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We tested four YAG:Ce phosphor powders to use for illumination and communication. The illumination and
communication function could be put together and create a multifunctional light source. The Visible Light
Communication (VLC) technology is based on this principle. The VLC will be engaged in 5G networks. The tested
phosphor powders were mixed with Poly-Di-Methyl-Siloxane (PDMS) and hardened in a parabolic reflector. A
blue laser diode was used for excitation of the phosphor powders. The measured illumination characteristics
were colour coordinates x and y and Correlated Colour Temperature (CCT). The measured communication

characteristics were rise time, fall time and photoluminescence decay time. The experimental results showed
that one of the four phosphor powders can be used for illumination and communication purposes.

1. Introduction

A photoluminescence phosphor powder was a part of the first white
Light Emitting Diode (LED) which was constructed in 1996 [1]. This
type of white LEDs is labelled pc-LED (LED (phosphor converted LED).
The base is a blue emitting chip (GaN, InGaN) and a layer of phosphor
powder Yttrium Aluminium Garnet doped by Cerium (Y3A1°0'%:Ce®™)
[2-14]. A part of the blue light is spectrally converted in phosphor
powder into yellow light, the rest of blue light creates with the con-
verted yellow light a white light. The other type of the white LEDs are
RGB-LEDs which are a compound of three colour chips (red, green and
blue). Correct intensity setting of chips creates a white light. The pc-
LEDs are cheaper and therefore more extended than the RGB-LEDs. The
pc-LEDs began to gradually replace the traditional sources of white
light (light bulbs and fluorescent tubes) thanks to their better technical
properties. Generally, LEDs reach much higher efficiency, and their
further improvements are expected. The other advantages of LEDs are
their longer lifetime, higher tolerance to humidity, a smaller and
compact size, minimum heat generation compared with the traditional
illumination sources, and lower power consumption. LEDs are more
ecological because they are mercury free [2-5].

The other advantage of LEDs is their possible use for communication
purposes. LEDs can be switched on and off instantly in comparison to
the traditional light bulbs and fluorescent tubes. Thanks to this feature
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white LEDs can be used in Visible Light Communication (VLC) tech-
nology. This technology merges two functions together, illumination
and communication. The cost is a key factor today, therefore pc-LEDs
are preferred. The disadvantage of pc-LEDs is a photoluminescence (PL)
decay of converted light which limits the bit rate [2], [12-19]. There
are several techniques how to eliminate the PL decay. The best known is
using a colour filter which suppresses the yellow component of light
(500 nm and more) [20-22]. This filter is placed on the receiver, so that
the photodetector catches and processes only the blue light. The dis-
advantage of this technique is the requirement of the colour filter and
also a power fall. The original power of the blue light is reduced to a
half (and less) because a part of the blue light was converted in a
phosphor powder into the yellow light, therefore the original blue light
is considerably decreased. Another technique uses pre and post-equal-
ization of data signal [23-27]. As has been mentioned above, LEDs can
be modulated. Their modulation ability is much better than that of light
bulbs and fluorescent tubes, but LEDs lag behind lasers. Improvement of
modulation ability with regards to the power supply is solved by Bias-T,
when the data (modulation) current is superimposed to supply forward
current [28]. Another possibility is to use a laser excitation source in-
stead of a LED excitation source.

Probably the world's best known combination of laser light and
phosphor powders is BMW Laserlight Technology [29]. BMW con-
structed a car headlamp with a set of laser diodes and series of mirrors
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located within the headlamp assembly, which reflects and focuses the
light into a lens. The lens is filled with a yellow phosphor powder. Once
the laser light is reflected into the lens, it interacts with the yellow
phosphor powder, which in turn creates a bright, highly intense white
light. Finally, this light is diffused to reduce its intensity and then re-
flected out of the front of the headlamp. The light is 10 times brighter
than LED created light. The correlated colour temperature is between
5500 and 6000 K. BMW says that compared to traditional systems,
Laserlight is about 30% more efficient, and since the lights can create
bright light in a smaller housing. In comparison, a LED low beam covers
100m, a LED high beam 300m and a laser light beam 600 m. The
described properties are very excellent, but major problem arises in
case of a car accident. Because the laser light beam illumines a road at a
long distance, the used laser diodes have to emit a high power. In the
case of a car accident, the headlamp could be broken, laser beams could
be tilted, and the high power lasers could injure a car crew or rescuers.
Nevertheless, this system showed that it is possible to use a blue ex-
citing laser diode and a phosphor powder for the creation of white light.

A similar headlamp named Matrix Laser Technology was also pre-
sented by Audi. Blue laser light is aimed at a set of individually ad-
justable micro mirrors. Reflected blue light goes through a phosphor
element where white light is created. This white light then goes through
a lens and illuminates a road [30].

The laser diodes are easily modulated and therefore can send data.
The laser diode can also be used for white light creation. The car-to-car
communication does not need high data rates for at present, but the
same principle can be used for indoor communication. The power of
emitted light does not have to be high because the light trace is short
(units of meters) in comparison to the car headlamp. This intended use
depends on illumination and communication characteristics of the used
phosphor powder [31-36].

The following text deals with the laboratory testing of illumination
and communication characteristics of white light created by blue laser
light excitation of the phosphor powders. The next chapter generally
describes the conversion of light in the phosphor powder. Chapter 3
explains the experimental arrangement. Chapter 4 shows the results of
illumination characteristics measurements. The results of communica-
tion characteristics measurements are summarized in Chapter 5.
Chapter 6 deals with the influence of concentration (amount) of phos-
phor powder on the illumination and communication characteristics. In
chapter 6, only one phosphor powder was tested and its properties were
found to be the best. It is usable for both mentioned functions at the
same time. The last chapter concludes this article.

2. Photoluminescence in a phosphor powder

After correct light excitation, the electron transitions 5d-4f happen
in YAG:Ce phosphor powders with large emission spectrum. The Ce®*
has a valence electron configuration of 4f', which gives rise to the %Fs,
and °F; , low-lying energy states. Consequently, the visible emission is
a composite of two bands due to an electronic transition from the lowest
lying 5d energy level down to the *Fs,, and °F,,, states. Since the
emission is due to an orbitally allowed 5d-4f electronic transition, it has
a short radiative lifetime of ca. 20 ns The Ce®* activator ions substitute
some of the Y>* ions which are coordinated by eight O~ anions in the
host lattice of YAG. The Ce®* ions consequently occupy sites of D, point
group symmetry and the resulting crystal field causes the energies of
the 5d orbitals to be split. Five absorption bands at 204.6, 225.4, 261,
339.7 and 457.5nm were observed in the absorption spectrum of
YAG:Ce by Tomiki et al. [37] which were assigned to transitions from
the %Fs,, ground state to each of the 5d levels [6-10]. YAG:Ce phos-
phors can contain together with yttrium Y also gadolinium Gd. The
Gd>* ions are larger than Y** which causes a red shift of the Ce®*
emission due to the increased crystal field that results from the decrease
in a Ce-O distance that leads to a larger splitting of the 5d energy levels.
Conversely, substitution of AI*" ions for the larger Gd** ions on the
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Table 1
Phosphor powders.

Phosphor Chemical Median particle
powder composition sizes (um)
QMKS58/F-Ul Y5Al50,:Ce® 4.0
QMKS58/F-U2 Y3Al50,:Ce® 3.5
QMK58/N-U6 Y3Al50;5:Ce®* 11.0
QUMK58/F-D1 (Y,Gd)3Al50,5::Ce®* 4.0

octahedral sites gives a blue shift due to a weaker crystal field for the
Ce®* jons [38,39].

3. Experimental arrangement

The phosphor powder samples for our experiments were provided
by Phosphor Technology Ltd. We used four types of YAG:Ce phosphor
powders, their labels and properties are summarized in Table 1. This
information was emailed.

3.1. Poly-Di-Methyl-Siloxane polymer

We used Poly-Di-Methyl-Siloxane (PDMS) named Sylgard 184 [40]
as a carrier of the phosphor powders. The Sylgard 184 has two com-
ponents, a PDMS base and a curing agent. Both these components are
mechanically mixed in the weight ratio 10:1. During the mechanical
mixing, some bubbles can appear. The bubbles can be removed by
cooling in a refrigerator or in an ultrasonic bath or in both. The phos-
phor powders were added to the Sylgard 184 in weight ratio 1:35 for all
phosphor samples. The mixture PDMS base-curing agent-phosphor was
then put in the laboratory shaker for the uniform distribution of all
components before the heat hardening. The heat hardening happens at
a temperature of around 85 °C and it takes 30 min.

The PDMS is optically transparent from the near UV up to NIR re-
gion of the spectra [40]. Further, it is possible to shape the PDMS into
any form and size which extends its use.

3.2. PDMS + phosphor powders in reflector

We also solved the problem of how to suitably connect the
PDMS + phosphor powder with the blue laser diode. We used a re-
flector [41] for this purpose. At the output aperture of the reflector,
there was a 2 mm layer of PDMS + phosphor powder, see Fig. 1. The
procedure of preparation was as follows. The mixture of
PDMS + phosphor powder was poured into the Petri dish and it created
a uniform layer. After that, the reflector was put in the dish. The output
aperture (wider) of the reflector was superimposed on the bottom of the
Petri dish. The dish was then put in the furnace. After the heat hard-
ening, the excess edges were removed. We repeated this procedure with
all four phosphor powders.

3.3. Illumination characteristics measurements

We used the blue laser diode L450P1600 MM (Osram) [42] as a
source of excitation. Peak wavelength 450 nm, FWHM 9.5 nm by for-
ward current 800 mA, a threshold current 200 mA and beam divergence
23° respective 7°. The measurement was done in the continual supply
mode. The Benchtop LD current controller LDC240C (Thorlabs) sup-
plied the laser diode forward current from 200 mA to 800 mA with the

PDMS+phosphor
reflector

Fig. 1. PDMS + phosphor powder in reflector.
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step of 200 mA. The total optical spectrum, colour coordinates x, y and
CCT were recorded for each forward current. We used the spectrometer
Avantes HS2048XL together with an integrating sphere for this mea-
surement. The calibration was performed using a tungsten halogen light
source. The problem of using the laser diode for illumination purposes
is a narrow beam of laser. Therefore, we put a glass diffuser (Edmund
Optics 43-725) between the laser diode and the reflector with PDMS for
laser beam diffusion.

3.4. Communication characteristics measurements

The phosphor powders have effect on excitation pulse and cause its
extension in the time domain. The time changes of pulses affect com-
munication possibilities. The time extension of pulse decreases the
frequency of pulses and thus limits the possible bit rate. We therefore
measured time properties of pulses.

The laser diode had to be modulated for the communication char-
acteristics measurements. The signal generator HMF2550 was a source
of the square signal (150 kHz, amplitude 10V, duty cycle 50%). The
output of this generator was connected to the high power mount
TCLDM9 (Thorlabs). This power mount has the RF input (SMA, 50 Q)
including Bias-T for RF modulation of the laser current from 100 kHz to
500 MHz. The frequency of the excitation square signal have to be
greater than 100 kHz due to Bias-T. However, the time properties can
be measured with lower frequency of the square signal. Further, the
laser diode was supplied by the Benchtop LD Current Controller
LDC240C (300 mA). The high power mount TCLDM9 with the laser
diode lay on the table (laser beam aimed at the ceiling). Because the
emitted laser beam is narrow, we used the glass diffuser, which has
been mentioned in previous Subchap. 3.3. This diffuser was put on the
power mount and each reflector with PDMS + phosphor powder was
put on the diffuser. Above the reflectors, there was the Si photodetector
PDA36A-EC (Thorlabs) which converted received optical signal into the
electrical signal. The photodetector output was connected to the oscil-
loscope LeCroy 204Xi, which automatically detected and measured rise
and fall edges of white light pulses.

The rise time is the time, in which the intensity of signal rises from
10% to 90%. Likewise, fall time is the time, in which the intensity of
signal falls from 90% to 10%. In addition, photoluminescence (PL)
decay times were also measured. For the two-level system [38], the
emission rate is given by

dN,

=——==AnN,,

Iem
de (@]

where N, is the number of emitters populating higher level at time ¢,
and A,; is the spontaneous emission rate coefficient. After integration:

N () = N (0)exp(—Au t). )

The number of emitters at any given time could be expressed in
intensity

I(t) = 1(0)exp(=Ax ). 3)
Substituting the emission lifetime 7 = 1/A4,; gives
I(t) = I(0)exp(—t/7). (€]

Thus after a time ¢ = 7 the emission intensity has decreased to
1/e (=0.368) value in time ¢t = 0. 7 is then 1/e emission lifetime [38].

The PL decay times were obtained after data processing. The wa-
veforms of the measured signals were saved by the oscilloscope as a set
of values (time and voltage). These values were then processed in
Matlab, when the low level of saved signals was set to zero and the high
level was set to one. Then the time differences between level ”1” and
level ”0.368” were manually read from each waveform. This time is the
PL decay time.
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4 x10* QMK58/F-U1
—I'=200mA
35 |'=400mA
—I'= 600mA
3r ————1,=800mA

400

450 500 550 600

A (nm)

650 700 750

Fig. 2. Final spectra after excitation of phosphor powder QMK58/F-Ul by
different forward currents.

4. Results of illumination characteristics measurements

The procedure of the illumination characteristics measurement has
been described in Subchap. 3.3. The laser diode L450P1600 MM was in
the continual supply mode. The measured results are in the following
subchapters.

4.1. Phosphor powder QMK58/F-U1
Fig. 2 shows results of measured spectra with the phosphor powder
QMKS58/F-Ul. As has been mentioned above, the forward current was

gradually increased from 200 mA to 800 mA with the step of 200 mA.
The measured values are summarized in Table 2.

4.2. Phosphor powder QMK58/F-U2
The same measurement was also done with the phosphor powder

QMK58/F-U2. Measured spectra are shown in Fig. 3, the colour co-
ordinates and CCT values are in Table 3.

