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Sandstorms can severely affect outdoor Optical Wireless Communications (OWC) reliability by dimin-
ishing large regions’ visibility. In this work, the effect of a real sandstorm on Optical Camera Commu-
nications (OCC) links is experimentally evaluated. Two link ranges are essayed using a cost-efficient
telescope-based camera setup with commercial LEDs. Using On-Off Keying modulation, a data rate of
1035 and 630 bps with error probabilities of 9.14-10~° and 4.1-10~3 for 100 m and 200 m respectively can
be achieved. The Signal-to-Noise Ratio of the links was optimized by tuning the analog amplifier’s gain
of the camera, increasing it by up to 9 dB. It is shown that the scattering due to the sandstorm can be
even beneficial for increasing the data rate in OCC (contrary to classical photodetector-based OWC links)
thanks to an increment of 33% on the Region of Interest dimensions compared to the expected clear-air

link. © 2021 Optical Society of America
http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Optical Camera Communication (OCC) is an essential sub-field
of Visible Light Communication (VLC). It is based on the use
of image sensors as receivers of the optical data signal. The
ubiquity of camera devices in consumer electronics (e.g. smart-
phones, tablets, and laptops) is expected to bring this technol-
ogy to the mass market earlier than other VLC systems that
need a photodiode (PD) or multiple PDs as receivers, which are
not available in commercial off-the-shelf devices. OCC is cur-
rently part of the Institute of Electrical and Electronics Engineers
(IEEE) 802.15.7r1 standard [1], defining several transmission
modes taking into account the particular characteristics of the
image sensor, such as the Rolling Shutter (RS) and Global Shutter
(GS) scanning methods. RS exploits the Complementary Metal-
Oxide-Semiconductor (CMOS) sensor’s progressive scanning of
the image, which is done on a row-by-row basis, meaning that
each row’s exposure starts after the previous one’s by a delay
known as the row-shift time, and it enables communications up
to several kbps [2]. GS is used in Charge-Coupled Device (CCD)
sensors, which expose the whole frame simultaneously. Thus,
the frame rate limits GS’ throughput to tens or hundreds of bps.
RS techniques provide higher data rates compared to GS since
each image frame can contain several rows capturing different
states of the transmitter. RS” achievable data rate is then highly
dependent on the optical source’s projection over the image
sensor’s scanning axis because this size determines the number

of detectable bits in the image frame [3]. The camera’s optical
system can augment the projection by, for example, defocusing
and magnifying the image [4].

This low-speed technology has been proposed as suitable
for many indoor applications such as visible light positioning,
wireless monitoring of patients’ sensors in hospitals, and peer-
to-peer data sharing, among others [2]. Furthermore, OCC is
capable of operating in outdoor environments using the appro-
priate settings of the camera [5, 6]. Its potential use on vehicular
communications has been recurrently reported in the literature
[2, 7]. Moreover, cameras’ inherent spatial multiplexing capabil-
ity has been exploited to define sensor monitoring applications
in Smart Cities [8]. The vehicular application of VLC has been
studied in [9], where different scenarios of atmospheric condi-
tions have been simulated. The PD-based receiver link achieves
a maximum distance of about 40 m in clear weather conditions
for a vehicle-to-vehicle communication scenario if a 10~* Bit
Error Rate (BER) is required. In harsh conditions, the maximum
achievable distance drops to around 35 m, which is shown to in-
crease to about 90 m if optical gain techniques such as increasing
the focal aperture.

Free Space Optics (FSO) employing photodiodes and lasers
are one of the most advanced Optical Wireless Communications
(OWC) for outdoor applications, with data rates around 10 Gbps
and proven reliability even using mobile nodes in link spans
from a few hundred meters to tens of km [10, 11]. Despite its
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very low data rates, OCC can still be competitive due to its
cost-effectiveness. This technology can use inexpensive and
already-deployed devices such as LED lighting and ubiquitous
digital cameras, as in most of the aforementioned applications.

