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Abstract: Light pollution is an ongoing problem for city populations. Large numbers of light sources
at night negatively affect humans” day-night cycle. It is important to measure the amount of light
pollution in order to effectively ascertain the amount of light pollution in the city area and effectively
reduce it where possible and necessary. In order to perform this task, a prototype wireless sensor
network for automated, long-term measurement of light pollution was developed for the Torun
(Poland) city area. The sensors use LoRa wireless technology to collect sensor data from an urban
area by way of networked gateways. The article investigates the sensor module architecture and
design challenges as well as network architecture. Example results of light pollution measurements
are presented, which were obtained from the prototype network.
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1. Introduction

Light pollution is a progressive degradation of the surrounding natural environment,
which is defined as the excessive emission of artificial light into the lower atmosphere
over an extended period of time. This phenomenon is currently global, and in recent
decades, along with the development of industry and the progressing urbanization process,
it systematically increases the spatial range of its impact. The glow of light extending over a
city can easily be seen from a distance of up to several tens of kilometers [1-3]. According to
research, over 99% of Europe’s population and 80% of the world’s population live in areas
polluted by artificial light [1]. The interest in studying this phenomenon is systematically
growing, and the group of scientists around the world who are involved in this research is
expanding every year [4-7]. The growing interest in the issue is evidenced by the growing
number of published scientific articles and conference presentations in recent years [8,9].
The phenomenon of artificial light pollution of the night sky has negative consequences for
the environment. Excessive light emission leads to disturbances in the behavior of plants
and animals and also significantly impairs human health, quality of life and everyday
functioning [10,11]. The negative effect of this phenomenon is the presence of lighting in
areas that should not be exposed to it, dazzling random people—both pedestrians and
drivers—which can lead to dangerous situations, events and behaviors. In the energy
crisis that has been progressing since the beginning of 2022, ill-considered, improperly
designed outdoor lighting causes excessive electricity consumption, which leads to addi-
tional economic costs for local governments at all levels and individuals. For this reason,
the development of measuring devices and the creation of a monitoring network seems
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very expedient and justified. Industry 4.0 creates new opportunities in this regard. Studies
on the above-mentioned phenomenon in urbanized areas also show that light pollution
increases further during the occurrence of unfavorable weather conditions, such as fog or
cloud cover, and the increased presence of anthropogenic dust in the troposphere [12-14].
This type of comprehensive research is still not very widespread, but the demand of city
authorities and agglomeration managers for a multi-threaded understanding and knowl-
edge of the essential components of the formation of light smog is steadily increasing.
This counteracts this process and, consequently, prevents its effects. Measuring, analyzing
and interpreting the phenomenon of pollution of the night sky by artificial light is a very
complex issue that requires multifaceted research and contributory work carried out in
collaboration between people representing different scientific disciplines.

The phenomenon of light pollution in the night sky can be measured using various
research methods. They can be divided according to specific criteria, e.g., according to
the tools used, into instrumental methods and observational methods, or according to the
complexity of the measurement process, into methods that can only be used by a qualified
operator or a non-professional [2,5,7,15]. However, the most frequently used measurement
methods in practice are registrations with the use of photometers and digital cameras,
mainly wide-angle lenses or the “fish-eye” type, and their subsequent processing using
specialized software [2,6]. Factory-made photometers can be both handheld, portable and
stationary. Since 2020, an interdisciplinary team of scientists from the Nicolaus Copernicus
University in Toruni has started work on designing, testing and implementing a proprietary
automatic measuring device in the city, which is part of the light pollution monitoring
system [16]. Measurements made in this way make it possible to compare the intensity
of the phenomenon recorded at different locations [5,6]. In some research centres, studies
using satellite or UAV imagery or aerial photographs are also used [17]. The most commonly
processed images are those taken by the Suomi NPP satellite with the VIIRS instrument,
the DMSP satellite with the OLS instrument and the Luojia 1-01 satellites [18,19].

2. Light Sensors

In order to measure and process the illuminance of ambient light, some kind of
sensor is required. This sensor converts the value of illuminance in lux to a digital or
analogue signal that can be processed by a microcontroller. The application presented in
this paper requires the sensor to be low cost, accurate at low light conditions, have low
power consumption and operate at voltages provided by batteries such as 3.3 V. The sensors
also have to reflect the sensitivity of the human eye, which is modeled by the photopic
curve [20] presented on Figure 1.

Electronic ambient light sensors can be based on several types of photosensitive
elements such as light-dependent resistors (LDRs), which alter their resistance depending
on the intensity of light or photo voltaic cells that generate voltage depending on light
intensity. Another type of detector is the photodiode. The photodiode is a reverse-biased
P-N junction which generates a small reverse leakage current proportional to the intensity
of light. Because the leakage current is very small, the photodiode usually requires an
amplifier to achieve useful signal levels. Phototransistors are two P-N junctions that work
similarly to photodiodes; however, they also amplify the current so an additional amplifier
is not needed. Among the previously mentioned light sensing devices, the photodiode
is most widely used as an ambient light sensor. This is due to its fast response, low
dependence on temperature and mostly linear illuminance vs. current characteristics.
Due to its wide adoption as a light-sensing device, many semiconductor manufacturers
offer integrated ambient light sensor chips which contain photodiodes, amplifiers, control
electronics and an interface to transfer the measured value to a measurement system
(usually a microcontroller). These include analog voltage or current signals, frequency
signals or a serial communication interface such as SPI, I2C or UART. The main drawback
of semiconductor devices used for ambient light sensing is their high sensitivity to infrared
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radiation. To alleviate this problem, filters are used which eliminate most of the infrared
radiation and enforce spectral characteristics close to the photopic curve.
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Figure 1. Photopic curve which models the sensitivity of the human eye to different wavelengths of
the visible spectrum.