4.3. Phosphor powder QMK58/N-U6
The measurement was repeated with the phosphor powder QMK58/

N-U6. Measured spectra are shown in Fig. 4, the colour coordinates and
CCT values are in Table 4.

4.4. Phosphor powder QUMK58/F-D1
The last measured phosphor powder was QUMK58/F-D1. Measured

spectra are shown in Fig. 5, the colour coordinates and CCT values are
in Table 5.

4.5. CIE1931 diagram

Measured values x and y of the all four phosphor powders for

Table 2

Colour coordinates and CCT of the phosphor powder QMK58/F-U1.
Iy (mA) 200 400 600 800
x (=) 0.3001 0.3008 0.3020 0.3026
y(=) 0.2852 0.2897 0.2944 0.2968
CCT (K) 8090.6 7896.7 7682.2 7580.4
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A 104 QMK58/F-U2
FR— I' =200mA
35 I' =400mA
I, =600mA
3r ————1,=800mA

500 550 600

A (nm)

650 700

Fig. 3. Final spectra after excitation of phosphor powder QMKS58/F-U2 by
different forward currents.
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5 x10* QUMKS58/F-D1
— If =200mA
_— I' =400mA
25 I' = 600mA
e I,:BOOmA

400 450 500 550 600

A (nm)

650 700 750

Fig. 5. Final spectra after excitation of phosphor powder QUMK58/F-D1 by
different forward currents.

Table 3 Table 5
Colour coordinates and CCT of the phosphor powder QMK58/F-U2. Colour coordinates and CCT of the phosphor powder QUMK58/F-D1.
Iy (mA) 200 400 600 800 I (mA) 200 400 600 800
x (=) 0.3335 0.3374 0.3413 0.3445 x (=) 0.3043 0.3019 0.3034 0.3017
y (=) 0.3568 0.3670 0.3764 0.3815 y(=) 0.2430 0.2435 0.2483 0.2461
CCT (K) 5462.2 5318.5 5196.4 5085.8 CCT (K) 10105.0 9711.2 9887.6 9425.2
x10* QMK58/N-U6
—1,=200mA
———1,=400mA
I, = 600MA
————1,=800mA
400 450 500 550 600 650 700 750 Fig. 6. CIE1931 diagram with measured colour coordinates. (For interpretation
A (nm) of the references to colour in this figure legend, the reader is referred to the

Fig. 4. Final spectra after excitation of phosphor powder QMK58/N-U6 by
different forward currents.

Table 4

Colour coordinates and CCT of the phosphor powder QMK58/N-U6.
Iy (mA) 200 400 600 800
x (=) 0.2170 0.2069 0.2036 0.2017
y (=) 0.1122 0.0975 0.0951 0.0942
CCT (K) 1752.3 1652.3 1651.3 1654.4

forwards currents from 200 mA to 800 mA are presented in the CIE1931
diagram, see Fig. 6 and Fig. 7. Differences between the measured values
(for each phosphor powder) are not significant. The values can be
compared by the relation, which is derived from the relative error [43]:
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XIr=200mA — XIy=800mA
A@G) = ¥ i )

100,
XI;=800mA

5)
where x Tp=200mA is the value of colour coordinate x measured by forward
current 200 mA and X1;=800mA is the value of colour coordinate x mea-
sured by forward current 800 mA. This relation can also be applied on
the CCT.

As regards the phosphor powders QMK58/F-Ul and QMK58/F-U2
we can claim that the colour coordinates x and y increase with in-
creasing forward current and CCT decreases. The percentage difference
of CCT values of these two phosphor powders changed by 6.73% and
7.40% respectively. These changes are not recognizable by the human
eye. Moreover, the human eye is not able to perceive the very quick
changes of excitation pulses given by modulation.

It was observed for the phosphor powders QMK58/N-U6 and
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CIE 1931
0.4
QMKS58/F-U2 __#:’_
0.35
0.3 ;#,QMK58/F—U1
S.025¢
w QUMK58/F-D1
© o2}
Planckian locus
o5l + 1,=200mA
+ I,=400mA
0.1 it + + 1,=600mA
QMKS58/N-UB 1 |;=600mA
0.05 ‘ *
0.2 0.25 0.3 0.35
CIE x
Fig. 7. Detailed CIE1931 diagram.
Table 6
Measured times of the white light pulses excited by the laser diode.
rise time fall time decay time
t (ns) ty (ns) tq (ns)
Square signal 6.6 6.8 -
QMKS58/F-Ul 33.7 35.2 32.8
QMKS58/F-U2 35.6 35.9 33.4
QMKS58/N-U6 36.1 36.3 33.1
QUMKS58/F-D1 36.0 36.8 33.8
% 1_; — Excitation pulse
= Compound pulse
£ |
< :
O ) I. .l T H
07, 7 t
Fig. 8. Exciting pulses.
Table 7

Measured illumination characteristics of different concentrations of the phos-
phor powder QMK58/F-U2.

QMKS58/F-U2 1:40 200 mA 400 mA 600 mA 800 mA
x(-) 0.3198 0.3244 0.3274 0.3285
y (=) 0.3310 0.3427 0.3504 0.3531
CCT (K) 6119.4 5859.5 5712.4 5665.9
QMKS58/F-U2 1:35 200 mA 400 mA 600 mA 800 mA
x (=) 0.3335 0.3374 0.3413 0.3445
y (=) 0.3568 0.3670 0.3764 0.3815
CCT (K) 5462.2 5318.5 5196.4 5085.8
QMKS8/F-U2 1:30 200 mA 400 mA 600 mA 800 mA
x (=) 0.3388 0.3410 0.3432 0.3434
y (=) 0.3679 0.3749 0.3805 0.3814
CCT (K) 5270.9 5204.2 5139.3 5133.0
QMKS58/F-U2 1:25 200 mA 400 mA 600 mA 800 mA
x (=) 0.3420 0.3472 0.3470 0.3490
y (=) 0.3717 0.3843 0.3848 0.3897
CCT (K) 5162.7 5018.1 5027.0 4974.7

QUMKS8/F-D1 that all measured values decreased with increasing
forward current. The percentage difference of CCT values of these two
phosphor powders changed by 5.92% and 7.21% respectively.
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Generally, it is safe to say that in the case of all four phosphor
powders the changing forward current does not have any important
influence on the CCT of white light because the differences are small. It
is very suitable for communication purposes, because the CCT does not
change with the change of the intensity of excitation pulse. The ex-
citation pulse can be modulated by some amplitude modulation.

The main result is that the most suitable phosphor powder for the
creation of white light is the QMK58/F-U2, its average CCT was 5265 K.
This light is usable for illumination purposes. Further, we measured the
communication characteristics of all phosphor powders. This mea-
surement is described in the following chapter.

5. Results of communication characteristics measurements

The procedure of the communication characteristics measurement
has been described in Subchap. 3.4. The laser diode was switched on
and off for measurement of time parameters. At first, we measured the
rise and fall times of a square pulse from the signal generator. Then we
gradually measured the rise, fall and PL decay times of the white light
pulses created by the laser excitation of the PDMS + phosphor pow-
ders. The amplitude of this signal was 500 mA in on-state and 100 mA
in off-state. The frequency was 150 kHz.

Table 6 shows the measured results of rise, fall and PL decay times.
Presence of phosphor powders causes extension of the rise and fall edge
and the pulse is thereby extended in the time domain.

We can calculate the maximal frequency of excitation pulses from
the measured values. The following excitation pulse cannot appear
earlier than the previous pulse stops shining. That means the time delay
between the end of the exciting pulse and the beginning of the fol-
lowing pulse has to be longer than the fall time of the phosphor powder
emission, see Fig. 8 (the blue curve is the excitation pulse and the
yellow curve is the compound white light pulse). Otherwise, the In-
tersymbol Interference (ISI) can appear. The maximum frequency of the
blue exciting laser diode is determined by the relation:

1

fmax - )

215 (6)

on condition that the duty cycle is 50%. In case of a smaller duty cycle,
the frequency can be higher. However, the type of exciting pulse was
not carried out in this measurement.

Maximum frequency of the excitation pulses for the phosphor
powder QMK58/F-U1 is 14.2MHz, for QMK58/F-U2 13.9 MHz, for
QMK58/N-U6 13.8 MHz and QUMK58/F-D1 13.6 MHz. The bandwidth
of VLC systems based on phosphor-converted LEDs reach the bandwidth
approximately 2 MHz [44], [45]. If the excitation source is the laser
diode instead the LED, the frequency of excitation pulses can increase.
The phosphor powder QMK58/F-U1l showed the highest possible fre-
quency, but its illumination characteristics are not usable for VLC.
Therefore the QMK58/F-U2 is preferable.

It can be said that according to Table 6 that the communication
properties of the tested phosphor powders are very similar. From the
communication point of view, it does not matter which phosphor
powder is used for white light creation. The phosphor powder QMK58/
F-U2 showed the best illumination characteristics (the communication
characteristics are very similar). Further, we got an idea to test another
concentrations of the PDMS + phosphor powder which is described in
the next chapter.

6. Influence of concentration of QMK58/F-U2 on illumination and
communication characteristics

The previous measured phosphor powders were prepared in weight
ratio 1:35 (phosphor powder:PDMS). The illumination characteristics of
all four phosphor powders were different. In contrast, the commu-
nication parameters were very similar. The best illumination char-
acteristics with regard to the CCT of created white light were observed
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Table 8
Measured times of different concentrations of the phosphor powder QMK58/F-
U2.

rise time fall time decay time

t, (ns) tf (ns) tq (ns)
QMKS58/F-U2 1:40 37.2 37.6 34.8
QMKS58/F-U2 1:35 35.6 35.9 33.4
QMK58/F-U2 1:30 33.9 34.2 32.2
QMK58/F-U2 1:25 33.1 33.4 31.6

with the phosphor powder QMK58/F-U2, we therefore tested the in-
fluence of its concentration on the illumination and communication
parameters. We created samples with concentrations 1:40, 1:30 and
1:25 as a supplement to the concentration 1:35.

These measurements showed that the illumination characteristics
depend on the concentration of the phosphor powder. The more of
phosphor powder in PDMS, the more of the exciting light is spectrally
shifted and the final light is warmer. In comparison, natural daylight
has CCT around 6500 K. The results of the colour coordinates and CCT
are in Table 7.

The communication characteristics are summarized in Table 8. The
PL decay times of all four concentrations of the phosphor powder
QMKS58/F-U2 were very similar and therefore their influence on the
communication characteristics is similar as well.

It is evident, that the concentration of phosphor powder only affects
the illumination characteristics. The measured times tend to shorten
with the lower concentration, but the changes are not significant.

7. Conclusion

In this article, we evaluated the illumination and communication
characteristics of four phosphor powders (QMK58/F-U1, QMK58/F-U2,
QMK58/N-U6 and QUMK58/F-D1) to use in the VLC. The phosphor
powders QMK58/F-U1l, QMK58/F-U2, QMK58/N-U6 have the same
chemical composition (Table 1), the last phosphor powder QUMKS58/F-
D1 additionally contains gadolinium Gd which causes the red shift of
the Ce®** emission. The tested phosphor powders were mixed in PDMS
and hardened in a reflector. This makes it possible to test more phos-
phor powders or change their concentration. At the beginning, all
phosphor powders were prepared in concentration 1:35. The results of
the illumination characteristics measurements showed that the amount
of forward current does not have a significant influence on spectral
properties of the created white light. This is very beneficial for com-
munication purposes because the intensity of excitation pulse can
change without having any significant effect on the CCT. The excitation
pulse can be modulated by some amplitude modulation. The phosphor
powder QMK58/F-U1 excited by the blue laser light created the white
light with CCT around 7800 K, CCT of the phosphor powder QMK58/F-
U2 was around 5200 K. CCT of phosphor QMK58/N-U6 was around
1700K and CCT of the last phosphor powder QUMKS58/F-D1 was ap-
proximately 9800 K. The results of the communication characteristics
showed that there are minimal differences between the phosphor
powders and all have similar influence on signal pulses. The conclusion
is that the most suitable phosphor powder is QMK58/F-U2 for illumi-
nation and communication purposes. Therefore, we also tested the
other samples with the different concentrations of this phosphor
powder. The other concentrations were 1:40, 1:30 and 1:25 as a sup-
plement to the concentration 1:35. The illumination and communica-
tion characteristics were measured again. The results of the illumina-
tion and communication characteristics with different concentrations of
the phosphor powder QMK58/F-U2 are similar. Further, we will deal
with optical design for a better connection of the laser diode and the
phosphor powder layer and the use of the higher modulation formats
than On-Off Keying.
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ARTICLE INFO ABSTRACT

Keywords: This article describes the possibility of using the Software Defined Radio (SDR) for modulation of the optical laser
owc beam by advanced m-PSK and m-QAM modulations with regard to influence of simulated atmospheric effect, in
ll:/ISC; Jation f . our case rain in simulation acrylate box. There were tested the laser sources emitting the wavelengths 650 and
US?R; ation forma 850 nm for comparison their behaviour in simulated atmospheric effect: rain (heavy, light, drizzle). By the help
EVM of the equipment NI USRP 2920 we could flexibly and sophisticated change the modulation formats without
MER a necessity of creating complex electronic circuits ensuring modulation and demodulation of communication

wireless signal. To make conclusions regarding the use of SDR for OWC, we performed a variety of tests in order
to determine the resistance of the modulation formats to the simulated atmospheric effect with the aid of the
Error Vector Magnitude (EVM) and Modulation Error Ratio (MER) parameters.