Atmospheric conditions that may affect OWC and FSO per-
formance are uncontrollable, but they must be considered when
designing outdoor optical systems. The most studied phenom-
ena are fog, mist, turbulence, aerosols, and precipitations (rain
and snow). The joint impact of atmospheric turbulence and
particle-related scattering in FSO communications at infrared
wavelengths has been extensively measured by Libich et al. in
[12], emulating smog particles and turbulence conditions in a
laboratory chamber, using sand and ashes at different densities,
and airflow at different velocities. Real outdoor scenarios have
been experimentally studied for OCC in [4, 8]. Chavez-Burbano
et al. employed a GS camera under clean atmospheric conditions,
and a 328 m-long link achieved a data rate of 15 bps with an
error of approximately 4%. Eso et al. established a 400 m-long
link with 450 bps data rate and null error using an RS in clear
weather. The camera lens was used to defocus the image and
obtain a bigger projection of the object in the image sensor plane.

The experimental work on overcoming the attenuation of
the VLC link caused by atmospheric conditions has been imple-
mented using optical gain by Kim et al. [13], despite that the
field-of-view of the photodetector-based receiver is reduced. A
different strategy has been developed for OCC in [5, 14], where
the use of the camera’s analog gain was evaluated in the labo-
ratory under fog conditions. The results showed that this pa-
rameter’s optimization could significantly improve the signal
quality in scenarios subject to high fog attenuation and particles
scattering.

In high mobility scenarios such as OCC’s vehicular applica-
tion, the Region of Interest (ROI) detection is an essential feature
for reliable links. The ROI consists of the image pixels that con-
tain data, i.e. where the light rays from the transmitter impinge
at the camera’s image sensor, which can only be known before-
hand in scenarios where the node positions are fixed. The use of
Neural Networks (NN) to detect the ROI by finding well-known
signals contained in an image frame has allowed researchers to
implement physical layer modes from IEEE 802.15.7r1 (TG7r1)
[15]. The system architecture proposed includes a two-stage NN
to decode bits in pictures taken with an RS camera, although
it has not been tested in real-world conditions. The effect of
a sandstorm on VLC links was simulated by Ebrahim et al. in
[16]. The authors studied the use case of vehicular-to-road com-
munication under different particle types of sandstorms, which
differed in size and density. High-density clay particles of 2 ym
diameter lowered the maximum achievable span to 90 m in the
simulation. On the other hand, Ghassemlooy et al. replicated
sandstorm conditions in a laboratory environment for evaluat-
ing the effect of this phenomenon on FSO links [17]. Contrary
to VLC or FSO, this phenomenon has never been theoretically
addressed nor experimentally evaluated for OCC systems.

This paper provides the first experimental investigation (up
to the authors” knowledge) that analyzes the impact of a sand-
storm event on an OCC link at long ranges. The main contribu-
tion is to measure and prove the effects of the phenomenon in the
optical wireless channel for the OCC link and define the essen-
tial blocks for the camera’s digital signal processor that ensure
the detection of data containing pixels in the ROI of the image
frames. This assessment is fundamental for OCC applications in
Smart Cities to be developed and deployed.

This paper is organized as follows. Section 2 explains the

channel model for the RS optical camera communication, con-
sidering the presence of sandstorm conditions. In Section 3, we
characterize the experimental scenario and derive the data anal-
ysis flow. Section 4 shows the outcome of the deployed OCC
experiment in real sandstorm conditions. Finally, conclusions
are summarized in Section 5.

2. CHANNEL MODEL

In this section, the optical wireless channel is modeled for an out-
door setting regarding the signal’s attenuation due to sandstorm
particles. The signal quality metrics are derived from the con-
figuration of the transmitter (T) and receiver (Ry) units, taking
into consideration the ROI dimensions of width and height.
The light pulses of varying wavelength A generated by the
transmitter are propagated through the medium and suffer from
attenuation a(1), as modeled by Beer’s law [18], and from scat-
tering b(A) caused by the particles [19, 20]. The extinction co-
efficient Kyt (1) of an optical wireless channel is then modeled
as:
Kext(A) = a(A) + b(A). (W)

Note that the multiple particles along the path can cause non-
line-of-sight rays of light to eventually impinge on the receiver’s
surface, which can be advantageous for FSO links, as reported
by Kedar and Arnon in [21], and potentially for OCC. In the case
of OCC in multiple-scattering scenarios, the overall received
signal may be improved by expanding the apparent dimensions
of bright objects. The power signal at the receiver Pr, () can be
modeled as:

Ajens cos ¥
a2 ’

where the transmitter is modeled as a source of light with a pre-
determined radiation pattern R(6, ¢) and power Pr(t), located
at a distance d of the receiver. The variables 6, and ¢ are the
emission angles, ¥ is the incident angle, Ay, is the area of the
receiver’s external lens. The extinction coefficient at 550 nm can
be related to Visibility (V)[14] as:

Pry(t) = Pry(t)-e K4 R (0, ) - @

B 3.94
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In order to determine the signal quality, the Signal-to-Noise
Ratio (SNR) was computed using the ROI detected within the
image frame. The RS camera captures (in line of sight) an On-Off
keying (OOK) modulated transmitted signal. The approxima-
tion of the SNR has been derived (note the 1/2 factor due to
OOK) as:

3)
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where X are the values of pixels that fall within the ROI,
is the mean of the background offset, and M;|[-], and V[-] denote
the second-order momentum and variance, respectively.

According to the expected theoretical BER [22], the OOK
system’s error rate is then given by:

1 SNR
BER = Eerfc <\/ 2) , (5)

where erfc(+) is the complementary error function.
If the architecture of the camera pixels is taken into account,
the main noise sources are the thermal noise (O'tzh), the shot noise

SNR = @



(¢2,), and the quantization noise (¢2, ) induced by the Analog-
Digital Converter (ADC). Considering that the camera has an
amplifier with analog gain Gy, the SNR at any pixel is expressed
as:

i2
GV . lpd

SNRyy ~
px 2 2 2 7
Gy (Uth + Ush) + Oac

(6)

where i, is the current generated by the photodiode of the
pixel when it is illuminated by the optical communication signal
without external interfering sources.

It can be seen that by increasing the analog gain of the camera,
the relative contribution of ‘ng . can be reduced, and the SNR can
reach an asymptotic value of ifg 1/ (03 +02) in case the ADC is
not saturated. This can be exploited for improving the SNR in
highly-attenuated scenarios when the received signal is weak
and the quantization noise needs to be lowered. Furthermore,
the maximum theoretical SNR improvement is given by

2
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Using the model and metrics stated in this section, the exper-
imental validation was carried out in the sandstorm scenario
following the methodology detailed in Section 3.

3. METHODOLOGY

In this section, the scenario of experimentation in the real con-
ditions of a sandstorm is described. The OCC system used for
the assessment of signal quality is characterized as well. Other
well-known mathematical tools used in the data processing flow
are also introduced.

A sandstorm severely hit the Canary Islands archipelago
from the Sahara desert for several days at the end of February
2020. The visibility dropped to tens of meters in some places,
according to the United States” National Aeronautics and Space
Administration (NASA) Earth Observatory [23]. The airport of
Gran Canaria reported a visibility minimum of around 0.4 km,
affecting more than 300 flights in the island, and more than 800
in the whole archipelago. This event, known as "Calima" by the
islanders, was said to be the worst in four decades.

The experimental setup shown in Fig. 1 and detailed in
Table 1 was deployed outdoors near the Institute for Technologi-
cal Development and Innovation in Communications (IDeTIC)
from the University of Las Palmas de Gran Canaria (ULPGC),
whose location is shown in Fig. 2. The system consisted of a
Light-Emitting Diode (LED) transmitter and a telescope and
CMOS camera receiver. The emitter was based on a rectangular
lamp with Red, Green, and Blue (RGB) LED strips with a white
diffuser on top and controlled by an OOK signal generator, pro-
grammed to send a fixed and repetitive pattern or beacon of
pure G-R-B pulses followed by a black pulse during the experi-
ments easing both pre-processing and data analysis tasks since
a well-known signal is expected. On the other hand, a CMOS
image sensor was used as a receiver. A Galilean telescope with
a focal length of 700 mm was coupled to the camera in order to
reach the target distances of the experiment of d; = 100 m and
d> =200 m.

Regarding the channel conditions at the time of experimenta-
tion, and according to the Barcelona Dust Forecast Center from
the Spanish State Meteorological Agency (AEMET), the key pa-
rameters of the sandstorm, as modelled as an aerosol particle

of median size of 2.524 ym and 2.0 geometric standard devia-
tion [24], are the following. The dust Aerosol Optical Depth at
A =550 nm (AODs5) was between 3.2 and 6.4. This parameter
increases with particles” concentration in the air, and clear air
values are usually below 0.1. The dust surface concentration
was between 500 and 2000 yg/m?3, with a dry deposition from
100 to 400 mg/m?.