In this work, an alternative solution was chosen in the form of a TSL2591-integrated
ambient light sensor manufactured by AMS OSRAM. The sensor chip has two reverse-
biased photodiodes. One is sensitive to infrared radiation and the other detects both
infrared and visible spectrum. Both currents are measured using integrated amplifiers
and converted to a numerical representation (16-bit integer) using integrated analog-to-
digital converters (ADCs). The measured values can then be subtracted to eliminate the
influence of infrared radiation and achieve the desired spectral characteristics. This allows
us to eliminate the filter, which decreases the costs and complexity of the device [21].
The characteristics of the dual diode sensor are shown in Figure 2. The characteristics are
inherent to the sensor and cannot be modified. The filter can still be used if the default
characteristics are not satisfactory, but in most applications, they do not need to be adjusted.
An alternative would be to use spectral sensors which can measure light intensities for
several fragments of the visible light spectrum and infrared. The characteristics could then
be adjusted to meet specific requirements by applying appropriate gains to each measured
spectral intensity.

An exchange of data between the sensor and the microcontroller is achieved via I12C
bus. Sending data via digital bus has the advantage of eliminating the influence of noise,
which is a problem when using analogue signals. Furthermore, the bidirectional bus can
be used to change parameters of the sensor, such as amplifier gain or integration time.
The bus can also be used to set low and high limits for measured light, which trigger an
interruption when violated. The sensor can also be put into low-power mode in order to
conserve energy, which is useful in battery powered devices. A block diagram of the sensor
is presented in Figure 3.

The sensor can be purchased as a separate chip or as a small PCB module which
contains all the necessary passive elements. A picture of an Adafruit module with the
TSL2591 sensor is shown in Figure 4.
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Figure 2. Spectral characteristics of both channels of the TSL2591 sensor.

CHANNEL 0
INFRARED + VISIBLE
J ALY | e 0
\\A DIGITAL MEASUREMENT (¢
\A CHANNEL 0 CONVERTER DATA REGISTERS l
PHOTODIODE 5 ; .
p SENSOR | 12¢ ¢
- | cONTROL [¢—P|COMMUNICATION
J T » CIRCUIT wrereace . | | o
h v
CHANNEL 1 ' SDA
N ANALOG-TO- CHANNEL 1
\\ DIGITAL MEASUREMENT :
\A CHANNEL 1 CONVERTER DATA REGISTERS
PHOTODIODE
o CHANNEL 1
INFRARED

Figure 3. Block diagram of the TSL.2591 sensor.
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Figure 4. Adafruit module with the TSL2591 lux sensor.



Sensors 2023, 23, 5084

50f16

3. Remote Light Measuring Device

The remote light measuring device, developed by the authors, is based on the B-L072Z-
LRWANI board with the Murata CMWX1ZZABZ-091 processor. This processor integrates
a low-power STM32L081 micro-controller and a Semtech SX1276 wireless transceiver
compatible with the LoORaWAN standard. An Adafruit 1980 sensor board is used with the
TSL2591 Lux sensor (Figure 3, left). The sensor communicates with the processor via 12C
serial bus. The board is expanded with an auxiliary sensor board with temperature and
humidity sensors to monitor the device during long-term outside operation for abnormal
temperatures and leaks. The block schematic of the device is presented in Figure 5.

B-L072Z-LRWAN1 board

__________________________________________________

Murata CMWX1ZZABZ-091 module Adafruit 1980

M module with
| semtechsx1276 |, P o| sTM321082  [Tij2¢ :| TSL2591
| LoRatransciever microcontroller . — sensor
external | i
868 MHz | ! i
antenna Tttt L

Auxiliary sensor board

Battery power pack
ypP P (temperature, humidity)

| power supply f

Figure 5. Block schematic of the LoRa light sensor.

The boards are enclosed in a hermetically sealed plastic enclosure. The enclosure also
contains a battery pack with three AAA batteries. An external antenna is attached to the
enclosure and connected internally to the Murata chip. The sensor monitors the ambient
light via a round hole covered by a thin glass window. The window is attached to the
enclosure using a resistant marine silicone to protect the device against environmental
conditions. The device should be placed on an elevated position so that the sensor window
points upwards, toward the night sky. This allows measuring light pollution which is
caused by excess light emitted to the atmosphere, where it is scattered and reflected back to
the ground. Such placement also limits the influence of small local light sources placed near
the device, which might significantly affect the reading while not contributing much to light
pollution. Pictures of the developed LoRa light measurement device are shown in Figure 6.

g

Figure 6. Pictures of the developed LoRa light measurement device (photo by Dominika Karpiniska).

The device is designed to operate for an extended period of time (at least one year)
on battery power. Therefore, it was necessary to adapt the board hardware and properly
configure the software to limit power consumption.

The board hardware was adapted by taking out unnecessary elements. Sensors on the
additional sensor boards were soldered out, except for the temperature and humidity sen-
sors. Some of these sensors were powered by power converters which were not necessary
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after the respective sensors were taken out. Furthermore, unnecessary pullup resistors for
the I2C bus were also removed. The ST-Link programming interface which was also used
to power the board via USB was also disabled and the board was powered directly from
the battery holder

Software modifications mainly included configuration of the microcontroller and LoRa
module to revert to sleep mode when not used. The internal real-time clock (RTC) of the
microcontroller was configured to wake up the hardware by interrupting at predefined
times. The sensors were also configured to sleep when not used and were woken up when
the processor initiated transmission. These hardware and software modifications allowed
us to significantly reduce the current consumption.

