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Visible light communication between light emitting diode (LED) traffic lights and vehicles with a receiving
photodiode front-end is developed for intelligent transportation systems. In this letter, the communication
data rates for different ranges are evaluated. The data rates are based on real scenarios of the background
noise and path losses and are experimentally obtained with a testing system built upon commercial off-
the-shelf components. Comparisons of range-rate performance for different average noise levels are also
conducted with the use of red/yellow/green LED lights. Results show that achieving the data rates of
kilobits per second at a communication range of hundred meters is possible under the ordinary noise
scenario, a finding that is highly significant for practical applications.
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As fourth generation light sources, light emitting diodes
(LEDs) have gained increasing popularity in a variety of
applications from lighting to traffic signaling. LEDs have
shown superiority over traditional incandescent and flu-
orescent lamps. LEDs have high energy efficiency, long
life expectancy, little out-of-visible band optical radia-
tion, and easy maintenance. They are also environmen-
tally friendly. Nowadays, traditional incandescent traffic
light lamps have been increasingly replaced by LED light
sources.

Besides the advantages of lighting, LED can also be
modulated by input signals because of their semicon-
ductor property that is ideal for information transmis-
sion in outdoor vehicle communications. Since the vis-
ible light communication (VLC) between LED traffic
lights and vehicles has been proposed for intelligent trans-
portation systems!' 3/, extensive efforts have been made
for traffic light-vehicle VLC based on either photodi-
ode detectors*~® or image sensor detectors!”®. Im-
age sensors are generally capable of parallel transmission
and robustness against interfering light, whereas pho-
todiode sensors have large modulation bandwidth and
less response time. Researchers from Nagoya Univer-
sity performed experiments to demonstrate the excellent
LED tracking capability of photodiode-based systems(*.
However, data from field experiments on the path loss
and background noise of photodiode-based traffic light-
vehicle VLC systems under practical scenarios remain in-
sufficient. Systematic analyses based on empirical results
are also lacking.

In this letter, we conduct field experimental measure-
ment of real solar radiation noise and path loss in a
photodiode-based traffic light—vehicle VLC system. Bas-
ing from the experimental results, we further examine
the range-rate performance of a communication system
built upon commercial off-the-shelf components. The
range-rate performance is investigated to understand the
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communication capability of a photodiode-based outdoor
VLC system. The results obtained from this study will
be highly significant for practical applications.

Figure 1 shows the general block diagram used in the
experimental measurement. To obtain the background
noise interference and line of sight (LOS) path loss under
real scenarios, the experimental setups are rearranged ac-
cordingly.

To measure background noise, the transmitter part is
removed from the system, as shown in Fig. 1. The re-
ceiver demodulation part is replaced by measurement de-
vices, which include a power meter and a spectrum an-
alyzer. In this way, both optical power and frequency
spectrum of the background interfering light are empiri-
cally obtained.

To measure path loss, a signal generator with constant
signal amplitude replaces the transmitter modulation and
combines with the DC bias to drive the LED traffic light
lamp. In the receiver side, the spectrum analyzer records
the received signal. The carrier to noise density ratio of
the receiver is therefore determined when the transmitted
signal is a sine wave with a single frequency sin(wot + ¢).
Then, the path loss can be obtained from the transmitted

signal power and noise intensity.
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Fig. 1. Block diagram of the experimental measurement.
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In real situations, the background noise mainly con-
sists of background solar radiation and radiation from
artificial light sources. Because these artificial light
sources are largely dependent on the scenario, and quan-
tifying their effects on general communication systems is
difficult, we only consider the background interference
from solar radiation, which is primarily composed of di-
rect vertical irradiance. A series of factors, such as time,
location, weather condition, active receiver area, and re-
ceiver field-of-view (FOV), affects the measurement re-
sults.

Using a photodiode receiving front-end with an active
receiving area of 1 cm? and FOV of 15°, we measured
the background solar radiations on three typical weather
days (sunny, cloudy, and overcast) in Shenzen during De-
cember. Figure 2 shows the received power intensity
within a day for the case photodiode detector directly
pointing to the sun. The received power intensity is ob-
tained by an optical bandpass filter centered at 500 nm
(corresponding to green light). Despite some remarkable
spikes for the cloudy day, the received vertical power can
be largely fitted by a parabola curve with function:

S = —0.069T2 + 1.8062T — 9.5337, (1)

where T is the absolute time within a day with the unit
“hour”. The remarkable spikes are caused by irregular
cloud movements.

We adopt an indirect method to obtain the path loss.
We first use a spectrum analyzer to determine the carrier
to noise density ratio (C/Np) at night (without environ-
mental noise) when a sine wave source with frequency of
100 kHz is present. Basing from the preamplifier noise
specification from the datasheet of the vendor and the
responsivity of the detector, we identify the received sig-
nal optical power (from C/Np). The path loss can then
be obtained because the total transmitted power can be
measured by the power meter. The TRF108-0BG-012V
LED traffic light lamp without the plastic cover is used
in our measurement. The height of the traffic light is set
to 3 m. The horizontal separation between the transmit-
ter and the receiver changes from 5 to 80 m.

The obtained path loss in decibels is shown in Fig. 3.
When the range is within 10 m, the path loss shows an
edge effect of the LED beam profile. When the range
is beyond 10 m, the path loss is properly approximated
with the theoretical path loss modell®.. The theoretical
path loss model can be described as

6 ——cloudy

5 [~ —sunny ( \

-------- overcast ‘
----parabolic fitting curve

=~
T

Vertical radiation power
density (uW/nm)
\V] w
T
<

(=] —

8 9 10 11 12 13 14 15 16 17 18
Time (h)

Fig. 2. (Color online) Measured vertical solar power density
versus time.
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Fig. 3. Measured path loss in dB (-10lgP; /P;) versus range.
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where P, is the received power, P; is the transmitted
power, A, is the receiving area, « is the receiving angle,
0 is the irradiance angle, D is the horizontal distance,
gs(P) is the function dependent on the transmission dis-
tance, and [ is the transmission angle.