The experiment’s main target was to observe the sandstorm’s
impact on an outdoor OCC link’s performance. As it occurs in
other environments where the medium presents significant par-
ticle concentrations, sandstorm-impaired OCC links will suffer
from multiple scattering. Hence, it was expected that the pixel
SNR diminished with distance and that the Point Spread Func-
tion (PSF) of the emitter-receiver pair widened with distance,
resulting in a greater-than-expected Region-Of-Interest (ROI).

Table 1. Parameters of the experiment modules

Module  Parameter Value
Ty Emitter dimensions 4.2 cm X 45 cm
Average source radiance 10 W/m?
Transmitting devices RGB LED strips
(108 x 5050 SMD chips)
LED dominant wavelengths [nm] 630 (R), 530 (G), 475 (B)
Channel  Distance (d) 100 m, 200 m
Aerosol Optical Depth (AODss0) 3.2t0 6.4 (A =550 nm)
Dust surface concentration [pg/ m3] 500 to 2000
Dust dry deposition [mg/m?] 100 to 400
R: Telescope focal length (f) 700 mm
Telescope focal aperture (D) f/11.6
Image sensor model Sony IMX219 [25]
Image sensor resolution 2592 x 1952 px
RS row-shift time (¢,5) 18.904 us
Camera Gain (Gy) 0,...,20.6 dB
Exposure time (f,xp) 85 us

The experimental evaluation was divided into three phases:
data acquisition, pre-processing, and data analysis. Data acquisi-
tion was automated using a script on the receiver side, obtaining
50 images per analog gain Gy. Due to the emitter’s shape, the
long link range, and the weather conditions, the captured images
showed the emitter in variable positions and rotations (caused by
the wind perturbations). In order to solve this and provide only
the dependence of the sandstorm scattering, a semi-supervised
pre-processing of the images was carried out. The emitter rota-
tions were estimated using image-processing software, and the
rows were shifted according to the estimated angular deviation
of up to 4°. Figure 3 illustrates the pre-processing stage with
the removal of angular misalignment due to wind perturbations,
which also included an arbitrary pre-ROI crop. Finally, all the im-
age database was batch-processed (in terms of Gy ), estimating
both the average pixel SNR and the ROI’s size.

In order to obtain the pixel SNR, the ROI was needed to be dis-
tinguished between the background and the transmitted signal.
After empirically analyzing the shape of the image histograms,
such as the plot in Fig. 4, it was observed that a Gaussian Mix-
ture Model (GMM) could be used to separate the two stated
classes (background and signal). The fitted Probability Density
Function (PDF) can be described as:
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Fig. 2. Maps from the sandstorm event in the Canary Islands,
February 23", 2020.

(a) Satellite image from NASA Moderate Resolution Imaging
Spectroradiometer (MODIS) showing the dust in real colors.
(b) Map of Aerosol Optical Depth at 550 nm (AODsg) at the
time of experimentation, provided by AEMET. Approximate
location of the IDeTIC facilities is shown in the maps.
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where y is the mean and ¢ is the standard deviation of the
Gaussian functions. The sub-indices b and s label background
and signal classes, respectively. The parameter « = 0.9 is an

arbitrary weight of the fitting.
From the PDF description, it is straightforward to obtain

8)

the optimal decision threshold x;;, attending to the maximum
likelihood criterion, which results in a second-order equation:
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Using the calculated x4, all the pixels were classified into
background or signal classes. The ROI was estimated as the total
number of contiguous samples belonging to the signal class (on
the x-axis) with the maximum cardinality. This implies statistical
filtering that avoids possible glitches on the classification of the
actual background samples. The ROI height was estimated as the
number of correctly detected beacons using a template-matching
correlator.

As was aforementioned, the PSF would vary by a widen-
ing factor as a function of distance. However, in a multiple-
scattering-free atmospheric link, the product of the ROI width
w, and the link distance is constant. Due to the experiment’s
nature, Welch’s T-Test was performed to prove the expected non-
linearity. The T-Test outputs a p-value € (0,1), which is closer to
0 when the null hypothesis is more likely to be incorrect. Equa-
tion 10 describes the null hypothesis (two-tailed test), in which

yz(j ) is the average ROI width of the population at distance d.

