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Abstract

:

Building modern Internet of Things (IoT) systems is associated with a number of challenges. One of the most significant among them is the need for wireless technology, which will serve to build connectivity between the individual components of this technology. In the larger cities of Bulgaria, measures to ensure low levels of harmful emissions, reduce noise levels, and ensure comfort in urban environments have been taken. LoRa technology shows more advantages in transmission distance and low energy consumption compared to other technologies. That is why this technology was chosen for the design of wireless sensor networks (WSN) for six cities in Bulgaria. These networks have the potential to be used in IoT configurations. Appropriate modules and devices for building WSN for cities in Bulgaria have been selected. It has been found that the greater number of nodes in the WSN leads to an increase in the average power consumed in the network. On the other hand, depending on the location of these nodes, the energy consumed may decrease. The performance of wireless sensor networks can be optimized by applying appropriate routing protocols, which are proposed in the available literature. The methodology for energy efficiency analysis of WSN can be used in the design of wireless sensor networks to determine the parameters of the environment, with the possibility of application in IoT.






Keywords:


wireless sensor networks; node localization; security; energy efficiency; IoT analysis; LoRa












1. Introduction


The need for networking of non-complex sensor devices is increasing worldwide [1] in connection with the application of the Internet of Things, which is based on technologies designed for networking, low-cost, low-power consumption, and low data transfer capacity.



When creating a WSN to monitor the parameters of the urban environment, we are not looking for direct profit, but to improve people’s living conditions. Using sensor data, it is possible to assess what needs to be changed and where, for example by regulating and controlling car traffic so that we can breathe cleaner air. Funding comes from the state (represented by municipal authorities). One of their duties is to take care of people’s health. In the same way, funds from European environmental programs and projects can be used.



In automating the processes of measuring, transmitting, storing and processing data on the state of the environment in urban conditions, IoT technology is used in [2]: monitoring of environmental pollutants such as vehicles, industrial enterprises; climate change; disaster and accident warnings; assistance to people with disabilities; detection of aging and defects in machinery and equipment; advertising and media; evaluation of products and services; public safety in the city.



As a result of the measurements and analysis of the data received from the measuring stations, the governing bodies in the city organize activities to improve the health of the environment in cities. Such activities include a change in the organization of road transport in the city in order to reduce noise and the amount of harmful substances. In the same way, recommendations can be generated for production enterprises in the city to reduce harmful emissions and waste products resulting from the production they perform. The ultimate goal to be achieved is to create healthy living conditions for the population and protect the environment by developing and implementing an integrated approach and measures to avoid air and water pollutants and high noise levels by preventing or reducing these harmful effects.



In recent years, measures have been adopted in Bulgaria to measure the levels of harmful emissions, noise and pollutants from transport and industrial enterprises in urban environments. These measures are in line with the requirements of the European Union to ensure a healthy living environment in cities. The potential applications of IoT in this regard are diverse. The European Commission’s IoT documents include the so-called smart city, defined as “a place where traditional networks and services become more efficient by using digital and telecommunications technologies for the benefit of residents and businesses” [3].



Updating the map for noise in settlements in Bulgaria is related to the fulfillment of the requirements of the Environmental Noise Protection Act (EPAA) (Promulgated, SG No. 74 of 13 September 2005) and Directive 2002/49/EC for the assessment and management of environmental noise. According to these requirements, it is the duty of every agglomeration with a population of over 100,000 inhabitants to update its noise map.



In the larger cities of the Republic of Bulgaria such measures to ensure low levels of harmful emissions, reduce noise levels, and ensure comfort in urban environments have been taken [4]. The measures are also supported by companies offering mobile services [5,6]. The following are provided [5]: intelligent parking systems, which show drivers the nearest free parking space and navigate them to it; intelligent lighting, providing greater security for citizens as well as saving on electricity costs for municipalities; air quality control; effective management of garbage containers; remote and intelligent metering of water meters, electricity meters and other measuring devices for households.



Measurements are based on automatic specialized stations, as well as by measuring with portable measuring instruments. The trend is to expand networks for automatic measurement and storage. For this purpose, it is necessary to select the appropriate technology for the wireless transmission of sensor data.