Because the devices’ purpose was to measure artificial light pollution, the sky bright-
ness measurements were conducted only at night. In order to properly discern the time of
day, a real-time clock embedded in the processor was used. During the daytime, the proces-
sor and sensors are put in sleep mode to minimize energy consumption. The processor is
woken up at 21:00. It then wakes up the LoRa transceiver and sensors. The measurements
are received via I12C, processed and sent to the base station (gateway) using LoRa wireless
network. After a successful transmission, the processor and all peripherals go to sleep for
15 min. After that period of time, the measurement and transmission cycle is repeated until
6:00. After that, the device goes into extended sleep until the next night.

At each measurement cycle data registers from both channels are read from the sensor
via [2C. Because the registers are 16-bit, each one is read in two steps of one byte during
one I2C transmission. After merging the bytes, two integer numbers are obtained with
values ranging from 0 to 65,535. These are first converted to floating point numbers and
used to compute brightness in Lux using the following formulas:

CPL — IT x GAIN )
u
- IRyawy — B+ FULLygy
Ly = CPL )
o (C M IRrgw) - (D * FULme)
Ly = CPL 3)
L = max (Lq, Lp) 4)

where: CPL—count per lux, L1, Ly—lux components from both channels, L—final value in
lux with IR influence removed, I T—integration time, GAIN—sensor gain, I Ry4w, FULLq—
raw integer values read from IR and FULL range channel registers, U, B, C, D—manufacturer-
provided coefficients specific to the TSL2591 sensor, equal to 408, 1.64, 0.59, and 0.86,
respectively. The equations and coefficients are based on documents provided by the
manufacturer (AMS OSRAM) [22,23].

The user can set four different gains for the sensor (1, 25, 428, and 9876) and different
sensor integration times between 100 and 600 ms. A higher integration time makes the
sensor more sensitive in low-light conditions. Because this device is used for night sky
brightness measurement, the highest gain of 9876 is used by default. The integration time
is set to 400 ms by default. These values are adjusted dynamically so that if raw values are
larger than 30,000 units, the gain and integration time is decreased. If the raw value is less
than 200, the integration time is increased to 600 ms. The final floating point values are
multiplied by 1,000,000 and converted back to integer form so that they can easily be sent
over the LoRa network.

The data, in the form of integer lux values, are sent to the gateways immediately after
being read from the sensors, after which the sensor goes to sleep until the next transmission
cycle. Data from measurement devices are collected by their respective gateways. Data from
each device are identified based on their unique LoRaWAN identifier and then forwarded
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to the central server with a timestamp using the internet (WiFi, Ethernet or LTE depending
on the gateway location) via MQTT protocol. This is a private cloud server that can be
accessed only by authorized personnel. The server hosts a node-red application that collects
data from each gateway. The incoming data are stored in the server database and also CSV
files for easy access and further analysis. There are also automated mechanisms to notify
the user if any of the devices stop working, need a battery replacement (battery voltage
measurement), have overheated (internal temperature measurement) or have had their
enclosure compromised (internal humidity measurement). Additional data (temperature,
humidity, and battery voltage are sent at the beginning and end of the measurement
session. Apart from the automated signaling of abnormal states, the data analysis is
performed offline by us on our local computers by downloading current data from the
cloud. There is ongoing work to implement automated analytics in the cloud and develop
a web-based front-end to visualize the collected data in a user-friendly manner. This will
include a visualization available to the general public and a more detailed interface for
dedicated users.

There are relatively very few examples of a device for autonomous long-term and
long-range light pollution measurement in the literature. Compared to a similar device
presented in the literature [24], our device has the benefit of being battery powered and
optimized for low power consumption, so it does not need an external power supply or
power source such as a photovoltaic cell. Furthermore, in the referenced work, an old sensor
type was used, which is the same as in the Unihedron SQM photometer (commonly used
in light pollution measurement). This sensor type requires a dedicated filter to eliminate
the influence of infrared radiation on the light measurement, adding additional cost and
complication to the device’s construction. Thanks to a more modern sensor and limitation
of power consumption, our device is more cost effective than similar devices used for light
pollution measurement.

The device developed by us has an additional advantage, because its housing allows
for mounting both on poles, roofs or other structural elements of basically any type, as well
as on drones. Thus, research was conducted at a vertical gradient. This has been described
in [17] and is probably the first such application. In future, it will be a challenge to better
understand this aspect of the phenomenon of light pollution.

Further improvements to the device will include development of a custom board,
the addition of additional environmental sensors and alternative, more advanced light
sensors, including biosensors [25-27].

4. LoRa Network

The current development of Internet of Things (IoT) devices [28] is associated with
the 4.0 industrial revolution [29], which has been progressing for over ten years. IoT
devices are often referred to as “smart” solutions in the context of their use—most often as
sensors for monitoring certain physical quantities, e.g., for buildings, urban infrastructure
or healthcare applications, etc. IoT devices should generally be characterized by low energy
consumption and, thus, not too much computing power. IoT devices’ small size and low
production costs are also desirable (mainly due to the mass production of this type of
device). Another critical aspect of IoT devices is the type of communication interface
involved. The most common type of communication is wireless communication. There
are many variations in communication protocols used in IoT devices. The most popular
protocols include Bluetooth [30], Zigbee [31] Wi-Fi [32], based on GSM networks (2G, 3G,
4G, 5G) [33], NFC [34] and others. An important aspect of such a communication protocol
is the bandwidth-to-range ratio. Figure 7 lists the most popular communication protocols
used in IoT devices, taking into account their bandwidth and range.

The Sigfox [35] and LoRaWAN [36] protocols, which are characterized by very long
ranges (distance of kilometers) and low energy consumption during use, are particularly
noteworthy. Such networks based on these communication protocols are called Low-Power
Wide Area Networks (LPWANS). In the devices described in the article, the authors decided
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to use a network based on LoRaWAN (Long-Range Wide-Area Network), a long-range
standard that uses a low data rate with low power consumption needs.