HO : d1 . ;lg,il) = dz . yz(fZ) (10)

The ROI width expansion was assessed only for the green
channel (530 nm) without loss of generality. Particle size dis-
tributions during sandstorms [26] present modal diameters
much larger than 1 ym, which is the upper limit for consider-
ing wavelength-dependent scattering effects (Mie or Rayleigh).
Moreover, the probability of finding a particle with a diameter
below this limit is much smaller than finding large particles.
Hence, the ROI width would not significantly vary with respect
to wavelength.

Regarding the pixel SNR, Eq. 4 showed its mathematical
description. As commented, in order to have a good approxima-
tion, the background level (lamp OFF state) must be obtained.
The parameter y;, is reused to estimate the level. All the pixels
classified into the signal class during the GMM procedure were
used to estimate both signal and noise powers.

Finally, Pearson’s correlation coefficient r,, which was used
as link-quality estimator as in [14], because its value increases
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Fig. 4. Red channel histogram and fitted GMM curves of an
arbitrary image frame captured at d; = 100 m and Gy=17.5 dB.

with the SNR, is calculated as:

. _ EIXT] — E[X]E[T] an
Xy UXUT ’

where X is the received signal or the detected ROI, and T is a
template of the expected waveform contained in the ROI, which
is known because the Ty module in this experiment is set to
transmit a repetitive pattern. The coefficients ox and or are the
standard deviations of the signal and the template, respectively.
Note that in this case, o7 is constant and greater than 0, since
the template is a series of RGB pulses. The operator E[-] refers
to the expected value.

4. RESULTS AND DISCUSSION

In this section, the outcome of the processes explained in Section
3 are shown and reviewed, including the dust’s impact on the
ROI width, the SNR calculations, and the correlator outputs as
measures of the signal quality.

In Fig. 5 it can be observed that the ROI is approximately
33% greater than Hy in clear air, proving the assumption that
multiple scattering significantly expands the PSF and the ROI
consequently. The width expansion can be used for reducing
the noise by taking the average value of the ROI pixels in the
same row. These advantages are similar to the effect of camera
defocusing employed by Eso et al. in [4]. According to the OOK
modulation scheme employed, the image frames at d; contain
up to 23 OOK symbols for each channel, while at d, they contain
up to 14 symbols instead of 11 symbols of the theoretical clear
air conditions. Due to the high resolution of the images and the
image sensor’s t,5, a practical camera frame rate would be 15 fps,
which is available in most commercial cameras. The achievable
data rate of the system is then 1035 bps and 630 bps at 100 m
200 m, respectively. These values confirm the positive impact of
the ROI expansion due to multiple scattering because, at long
distances, the apparently-larger transmitter surface contains
more symbols than in a scatter-free scenario (clear air).

ROI
Detect Detect
angular __ROL_
missalign- ROI width
ment

1

(di)!

0.4 W

' 2—2.5 25.0 27.5 30.0 32.5 35.0
ROI width (w) [px]

(2)

10 15 20 25 30
ROI width (w) [px]
(b)

Fig. 5. Histograms showing the PDF of ROI width variation
due to multiple scattering, where (a) corresponds to the results
at distance d; = 100 m and (b) d2 = 200 m. Insets in the graphs
are examples of processed images, framing the detected ROI
with a white dashed line.

Table 2. Extinction coefficient values under sandstorm mea-
surements.

Channel  A[nm]  Key(A)[m™1]

Red 630 7.2-1073
Green 530 6.9-107°
Blue 475 56-1073

The image frames captured by the camera (at both 100 m and
200 m, and using different values of gain allowed by the CMOS
sensor) were processed to detect the OOK symbols, from which
the SNR per each color channel was then calculated, as shown
in the plots of Fig. 6. The channel extinction coefficients were
computed from the symbol intensities at both distances using
Eq. 2 and assuming Kyt (A) constant during the experiments.
The resulting extinction coefficients under visibility 0.57 km are
shown in Table 2. An SNR improvement of up to ASNR ~
9dB at di and 3dB at d, shows that the camera’s analog gain
positively impacts the SNR. The consequent BER values for each
link span, according to Eq. 5 are then 9.14-10~° and 4.1-10~3 for
100 m and 200 m respectively . The optimal gain in this high
optical extinction scenario is the highest allowed by the camera
of 20.6 dB and . The reason Gy improves the SNR, in this case,
is the high quantization noise due to the low received power, as
explained by Eq. 6.
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Fig. 6. Scatter plots of the R-G-B channels’ SNR vs. the cam-
era analog gain (Gy), where (a) corresponds to the results at
distance d; = 100 m and (b) d, = 200 m.