1. Introduction

The Free Space Optical (FSO) systems became the one of the main
pillar of alternative communication in the modern telecommunication
networks because thanks them we can provide high data rates between
network nodes. Nowadays, mobile operators as well as Internet Service
Providers (ISP) search for new methods to provide pervasive (anytime,
anywhere) access to mobile Internet end users. Conventional wireless
technologies based on radio waves (Wi-Fi, WiMAX or mobile networks
4G or 5G) are burdened by the strict regulation of the frequency bands
imposed by the national telecom regulators as well as international
regulators [1-3]. This disunity of frequency band, elimination of free
band, and reduced possibilities in increasing transmission speeds have
led to the search for new means of communication technologies. Most
recently, more attention is being dedicated to taking advantage of opti-
cal wireless systems, namely Free Space Optical (FSO) communication,
for outdoor static usage [4]. The FSO communication systems use laser
diode or LEDs to produce a signal in near infrared range, i.e., they
are operating at 780-900 nm and 1500-1600 nm for their working
[5]. The wavelength 1550 nm is generally preferable to use in FSO
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system because the human eyesight is more resistant against the dam-
age. However the wavelength 850 nm is also used. This wavelength is
used due to good transmission features of the atmosphere. Laser diodes
used in FSO communication systems are: vertical cavity surface emit-
ting laser (VCSEL) at 850 nm, Fabry-Perot at 1550 nm, distributed
feedback lasers (DFB) at 1550 nm and Nd: YAG at 1064 nm, which
systems TESAT use [6-8].

The FSO connection offers obvious advantages over other commu-
nication systems and allows for the possibility of using non-licensed
frequency bands in the visible or invisible parts of the spectrum also
potential large bandwidth, license-free operation, high security and
interference immunity [9]. At the same time these systems are join-
able to the current data networks (there is protocol transparency to
the other network types) and there is not any need of special protocol
convertors. The advantage of wireless optical systems is their possibil-
ities of network topology, namely Point to Point (P2P) connection or
Point to Multipoint (P2MP) connection, which is in principle the anal-
ogy of wireless radio networks. The FSO is realized in the troposphere,
which is 7 km high in the Polar Regions and 17 km around the Equator
[10,11].
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The atmosphere is the medium of transmission for both radio and
FSO telecommunications technologies, it is essential to consider a vari-
ety of physical atmospheric effects, including rain, fog, turbulences (air,
thermal), smog, snow, haze, and others [12-16]. The inherent charac-
teristics of some of these effects cause complete disconnectivity for the
whole duration of their presence and activity. Therefore the most of out-
door FSO links has a system based on radio waves, which compensates
a possible downgrade of the atmosphere as a backup communication.
While rain, which decreases the power level of the transmitted signal,
causes the biggest problem for radio systems, fog or heavy snow can
also produce considerable complication for FSO communication sys-
tems [17]. With temperature and pressure fluctuations, the refractive
index changes on the trace between two optical heads of FSO system.

These fluctuations in signal intensity, known as scintillations, could
dramatically reduce the intensity of modulation with direct detection
(IM/DD) in FSO communication systems even during clear weather
[18]. The early phases of construction and development of the FSO
communication systems necessitated searching for a link code, or a
modulation of proper format, which would be resistant to several types
of atmospheric effects. The On-Off Keying (OOK) format in combina-
tion with Return-to-Zero (RZ) or Non-Return-to-Zero (NRZ) coding was
selected as the easiest modulation format.

The FSO communication systems are now well placed in commercial
space primarily due to their simplicity of fabrication, relatively sensi-
ble bandwidth usage, and effectiveness as well as the simplicity of their
peripherals. It is advantageous to use OOK modulation with RZ cod-
ing rather than with NRZ coding because the former scheme makes
it possible to synchronize lower power transmission in the receiving
part of the FSO. Although, the OOK is the simplest modulation for-
mat, it is very sensitive to atmospheric turbulences during, which the
receiving optical power fluctuates greatly, and this significantly impacts
the decision-making level of the FSO system [19-22]. The other types
of modulation formats that have been considered for communication
in FSO systems are Pulse Position Modulation (PPM), Phase-Shift Key-
ing (PSK), Differential Phase-Shift Keying (DPSK), Differential Quadra-
ture Phase Shift Keying (DQPSK) and Frequency Shift Keying (FSK)
schemes [23-25,27]. The advantage of these types of modulation for-
mats is mainly their better utilization of optical beam power during
turbulences, as compared to the OOK. At the same time, opportuni-
ties for using the Polarization Shift Keying (PolSK) modulation format
have arisen. This alternative scheme, by presenting high resistance to
laser phase noise, is less susceptible to frequency chirp. PPM is excellent
alternative modulation format but with poor bandwidth-efficiency. The
main outputs from measurements of PPM against atmospheric turbu-
lences were done in research [30]. At Subcarrier Intensity Modulation
(SIM) we use several digital input streams modulated by various sub
carrying radio frequencies (RF) [26]. Thanks to this arrangement, the
adaptive voltage threshold is not as necessary as it is in the OOK mod-
ulation in FSO communications systems. With the utilization of SIM we
can achieve better capacity in FSO systems and to mitigate turbulence-
induced signal scintillation [28]. Diversity, forward error checking,
and Subcarrier Time Delay Diversity (STDD) techniques decrease the
impact of scintillation on the optical beam [29]. Many research teams
have dealt with development and using of different types of modula-
tion formats with the aim of achieving of better parameters: increas-
ing of power efficiency, increasing of bandwidth, increasing of data
rate, decreasing of BER, resistance against the atmospheric effects etc.
[31-35]. The most of articles focus on measurement or simulation of
atmospheric turbulences, which have together with a fog absolutely the
greatest influence on FSO systems [36-52]. As well the possibilities of
using xXWDM systems for suppression of undesirable atmospheric effects
on FSO systems were studied [53].

However, some articles deal with problem of influence of rainfall on
radio or optical systems, which is the main contribution of this article.
Maha Achour have dealt with rainfall simulation in 2002, he set models
for attenuation caused by rainfall, rainfall totals, he defined a velocity
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of falling drops with different sizes [54]. Fatin Hamimi Mustafa et al.
dealt with influence of rainfall on FSO systems in Kuala Lumpur region,
they analyzed data for heavy rain and light rain or drizzle from 2001
[55]. Another team [56] studied some different models of attenuation
of rainfall at the same place during one year. From the measured of rain-
fall totals they made models predicted behaviour of FSO in comparison
with models according to ITU-R P.838, R. Based on measurement [57]
and Mie theory it was observed that the attenuation does not depend on
the wavelength. Zvanovec’s article [58] studied the influence of rain-
fall on diversity of FSO systems. Based on data obtained from Czech
Hydrometeorological Institute (CHMI) the simulations of behaviour for
different rainfall totals were done. The influence of rain drops on wave-
lengths 532 and 655 nm was studied in Ref. [59]. It was found that
the attenuation increases nonlinear with linear increasing velocity of
rain drops. It was also found that the rainfall more effects on wave-
length 532 nm. Influence of velocity of rain drops for region Chang-
sha, China was studied in Ref. [60]. There was used Spectrum Sliced
Wavelength Division Multiplex (SS-WDM) for heavy rain. The results
of simulations showed that using of SS-WDM, data rate 1.56 Gb s,
laser diode 1550 nm, optical power 0 dB can reach distance 2.5 km
with BER = 9.816 - 10~!!. WDM without Spectrum Sliced technique
reached BER = 1072 equal to in simulations, optical power 10 dBm at
the same distance.

This article focuses on behaviour of optical wireless link, which
was created in laboratory conditions under effect of rain drops sprayed
from three types of calibrated nozzles. These nozzles can create heavy
and light rain and drizzle, which effect on the optical modulated beam
passing through the acrylate box. In our experiment we tested the fol-
lowing modulation formats: QPSK, 8PSK, 16PSK, Z DQPSK, 4QAM,
16QAM, 32QAM and 64QAM. The communication quality and influ-
ence of rainfall/drops is evaluated for different types of modulation for-
mats together with parameters MER and EVM. For more detail under-
standing of done experiments and their evaluations we applied the sta-
tistical tools on measured data.

This article is composed from the sections, which describe experi-
mental works: Section 2 describes basic mathematical relations, which
define the attenuation caused the rain drops defined by recommenda-
tion ITU-R P.838-2. Next Section 3 describes measuring arrangement
and used components. The Section 4 describes used types of modula-
tion formats and defines parameters EVM and MER. Following Section
5 deals with practical measurement and obtained results, which are
worked up in dependence for MER for different wavelengths, modula-
tion formats together with setting of rain. The next to the last Section 6
deals with statistical evaluation of measured data (EVM and MER) and
their mutual correlation between modulation formats and other param-
eters. The last Section 7 describes conclusions of experiments.

2. Mathematical definition of rainfall attenuation

The rain is water-fall falling from cloud in drop shape with diame-
ter from 0.2 to 7 mm, greater drops are unstable and decay. The rain
consists of hydrometeors, which are classified as liquid vertical water-
fall. The rainfall is very often meteorological effect, which significantly
effect on transmission. However, the rain above all causes decreasing
of FSO range and has smaller influence than fog. This is caused that
the diameter of drops is considerably greater than wavelength of light.
Laser beam can pass through rain drops with smaller scatter against
particles making fog, which are very small and stay longer in the atmo-
sphere. Each drop become a new source of secondary radio waves (Huy-
gens principle), the energy dissipates in undesirable directions and also
it happens the deploy the polarization plane, it is origin of direct polar-
ization or depolarization of passing electromagnetic wave.

By the calculation of rainfall attenuation it is taken into account the
attenuation factor calculated on unit of length. The attenuation factor of
rainfall was analyzed and studied during the data transmission through
the FSO system. Models of rainfall attenuation are defined by the help
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of experimental methods or objective method. Especially for higher fre-
quencies above 10 GHz it is spoken about the real atmosphere (fog,
rain, snow, ...) where appears influence of rain drops for radio links
(RF). As well the rain drops change polarization of electromagnetic
waves in RF, which leads to power loss [61,62].

The rainfall for FSO has a character of non-selective scatter. It hap-
pens on particles much larger than wavelength (size parameter where
2 >> 1). These particles are great particles of fog, rain, snow or

x
hailstones. The non-selective scatter can be expressed by relation:
a

)

where: a - radius of rain drop (0.001-0.1 cm), Quqeering - Scatter-
ing coefficient (=2) sometimes defined as Mie attenuation coefficient,
N, - distribution of rain drops (cm™3), A - wavelength of laser source
(m). Distribution of rain drops can be calculated by following relation
[54]:

Xog =

Brain=7" a*- Ng- Qscatteri"g ' ( @

R

Ny=— 2 2
@T 13374V, @

where: R - rainfall intensity (cm s~!), V, - rainfall velocity given by
relation [54]:
_2apg_ 1.210%42,

v, 5y

3)
where: p - water density (p = 1 gr cm™3), g - gravitational constant (g =
980 cm s~2), 5 - air viscosity (n =1.8- 1074 gr (cm s)™1). According to
above mentioned values we can say that exists p 2z, gram of water fall
per cm per second, and that the number of drops in V, cm?® is given by
the following equation [54]:

2q
Xe= 5
37

4

a3

where z, is the rainfall rate (cm s of a drop size of radius a (mm).
The final rain attenuation expressed by attenuation can be calculated
by relation [54]:

7 = eXp(—PrainL)- 5)

The rain attenuation can be modelled by following relation called Car-
bonnean relation defined in ITU-R P.838-2 [63]:

@gin = kR = 1.076 R/ (dB-km™), (6)

where: R - rainfall (mm hr~1). Above mentioned relation Eq. (6) has the
same coefficients for all values of rainfall totals. Article [63] defines a
similar model but its coefficients also depend on rainfall intensity. This
model in comparison to Eq. (6) has smaller error of estimated attenua-
tion against measured attenuation. These coefficients are in Table 1.

In ITU-R [64] methods, it is recommended that the rainfall needs to
be measured at interval of 1 min in order to determine the rain rate
[9]. Values k and a in Carbonnean model are predicted according to
measurements done in France. However, the measurements are based
on very low rainfall intensity in comparison to rainfall in tropic regions.
The regions have different rainfall intensity. In UK, heavy rain means
5 mm hr~! whereas heavy rain in tropic region is 200 mm hr~!. Many
raindrop-size distributions have been proposed. Marshall and Palmer
[2] proposed the following well known empirical expression by fit-
ting their data and the Laws and Parsons data. Their data was taken

Table 1

Coefficients for relation Eq. (6) according rainfall totals [64].
Rainfall totals R (mm hr~!) k a
120 to 160 11.296 0.1683
103 to 120 0.2961 0.9300
70 to 103 0.2791 0.9471
12t0 70 0.4195 0.8486

186

Optical Switching and Networking 33 (2019) 184-193

in Ottawa, Canada in 1946 using the filter paper method. The fit of this
distribution to the experimental points was not very good for drops less
than D = 1 mm [65]. Parameters k and a according to Marshal-Palmer
and Joss distribution are based on drop size. For this we have to know
negative exponential approximation of drop spectrum N(D) [66]:

N(D) = Ny exp(—AD) mm ™1 7# m~3, @

where D is the diameter in mm, N, (mm~! m=3) and A (mm™!)
are empirical parameters. The typical value N, for average rain is
8000 m~3 mm™) [66]:

A=41-R %1 mm.

®

A decreases with increasing rainfall intensity R (mm hr~!). The
rainfall intensity R can be calculated as:
AH
R=60- AL
The rain intensity that has the integration time t minutes i.e. R, is
also called “the (average) t - minute rain intensity”, AH is the rain-
fall amount increment (mm). Further for calculation of Marshal-Palmer
and Joss distribution we use relation Eq. (8) put in Eq. (7) and final
formula is given by relation [66]:
-4.1-D )
RO-21

9

N(D,R) = 8000 - exp ( (10)

where then N(D, R) sets the account of drops with effective drop diame-
ter in interval (D to D + dD) in unit of volume. It is given in units cm™4.
If we know the distribution and size of rain drops in space we then
know what happens by interaction of one drop with electromagnetic
wave. We are able to set the attenuation or wave scattering. The total

attenuation A is given by integration of attenuation factor on trace [58]:

L
A= / a(bdl,
0

where L is length of an optical link. This model for calculation of atten-
uation is mostly used for statistical calculations usually for yearly or in
worse case monthly attenuation predictions.

an

3. Experimental workplace for simulation of rainfall

We constructed a system for creating a rainfall with special cali-
brated nozzles. In this system we studied behaviour of the modulated
optical beam affected by rainfall. There were used three nozzles with
spray of full cone. The nozzles spray particles with different sizes but
this information is not given by manufacturer. The nozzles are labelled
90B2FP6.5, 90B1FP3.5 and 90B1FP1.0.