BANDWIDTH
HIGH
CELLULAR
(56, 4G/LTE,
3G, 2G)
MEDIUM
BLUETOOTH
ZIGBEE
LPWAN
h (LORA, NB-IOT SIGFOX )
—
tow RANGE
SHORT MEDIUM LONG

Figure 7. List the most popular communication protocols used in IoT—bandwidth and

range comparison.

In LoRa networks (in Europe), the radio frequency used for data transmission is 433
MHz and 868 MHz. In the case of LoRaWAN, a frequency of 868 MHz band is used. LoRa
networks use sharing mode—the band is split into several channels that can be used to
transmit information. LoRa does not allow devices to transmit data continuously. However,
in LoRa networks, devices using it are not immune to communication collisions. To solve
this problem, spread spectrum modulation methods are used in LoRa. Chirp Spread
Spectrum (CSS) [37] modulation is used.

The authors use the SX1276 chip from Semtech company [38] as a communication
module with the LoRa network. The essential characteristics of this chip are summarized
in Table 1.

Table 1. Main features of the SX1276 LoRa Transceiver.

Main Features

168 dB maximum link budget

+14 dBm high-efficiency PA

Low RX current of 9.9 mA, 200 nA register retention
Programmable bit rate up to 300 kbps

High sensitivity: down to —148 dBm

Packet engine up to 256 bytes with CRC

The standard LoRaWAN network architecture consists of end devices, gateways,
and servers. Data from light sensors (end-device) are sent to gateways via LoRaWAN
communication. Data are then processed into a different protocol and sent (e.g., using
Wi-Fi, GSM, or other technology) to the data aggregation server. The server also visualizes
data from light-intensity sensors. The solution of the light measurement network based on
the architecture of the LoRaWAN network is shown in Figure 8.

Due to duty-cycle restrictions in the European Union for the 868 MHz band, each of
the end devices (light measurement sensor) should transmit no more than 1% of the time
in which it works. In this case, sending a message takes about 3.5 s, which is less than 0.4%
of one device work cycle.

To develop the architecture of a LoRa network, preliminary calculations regarding the
data transmission time between devices and gateways should be made. This time depends
on the Spreading Factor. The higher the Spreading Factor, the longer the transmission time
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in the LoRa network. Depending on the modulation used, this also affects the bandwidth.
The transmission time of each symbol depends on the bandwidth used. This time is
inversely proportional to the bandwidth. The higher the Spreading Factor, the lower the bit
rate. The higher the bandwidth, the higher the bit rate.

- LOEa DATA
CLOUD
LoRa
- LTE DATA
T LO/?.Q Ebrql?rplet SERV ANALYSIS
e

“ \_oRa

Figure 8. The architecture of the LoORaWAN network with the light intensity sensors.

In the presented application of light pollution measurement, long intervals between
measurement are present, so the highest spread factor was used as there is a large amount
of time available. This has the benefit of high robustness against interference and in-
creased transmission range. No detailed calculations were necessary. In applications with
shorter communication cycles, more attention should be paid to proper adjustment of the
spread factor.

The LoRaWAN network is based on the OSI-type network model as standard. There-
fore, the encapsulation of data sent in the LoRaWAN frame is also subject to changes
(depending on the network layer) [39]. Figure 9 shows the content of the LoRaWAN frame,
including individual data processed by subsequent layers of the LoRaWAN network.

SENSOR INTERFACE DATA
(12€, SPI, UART,...) PREPROCESSING

> USER DATA

APPLICATION
LAYER SENSOR / ACTOR APPLICATION

APPKEY
ENCRYPTION

4 BYTES 1BYTE 2 BYTES 0-15 BYTES 1BYTE
DEV. FRAME FRAME FRAME FRAME

| ADDRESS | CONTROL | COUNTER | OPTIONS | PORT I PAYLOAD !
DATA LINK LoRaWAN MAC L ""'"‘j

LAYER 1BYTE Y __ MBYTES 4 BYTES

20 BITS ___Y___F:?!T_E_S _______ 2 BYTES
CHIRP SPREAD SPECTRUM I PREAMBLE | HEADER + HEADER PHYSICAL LAYER PAYLOAD
PHYSICAL LoRa MODULATION CRe
LAYER 868 MHz | 915MHz | 430 MHz
(EU) (Us) (AS)

Figure 9. LoRaWAN protocol structure.

5. Experimental Results

Numerous experiments were carried out to verify correct operation of the developed
LoRaWAN network and the constructed light measurement devices. One of them was a
study determining the current consumption of a constructed device for measuring light
intensity at night when sending a data frame at different distances from the communication
gateway. The measurements were carried out in a built-up area, which corresponds to the
operation of the equipment in the conditions of its intended use. The measurements were
carried out by five devices placed in different locations, which were characterized by free
access for the duration of the measurements. There were also no obstructions blocking
the LoRaWAN signal in their close vicinity. Each of them was surrounded by free space,
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but it was impossible to avoid the presence of urban buildings to a greater or lesser extent.
When analyzing the results, it is worth remembering that the quality of the LoORaWAN
network signal is affected not only by the distance from the transmitter, but also by terrain
obstacles. The measurement devices were located at a distance of 98, 528, 1108, 1865 and
3664 m from the communication gateway, respectively. A satellite image of Torun and a
3D terrain model with locations of the measuring devices are shown in Figures 10 and 11,
respectively.

Figure 11. Locations of measuring devices marked on a numerical 3D model of the terrain with buildings.

Pictures of two devices deployed at different locations are shown in Figure 12.