A review of the available literature sources [1,4,6] shows that in Bulgaria there is a need to create new and expand existing wireless sensor networks to measure the levels of pollutants in the environment. There is little research on the energy efficiency of this type of network.



Building modern systems based on IoT is associated with a number of challenges. One of the most important among them is the need for wireless technology, which will serve to build connectivity between the individual components of a new technology. There are various standards for wireless communication. Several of them are widely used and applicable to objects and devices with extremely low power. They can be IP-compatible or non-IP-compliant. Most of the wireless standards applicable to low-power devices are characterized by having a short range [7,8]. These standards are suitable for use in the construction of WSN, of course, taking into account their advantages and limitations.



The simulation analyses presented in some of the available literature [9,10] sources are related to “hypothetical” WSNs, which have a certain radius of availability and operating parameters. It is necessary to make studies which take into account the working conditions, geographical location, and number of nodes in the WSN.



Table 1 provides a comparative analysis of the performance of four commonly used wireless communication technologies that are suitable for use in sensor networks. The difference in bandwidth between the compared wireless communication technologies is not large. Baker [9] points out that the ZigBee over 802.15.4 protocol has more application capabilities than Bluetooth due to its long battery life, greater usable range, dimensional flexibility, and reliability of the network architecture. According to Lee et al. [10], the effective use of network protocols depends to a large extent on specific practical applications, as well as network reliability, roaming capability, recovery mechanism, hardware cost and network installation and maintenance costs. LoRa technology shows more advantages in transmission distance and a lower power consumption than other technologies. Due to the potentially complex environment in which the sensor devices will operate, problems also arise when using LoRa technology. In an urban environment, these are the presence of buildings, trees, and features of the terrain that prevent the transmission of signals in wireless networks [11].



The LoRaWAN protocol (https://www.thethingsnetwork.org, accessed on 1 April 2022) is built on LoRa technology. LoRa provides the physical layer that allows for long-distance bonding. LoRaWAN defines the communication protocol and system architecture. Protocol and network architecture have the greatest impact on battery life at a node, network capacity, quality of service, security, and the variety of applications served by the network. If the sensors need to be used as portable devices, this requires a communication protocol for dynamic LoRa sensor networks. This protocol is “multi-hop”. An advantage of this transmission method is that restrictions on the maximum distances at which WSN data are received/transmitted can be avoided. The limitations of multi-hop are that it has high latency and low reliability.



When setting up communication in a LoRa network, the following key characteristics need to be taken into account [12]: Transmission Power (TP), which varies in the range [−4, 20 dBm], but due to some restrictions can be used in the range 2–20 dBm; Carrier Frequency (CF), which changes in steps of 61 Hz, in the range 137–1020 MHz, for which the scope depends on the scheme used and the region in which it is used; Spreading Factor (SF), which represents the ratio between the symbol rate and the chip rate and varies in the range of 6–12. High levels of this factor increase the signal-to-noise ratio (SNR), as well as increase the rate of transmission and time to transfer data packets; Bandwidth (BW), which represents the bandwidth of the transmission band. At higher BW values, more data are transmitted simultaneously, but at the expense of lower sensitivity and noise overlay in the signal. It is commonly used at frequencies of 125, 250 and 500 kHz; Code Rate (CR), which is a method of error correction. Higher CR levels allow for better noise reduction but reduce data rates. The default is 4/8, but it can have values of 4/5, 4/6, 4/7, or 4/8.



The aim of this paper is to clarify the technical challenges related to the energy efficiency of using LoRa networks in six cities in Bulgaria.



The main contributions that can be summarized are: a comparative analysis of WSN for six cities in Bulgaria; when designing a WSN, it is necessary to take into account the number of nodes, their location and the size of the network as a whole; the performance of wireless sensor networks can be optimized by applying appropriate routing protocols, which are proposed in the available literature; the proposed analyses of wireless sensor networks can be used for IoT scenarios to determine environmental parameters.