The correlation values obtained by applying Eq. 11 to the
image frames and the expected-waveform template are shown in
Fig. 7. The correlation is observed to reach a plateau at high gains,
which is always below 1.0 (perfect correlation). This occurs
because SNR is finite, and Pearson’s correlation coefficient can be
statistically modeled as a ratio distribution between correlated
numerator (first-order moment) and denominator (square root
of a second-order moment). Furthermore, the resulting high
correlation values occur because the template is large (44-pixel
rows height), reducing the data variance.

The results presented show that the decoding stage can take
advantage of the ROI expansion caused by the scattering and
the improved image quality generated by the analog gain.

5. CONCLUSIONS

An OCC link using a commercial RS camera module receiver
coupled to a telescope and a low power RGB LED transmitter
was experimentally tested, during the sandstorm event that oc-
curred on February 23rd, 2020, in the Canary Islands archipelago.
During this experiment, the AODs5( reached values between 3.2
and 6.4, while the visibility dropped to approximately 0.57 km.
A comprehensive set of measurements was carried out, compris-
ing image captures varying the camera analog gain at two target
distances of 100 m and 200 m. The link in these conditions can
achieve data rates of 1035 bps and 630 bps, respectively.

A channel model was derived for attenuated optical wireless
signals in multiple scattering scenarios. The SNR computation
for these types of links was used to assess sandstorms’ effect on
the evaluated OCC links. It is shown that SNR depends not only
on shot noise but also on quantization noise, which can be miti-
gated by both the optical and camera’s analog gain. This occurs
because, for severely attenuated optical signals, the effective

1.00
0.98 1 goaereee " 0 !
= | A
20964
~
0.94 1
0921 ' . . :
0 5 10 15 20
Gy [dB]
(@
1.00
0.98 1
= o8 §
20961 8o
< FF e c'l:H';‘
o o,
0.94 1 & D ©
0921 ' . . :
0 5 10 15 20
Gy [dB]

(®)

Fig. 7. Scatter plots for the correlation (ryy,) vs. the camera ana-
log gain (Gy), where (a) corresponds to the results at distance
d1 =100 m and (b) dy =200 m.

number of bits in the analog-to-digital conversion are dramati-
cally reduced. When electrically amplifying these signals, the
extra noise due to the amplifier’s noise figure is compensated
by a higher ADC resolution. It was shown that the analog gain
of the CMOS sensor improved the SNR under high attenuation
conditions, approximately 9 dB in the 100 m experiment, and 3
dB in the 200 m experiment.

In order to accurately estimate SNR, a binary classification
procedure based on a GMM was performed. This SNR calcu-
lation relies on the correct binary classification of ROI signal
pixels versus the background. As it was experimentally demon-
strated in [14], correlation-based metrics, on top of aiding the
detection of RO, can provide quick estimations about the signal
quality. In this work, the same trends apply. It was observed
that as the SNR increases, the values of ryy increase as well. The
template-matching correlations obtained in this work are more
than 0.92 because of its relatively-big dimensions, despite the
optical distortions caused by the sandstorm.

It was observed that the GMM procedure, joint to a template-
based correlation, is suitable for detecting the ROI and estimat-
ing its dimensions. Taking advantage of this method, it was
proved that sandstorms might generate ROI expansion due to
multiple scattering. Concretely, during these experiments, the
ROI was 33% larger than expected. Considering that an RS-OCC
system’s maximum achievable data rate depends on the pro-
jected ROI size, this effect may be positive despite the increased
path loss.

A highlighted finding of this work is that the scattering pro-
duced by the sandstorm particles allows expanding the effective
area of the source projected in the image sensor. This provides
room for allocating more symbols in the ROI than in a scatter-
free scenario, thus increasing the achievable data rate.
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