Current consumption measurements were carried out using the X-NUCLEO-LPMO1A
shield, which is an extension of the STM32 Nucleo boards with power consumption
measurement capabilities [40]. In order to read the measurements, it was necessary to
use the STM32CubeMonitor-Power software, which enabled both reading parameters in
real time and saving the collected data in the STPM file, storing data in the csv format.
After collecting data in the same atmospheric conditions from all sites, it was possible to
carry out further analysis of the results. From each of the measurements, characteristic
waveforms were selected, showing the current consumption while the message was being
sent. It is assumed that the constructed device sends two types of messages during one
night measurement session, a short one with 32b, in which only the light intensity data are
sent, and a long one with a length of 72b, which also sent data concerning the temperature,
humidity and battery charge status. During one night, 36 messages are sent, including
2 long ones, monitoring weather conditions and device status. Figure 13 shows an example
of power consumption when sending two types of messages.
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Figure 12. Pictures of the LoRa light measuring device deployed at outdoor locations (photo by
Mieczystaw Kunz).

The measurement and transmission interval was set to 15 min which is frequent
enough to monitor the slowly changing night sky brightness. Each measurement and
transmission cycle results in significantly more current consumption than sleep intervals
between cycles. More frequent transmission intervals would result in more energy con-
sumption globally, and therefore a shorter battery life. The interval was determined to
achieve the longest possible interval which provides a satisfactory light value sampling rate.

30,000
——longer message

——shorter message
25,000

20,000

15,000

10,000

current consumption [A]

5000

0 500 1000 1500 2000 2500 3000 3500 4000
time [ms]

Figure 13. Sensor current consumption acquired using X-NUCLEO-LPMO1A shield and
STM32CubeMonitor-Power software while sending both long and short data frames.

After extracting several dozen samples showing the energy consumed while sending
messages for each device, it was possible to average its value in each case. The obtained
results were also averaged for the time when the device was in reduced power mode.
For comparison, Table 2 shows the average maximum current consumption during device
initialization, which takes place once after turning it on, and the average maximum current
consumed while sending a data frame. Data were collected for each of the positions. Ana-
lyzing the data, it can be seen that the average during initialization remains similar for each
device and does not depend on the distance between the device and the communication
gate. However, we can see this dependence with the average power consumption during
sending the message. As the distance increases, the average for a given position increases.
The only exception is the site located 1108 m from the communication gateway. In its
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vicinity, there were dense multi-family buildings, which undoubtedly had an impact on
the quality of measurements. Unfortunately, in urban conditions, it was not possible to
choose a perfect location for the measurement device due to the presence of numerous
terrain obstacles.

Table 2. Comparison of average maximum current consumption values during initialization and
frame transmission for each measurement device.

Average Maximum Average Maximum
. . . Current Current
Measuring Device Distance [m] Consumption during Consumption during
Initialization [mA] Transmission [mA]
Device 1 98 35.100 19.075
Device 2 528 35.781 19.349
Device 3 1108 34.881 25.871
Device 4 1865 34.698 21.043
Device 5 3664 35.742 35.206

After averaging the data, it was possible to calculate the energy consumption of the
device during a single initialization, sending a short and long message, as well as during
the transition to a low-power state. With these data, the electricity consumption during
one full day was calculated. This allowed us to determine the theoretical working time of
the device on batteries with a capacity of 3000 mAh. The calculated data for each of the
positions are presented in the Table 3.

Table 3. Comparison of average energy consumption of each device.

Night

. Initialization Sending Long  Sending Short Measurement  Daytime Sleep 3000 mA.h
Distance [m] Message Message . Battery Life
[MAh] [mAh] [mAh] Session [mAh/day] [Days]
[mAh/day]

98 0.0233 0.0068 0.0058 0.2122 5.942 507.92

528 0.0233 0.0068 0.0059 0.2137 5.942 507.79
1108 0.0233 0.0070 0.0063 0.2266 5.942 506.69
1865 0.0233 0.0068 0.0060 0.2179 5.942 507.43
3664 0.0233 0.0074 0.0068 0.2454 5.942 505.08

Analyzing the data presented in the Table 3, we can see that the differences in energy
consumption during one night measuring session between different devices are noticeable.
Power consumption during night measurement session of device 4, which had the highest
power consumption, is 13.5% higher than that of device 1, which has the lowest power con-
sumption. The differences are mainly related to current consumption during transmission,
which in turn is related to distance and any obstructions between the gateway and each
device. However, the power consumption during the long sleep time of the device has the
greatest impact on the available operational period. This sleep time is the same for each
device. The total time taken to send a small amount of messages is very short compared
to the length of the entire standby period, which is the cause of very similar estimated
battery life in Table 3 The presented data prove that the distance and terrain obstacles only
slightly affect the working time of the device. The highest and lowest results differ by
less than 3 days, which is less than 0.6% of the calculated life. The above analysis proves
how important it is to use technology that allows the use of reduced power consumption
and allows sleep mode to be entered between measurements. This allows them to be
placed in a location with limited access and uninterrupted archiving of data for a long
time. Measurement devices, designed and built by the authors, that transmit data via LoRa
technology have been operating in Torun since April 2020. Because of this, it was possible
to acquire preliminary seasonal results at several locations. Figure 14 presents a comparison
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of results for devices 1 and 2 in summer and winter, while Figure 15 presents results for
device 2 for all seasons. Measurements are shown between 09:00 pm and 01:15 am due
to the presence of a shorter astronomical night in the summer.By analyzing the presented
data, one can notice the seasonal variability in the brightness of the night sky. Winter nights
are definitely the brightest, while summer nights are darkest. The presented results are in
agreement with the results obtained by other research teams monitoring the brightness
of the night sky [41-43], as well as with the previous instrumental studies conducted in
Torun [4,44].