The article is structured as follows: An analysis of available literature sources has been made (Section 2). Six cities in Bulgaria have been selected (Section 3). WSN topologies have been created, depending on the regulations for each city. A numerical analysis of wireless sensor networks in terms of their energy efficiency was performed, and the obtained results are compared with those of the available literature (Section 4). Summaries and conclusions have been made (Section 5).




2. Related Works


The parameters BW, SF, different loads and modulation methods in LoRa were used by Aref et al. [13]. The authors study the influence of the data obtained from environmental parameters on the indicated characteristics of the wireless network. According to Rida et al. [14], the communication setup parameters in LoRa have a significant impact on the performance of the wireless sensor network. Such is the power of the transmitter, BW, SF, and the number of measuring points. The choice of an appropriate method of communication depends on its application and requirements. The way data are transmitted is also an important factor in communication, as Kim et al. [15] described. These authors offer a LoRa-based network with 3000 end devices. A real test for LoRa was performed and experiments were performed to find a simplified model that reduces data loss in LoRa. The authors found that the radio signal can reach distances above 1344 m with different values of SF in a combined indoor and outdoor communication environment.



Mikhaylov [16] points out that the European 868 MHz Industrial, Scientific and Medical (ISM) band is an appropriate frequency band due to the use of low frequencies for data transmission over LoRa wireless networks in European countries. The study in this article was carried out in Bulgaria and such a permitted frequency range was used.



Lukas et al. [17] offer a system for monitoring the parameters of the environment. It is based on IoT and LoRa. The main purpose of this system is to determine the characteristics of water. When using wireless sensor networks, it is necessary to take into account exactly which environmental parameters will be measured. For example, the measurement of water characteristics differs, for example, from that of air or noise in an urban environment.



Energy consumption is of great importance when using LoRa in IoT applications. According to Liang et al. [2], the closer they are to the gateway, the less energy the wireless sensor devices consume. The sensor devices are designed to use a battery or solar panels. Reducing the energy consumed will increase the life of the device and the frequency of transmission of measurement data.



The topology of the network also needs to be taken into account [18]. The “star” topology used in LoRa, in addition to its advantages, also has some limitations related to the high load on the central node, especially in networks with multiple wireless measuring stations.



According to Fernandez-Prieto et al. [19], a complete wireless sensor data collection system covers the design of the network topology, the hardware and software of the sensor nodes, the protocols and the cloud web server platform. The authors propose a comprehensive project of the IoT network for the assessment of environmental parameters in urban conditions. The stages of network design and performance evaluation can be used in the present work.



The design of a sensor network using LoRa technology is proposed by Hristov et al. [20]. The authors design the network on three levels and offer a sensor measurement system, as well as a methodology for designing wireless sensor networks in IoT. A disadvantage of this project is that the proposed methods and tools have not been tested in a real environment.



From the review of the available literature, it can be concluded that the simulation studies of LoRa wireless sensor networks are carried out “in principle”, without taking into account the influence of the environment in which they are used and the exact location of sensor devices. The evaluation of actually created networks is performed after their installation. This leads to inefficient use and detection of deficiencies once the network is installed. For this reason, the shortcomings of creating a wireless sensor network are difficult to overcome. Further research is needed on the simulation analysis of wireless sensor networks suitable for use in IoT. This analysis must take into account both the characteristics and setup of the devices with network communication and the environmental factors of the space in which they will operate.




3. Material and Methods


Data for six cities in the Republic of Bulgaria were used. The data for the location of the measuring points were provided by the municipal administration of the respective city. Table 2 shows data on cities with their geographical coordinates and the number of points for measuring environmental parameters. The geographical coordinates are those of the administrative building of the respective city, which is assumed to be the location of the base station in the wireless sensor network. The cities of Shumen and Yambol have the lowest number of measuring points, and the most are in the city of Plovdiv. The distances between nodes and base station were calculated by the Euclidean distance method. The maximum distance of nodes or the radius of the wireless sensor network is specified. The shortest distance is in Burgas, and the longest distances are in Varna and Plovdiv. The average distances to the nodes are indicated. The largest is for T6 (Plowdiv) and the smallest in T1 (Burgas). The number of nodes that are close to the base station is also important. Most are in T1 (9), while in other cities there are only 1. Nearby nodes communicate more often with the base station and therefore their energy consumption is higher than that of others in the network. This increases the overall consumption of the network as a whole.