Thanks to the three different nozzles we can observe how the param-
eters change according size of sprayed particles. The measurements
were done in acrylate box with sizes 0.5 x 0.5 % 2.5 m (thickness of
the acrylate box is 0.5 cm). In this acrylate box there was placed a
supporting structure for mounting the nozzles. The water was pumped
from tank by pump Gardena type 5000/5 in a water distribution, which
leads water to the nozzles. The water distribution includes a regulator
Siemens SSD31, which is controlled by a program created in LabVIEW.
The regulator controls the flow of water a thereby sets the rainfall.
Water from regulator passes through a flowmeter for monitoring the
water flow. The flowmeter Biotech 150189 sends square pulses. The
program set the water flow according to the account of pulses. Further
the water goes through splitter in four lines. These lines were same
long for the same pressure in the each nozzle. Three lines are ended by
nozzle, the last fourth serves for control pressure measurement ensur-
ing stable conditions in lines. The nozzles are mounted on adjustable
holder therefore the positions of nozzles could be changed. The dis-
tance between nozzles was 0.6 m, distance to the ends was 0.65 m.
The whole system is in Fig. 1.

We have mentioned above that we did not know the sizes of drops
therefore we measured it by the help of the high-speed camera. In the
experiment we measured the droplets from one nozzle. The following
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Fig. 1. Scheme of system for rain simulation.

Fig. 2 shows the nozzle type 90B1FP1.0. Software Fiji can measure sizes
by the help of reference distance. The software analyzed 20 drops in
figure, the average size of drop was 460 pm. The drizzle is defined for
drop size smaller than 0.5 mm, which answers the measured nozzle.
Above we presented the parameters, which describe the workplace
for simulation of rainfall. In the following text we present information
about the whole experimental arrangement for measurement of rainfall
on modulated optical beam. The laser diode with drivers and photode-
tector were placed outside the acrylate box. The laser diode was aligned
in the center of the acrylate box. The scheme is in the following Fig. 3.
The modulation of laser diode was done by the help of USRP NI
2920, which sent data signal to the laser diode. There were used
two laser sources emitting 650 and 850 nm (type U-LD-650543A and
L850P010), detail information in Table 2. Laser beam passes through

USRP Demodulator

2.5m
o B Laser |,
(Photo Beam| ny
Detector) Nozzle Nozzle Nozzle (Laser Diode)

Fig. 3. Scheme of measurement.
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acrylate box in, which was affected by the rainfall. Based on mea-
surement of the water flow through the flowmeter Biotech 150189
for our prepared system of rain simulator we then used by calcula-
tion of rainfall totals for different types of nozzles and valve open-
ings (50 or 100%). There were set two water flows (100% and 50%
valve opening) for each nozzle and for each modulation. The water
flow and pressure were following by 100% valve opening: 8.3 1 min~!
(498 mm hr~1) 0.7 bar for heavy rain, 6.3 1 min~! (378 mm hr~1)
2.3 bar for light rain and 1.6 1 min~! (96 mm min~1) 4.1 bar for
drizzle. For 50% valve opening: 5.3 1 min~! (318 mm hr~!) 0.4 bar
for heavy rain, 3.6 1 hr™! (216 mm hr~!) 1.8 bar for light rain and
1 1 min~! (60 mm hr~!) 3.7 bar for drizzle. Totally there were 6
measuring steps for each wavelength. Affected modulated laser beam
impacted on the photodetector Thorlabs PDA10A-EC (with technical
parameters: Si Fixed Gain Detector, detection of light signals ranging
200-1100 nm, 150 MHz Bandwidth, active detection area 0.8 mm?2)
[67]. Electrical signal from the photodetector went to the second USRP
NI 2920 unit.

We have mentioned that the modulations were created in USRP
units controlled by LabVIEW. We created a program for PSK and
QAM modulations and demodulations. Further we set communication
parameters: center frequency, pre-filter gain and symbol rate. After the
demodulation the program shows constellation diagram, eye diagram
and numeric parameters MER and EVM.

The setting for measurement was following:

e IP address: 192.168.10.2 (modulator) and 192.168.10.3 (demodula-
tor).

Center frequency: 50 MHz.

Gain: 0 dB.

Symbol rate: 500 kHz.

Shape filter: none.

Number of symbols: 500.

The measurement was following. We used both wavelengths. The
measurement of each modulation took 5 min. By the help of explo-
ration analyse it was calculated the mean values of MER and EVM.

4. Types of modulation formats and description of qualitative
parameters of modulations

We used several types of modulation formats in our experiment:
QPSK, 8PSK, 16PSK, % DQPSK, 4QAM, 16QAM, 32QAM and 64QAM
for testing their features against rainfall in point of view MER, EVM and
constellation diagrams. Below there is a description of M-PSK and M-
QAM modulations together with explanation of qualitative parameters
MER and EVM.

4.1. Phase modulation (M-PSK)

Phase shift keying is a technique, which changes the phase of car-
rier wave. BPSK modulation has two changes of phase, the first change
means log. 1 and other log. 0. If the input signal changes from one level
to the other, the phase of output signal is changed into value z. The
demodulator has to detect the phase change and these changes con-
vert to the original symbols. This is possible by two ways. The first

Table 2
Parameters of used laser sources.
Laser Power Wavelength Beam divergence Beam divergence Operation
type (mW) (nm) for parallel for perpendicular  Current
emitting emitting (mA)
U-LD-650543A max. 5 650 12 42 max. 25
L850P010 max. 10 850 8 30 max. 70
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way is comparison of received signal with reference signal. This way
is called as coherent detector. BPSK has only two states. That means
that one symbol equals one bit and therefore this modulation is called
as 2PSK. There are also more state M-PSK modulations, which carry
in one symbol more bits. These more state modulations are less robust
than BPSK. Very often used more state modulations with phase shift
keying is QPSK or 8PSK. Variant QPSK uses four states, each state maps
two bits in one symbol. QPSK has double bit rate in comparison to BPSK
with the same bandwidth. Differential phase shift keying has an advan-
tage that receiver does not need any reference signal for demodulation.
It demodulates on basis previous state of input signal. Using of differen-
tial keying at transmitter means that a bit with log. 1 will be transmit
with phase shift = regard to previous phase and bit with log. 0 will be
transmit without phase change [68]. More state phase shift keying M-
PSK assumes carrier signal, which phase can have M different values
[68]:

5i(t) =1/ 2TE cos <27zfct+ %

Because these signals could be resolved into two orthogonal parts, the
base is made by two signals [68]:

> i=0,1,....M-1. 12)

= \/g cos2zf.t),  0<t<T, (13)
and

$a(t) = \/g sin(2zf.t),  0<t<T, (14
where |[cos2zf.t)|| = % is relation for norm of harmonic signal, har-

monic signals with phase 0 and = represent bits 1 and 0 and they are
then normed and multiplied by a factor \/E_ , where Ej, answers energy
of signal for one bit, T}, is period of one bit. The period T and time of
one bit T}, are given by relation T = mTj, m bit word. The other possibil-
ity is modification of basis QPSK in % DQPSK (Differential Quadriphase
(Quadrature) Shift Keying). It has two advantages: the information is
hidden in phase change, which enables non-coherent receiving. More-
over, it limits effect of parasitic amplitude modulation. For nth symbol
the phase is defined by relation [68]:
¢ = p(n—1) + Ad(n), (15)
where possible phase changes are A¢(n) = {z/4,—x/4,37x/4,-3x7/4},
which answers dibits {00,01,1 0,1 1}.

4.2. Quadrature amplitude modulation (M-QAM)

This modulation combines the principle of phase and amplitude shift
keying when each symbol is composed of several carrier periods and
is determined by amplitude and phase. Plentifully, this modulation is
above all used in radio technique with large orders M. It is also possible
to look two independent amplitude modulations: in phase and quadra-
ture part. Generally, it is possible to use two types of constellation dia-
grams: square or circle. Mathematically, the QAM signal can be written
as [69]:

sit) =1/ 2%@- cos(2zf,t) + 1/ Z%bi sin(2zf,t), 0<t<T,

where E, is energy of signal with the lowest amplitude, a;,b; are the
integral number determine position of points in constellation diagram.
It has been mentioned, M-QAM can be understood as two L-ASK modu-
lations (in I a Q part), whereas L = \/1\_/1 Position of points in constella-
tion diagram with values can be expressed in matrix [69]:

aae)
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(-L+1,L-1) (-L+3,L-1) L-1,L-1)
(-L+1,L-3) (-L+3,L-3) (L-1,L-3)
{a;,b;} = . .
(-L+1,-L+1) (-L+3,-L+1) (L-1,-L+1)
a7

4.3. Qualitative parameters of modulations

We have some parameters, which enables us to evaluate how the
modulated optical wave was affected by negative effects from transmis-
sion environment. These parameters are Modulation Error Ratio (MER)
and Error Vector Magnitude (EVM). Both these parameters are related
to constellation diagram. In ideal constellation diagram there are only
two ideal points. In real there are plenty of points around ideal point
therefore the point seems to be spread, see Fig. 4.

4.3.1. Parameter MER

Parameter MER is defined as a ratio of sum of amplitude square
of ideal symbol vectors to sum of amplitude square of error symbol
vectors. This parameter is analog to SNR in digital modulated signal
and it is usually expressed in dB unit. It could be seen in Fig. 4 [70]:

oL (B@)

MER = — a S
T[4 -2+ -2

a8

where: I; is component size of ideal symbol on axis I of constellation
diagram, I; is component size of real symbol on axis I of constellation
diagram, 5] is component size of ideal symbol on axis Q of constellation
diagram, Q; is component size of real symbol on axis Q of constellation

diagram.

4.3.2. Parameter EVM

Parameter EVM defines distance between actually measured symbol
vector and ideally symbol vector. EVM means Root Mean Square (RMS)
of error values of separates states. The result can be also expressed in
dB like MER, but more frequent is expression in % [70]:

Vulo-1r+@-ay]

EVMgys = . -100 (%), (19)
smax
where: s_,,, is amplitude of vector in constellation diagram, 7] is com-

ponent size of ideal symbol on axis I of constellation diagram, I; is
component size of real symbol on axis I of constellation diagram, 6,
is component size of ideal symbol on axis Q of constellation diagram,
Q; is component size of real symbol on axis Q of constellation diagram.

Real measured Ideal Constellation Diagram

Q _symbol Q)
Qiampitadef M . .
Error '
H Error 7
. vector
_ Ideal symbol . o
Q]. —————————————— qoeees position
' Real Constellation Diagram
: q .
3 8. %
T
Phase . ot
Error ! ! B, el
IJ Tj I

Fig. 4. Graphics representation of error vector [70].
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5. Measurement results of rainfall simulation by the help of
different nozzles on modulated optical beam evaluated by
qualitative parameter MER

The measurement was performed according to the scheme shown
in the Fig. 3. With the help of explanation analysis were are created
graphs of the MER dependence on the different modulation formats
and rainfall intensity (heavy, light, drizzle) for visual comparison.

Fig. 5 shows graph of PSK modulations according to rainfall type for
valve opening 100%. From our performed experimental measurement,
we have found that most significant influence on the communication
quality had light rain for wavelength of 650 nm. It is caused by two
effects, firstly, smaller sizes of water droplets during light rain, which
scatter light beam with given wavelength more than rain with bigger
droplets in case of other used jets. These results are corresponding with
theoretical expectations, which are saying that electromagnetic wave
is scattered more on obstacles with dimensions similar to used wave-
length. Secondly it is necessary to take in to account that on smaller
droplets is light beam more bended and deflected then in case of larger
droplets. This effect causes for the part of light beam its deflection, thus
power loss and communication parameters degradation. In our case it
was observed by worsening of MER for different PSK modulation types
during our experiment. It seems that wavelength 850 nm is more resis-

MER values for different rains and PSK modulations, 100% valve opening

) ——heavy rain 650nm\
x 14F - - -heavy rain 850nm
% light rain 650nm
light rain 850nm
13¢ —— drizzle 650nm
= = =drizzle 850nm
12r
11
0 1 1 i
PSK 8PSK 16PSK 7/4ADQPSK

Modulation type

Fig. 5. MER according to rainfall type and modulation PSK, valve opening 100%.

MER values for different rains and QAM modulations, 100% valve opening
201

—— heavy rain 650nm

- = -heavy rain 850nm
light rain 650nm

~< light rain 850nm

S~ —— drizzle 650nm

~ - = - drizzle 850nm

18% =~

MER (dB)

I I i
16QAM 32QAM 64QAM

Modulation type

48AM

Fig. 6. MER according to rainfall type and modulation QAM, valve opening 100%.
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tant. For the light rain, the most resistant modulation was % DQPSK.
Further were QPSK and 8PSK modulations. Modulation 16PSK reached
the worst values. Heavy intensive rain had lower influence, MER val-
ues were steady for all modulations and also there is not a great dif-
ference between used wavelengths. Drizzle had the lowest influence.
There was the best modulation QPSK and 8PSK and the worst was %
DQPSK, which was the most resistant on the contrary to previous two
types of rainfalls.

Fig. 6 shows graph of QAM modulations according to the type of
rainfall for valve opening 100%. The same like PSK modulations also
there the wavelength 850 nm is less influenced than 650 nm. Also the
light rain was the worst for QAM modulation. The most resistant was
4QAM modulation. Interesting is that 64QAM obtained better results
than 16 and 32QAM. The most resistant was duly 4QAM and further
according to account of states from lowest to highest.

Figs. 7 and 8 show results for valve opening 50%. The water flow
decreases therefore the optical beam was less influenced and MER
improved. The behaviours of modulations are comparable with results,
which were obtained for valve opening 100%.