It is also worth noting that there is a noticeable difference between results obtained
from different devices. The sky is brighter at the location of device 1 in winter compared to
the location of device 2. In summer, the results for both devices are very similar; however,
a slightly larger value for device 2 can still be noticed. This can be attributed to a different
location of both devices with different lighting conditions, which also proves the usefulness
of the developed system. The difference between seasons can be attributed to differences
in the number of cloudy nights and the amount of air pollution, which influences light
reflection from the atmosphere.
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Figure 14. Comparison of measured light intensity for device 1 and 2 in summer and winter (average
across all nights).
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Figure 15. Comparison of measured light intensity for device 2 in all seasons (average across
all nights).

The collected data prove the relevance of the selected technologies and components
for the construction of devices and the operational readiness of the constructed device in
all measurement conditions. Measurements were taken both during the frost of several
degrees and during the hottest days of the year. The communication of the device with
the communication gateway was also uninterrupted under all conditions. Data archiving
proceeded without any major disruptions. The conducted measurement sessions prove the
readiness to work of both self-constructed devices and the entire prepared measurement in-
frastructure.

6. Conclusions

In this paper, an autonomous distributed light measurement system was presented
for long-term monitoring of light pollution in an urban environment. The system consists
mainly of autonomous measurement devices equipped with LoRa wireless communication,
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which allows long-range communication in various environments. Compared to similar
devices presented in the literature, the device and data acquisition system presented in this
paper have the advantage of autonomous long-term operation under battery power with
wireless communication to a central network server. The paper presents the developed
wireless sensor module and system architecture, as well as design challenges that had
to be overcome to make the system operational. Experimental results were presented
which prove that the devices are capable of operating in the LoRa network-based system
for extended periods of time without maintenance due to low power consumption and
an appropriate transmission schedule. Furthermore, long-term measurements of night
sky light pollution were presented. These were gathered by several devices in the Torun
urban area. The developed system and devices can be used, among other applications,
to optimize urban lighting in different seasons in order to lower city-wide energy consump-
tion. The system will be further developed to provide a web-based front-end available
for general use and administrative purposes. Currently, 40 devices are being deployed
across Torun, which should provide a much more detailed map of urban light pollution
in that area. A new version of the device with a dedicated integrated board is currently
being developed.

Author Contributions: Conceptualization, M.K. and K.E.; methodology, M.K. and K.E.; software,
D.K. and K.E; hardware, D.K,, ].C. and M.P; validation, M.P. and ].C.; investigation, D.K., J.C and
M.P,; resources, M.K. and D.K,; data curation, D.K.; writing—original draft preparation, K.E., D.K.,
M.K. and M.P,; writing—review and editing, K.E., M.K. and D.K.; visualization, D.K.; supervision,
M.K. and K.E.; project administration, M.K.; All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Falchi, F; Cinzano, P; Duriscoe, D.; Kyba, C.; Elvidge, C.; Baugh, K.; Portnov, B.; Rybnikova, N.; Furgoni, R. The new world atlas
of artificial night sky brightness. Sci. Adv. 2016, 2, e1600377. [CrossRef] [PubMed]

2. Jechow, A.; Kollath, Z.; Lerner, A.; Héanel, A.; Shashar, N.; Holker, F.; Kyba, C. Measuring Light Pollution with Fisheye Lens
Imagery from A Moving Boat, A Proof of Concept. Int. J. Sustain. Light. 2017, 36, 15-25. [CrossRef]

3. Linares Arroyo, H.; Masana, E.; Ribas, S.; Aubé, M.; Simoneau, A.; Bara, S. Night sky brightness simulation over Montsec
protected area. J. Quant. Spectrosc. Radiat. Transf. 2020, 249, 106990. [CrossRef]

4.  Karpinska, D.; Kunz, M. Analysis of Light Pollution of the Night Sky in Toruni (Poland). Civ. Environ. Eng. Rep. 2020, 30, 155-172.
[CrossRef]

5. Kyba, C.; Bouroussis, C.; Canal-Domingo, R.; Falchi, F.; Giacomelli, A.; Hénel, A.; Kollath, Z.; Massetti, L.; Ribas, S.; Spoelstra,
H. Report of the 2015 LoNNe Intercomparison Campaign; Deutsches GeoForschungsZentrum GFZ: Potsdam, Germany, 2015.
Available online: https:/ /gfzpublic.gfz-potsdam.de/rest/items/item_1124000_3 /component/file_1124001/content (accessed on
19 May 2023).

6. Kyba, C.; Tong, K; Bennie, J.; Birriel, I; Birriel, J.; Cool, A.; Danielsen, A.; Davies, T.; Outer, P.; Edwards, W.; et al. Worldwide
variations in artificial skyglow. Sci. Rep. 2015, 5, 12180. [CrossRef]

7. Pun, CS,; So, C.w. Night-sky brightness monitoring in Hong Kong—A city-wide light pollution assessment. Environ. Monit.
Assess. 2011, 184, 2537-2557. [CrossRef]

8. Mander, S.; Alam, E; Lovreglio, R.; Ooi, M. How to measure light pollution—A systematic review of methods and applications.
Sustain. Cities Soc. 2023, 92, 104465. [CrossRef]

9. Levin, N.; Kyba, C.C.; Zhang, Q.; Sdnchez de Miguel, A.; Romédn, M.O.; Li, X.; Portnov, B.A.; Molthan, A.L.; Jechow, A.; Miller,
S.D.; et al. Remote sensing of night lights: A review and an outlook for the future. Remote. Sens. Environ. 2020, 237, 111443.
[CrossRef]

10. Garcia-Saenz, A.; Sanchez de Miguel, A.; Espinosa, A.; Crespo, A.; Aragonés, N.; Llorca, J.; Amiano, P.; Martin, V.; Guevara, M.;

