. Transmitter and Receiver Voltage Captured On the Oscilloscope:
A) Transmitted Information Bits Are Displayed on Top in Yellow, B)
Received Information Bits Are Displayed at the Bottom In Cyan

Figure 24 shows the captured image from the oscilloscope of the data being sent (yellow)
and received (blue). The waveforms are encoded binary information. It can be seen that the
sensor accurately picks up the transmitted data.
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Figure 25. A Screenshot of the Transmitted Message
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Figure 25 shows the screenshot of the transmitted message which was encoded and sent
by the red traffic light stating that there is a “Traffic jam on Barstow and Cedar Ave.”

36 ror (x| in @plz]':

37 reg 3=['0','b"]

38 reg l=ord(x)

39 reg 2=reg l+reg 2

40 reg 2=bin(reg 2)[2:].zfill(8)
4] reg_3.append(reg 2)

47 reg 2=''.join(y for y in reg_3)

43 reg 3=['0','b','0"]

44 if reg 2[2]=='0":

4f reg_2=int(reg_2,2)
4 &lif paa 2i211="8":

>

fraffic jam on Barstow and Cedar Ave

Figure 26. A Screenshot of the Received Message

Figure 26 shows the screenshot of the decoded received message that was originally sent
by the red traffic light stating that there is a “Traffic jam on Barstow and Cedar Ave.”
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VII. CONCLUSION

In this research project, a visible light communication (VLC) framework has been devel-
oped that can be used for intelligent transportation systems (ITSs). Not only can the traffic
light control the flow of traffic: it can also provide information about the traffic conditions
several blocks down the road, and in case of accidents this information would be useful to
enable the passenger to take a detour from their original driving route to help reduce con-
gestion and save time. In order to do that, the researchers have developed a transmitter
circuitry that is composed of an embedded system and an optical electronics fast-switch-
ing network. In addition to that, the researchers have developed the receiver circuitry com-
posed of optical electronics circuitry in which the photodiode along with other circuitry is
used for detecting and decoding the VLC signal coming from the traffic lights. The received
signal is passed through an analog-to-digital converter (ADC) before sending it to the em-
bedded system to receive and decode the transmitted signals. The researchers have also
developed and tested a novel optical code-division multiple-access (CDMA) scheme for
overloaded optical CDMA transmission in which the optical codes will be uniquely decod-
able. This new coding system can provide higher data rates, and it promises to support
larger numbers of users in the visible light communication protocol establishment. After
developing the system, the researchers conducted actual experimentation in a laboratory
using a traffic light model/prototype and studied the VLC framework to test its functionality
and improve its performance.
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ABBREVIATIONS AND ACRONYMS

ADC
BER
CDMA
Cf
FDA
GBWP
GPIO
ITS
12V
LED
LOS
MF

ML
MMSE
NI
O-CDMA
OOK
Rf
SNR
TIA
VLC
V2|

Analog-to-Digital

Bit Error Rate

Code-Division Multiple-Access
Feedback Capacitor

Fast Decoder Algorithm
Gain-Bandwidth Product
General-Purpose Input/Output
Intelligent Transportation Systems
Infrastructure-to-Vehicle
Light-Emitting Diode
Line-of-Sight

Matched Filter
Maximum-Likelihood
Minimum-Mean-Square-Error
National Instruments

Optical Code-Division Multiple-Access
On-Off-Keying

Feedback Resistor
Signal-to-Noise Ratio
Transimpedance Amplifier
Visible Light Communication
Vehicle-to-Infrastructure
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