From the point of view of difference between reference state and
heavy rain the lowest influence had 16QAM for 650 nm and QPSK for
850 nm and for light rain QPSK for 650 nm and 850 nm for 4QAM.

MER values for different rains and PSK modulations, 50% valve opening

o
i’ B ——heavy rain 650nm
w - - -heavy rain 850nm
= 15 light rain 650nm
light rain 850nm
14 ——drizzle 650nm
- - —drizzle 850nm
134
12 I | I
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Fig. 7. MER according to rainfall type and modulation PSK, valve opening 50%.

MER values for different rains and QAM modulations, 50% valve opening
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Fig. 8. MER according to rainfall type and modulation QAM, valve opening 50%.
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Heavy rain (650nm)
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Heavy rain (850nm)

Fig. 9. Visualization of MER measured data

through box diagram.

MER (dB)

and Z DQPSK. According the results, PSK modulations are more resis-
tant than QAM. The best for 850 nm was QAM modulation, further
8PSK, QPSK and % DQPSK.

6. Statistical analysis

The following section deals with data analyse and description by the
help of statistical methods. The basic visualization of measured data
was done through box and whiskers plot for groups of measurements,
which embody statistically significant dependence. Figs. 9-12 show
MER resp. EVM measurements for wavelengths 650 nm and 850 nm.
We used method Analysis of variance ANOVA for comparison of modu-
lations, valve openings and wavelengths [71].

The result of the analyse was a finding that the statistically signifi-
cant group was simulation of heavy rain. At first, the normality of data
was tested in analyse. This test showed that in the data did not come
from normal distribution in 95%. Further we tested a zero hypothesis
of equality of mean values:

(20)

Hoy @ py =, Hpipg # py

The result is origin of dependence groups, which were further tested
on equality of variance (data homoscedasticity):
Hy :01 =0y Hyy:

01 # 0y 21

The measured data do not come from normal distribution we had to
use non-parametric type of ANOVA, so-called Kruskall - Wallis test. For
the groups of modulation formats, which embodied statistical equal,
we can say that size of rainfall (Heavy rain, light rain and drizzle) has
not any influence on quality of transmitted signal. In this case we did
the Kolmogorov-Smirnov test for comparison of distribution of separate
groups.

Heavy rain (850nm) Fig. 11. Visualization of EVM measured data
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Fig. 10. Comparison of MER measured values for PSK modulations by statistical method
ANOVA.
For drizzle deals the same as for light rain. The most influenced modula-
tions were 32QAM and 64QAM. The best MER values were obtained for
650 nm and QPSK modulation. Further 8PSK, 16PSK and then 4QAM
Heavy rain (650nm)
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Fig. 12. Comparison of EVM measured values for PSK modulations by statistical method
ANOVA.

Fig. 10(a)-(d) and Fig. 12(a)-(d) show comparison of modulation
formats for Heavy rain. p-values given in constellation tables describe a
congruency of distributions for separate modulation formats. It is obvi-
ously from the results that the best values were reached by valve open-
ing 100%. By valve opening 50% the correlated values were very low
or zero except several cases.

The results of EVM testing are comparable with MER testing. We
can say according the results that the influence has the valve opening.
The valve opening is related to pressure, which effect on nozzle, which
determines size and distribution of rain drops. A similarity between
groups was reached only in case of heavy rain for modulation for-
mat PSK (8PSK, 16PSK, QPSK and % DQPSK). In case of QAM (4QAM,
8QAM, 16QAM, 32QAM and 64QAM) modulation formats we did not
find any statistically significant agreement of measured data.

7. Conclusion and future work

Experimental measurements with different types of modulation for-
mats were performed within the article to highlight the impact of
simulated atmospheric rainfall phenomena on the free-space optical
links. In addition to the modulation formats, rainfall parameters were
also changed. The same basic parameters of modulation settings and
measurement schemes were retained for the future comparison and
correlation. Before the actual measurement of the rainfall influence
on the free-space optical link, an experimental measurement of the
raindrop size was made using one of the three nozzles used, namely
90B1FP1.0. A total of twenty drops were measured from the images,
giving an average raindrop size of 460 um, which then corresponds
to the drizzle raindrop as it is smaller than 0.5 mm. This experi-
mental measurement using a high-speed camera should point out the
possibility of future droplet size measurements generated by simula-
tion nozzles or similar devices that could eventually lead to the more
accurate prediction of the attenuation due to the different droplet
size, precipitation totals, or to develop new types of prediction mod-
els.

In the next part of the article, the attention was paid to free-
space optical link operating at two selected wavelengths of 650 or
850 nm with several types of modulation formats namely QPSK,
8PSK, 16PSK, 2 DQPSK, 4QAM, 16QAM, 32QAM and 64QAM and
the verification of their properties such as MER, EVM and constella-
tion diagrams against simulated rainfall. Several measurements were
performed using three different types of nozzles simulating different
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types of precipitation total (drizzle, light and heavy rain) and their
influence on modulated optical beam. The conclusions from these
experimental measurements are of the following nature. For the sim-
ulated rainfall through the drizzle generating nozzle, the results are
very similar to the rainfall simulated using a light rain nozzle. The
durable types of modulations are those made up of fewer states with
less risk of symbol interchange. On the contrary, the highest impact
was on the 32QAM and 64QAM as expected. Averaging the result-
ing MER values from all three rain types, QPSK performed the best
at the wavelength of 650 nm. The free-space optical link working at
the wavelength of 850 nm it came out as the best 4QAM modula-
tion.

For a deeper understanding of the rainfall, an amount of water
and modulation formats influence, statistical analysis of the mea-
sured data was performed. After applying the statistical methods to
the data, it was found that the greatest impact on the qualitative
EVM and MER parameters of the modulation formats had a heavy
rain. Also, it has been found that the water flow and the change of
pressure had a significant effect on the quality of the communica-
tion through the EVM and MER parameters against all tested mod-
ulation formats for both chosen wavelengths. Major statistically sig-
nificant changes between groups then have modulations with lesser
states ie PSK (8PSK, 16PSK, QPSK and % DQPSK). In the case of m-
QAM modulation formats, no statistically significant difference was
found.

In the future it would be also necessary to study different wave-
lengths e.g. 1550 nm, 1064 nm and their dependency on type of modu-
lation format for communication including rainfall totals. Also, we want
to focus on evaluation of other qualitative communication parameters
such as Eb/No, SER, BER, SNR, CNR etc. as well. Our further aim is also
testing the real-time services in form of real data transmission, video
stream or voice, which have another qualitative parameters. In future
we would like to deal with a deeper involvement of telecommunica-
tion technologies and a system for mutual operability and cooperation
through 5G networks. Currently we can see strong development of Vis-
ible Light Communication into traffic systems (V2I, V2V, C2C C2I etc.)
and traffic control (traffic lights, motorway light road sings, tunnel sys-
tems controls etc.). At border points of networks is under consideration
utilization of different types of communication systems, which could be
fibreless links working in near infrared area, which have short response
and quick communication (bandwidth. [72] Other thing is also fact that
5G networks came with bit rates that reach 10 Gb s~! or higher, there-
fore with increase of bit rates are connected also limits of accessible
types of modulation formats and their dependencies on used communi-
cation technology. Processing of high-speed data streams is demanding
for evaluation device that must be able to detect correct bit sequence
in data traffic. This communication must be error-less as possible or
with possibility of error corrections. Atmospheric phenomena that are
dynamic and stochastic then have fundamental influence on free space
types communication systems. Our proposed system can help with bet-
ter understanding of rain rate influence on these communication links
and with possible solutions of this inconvenience. However, it is gen-
erally known that FSO systems are sensitive on this atmospheric phe-
nomenon whereas radio links are very sensitive on the droplets size and
rain rate. Therefore, this problem is usually overcome by utilization of
hybrid FSO/RF link.
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ARTICLE INFO ABSTRACT

Keywords: A number of traffic crash databases at present contain the precise positions and dates of these events. This
Traffic crash feature allows for detailed spatiotemporal analysis of traffic crash patterns.

Hotspot We applied a clustering method for identification of traffic crash hotspots to the rural parts of primary roads
E]‘;rgil density estimation in the Czech road network (3,933 km) where 55,296 traffic crashes occurred over 2010 — 2018. The data were

analyzed using a 3-year time window which moved forward with a one-day step as an elementary temporal
resolution. The spatiotemporal behavior of hotspots could therefore be analyzed in great detail.

All the identified hotspots, during the monitored nine-year period, covered between 6.8% and 8.2% of the
entire road network length in question. The percentage of traffic crashes within the hotspots remained stable
over time at approximately 50%. Three elementary types of hotspots were identified when analyzing spatio-
temporal crash patterns: hotspot emergence, stability and disappearance. Only 100 hotspots were stable (re-
mained in approximately the same position) over the entire nine-year period. This approach can be applied to

Road network
Spatiotemporal analysis

any traffic-crash time series when the precise positions and date of crashes are available.

1. Introduction

Traffic crashes and the related injuries and fatalities pose a safety
issue across the globe (WHO, 2015). Researchers are focusing on
identification of factors causing traffic crashes, as well as identification
of places where crashes occur more frequently than elsewhere. Geo-
graphic information systems play an important role in these activities
(Steenberghen, Dufays, Thomas, & Flahaut, 2004).

Databases of traffic crashes at present usually contain precise
(GPS) locations which make studying their spatial distribution pos-
sible (e.g., Gundoglu, 2010; Li, Zhu, & Sui, 2007). A number of ap-
proaches have been developed recently to study spatial distribution of
crashes. We focused here on a method based on Kernel Density
Estimation (KDE) (Silverman, 1986, p. 176) which overcomes the
need for spatial aggregation of crash data and is able to identify
spatial clustering along roads. Statistically significant -clusters
(e.g., Bil, Andrasik, & Janoska, 2013) usually represent traffic crash
hotspots (Elvik, 2008). These places are of a great interest to
traffic engineers, road administrators and traffic-safety researchers,
but also to drivers. The KDE method, or its modifications, has
already been applied a number of times to traffic crash data
(e.g., Anderson, 2009; Bil et al., 2013; Dai & Jaworski, 2016; Erdogan,
Yilmaz, Baybura, & Gullu, 2008; Xie & Yan, 2008).

* Corresponding author.
E-mail address: michal.bil@cdv.cz (M. Bil).
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1.1. Spatial and temporal analyses of crash data

Spatial and temporal dimensions of crashes were often investigated
separately. Temporal parts of crashes were visualized using crash time-
series or on graphs, where months and hours of crashes were displayed
(e.g., Rodriguez-Morales, Diaz-Varela, & Marey-Pérez, 2013) or spider
plots to visualize intraday crash variability (e.g., Plug, Xia, & Caulfield,
2011). Hotspots were often computed for a time-series available with
no consideration of their temporal evolution. The primary reason for
this was a lack of time-series of a sufficient length.

Only a limited number of studies have considered both the spatial
and temporal dimensions of traffic crash data, e.g. Liu and Sharma
(2017) investigated the temporal evolution of fatal crashes in order to
identify long-term regional trends in the change of traffic crash fre-
quencies in Iowa (USA) for the respective counties. Kingham, Sabel, and
Bartie (2011) studied temporal evolution and spatial clustering of road
traffic accidents, aggregated to census area units, in Christchurch (New
Zealand) related to school travel of children between 1980 and 2004.

Hotspots, as places within individual roads, were often computed on
a yearly basis, allowing thus a comparison of hotspot patterns among
the respective years (e.g., Kaygisiz, Diizgiin, Yildiz, & Senbil, 2015;
Olsen, Mitchell, Ogilvie, & on behalf of the M74 study team, 2017) or
within a day (Plug et al., 2011). These approaches are sufficient in
many cases, but sometimes a more detailed temporal segmentation can
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Fig. 1. Number of traffic crashes (TCs) on primary roads registered by the
Police in period 2010-2018.

be requested. The above-mentioned standard approaches would be,
however, too computationally demanding when a more flexible tem-
poral segmentation is requested.

The aim of this study is to present an approach for a detail spatio-
temporal analysis of traffic crash hotspots. We analyzed traffic crashes
which occurred on rural parts of primary roads in the Czech road net-
work (3933 km) between 2010 and 2018. We applied the KDE + clus-
tering method which allowed us to identify both the spatial crash
pattern along the individual road segments and three basic forms of
hotspot temporal behavior: emergence, stability and disappearance. We
also present, on selected road segments, typical cases of all three ele-
mentary hotspot patterns.

2. Data

Traffic crashes (55,296 records) from the database of Police, which
took place on rural parts of the primary roads in the Czech Republic
between 2010 and 2018, were analyzed in this study (Fig. 1). The road
network was split at intersections into 2908 road segments, as we fo-
cused merely on detecting and analyzing hotspot patterns outside in-
tersections. The overall length of these segments was 3933 km. There
were 2701 (93%) between-intersection segments with at least one crash
within the period in question.

3. Methods
3.1. KDE+ clustering method

The KDE+ method is an approach which currently assists re-
searchers and road administrators in many countries in rapid identifi-
cation of the most hazardous places within transportation networks
(Bil, Andrasik, Nezval, & Bilova, 2017, 2019, 2013; Alberta Wildlife
Watch, 2017; Bartonic¢ka, Andrasik, Dula, Sedonik, & Bil, 2018; Favilli
et al., 2018; Heigl, Horvath, Laaha, & Zahler, 2017; Périquet at al.,
2018; Sjolund, 2016). All the data needed for this kind of analysis are
the positions of the crashes along the road segments and the lengths of
the respective road segments or GIS layers of both crashes and the

83

Applied Geography 107 (2019) 82-90
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Time
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Fig. 2. A sketch of the three elementary forms of hotspots in relation to their
temporal behavior: disappearance (hotspot 1, h1), stability (h2) and emergence
(h3).

respective roads. Additional information on the crash type (e.g., single-
vehicle crash, etc.) and crash consequences (e.g., without injuries, fatal
crashes, etc.) can also be considered in the analysis, but they are not
necessary if only a general crash pattern overview is the primary aim of
the study.