Figure 1 shows maps in scale 1:75,000 and scale of 1 km of the cities in Bulgaria and the location of the measuring points (in blue). Open Street Map maps (https://www.openstreetmap.org, accessed on 1 April 2022) were used. Cities with a population of over 100,000 people were selected—Varna, Burgas, andPleven. In these cities, there are measuring networks with up to 5 points, and the other measurements were performed manually or by calculation. The smaller cities in terms of population are Shumen and Yambol. In them, the measurement of the environmental parameters was performed by manual measuring means or by calculation.



It is typical for the cities in Bulgaria to have established measuring points, regardless of the method by which the measurement data are obtained. These measurement points were used in the present work as a basis for the simulation of wireless sensor networks, with possibilities for application in IoT.



The distance for transmitting measurement data is described by the following mathematical dependence [21]:


   P r  =    P t   G t   G r   λ 2       (  4 π  )   2   d 2     



(1)




where Pt is the transmitted power; Pr is the received power; Gt is the gain of the transmitting antenna; Gr is the gain of the receiving antenna; λ is the wavelength; d is the distance between the receiving and transmitting parties. Euclidean distance is taken into account. This model assumes that the power received is a function of the distance to transmit and receive wireless signals. When designing a WSN for a specific city, it is necessary to take into account factors such as geographical location, the presence of buildings, trees, and the capabilities of the sensor devices used.



The average energy consumption (EA) is determined on the basis of the arithmetic mean of the energies required for transmission, reception, sleep, and idle modes. It can be defined by the following formula:


   E A  =  1 N    ∑   i = 1  N   E i   



(2)




where Ei is the energies required for transmission, reception, sleep, and idle modes of operation of the WSN; N is the number of reports for which this averaging is performed. In the present work, N is assumed to be 50 times as many as the number of rounds.



The consumed energy for 50 rounds is determined. During the operation of the sensor network, each sensor node periodically sends data to the base station. One round of the transmitted data represents the length of time it takes to send a unit of data (4000 bits) to the base station.



There is no description of all the functions of the used software product. Therefore, they are represented in the form y = f(x). The presented results of the work should be accepted within the described conditions and in those of the used software product.



Another factor that can increase the life of the network is the residual energy in each sensor node. It is calculated by a coefficient representing the current energy level of the individual sensor nodes. This remaining energy is calculated by the formula:


   E R  = f  (   E 0  ,    E m   )   



(3)




where E0 is the initial energies of each node; Em is the energies required for the operation of the nodes in the WSN.



The energy consumption of the whole network (E) through all rounds is determined.


  E = f  ( R )   



(4)




where R is the number of rounds.



The number of received packets (Np) for all rounds is determined.


   N p  = f  ( R )   



(5)




where R is the number of rounds.



Data for the LoRa Wan module operating at 868 MHz were used. The data for the base station corresponds to LoRa WAN Gateway, 868 MHz (Shenzhen Dragino technology development Co., Ltd., Shenzhen, China). Table 3 shows the main characteristics of the LoRa WAN devices.



The simulation study of the wireless sensor network was performed in the Matlab 2017 b software system (MathWorks Inc., Natick, MA, USA).



A software tool was used to evaluate the energy efficiency of wireless sensor networks [22]. The performance of the six WSNs was evaluated under the following conditions: All sensor nodes have the same initial energy (E0). The location of the nodes is in accordance with the measurement points provided in the normative documents for each city. Each node transmits/receives packets when it has enough energy to do so. Receiving packets from all nodes to the base station is considered one round.



A summary analysis of the obtained results was made with the method “Principal component analysis” (PCA) [23]. This is a method of reducing the amount of input data. The aim is to find and interpret the fundamental interdependencies between the characteristics in the data set. Features that are similar are combined and transformed into new features called principal components. Before being processed by this method, the data were normalized in the range [0, 1], depending on their minimum and maximum values.