Equation (2) shows that the path loss is determined
by both the beam pattern and the transmission distance
of the LED traffic light. When the value of D is large
enough, transmission angle 3 shows little variation with
D, a result which means that gs(/3) is almost a constant.
Equation (2) can therefore be simplified as

C
LL ~ ﬁ7 (3)
where C is a constant. In the following sections, we use
these relations to estimate the path loss when the hori-
zontal distance is beyond 80 m.

The communication performance of the system under
different practical conditions is evaluated on the basis of
the measurement results and empirical models. Table 1
lists the parameters used in the performance evaluation.

The typical noise sources in the practical system in-
clude the shot noise 02, ,, which is induced by the back-
ground solar radiation, and the preamplifier noise Ugmp.
We assume that the shot noise induced in DC photocur-
rent is filtered out by an electrical high pass filter. If
we consider the on-off keying with Manchester coding as
the modulation scheme, the bit error rate (BER) of the

communication system can be expressed as/'?!
r1 — T2
BER — ( 7) 4
Q o (4)

where 1 and x5 are the signal amplitudes at the demod-
ulator in the first and second halves of the bit interval,
respectively, and No = 02, + 02y, is the total noise
density. We turn “on” the LED traffic light inthe first
half and turn it “off” in the second half. As a result, we
obtain x; = vL, P, Ty1/1/Ry and x2 = 0, where v is the
responsivity of the photodiode, Ly, is the path loss of the
channel given by Eq. (3), P; is the transmitting power,
T} is the transmittance of the optical bandpass filter, and
Ry, is the data rate.

Basing from Egs. (3) and (4), we can determine the
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relation between the data rate Rj, and range D as

- O")/PtTr
b= \/ QT(BER)VINo T ©)

The datasheet of the vendor indicates that the equiva-
lent input noise density of the adopted preamplifier can
be expressed as 02, = 2pA-Hz~2.1. The measure-
ment results on the background solar radiation (Fig. 2)
show that the average noise density level of 2.3 yW/nm
gains 3.25 for the green light optical bandpass filter
with 40-nm bandwidth, 0.64 transmittance, and convex
lens. The total received solar radiation power is 195 uW.
Figure 4 shows the obtained range-rate tradeoff perfor-
mance. At a BER of 1073, a data rate of 1 Mbps can be
achieved at the range of 50 m, but it reduces to 1 kbps
at 280 m.

Figure 5 shows the effect of background solar radiation
noise level on the range-rate tradeoff performance, in
which the noise densities are 0, 2.3, 5.4, and 140 uW/nm
at a system BER of 1073. Zero solar radiation repre-
sents the night scenario, 140 yW/nm is the worst case
where direct vertical irradiance from the sun is present,
and the other two values represent cases with dominant
horizontal diffuse irradiance. A data rate of 1 kbps can
be achieved at the range of 100 m even in the worst case.
The range is extended to 430 m in the best case.

Figure 2 shows that the solar radiation noise level
varies with the time of the day. The solar radiation noise
level is relatively small in the morning and early evening,
but it is high at noon. The BER results versus the time
of the day are shown in Figs. 6 and 7 to demonstrate the
effect of background solar radiation variation on com-
munication performance. Either the range or data rate

Table 1. Parameters in the Performance Evaluation

Parameters Value

Photodiode Active Receiving Area (cm?) 1
Convex Lens Gain 3.25

Receiver Front-end FOV (deg.) 15
Photodiode Responsivity at 500 nm 0.28
Photodiode Responsivity at 590 nm 0.37
Photodiode responsivity at 620 nm 0.4

Traffic Light Height (m) 5

Receiver Rront-end Height (m)
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Fig. 4. Range-rate tradeoffs for different BERs.
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Fig. 5. Range-rate tradeoffs with different background solar
radiation levels.
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Fig. 6. BER versus time for different ranges (data rate: 100
kbps).
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Fig. 7. BER versus time for different data rates (range: 100

is fixed.

Three different color lamps (green light at center wave-
length 500 nm, yellow light at center wavelength 590 nm,
and red light at center wavelength 620 nm) with the same
transmitting power level are used to compare range-rate
performances. We assume that the three different opti-
cal bandpass filters have the same bandwidth of 40 nm
and transmittance of 0.64. The average received solar
radiation power for the optical bands are 195 uyW for
the 500-nm band, 530 uW for the 590-nm band, and
360 W for the 620-nm band. Figure 8 shows the evalu-
ated results on communication performance. The range-
rate performance minimally decreases with the increased
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Fig. 8. Range-rate tradeoffs for three optical bands.

wavelength. Furthermore, the change in color does not
significantly affect the communication performance of
the system.

In conclusion, we evaluate the range-rate performance
of the communication system between LED traffic lights
and vehicles. The measurement results for both back-
ground solar radiation and path loss are presented, and
empirical models are also proposed. Then, system per-
formance is predicted under different conditions. Even
in the worst case where the sun is within the receiver
FOV, communication with a relatively high data rate
(100 kbps) is still achieved in a short range (30 m).
Under ordinary scenarios where only horizontal diffuse
solar radiation exists, the communication range can be
100 m with a data rate of 100 kbps. We also examine the
performance variation within a day (with different solar
radiation levels) and the range-rate tradeoffs with three
light colors. No significant difference exists in the three
optical bands when all other parameters are similar. All
results obtain in this study are significant for practical
applications.
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and Applications of Visible Light Communication with
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