The KDE+ method is based on the standard kernel density esti-
mation approach enriched by statistical tests of cluster significance. The
KDE+ produces a relative measure, cluster strength, by which it is
possible to rank the hotspots prioritizing the most hazardous ones. The
cluster strength is directly connected to the number of records (crashes)
in a cluster and the length of a road section, and indirectly related to the
number of other records (located out of the cluster) and the length of
the cluster. A comparison of the KDE+ method with other methods,
currently used for the same purpose, was published in Bil et al. (2013).
The KDE + toolbox for ArcGIS (Bil et al., 2018) or standalone JAVA app
(Bil, Andrasik, Svoboda, & Sedonik, 2016), can be downloaded free of
charge from www.kdeplus.cz.

3.2. Temporal evolution of hotspots

Three elementary forms of hotspots, in terms of their temporal be-
havior, can be defined (Fig. 2): The first one (Hotspot 1) indicates a
hotspot which is only present between time 1 (t;) and 2 (t,). It conse-
quently disappears. Another form of hotspot exists over the entire
period (Hotspot 2), i.e. between t; and t3. The last elementary form is
Hotspot 3, which emerges at t, and then endures over the rest of the
period (to — t3). These three very basic types of hotspots reflect the
following safety conditions along roads:

- Hotspot 1 indicates places where a safety measure was successfully
applied in t, or traffic conditions changed substantially (e.g., a drop
in traffic flow due to a newly built road),

- Hotspot 2 indicates dangerous places with no or unsuccessfully ap-
plied safety measures,

- Hotspot 3 indicates a place on a road segment where safety condi-
tions worsened in comparison with the previous period.

There can also be identified other types of hotspot temporal pat-
terns, as combinations of the above-mentioned (e.g., a hotspots which
emerges and disappears several times or moves along a road segment),
but for the sake of simplicity, we only focused on these three elemen-
tary ones.
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Fig. 3. An example of spatiotemporal analysis using the KDE+ method (STKDE+) and a temporal moving window. The spatial position of the hotspot was

maintained as stable here, but it can also move.

3.3. Construction of a moving window for analyses of clustering over time

The core part of this contribution is the application of a moving
window when KDE+ clustering is consecutively computed in a number
of recurrent steps throughout the entire time series. This automatic and
objective procedure for spatiotemporal analysis of traffic crashes reduces
the subjectivity of defining temporal and spatial segments and, at the
same time, increases the accuracy of such analysis as much as possible.
The KDE+ method can be run every day in order to obtain a complete
view of the traffic crash pattern from both spatial and temporal per-
spectives. An actual list of hotspots can thus be received at any time
within the time period in question. The results can be depicted in a two-
dimensional spatiotemporal graph (see Fig. 3) highlighting the hotspot.

Let us imagine the time window for which the clustering is com-
puted. The first position of the window is placed when a first traffic
crash occurred (Figs. 3 and 1). At this time the overall number of traffic
crashes in this window is also one. Then the window is moved forward

Table 1
Clustering results obtained using a three-year window for all traffic crashes
which occurred on the Czech primary roads network between 2010 and 2018.

10-12 11-13 12-14 13-15 14-16 15-17 16-18
No of hotspots 2242 2362 2369 2434 2482 2491 2561
Overall length [km] 266 274 283 296 303 307 323
Overall length [%] 6.8 7.0 7.2 7.5 7.7 7.8 8.2
No of TC within 7315 7775 8140 8719 9092 9417 9990
hotspots
No of TC within 47.7 479 473 472 473 456 465

hotspots [%]

with a one day step. Let us assume, for the sake of simplicity, that 5
crashes will form a hotspot. The bold solid lines will then represent the
position of the time window when 5 traffic crashes (TC) were present
within the selected time interval (from ts to tg). Less than 5TC
occurred in other time intervals and therefore no other hotspots were
detected.

Number of clusters
1500 2000 2500 3000

1000

500

T T T \ T
2010 2012 2014 2016 2018

Time [Y]
Fig. 4. Number of hotspots on the rural parts of first road class each day over

the entire period 2010-2018.
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3.4. An algorithm for the spatiotemporal analysis

The algorithm for the spatiotemporal analysis of traffic crashes can
be symbolically described as follows:

STKDE + algorithm
input: road network, data on TCs, time range T = [T1, T2], window width w
output:graphical representation of clusters in spatiotemporal space
for each road segment in road network do
plot a new graph
for each day in T do
subTCs < subset TCs according to time period [day — w, day] and road segment
clusters < run the KDE+ method with subTCs
plot clusters (x-axis) at day (y-axis) into the graph
end
save the graph
end

TCs - traffic crashes.

Although the spatiotemporal KDE+ (STKDE+) algorithm is
straightforward and easily understandable, it is not suitable for prac-
tical use. It would be time-demanding to run the KDE + method every
day. Since the following algorithm launches the KDE+ method only
when the set of crashes changes, it is more effective than the straight
forward implementation of the STKDE + algorithm above.

Effective implementation of the STKDE + algorithm
input: data on TCs, time range T = [T1, T2], window width w
output:graphical representation of clusters in spatiotemporal space
for each road segment in road network do
day < date of a TC (from TCs) which occurred the second* on the selected road
segment
plot a new graph
while day < T2 do
subTCs < subset TCs according to time period [day — w, day] and road segment
clusters < run the KDE+ method with subTCs
shift < 0
while there is no change in subTCs do
day < day + 1
shift < shift + 1
subTCs < subset TCs according to time period [day — w, day]
end
plot clusters (x-axis) at [day — shift, day] (y-axis) into the resulting graph
end
save the graph
end

*A single TC cannot form a cluster. Therefore, the analysis starts when the
second TC enters the analysis.

It took approximately 12 h to run the entire spatiotemporal analysis
for the Czech primary roads network consisting of 2908 between-in-
tersection segments. Computations were performed in R 3.4.2 (R Core
Team, 2014) on PC Intel Core i7 (2.7 GHz) with 8 GB RAM.

4. Results
4.1. General overview

Table 1 presents an overview of hotspot statistics for seven periods
(3-year time window). Crashes within the hotpots represented almost
50% of all crashes and were concentrated within 6.8-8.2% of the road
network length. Only 100 hotspots were stable for the entire period
2010-2018 (9 years). They represent dangerous locations within the
road network which persisted over the long run.

4.2. Detailed view

Table 1 only approximately describes the results as the time was
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Fig. 5. Percentage of TCs within hotspots on the rural parts of first road class on
each day over the entire period 2010-2018.

segmented there into respective years. The proposed spatiotemporal
approach allows for one day time step, however, and therefore a more
detailed temporal overview can be obtained (see Fig. 4 and Fig. 5). The
number of clusters over the entire period can be computed for each day.

A steep increase in the number of clusters can be observed at the
beginning of the time series (Fig. 4, between 2010 and 2013). This was
caused by the fact that the time window starts on the date of the first
traffic crash (see Fig. 2 moving window at t;), i.e., it starts with only
one crash and moves forward when the sum of crashes changes.
Afterwards, the number of clusters steadily increased from 2369 to
2561 (see Fig. 4). This trend reflects the same trend in the overall
number of crashes (see Fig. 1).

The ratio of crashes in clusters to all crashes can also be displayed
for each day (Fig. 5). The percentage of crashes within the clusters
remains stable as of 1 Jan 2012 (Fig. 5). In average, there were 47.2%
of crashes within the clusters. The standard deviation accounts for only
0.7%. It is worth mentioning that the percentage of crashes within the
clusters seems to be independent from the increasing (or decreasing)
number of TCs entering the analysis (compare with Fig. 1). This means
that the spatial pattern remains consistent.

4.3. Specific examples of the three elementary hotspots types

Below we demonstrate, using several current examples from the
analyzed data, three elementary hotspots types in terms of their spa-
tiotemporal behavior. All the following 8 examples of hotspots can also
be viewed on the supplementary KML file.

4.3.1. Hotspot disappearance

The first example is a hotspots disappearance (see Hotspot 1 in
Fig. 2, left side). This situation occurred at road segment no. 16935
(Fig. 6) where a hotspot was detected between 2010 and 2013. “No
overtaking” traffic signs (white lines) were placed at that location in
2013. The hotspot consequently disappeared. Hotspot disappearance
was also detected after the installation of a warning sign (Fig. 7) or as a
result of the above-mentioned or more complex safety measures
(Fig. 8).

4.3.2. Hotspot emergence
Hotspots also emerge as a result of sudden worsening of traffic
conditions. Fig. 9 presents such a case when part of a new bypass was
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Fig. 6. A map depicting the road and the respective crashes together with the spatiotemporal (ST) graph of traffic crash pattern and hotspots on a road segment no.
16935.
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Fig. 7. A hotspot was detected on road segment no. 3639 between 2012 and 2016. It disappeared in all probability as a result of the installation of a warning sign.
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Fig. 8. Hotspot occurred at a place of parking for trucks and a gas station at road segment no. 10892 and was detected between 2010 and 2014. It disappeared after
more complex safety measures: cancelation of the pedestrian crossing, new horizontal traffic sign, a new branch strip and reduction of speed.

built, creating, however, a dangerous place at the end of that road
segment. Drivers were not expecting, due to limited visibility, a curve
but a straight section. The hotspots (Fig. 9) occurred in 2012 when this
road no. 6529 had been constructed. It is interesting that there were no
crashes recorded on the rest of the new bypass.

Another case of hotspots emergence occurred when the road ad-
ministrator upgraded the road pavement (see Fig. 10). This probably
allowed cars to travel at higher speed within this segment.

The hotspot at road no. 16741 (Fig. 11) is located at a curve. Trees,
which originally blocked visibility, were cut down in 2013, but a large
concrete block (see the photo on Fig. 11) on a parcel, which is not
owned by the road administrator, remained very close to the road. The
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road administrator stated that the curve had to be reconstructed as its
radius was too small, but reconstruction work is currently blocked due
to issues related to private land along that road.

4.3.3. Hotspots stability over time

The most interesting are hotspots which were stable over the entire
period of time. These places are usually influenced by poor infra-
structure, e.g. a dangerous curve as 83 out of 100 stable clusters oc-
curred on curves, whereas the remaining 17 on tangents (straight road
segments).

Fig. 12 presents an example of a temporally stable cluster over the
entire period. This is a dangerous curve where 91 traffic crashes over 9
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Fig. 9. Road segment no. 6529 represents a newly built bypass in 2012 when a dangerous place was established. Hotspots emergence is thus clearly visible from the

spatiotemporal perspective.
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Fig. 10. Hotspots emerged at road segment no. 15672 as a result of increased speed of cars which followed a significant improvement of road surface quality after
2012.
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Fig. 11. The hotspot on road segment no. 16741 emerged as a result of increased speed of cars due to cutting of trees along the road. 37 crashes were recorded as of
2012, 30 of them caused, according to the Police crash data, by high speed of cars.

years occurred, whereas only 9 crashes took place on the rest of the comprises, for example, evaluation of the effectiveness of traffic safety
road segment. Additional examples of dangerous curves with hotspots measures as it is usually known precisely when the measures were
can be seen in Fig. 13. applied. This analysis can directly be applied to roads (i.e. their linear

representation) when precise data on crashes are available (both posi-
tion and time of crash).

The presented approach has certain advantages over other currently
used approaches. Specifically, it does not segment roads into homo-
genous units (spatial dimension; e.g., one km long segments or other
kind of segmentations) such as other approaches, nor time (temporal
dimension; e.g., aggregated values for one year). Data on road network

5. Discussion

Spatiotemporal analysis of crash data is able to reveal changes in
traffic crash patterns over time. The temporal and spatial evolution of
hotspots can be investigated simultaneously when a clustering method
is applied with a one day step. Practical application of this approach
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Fig. 12. A dangerous curve presents a stable hotspot on this road segment no. 7020, part of the I/27 primary road.

only has to be prepared in the form of independent between-intersection
road segments (the first dataset) of whatever lengths. The segment
lengths are only influenced by the distance between the two neigh-
boring intersections. The second dataset and traffic crash data with GPS
precision. The entire set of the resulting clusters can then be ranked
according to cluster strength (see Bil et al., 2013) to identify the most
dangerous places.

The time window, for which the spatial clustering is computed,
moves continuously over time and data within that window are ana-
lyzed immediately when the set of crashes changes. Spatiotemporal
graphs can then be drawn together with statistically significant clusters
(hotspots). Dates of applied measures can be incorporated into such a
graph allowing the road administrator to visually evaluate the effects of
the measures. The above-mentioned examples of the three elementary
hotspot types only represent a small part of all possible types. Hotspots
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often emerge and disappear at one place or move across a road seg-
ment. These patterns cannot be, however, unveiled using standard ap-
proaches, when hotpots are only computed for respective (whole) years
or a constant period of time (e.g., three years). The suggested causes of
hotspots presence, shown on the concrete locations in this study, were
provided by the road administrator. It was not, however, the aim of this
work to verify these suggestions as other factors could also act in hot-
spots emergence or disappearance.

This analysis can be applied to the entire traffic crash database or to
a predefined selection, such as crashes resulting in fatalities, animal-
vehicle collisions, run-off-road accidents, etc. The selection is only in-
fluenced by the availability of the respective attributes in the data. The
presented method is not able to predict, if hotspots will remain at the
same place over the following years. It can be assumed, however, that
with no positive changes on the respective roads (i.e., safety measures,
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Fig. 13. Two stable hotspots on road segment no. 24843.
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decrease in traffic flow, etc.), the hotspots will also be presented there.
Long-lasting hotspots are dangerous places on road networks and
should be preferably mitigated by road administrators.

6. Conclusions

We presented an approach which is capable of evaluating spatio-
temporal behavior of traffic crash hotspots in high detail. This approach
can be utilized in research focusing on the spatiotemporal evolution of
crash patterns within a road network. Practitioners can use it as a tool
allowing for a retrospective analysis of the efficiency of safety mea-
sures. The primary advantage of this approach is its rapidity and ob-
jectiveness as the KDE + method only needs two parameters: the kernel
bandwidth for the spatial and the width of the time window for tem-
poral analysis.