Capelo, R;; et al. Evaluating the Association between Artificial Light-at-Night Exposure and Breast and Prostate Cancer Risk in
Spain (MCC-Spain Study). Environ. Health Perspect. 2018, 126, 047011. [CrossRef]


http://doi.org/10.1126/sciadv.1600377
http://www.ncbi.nlm.nih.gov/pubmed/27386582
http://dx.doi.org/10.26607/ijsl.v19i1.62
http://dx.doi.org/10.1016/j.jqsrt.2020.106990
http://dx.doi.org/10.2478/ceer-2020-0057
https://gfzpublic.gfz-potsdam.de/rest/items/item_1124000_3/component/file_1124001/content
http://dx.doi.org/10.1038/srep12180
http://dx.doi.org/10.1007/s10661-011-2136-1
http://dx.doi.org/10.1016/j.scs.2023.104465
http://dx.doi.org/10.1016/j.rse.2019.111443
http://dx.doi.org/10.1289/EHP1837

Sensors 2023, 23, 5084 15 of 16

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Longcore, T.; Rich, C. Artificial Night Lighting and Protected Lands: Ecological Effects and Management Approaches; Natural Resource
Report NPS/NRSS/NSNS/NRR—2016/1213; National Park Service: Washington, DC, USA, 2016.

Kocifaj, M.; Bara, S. Night-time monitoring of the aerosol content of the lower atmosphere by differential photometry of the
anthropogenic skyglow. Mon. Not. R. Astron. Soc. Lett. 2020, 500, L47-L51. [CrossRef]

Ribas, S.J.; Torra, J.; Figueras, E; Paricio, S.; Canal-Domingo, R. How Clouds are Amplifying (or not) the Effects of ALAN. Int. ].
Sustain. Light. 2016, 35, 32-39. [CrossRef]

Sciezor, T. The impact of clouds on the brightness of the night sky. J. Quant. Spectrosc. Radiat. Transf. 2020, 247, 106962. [CrossRef]
Hiénel, A.; Posch, T.; Ribas, S.; Aubé, M.; Duriscoe, D.; Jechow, A.; Kolldth, Z.; Lolkema, D.; Moore, C.; Schmidt, N.; et al.
Measuring night sky brightness: Methods and challenges. J. Quant. Spectrosc. Radiat. Transf. 2017, 205, 278-290. [CrossRef]
Karpinska, D.; Kunz, M. Device for automatic measurement of light pollution of the night sky. Sci. Rep. 2022, 12, 16476. [CrossRef]
[PubMed]

Karpinska, D.; Kunz, M. Vertical Variability of Night Sky Brightness in Urbanised Areas. Quaestiones Geographicae 2023, 42, 5-14 .
[CrossRef]

Elvidge, C.; Baugh, K.; Zhizhin, M.; Hsu, F.C. Why VIIRS data are superior to DMSP for mapping nighttime lights. Proc. Asia Pac.
Adv. Netw. 2013, 35, 62—-69. [CrossRef]

Wang, C.; Chen, Z; Yang, C.; Li, Q.; Wu, Q.; Wu, J.; Zhang, G.; Yu, B. Analyzing parcel-level relationships between Luojia 1-01
nighttime light intensity and artificial surface features across Shanghai, China: A comparison with NPP-VIIRS data. Int. |. Appl.
Earth Obs. Geoinf. 2020, 85, 101989. [CrossRef]

ISO/CIE DIS 23539:2021; Photometry-The CIE System of Physical Photometry. International Organization for Standardization:
Geneva, Switzerland, 2022.

OSRAM Group. TSL2591 Light-to-Digital Converter, Product Document, 2018. Available online: https://ams.com/documents/
20143/9331680/TSL2591_DS000338_7-00.pdf (accessed on 19 May 2023)

Glover, K. Intelligent opto sensor Designer’s Notebook: Using the Lux Equation; Technical Report; AMS OSRAM: Munich,
Germany, 2011.

Glover, K. Intelligent opto sensor Designer’s Notebook: Developing a Custom Lux Equation; Technical Report; AMS OSRAM: Munich,
Germany, 2011.

Alarcon, M.R.; Puig-Subira, M.; Serra-Ricart, M.; Lemes-Perera, S.; Mallorquin, M.; Lépez, C. SG-WAS: A new wireless
autonomous night sky brightness sensor. Sensors 2021, 21, 5590. [CrossRef] [PubMed]

Xu, K. Silicon electro-optic micro-modulator fabricated in standard CMOS technology as components for all silicon monolithic
integrated optoelectronic systems. |. Micromech. Microeng. 2021, 31, 054001. [CrossRef]

Zhang, Y.; Wijeratne, L.O.; Talebi, S.; Lary, D.J. Machine learning for light sensor calibration. Sensors 2021, 21, 6259. [CrossRef]
Chen, C.; Wang, J. Optical biosensors: An exhaustive and comprehensive review. Analyst 2020, 145, 1605-1628. [CrossRef]
[PubMed]

Whaiduzzaman, M.; Barros, A.; Chanda, M.; Barman, S.; Sultana, T.; Rahman, M.S.; Roy, S.; Fidge, C. A Review of Emerging
Technologies for IoT-Based Smart Cities. Sensors 2022, 22, 9271. [CrossRef] [PubMed]

Rosério, A.T,; Dias, J.C. Industry 4.0 and Marketing: Towards an Integrated Future Research Agenda. . Sens. Actuator Netw. 2022,
11, 30. [CrossRef]

Niebla-Montero, A.; Froiz-Miguez, I.; Fraga-Lamas, P.; Ferndndez-Caramés, T.M. Practical Latency Analysis of a Bluetooth 5
Decentralized IoT Opportunistic Edge Computing System for Low-Cost SBCs. Sensors 2022, 22, 8360. [CrossRef]