The primary contribution of this work to the current knowledge and
practice is the following:

- We demonstrated that hotspots (statistically significant traffic crash
clusters, i.e. places with higher than expected number of traffic
crashes) evolve over time.

Certain hotspots diminish as a result of successfully applied safety
measures, but others emerge due to other safety-related negative
factors (e.g., a bad view due to overgrown trees; increasing speed,
etc. ...). A newly built road can also cause the emergence of hot-
spots.

Road administrators can obtain a tool for monitoring of the coun-
termeasures targeted to such places. Hotspot disappearance can thus
be proof of successfully applied mitigation work.
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HIGHLIGHTS

® Optical parameters of a sunny summer day were measured.
® Obtained results were used for software simulations.

® Software simulations provided forward current settings of individual colour chips.
® Measurement of opt. parameters of light created according to the simulation results.
® Opt. parameters of an artificial white light is comparable with light of sunny day.

ARTICLE INFO ABSTRACT

Natural daylight has an essential effect on the human organism. It affects mood, emotion or the ability to sleep.
For most people, a sunny summer day is the most pleasant day. For this reason, we propose an indoor lighting
source which imitates sunny summer daylight. We collected a series of experimental measurements of days
during the summer of 2018. We chose the sunniest day (minimum cloud, high temperature, high total time of
sunshine) and we used its optical parameters as an example. The obtained parameters (colour coordinates x and
y) served as the input parameters for LightTools simulations. Simulations in LightTools enabled to obtain power
settings of individual colour chips. The power values were transformed into forward current values of individual
colour chips. Subsequent, laboratory measurements of the optical parameters according the forward current
values were done with a tetrachromatic RGBA LED. Suitable setting of forward currents of the RGBA LED enables
to create sunny daylight from sunrise to sunset. The laboratory measurement confirmed our assumptions, the
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imitation of daylight was successful.

1. Introduction

The technical literature speaks about the influence of daylight on
psychological and biological states of humans [1-5]. Daylight affects
human psyche and behaviour. The light perceived by the human visual
system affects feelings and mood (psychological state). Receptors in the
visual system perceive light, resulting in production of cortisol (stress
hormone) and melatonin (sleeping hormone) [1,6-8]. These hormones
affect the human’s biological state, especially the circadian rhythm.
This rhythm is influenced by light, especially blue light [9,10].

Several human biological rhythms are related to the alternation of
day and night. The use of electric lighting has caused the intervention of
this cycle. Since then, all human activities can be done at any time
during the day or night. The electric lighting has significantly affected
the work process by allowing three-shift operation and working at any
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time (morning, day, evening, night) [11].

Indoor lighting is designed to meet the visual requirements ac-
cording to the standards and regulations and has as low energy con-
sumption as possible. So far, appropriateness of the emitted spectrum at
the right time regarding the circadian rhythm has not been considered
[10].Daylight is something that human organism depends on and fol-
lows. We assume that light fitting imitating the course of light during
the day can be useful for human body and its rhythms and an imitation
of a sunny day can improve human mood. Incorrect illumination at the
wrong time can lead to a circadian rhythm disturbance, which can
cause poor sleep, mood disorders, depression, diabetes, obesity
[1,8,10-12].

The mood of humans is also influenced by the weather itself
[13-16]. Everyone feels a difference if it is a beautiful sunny day or if it
is cloudy, rainy and with a cold wind. Most people prefer sunny days, so
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we have come up with an idea of creating an indoor lighting emitting
light imitating sunny daylight using a suitable illumination source.For
this purpose, we wanted to obtain real optical parameters of sunny
daylight. We performed long-term measurements of the sky in the
summer of 2018. We used a spectrometer, which periodically saved
selected optical parameters. The optical parameters were colour co-
ordinates x and y, Correlated Colour Temperature CCT and spectra.
Then we retroactively analysed the weather and we selected the sun-
niest day (minimum cloud, high temperature, high total time of sun-
shine). The optical parameters of the sunniest day were then used for
LightTools software simulation. The simulation found the correct light
outputs of the individual colour chips which together create light with
desired optical parameters. The light outputs (optical power) were
converted in forwards currents according to PI (power-current) char-
acteristics. The values of the forward currents were used for a labora-
tory measurement. We set the forward currents and measured the op-
tical parameters by the spectrometer. At the end, we compared the
optical parameters obtained from the real measurement of the sky and
the laboratory measurement. The aim was to create artificial daylight of
a sunny day.

The imitating of daylight is also described in [17]. The authors used
two types of fluorescent tubes. It was in pre-LED age. The tubes emitted
white light with constant CCT, their spectra were not changed. Another
article [18] describes lighting with 547 LEDs (32 different wavelengths)
imitating daylight. The emitted powers of these LEDs were manually
set. The authors of this work set the LEDs according to a spectrum of a
day measured by a spectrometer. The disadvantage is a huge number of
LEDs, moreover manually set. Daylight simulation is also described in
article [19]. Their proposed system automatically tunes spectrum of an
illumination source. The luminaire contains 24 monochromatic LEDs
divided in 12 channels. Their system uses a low-cost spectrometer,
which scans a spectrum of sky through a skylight in a roof. Measured
data are transferred in computer, which calculates, and sets needed
optical powers for the separated channels. The system so imitates out-
door light. The disadvantage of their system is measurement of day-
light, computer evaluation and setting of all 12 channels. The system
depends on actual outdoor conditions. The paper does not describe
which light is emitted after sunset. Another article [20] describes a
creating of an artificial daylight by OLED panels. Authors used two
OLED panels (2100 K and 3400 K) to creating daylight. The changes of
CCT during day (mainly at dawn and twilight) were not mentioned in
this article.

Sunny days are characterized by white wide-spectrum light. This
white light can be created in two ways, using a phosphor powder or
colour mixing. The phosphor powder converts shorter wavelengths
(blue) into longer wavelengths (yellow, green). The phosphor powder is
most cases the Yttrium Aluminium Garnet doped by Cerium
(Y3Al50;2:Ce® 1), which is excited by a blue light emitting chip. A part
of blue light is spectrally converted into yellow light. The resulting
compound of blue and yellow light results in the occurrence of white
light. The other way is called colour mixing. The LED is composed of
three (red, green, blue) or more (orange or cyan or other) monochro-
matic emitting chips. Correct setting of power supply of chips creates
white light. Increasing number of chips increases the Colour Rendering
Index, but it reduces the luminous efficacy [21-24]. We used the tet-
rachromatic RGBA LED labelled as KW-4RGBW [25] for our purposes.

This paper deals with a description of the sky measurements, si-
mulations and laboratory measurements of optical parameters of light.
The following section describes the sky measurements of the optical
parameters of the sunny day. Section 3 deals with the simulations of
real measured optical values in LightTools software. Section 4 uses the
results from the simulations and describes the creation of the sunny
light in laboratory conditions. Section 5 compares the obtained results.
Last section concludes this article.
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2. Optical parameter measurement of the sky during the summer
of 2018

We carried out several all-day measurements of the optical para-
meters during the summer of 2018. After each series of measurements,
the weather of measured days was evaluated. We looked for the sun-
niest day. We chose the sunniest day as the 4th of July 2018. It was
clear (cloudiness 1.7, <1.9 means clear), maximum temperature
28.8 °C, average temperature 20.9°C, total time of sunshine 14.6 h
(more than 90% of possible astronomical sunshine) [26] - measured by
the Czech Hydrometeorological Institute located in close proximity to
the place of measurements. The measurements were carried out at the
University campus of VSB-Technical University of Ostrava
(49.8313469 N, 18.1586469E), in the Czech Republic. The measured
parameters were the total spectra of the sunny day, colour coordinates x
and y (CIE1931 diagram) and Correlated Colour Temperature (CCT).
We used the Avantes HS2048XL spectrometer(model AvaSpec-
HS2048XL-USB2, 2048 pixel back-thinned CCD detector, grating
HS500-0.33-500 lines/mm, calibrated on 15.12.2016) together with an
optical fibre. This spectrometer allows periodic storage of selected
parameters in a file for further processing.

2.1. Measurement of spectra

The following Fig. 1 shows the optical spectra for each half hour
from 4:30 (before sunrise) to 21:00 (after sunset). It is possible to ob-
serve the time evolution of the spectrum during the sunny day. Fig. 1
shows a gradual increase in the visible (VIS) and the near infrared (IR)
part of the spectra. After midday the IR spectrum began to decrease,
stabilized, and then it was almost constant up to the evening. The
visible part of the spectra grew during the day up to the late afternoon,
then decreased.

2.2. Correlated Colour Temperature

Next Fig. 2 shows the waveforms of the Correlated Colour Tem-
perature (CCT) during the measured day. The chart shows values for the
time period from 4:30 (before dawn) to 21:00 (after twilight). The
sunrise at the place of measurements was at 4:43 on 4th of July, sunset
at 20:58. These times are given in the Central European Summer Time
(CEST). Therefore, the night is unequally distributed, as it is seen in
Fig. 2. The CCT values significantly increase at sunrise and sunset, re-
sulting in high peaks at the given times. The human organism is mainly
sensitive to these peaks [9,10]. If we ignore the mentioned peaks at
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Fig. 1. Optical spectra from 4:30 to 21:00 in half-hour intervals on 4th of July
2018.
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Fig. 2. CCT values from 4:30 to 21:00 in half-hour intervals on 4th of July
2018.

dawn and twilight, it is generally possible to say that the CCT values
gradually increase during the day, with the maximum occurring around
midday (in our case at 13:00 CEST) and then gradually decreasing,
which also confirmed the measurements of other days.

2.3. Colour coordinates

The measured optical parameters were the colour coordinates x and
y. Shown in Fig. 3 (below), there is the CIE1931 diagram which displays
the colour coordinates of five significant points, sunrise (4:43), morning
(9:00), noon (13:00), afternoon (17:00), and sunset (20:58). The times
are valid for the CEST time zone. It is seen from the CIE1931 diagram,
that the sunrise and sunset points are almost at the same position in the
diagram.

The following Table 1 shows the measured optical parameters (CCT
and colour coordinates x and y) during the 4th of July 2018. The CCT
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Table 1
Measured optical parameters of sky on 4th of July 2018.

time CCT X y time CCT X y

4:30 8280.7 0.2835 0.3258 13:00 6844.0 0.3031 0.3487
4:43 8314.4 0.2860 0.3189 13:30 6600.2 0.3076 0.3513
5:00 6304.6 0.3127 0.3652 14:00 6562.4 0.3084 0.3518
5:30 5134.2 0.3444 0.3949 14:30 6560.4 0.3080 0.3521
6:00 5383.4 0.3360 0.3911 15:00 6632.9 0.3077 0.3520
6:30 5573.1 0.3306 0.3861 15:30 6523.8 0.3090 0.3531
7:00 5688.2 0.3271 0.3819 16:00 6410.2 0.3114 0.3554
7:30 5780.7 0.3248 0.3785 16:30 6242.9 0.3147 0.3581
8:00 5879.2 0.3225 0.3757 17:00 6261.4 0.3142 0.3586
8:30 5969.8 0.3201 0.3722 17:30 6250.9 0.3144 0.3594
9:00 6032.8 0.3186 0.3697 18:00 6321.1 0.3129 0.3581
9:30 6107.7 0.3171 0.3669 18:30 6357.6 0.3121 0.3576
10:00 6179.6 0.3155 0.3644 19:00 6297.6 0.3134 0.3590
10:30 6271.2 0.3136 0.3617 19:30 6194.7 0.3154 0.3615
11:00 6223.4 0.3148 0.3607 20:00 6054.8 0.3185 0.3660
11:30 6546.2 0.3082 0.3555 20:30 5991.6 0.3199 0.3657
12:00 6725.0 0.3048 0.3520 20:58 8170.8 0.2871 0.3219
12:30 6880.5 0.3023 0.3491 21:00 8033.0 0.2869 0.3323
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Fig. 3. Colour coordinates of five chosen points on 4th of July 2018.

values from this table are plotted in Fig. 2 and some colour coordinates
in Fig. 3.

3. Simulation in LightTools software

LightTools is optical design software that enables virtual proto-
typing, optimization, simulation, rendering, visualization and ray-tra-
cing of optical systems. Designed illumination systems are modelled
according to defined specifications thanks to the possibility to set many
optical and mechanical properties. LightTools works with 3D models,
which are drawn in this software or imported from another 3D CAD
software. LightTools offers a large component library including optical
sources, optical materials, lenses etc. LightTools calculates photometric
and radiometric values needed for analyses of illumination, luminance,
angular and spatial luminance display and further analysis tools [27].
In this software, the RGBA LED with four emitting chips was created. A
central emitted wavelength including FWHM and transmitted power
can be set to each emitting chip. Alternatively, we can import the
spectrum measured by the spectrometer and adjust the transmitted
power. In order to create the most reliable model of this LED, the
emitted spectra of the individual chips (Fig. 4) and the emitted optical
power were measured in the laboratory by the spectrometer Avantes.
The real measured spectra were then imported into LightTools to the
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Fig. 4. Spectra of individual chips.
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Fig. 5. LED RGBA model in LightTools.

individual chips, where the optical power levels were set according to
the measured data in the laboratory.It has been written, the RGBA LED
composes of four colour chips. A red chip emits light with a wavelength
of 628.8 nm, FWHM 20.7 nm, optical power 113.2 mW at a forward
current of 350 mA. A green chip emits light with a wavelength of
521.3 nm, FWHM 34.6 nm, optical power 81 mW at a forward current
of 350 mA. A blue chip emits light with a wavelength of 461.4 nm,
FWHM 24.8 nm, optical power 149 mW for a forward current of
350 mA. An amber chip emits light with a wavelength of 594.6 nm,
FWHM 20.6 nm, optical power 51.7 mW for a forward current of
350 mA. The RGBA LED model created in LightTools is in Fig. 5. The
individual chips are easily visible.

As mentioned above, LightTools software which was used for this
experiment, allows the user to optimize the selected parameters. The
variable parameter was the emitted power of the individual LED colour
chips. The optimization found these settings of the optical powers that
the colour coordinates x and y match as much as possible with the
values in Table 1 at given times (sky measurements). The results of the
simulations are the optical power values emitted by given chips, it is
seen in Table 2.

The optimization criteria were the colour coordinates x and y for a
higher accuracy. The CCT value as the criterion is not appropriate be-
cause for one CCT value there may be several points in the CIE1931
diagram whose colour coordinates x and y are different but the CCT is
the same.

The next step was to convert the obtained optical powers to the
forward currents, because LightTools provides only optical powers, not

Table 2
Optical powers of individual colour chips.
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Fig. 6. PI characteristics of individual chips of RGBA LED.

forward currents. The optical power values from the simulations
(shown in Table 2) were converted to the equivalent forward currents
according to the PI (power-current) characteristics measured in the
laboratory. The measured PI characteristics, Fig. 6, were interpolated
with a second order polynomial (y = a-x? + b-x + ¢). Using Matlab (the
solve command: looking for an unknown x while y is known), these
polynomials were solved, and the resulting values were recorded as the
forward currents. By supplying these forward currents, the chips emit
the given optical powers. The results of the conversions are in Table 3.

4. Experimental measurement in laboratory

The measurement was carried out in a dark laboratory with ob-
scured windows. Each individual colour chip of the RGBA LED was
separately supplied by laboratory sourcesDIAMETRAL L240R51D (2
channels, 0-30 V, 0.1-4.0 A); the amounts of the forward currents were
monitored by ammetersUNI-T UT70A (bought in 2018). The same
spectrometer, Avantes HS2048XL, together with the optical fibre
measured the optical parameters (colour coordinates x and y, CCT,
spectra).The RGBA LED was mounted on a cooler and fixed to the op-
tical table. Also, the optical fibre was fixed to the table, therefore the
measurement conditions were constant. The forward currents of the

Optical power (mW) Optical power (mW)

Optical power (mW) Optical power (mW)

time blue green red orange time blue green red orange
4:00 71.5 71.6 46.6 51.7 13:00 66.2 79.4 25.3 41.7
4:30 79.9 81.0 24.8 38.3 13:30 63.5 77.6 24.6 42.8
4:43 82.3 78.5 31.1 35.6 14:00 64.6 79.5 26.5 43.0
5:00 55.6 79.3 32.2 35.1 14:30 64.5 79.5 26.3 42.9
5:30 41.9 79.1 35.2 41.0 15:00 63.0 77.0 24.1 42.6
6:00 43.5 78.9 34.2 38.1 15:30 63.9 79.6 26.4 43.1
6:30 45.6 78.7 33.5 37.0 16:00 62.7 79.5 26.7 43.5
7:00 46.9 77.4 31.5 37.2 16:30 62.4 79.7 23.2 48.0
7:30 48.8 78.6 33.3 26.3 17:00 62.1 79.6 22.7 47.9
8:00 50.0 78.5 33.2 35.9 17:30 62.5 80.3 23.3 48.1
8:30 47.0 68.2 20.0 39.4 18:00 63.5 80.6 229 48.2
9:00 47.9 67.9 20.0 39.3 18:30 58.0 76.8 31.3 36.4
9:30 54.7 79.3 33.4 36.1 19:00 62.8 80.4 22.7 48.1
10:00 56.2 79.6 33.4 36.0 19:30 61.0 79.8 22.8 48.0
10:30 60.9 79.6 21.4 47.8 20:00 55.4 79.6 34.5 36.7
11:00 61.5 80.0 22.8 48.0 20:30 55.2 79.4 35.6 36.5
11:30 64.4 80.0 20.3 47.7 20:58 78.8 77.9 32.3 33.3
12:00 64.3 79.4 25.0 41.8 21:00 75.1 78.2 21.4 39.8
12:30 65.9 79.5 24.9 41.4 21:30 73.8 71.9 42.6 50.6
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Table 3

Optics and Laser Technology 124 (2020) 105965

Forward currents of individual monochromatic chips to emit needed optical powers.

Forward current (mA)

Forward current (mA)

time blue green red orange time blue green red orange
4:30 80.72 143.50 69.27 109.11 13:00 73.64 143.50 35.13 193.01
4:43 85.69 143.50 77.27 109.11 13:30 71.71 143.50 38.35 193.01
5:00 63.62 143.50 35.42 193.01 14:00 71.28 143.50 38.94 193.01
5:30 46.34 143.50 50.39 193.01 14:30 71.28 143.50 38.35 193.01
6:00 48.85 143.50 44.22 193.01 15:00 71.28 143.50 38.06 193.01
6:30 51.79 143.50 41.58 193.01 15:30 70.43 143.50 38.94 193.01
7:00 53.89 143.50 40.40 193.01 16:00 69.15 143.50 40.11 193.01
7:30 55.79 143.50 40.11 193.01 16:30 67.23 143.50 42.16 193.01
8:00 57.26 143.50 39.52 193.01 17:00 67.02 143.50 41.28 193.01
8:30 59.38 143.50 38.94 193.01 17:30 66.59 143.50 40.99 193.01
9:00 60.65 143.50 38.94 193.01 18:00 67.44 143.50 40.11 193.01
9:30 62.34 143.50 38.94 193.01 18:30 67.87 143.50 39.52 193.01
10:00 63.83 143.50 38.94 193.01 19:00 66.80 143.50 40.11 193.01
10:30 65.32 143.50 38.64 193.01 19:30 65.32 143.50 40.70 193.01
11:00 65.74 143.50 40.40 193.01 20:00 62.56 143.50 41.28 193.01
11:30 69.15 143.50 36.30 193.01 20:30 62.77 143.50 43.04 193.01
12:00 71.07 143.50 34.83 193.01 20:58 92.63 143.50 34.25 193.01
12:30 73.42 143.50 33.96 193.01 21:00 76.42 143.50 68.97 193.01

Table 4 200 Foryvalrd ‘cu‘rre'nt's of s‘ep'arattetli clolt')ur‘ cl|1ipls

Forward currents of individual chips for emitted white light (according colour

coordinates x and y). 180

Forward Forward Forward Forward 160

current (mA) current (mA) current (mA) current (mA)

time blue green red orange time blue green red orange

4:30 852 1415 857 107.1 13:.00 80.4 1423 40.0 1934
4:43 901 141.6 89.2 107.3 13:30 784 1423 445 193.4
5:00 70.4 142.0 39.0 193.0 14:.00 77.8 1423 445 193.4
5:30 542 1421 56.8 193.0 1430 77.8 1423 441 193.3
6:00 56.7 142.0 49.6 193.0 15:00 77.8 1423 441 193.3
6:30 59.1 1421 452 193.0 1530 77.2 1422 451 193.1
7:00 61.7 1421 450 193.2 16:00 756 1422 46.1 193.1
7:30  63.6 1422 457 1933 16:30 741 1423 490 193.1
8:00 649 1422 441 193.3 17:00 73.6 1423 47.5 193.1
8:30 663 1422 430 193.3 17:30 734 1423 473 193.1
9:00 68.1 1422 43.6 1933 18:00 742 1423 464 1931
9:30  69.5 1422 447 1934 1830 740 1423 451 193.1
10:00 70.7 1423 445 1933 19:00 73.6 1423 46.1 193.3
10:30 724 1423 445 1933 1930 722 1422 464 1934
11:00 72.8 1423 46.2 193.3 20:00 69.8 1422 469 1934
11:30 75.6 1423 40.8 193.3 20:30 69.7 1422 493 193.4
12:.00 77.8 1423 389 193.3 20:58 97.6 1424 399 193.6
12:30  79.9 1423 376 193.4 21:00 90.3 1423 288 1935

individual colour chips were set according to Table 3. However, it
emerged, that the supply currents had to be adjusted and thus they did
not correspond to the values obtained from optimization in LightTools
(Table 3). During the laboratory measurement, the calculated forward
currents were corrected so that the created light had the required colour
coordinates x and y. The values of the forward currents obtained in the
laboratory are in Table 4.

The following Fig. 7 shows the waveforms of the forward currents of
individual RGBA LED colour chips. The full lines show the values from
Table 3 (optimization results in LightTools), and the dashed lines re-
present the values from Table 4 (laboratory measurements). From the
results in Table 3 and Table 4 and mainly from Fig. 7, it is obvious that
there is not complete agreement, as mentioned above. The forward
currents of the orange chip almost correspond to the values obtained in
the laboratory. The same can be said about the forward currents of the
green chip. The laboratory measurements proved that the forward
current of the blue chip must be about 7 mA greater than the simula-
tions calculated. However, the forward current curves of the blue chip
are very similar in shape, only shifted. The same is true for the forward
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Fig. 7. Needed forward currents and their waveforms.

current curves of the red chip. Measurement in the laboratory required
the forward current of the red chip about 5.8 mA greater than the si-
mulation. We attribute this inaccuracy to the fact that the PI char-
acteristics of the individual colour chips are not linear (Fig. 6), whereas
LightTools software considers them to be linear. This nonlinearity
cannot be applied toLightTools. However, we consider these deviations
important. The real measurement is more important than the simula-
tion.

5. Results

During the all-day measurements, the colour coordinates (and other
parameters) of the sunny day were obtained. These coordinates were
the basis for simulation in LightTools software, which resulted in the
finding of suitable forward currents of individual colour chips. Fig. 8
shows and compares the CCT values. The blue line shows the CCT va-
lues of the sky. The red crosses show the CCT values obtained in
LightTools software. The black circles show the CCT values measured in
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Comparision of obtained CCT values
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Fig. 8. Comparison of the CCT values: real-measured (sky), simulated in
LightTools (LT) and created in laboratory (LED).

the laboratory with the RGBA LED. It is clearly obvious from Fig. 8, that
the CCT values of the sunny day were successfully imitated in the la-
boratory.

Mathematically, the obtained values can be compared according to
the Eq. (1), which is derived from the relative error [28]

CCThap — CCTyy

A%) =
%) CCTyy

-100,

(€8]

where the CCT,y, is the value measured in the laboratory, and the CCTyy
is the value of the sunny day for given times.

We can also compare the results according to the Standard
Deviation Colour Matching (SDCM) [29]. The SDCM has the same
meaning as a MacAdam ellipse. SDCM defines numbers. If white light
falls within 1 SDCM, most people would fail to see any difference in
colour. If light falls in 2 SDCM (or a 2-step MacAdam ellipse), people
will start to see some colour difference [29].The greatest difference A of
CCT, calculated according to Eq. (1), was found in time 4:30 (before
sunrise = it is night). Also, the SDCM value at this time was very high,
specifically A was 4.15 % and SDCM was 3. Then the difference A de-
creased under value <0.3 % and SDCM was 1 during the day. The dif-
ference A then increased in time 21:00 (after sunset), the A was 0.79 %
and SDCM was again 1.

We also compared the colour coordinates x and y of the sunny sky
and measurements in the laboratoryaccording to the Eq. (1). The largest
deviation A of the colour coordinates x was 1.7% (at 4:30), the mean
deviation of the colour coordinate x was less than a tenth of a percent
( < 0.1%). The largest deviation A of the colour coordinates y was 0.9%
(again at 4:30), the mean deviation of the colour coordinate y was also
less than a tenth of a percent ( < 0.1%). Generally, we can say that the
greatest differences occured before sunrise and after sunset.

The last Fig. 9 shows the optical spectra of the RGBA LED for every
half hour obtained from the laboratory measurement.Every half hour
has its forward current setting of the individual chips. These settings
reflect in emitted spectra. The shown waveforms do not reflect the
gradual increase in optical power from dawn to noon and then decline
to twilight. This was not the goal. The settings of the forward currents
(emitted spectra) should be used for the indoor light fitting, where
constant emitted optical power is assumed throughout the illumination
in order to meet the lighting conditions for the space.

6. Discussion and conclusion

The aim of this work was to measure the optical parameters of the
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Laboratory measurement RGBA LED, 4.30-21.00 CEST
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Fig. 9. Optical spectra of RGBA LED from 4:30 to 21:00 in half-hour intervals.

sunny summer day. These parameters were used for the simulation of
the sunny day, using the tetrachromatic RGBA LED. The sunlight has a
significant effect on the human organism and its physiological and
biological state. Not every day can be sunny, so it was attempted to
simulate it. The main measured parameters were the colour coordinates
x and y and CCT values of the sunny day. The aim of simulation and
subsequent laboratory measurement with the RGBA LED was to create
white light with the same colour coordinates x and y as the sunny day,
which was successful. The result is the waveforms of the forward cur-
rents from sunrise to sunset. These waveforms can be certainly adjusted
(accelerated or slowed down) as needed. If a light fitting is made up of
the RGBA LEDs with time-controlled supply sources, it will be possible
to create sunny daylight indoor.

The correct spectrum of emitted light helps the human body control
its circadian rhythm. The body then knows when it is day and when it is
night. During the day the body is active, while it regenerates at night
[30]. An increased amount of blue light (increase in CCT values) is used
to detect day and night [31-34]. Incorrect spectrum at the wrong time
will cause circadian rhythm disruption, which can lead to the health
problems mentioned in the introductory chapter.

The RGBA light fitting can be used in any living room to improve
mood (not only in the autumn or winter) or in hospitals for therapeutic
purposes [35]. In our opinion, the proposed light fitting can also be
used in plants during night shifts. Appropriate setting of this light fitting
enables the end of a night shift to be accompanied by the end of “sun”
activity, and the body is prepared for the necessary sleep and re-
generation. The aim of this article is not to consider the effect of the
proposed light fitting on the human body. The aim was to try to design
a light source imitating the sunny summer day, as measured.

We would like to continue in our work and our aim is to create a
light fitting with the RGBA LEDs. The proposed light fitting will change
emitted light according to the obtained results. Furthermore, we want
to cooperate with some experts who will be able to evaluate the in-
fluence of this light fitting on humans.
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