Dymora, P.; Mazurek, M.; Smalara, K. Modeling and Fault Tolerance Analysis of ZigBee Protocol in IoT Networks. Energies 2021,
14, 8264. [CrossRef]

Bassoli, M.; Bianchi, V.; De Munari, I. A plug and play IoT Wi-Fi smart home system for human monitoring. Electronics 2018,
7,200. [CrossRef]

Mazhar, T.; Malik, M.A.; Hagq, I; Rozeela, 1; Ullah, I.; Khan, M.A.; Adhikari, D.; Ben Othman, M.T.; Hamam, H. The Role of ML,
Al and 5G Technology in Smart Energy and Smart Building Management. Electronics 2022, 11, 3960. [CrossRef]

Raso, E.; Bianco, G.M.; Bracciale, L.; Marrocco, G.; Occhiuzzi, C.; Loreti, P. Privacy-Aware Architectures for NFC and RFID
Sensors in Healthcare Applications. Sensors 2022, 22, 9692. [CrossRef]

Kim, B.; Kim, S.; Lee, M.; Chang, H.; Park, E.; Han, T. Application of an Internet of Medical Things (IoMT) to Communications in
a Hospital Environment. Appl. Sci. 2022, 12, 12042. [CrossRef]

Finochietto, M.; Santos, R.; Ochoa, S.F.; Meseguer, R. Reducing Operational Expenses of LoRaWAN-Based Internet of Remote
Things Applications. Sensors 2022, 22, 7778. [CrossRef]

Noor-A-Rahim, M.; Khyam, M.O.; Mahmud, A.; Li, X.; Pesch, D.; Poor, H.V. Hybrid chirp signal design for improved long-range
(LoRa) communications. Signals 2022, 3, 1-10. [CrossRef]

Semtech Corporation. Data Sheet—SX1276/77/78/79—137 MHz to 1020 MHz Low Power Long Range Transceiver; Rev. 7; Semtech
Corporation: Camarillo, CA, USA, 2020.

Montagny, S. LoRa - LoRaWAN and Internet of Things for Beginners; Rev. 2; Savoie Mont Blanc University: Chambéry, France, 2022.
STMicroelectronics. STM32 Nucleo Expansion Board for Power Consumption Measurement (UM2243); STMicroelectronics: Geneva,
Switzerland, 2018.


http://dx.doi.org/10.1093/mnrasl/slaa181
http://dx.doi.org/10.26607/ijsl.v18i0.19
http://dx.doi.org/10.1016/j.jqsrt.2020.106962
http://dx.doi.org/10.1016/j.jqsrt.2017.09.008
http://dx.doi.org/10.1038/s41598-022-20624-7
http://www.ncbi.nlm.nih.gov/pubmed/36183041
http://dx.doi.org/10.14746/quageo-2023-0001
http://dx.doi.org/10.7125/APAN.35.7
http://dx.doi.org/10.1016/j.jag.2019.101989
https://ams.com/documents/20143/9331680/TSL2591_DS000338_7-00.pdf
https://ams.com/documents/20143/9331680/TSL2591_DS000338_7-00.pdf
http://dx.doi.org/10.3390/s21165590
http://www.ncbi.nlm.nih.gov/pubmed/34451029
http://dx.doi.org/10.1088/1361-6439/abf333
http://dx.doi.org/10.3390/s21186259
http://dx.doi.org/10.1039/C9AN01998G
http://www.ncbi.nlm.nih.gov/pubmed/31970360
http://dx.doi.org/10.3390/s22239271
http://www.ncbi.nlm.nih.gov/pubmed/36501973
http://dx.doi.org/10.3390/jsan11030030
http://dx.doi.org/10.3390/s22218360
http://dx.doi.org/10.3390/en14248264
http://dx.doi.org/10.3390/electronics7090200
http://dx.doi.org/10.3390/electronics11233960
http://dx.doi.org/10.3390/s22249692
http://dx.doi.org/10.3390/app122312042
http://dx.doi.org/10.3390/s22207778
http://dx.doi.org/10.3390/signals3010001

Sensors 2023, 23, 5084 16 of 16

41.

42.

43.

44.

Jechow, A.; Kollath, Z.; Ribas, S.; Spoelstra, H.; Holker, E; Kyba, C. Imaging and mapping the impact of clouds on skyglow with
all-sky photometry. Sci. Rep. 2017, 7, 6741. [CrossRef] [PubMed]

Kyba, C.; Aubé, M.,; Bara, S.; Bertolo, A.; Bouroussis, C.; Cavazzani, S.; Espey, B.; Falchi, F; Gyuk, G.; Jechow, A.; et al.
Commentary: Multiple Angle Observations Would Benefit Visible Band Remote Sensing Using Night Lights. |. Geophys. Res.
Atmos. 2022, 127, €2021JD036382. [CrossRef]

Kocifaj, M.; Barentine, J. Air pollution mitigation can reduce the brightness of the night sky in and near cities. Sci. Rep. 2021,
11, 14622. [CrossRef]

Karpinska, D.; Kunz, M. Light pollution in the night sky of Torur in the summer season. Bull. Geogr. Phys. Geogr. Ser. 2019,
17,91-100. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1038/s41598-017-06998-z
http://www.ncbi.nlm.nih.gov/pubmed/28751661
http://dx.doi.org/10.1029/2021JD036382
http://dx.doi.org/10.1038/s41598-021-94241-1
http://dx.doi.org/10.2478/bgeo-2019-0017

	Introduction
	Light Sensors
	Remote Light Measuring Device
	LoRa Network
	Experimental Results
	Conclusions
	References