4. Results and Discussion


Figure 2 shows simulation diagrams of the WSN’s access to the measuring points for the six cities in Bulgaria. A star topology was used. Most nodes that are close to the base station (up to 2 km) are in cities T1, T2, T4 and T5. The nodes are presented with blue points and green lines show the two-way communication with the base station. Some of the green lines are not visualized by the used software, but there are calculations for the nodes.



Figure 3 shows a graph of maximum energy consumption in wireless sensor networks for different cities in Bulgaria. The maximum energy consumption for the entire WSN in every city is presented. The highest energy consumption is observed in the cities T1 and T3. In T1, this is due to the many nodes that are located near the base station. In T3, the characteristics of the geographical location of the sensor nodes with network communication have a significant impact and increase the energy consumption in the network. Similar conditions are observed for the T6 network. Although T2 and T5 are significantly larger cities than the others, their average energy consumption is significantly lower compared to the networks in other cities.



Joules are used as the measurement unit because Watts measure the rate of using energy, which is not useful for reporting the amount of energy that WSNs use. We must consider that Watts were used for such a long time, which would give a figure and was a convenient way to obtain measurements; however, the actual unit for an amount of consumed energy is the Coulomb, which is a small unit, so for WSN energy consumption measurement, we need of a bigger unit. That is why Joules is the preferred measurement unit in WSN.



Figure 4 shows the average level of power consumption in wireless sensor networks, depending on the number of rounds. The results obtained during the continuous operation of the network show that in the city of T2, the distribution of nodes has a significant impact on average energy consumption. With T6, the lowest power consumption is observed, compared to other networks; this is because the nodes located close to the base station are significantly fewer and this generally reduces the energy consumption during the operation of the network. In other cases, for T1, T3, T4 and T5 networks, the average energy consumption is similar in value. Only in T1, due to the presence of a number of nodes near the base station, when transmitting more than 30 rounds, there is an increase in energy consumption. The nodes that are near the base station (less than 1 km) have greater energy consumption because they communicate more often with the station in comparison with other notes at greater distances.



Figure 5 shows the remaining energy level in the wireless sensor networks, depending on the number of rounds. The highest levels of residual energy are observed in the T2 and T5 networks. As can be seen from the previous graphs, in these networks, the maximum and average levels of energy consumption are maintained during operation of the network. For this reason, these two networks operate more energy efficiently than the others. The lowest residual energy levels are observed in T4. Although there are fewer nodes, the distances in the city are not great (up to 4 km). This makes the location of the nodes close to the base station and therefore increases the amount of data exchanged between them. A zoomed example for T1 is given. The changes are in the range near 0.0006 J.



Figure 6 shows the level of power consumption in wireless sensor networks, depending on the number of rounds. The greater the number of nodes in the network, the greater the energy consumption. For example, T2 has 59 nodes and, compared to the others, has the highest values of energy consumption. Although some networks also have a large number of nodes, their energy consumption is lower due to the shorter transmission distances.



Figure 7 shows the number of packets received (Np) in the wireless sensor networks in relation to the number of rounds. As can be seen from the graph, the number of packets received increases as more rounds mean more data are transmitted to the base station. With the number of rounds, the number of received packets remains high enough. It can be seen that different plots are overlapped. The six curves are close to each other, showing that for the six WSNs, there is no clear trend showing that the number of packet losses on a long path is higher than that on a short path, otherwise the nodes should receive more packets with a smaller number of rounds.



An analysis of the principle components has been made. Table 4 shows the normed values (in the interval [0, 1]) of the WSN characteristics presented above. It can be seen that the normalized value of Np in all cases is Np = 0. This is because, as the graph shows, the six curves for this characteristic are close to each other. The number of columns is 6 and the number of rows is 5. By rows, the data can be reduced to a maximum of four principal components, and by columns to a maximum of five principal components.



The first three principal components were chosen because they describe a variance in the data of over 95%. The results are shown in Figure 8. PCA analysis is used to show the cities, grouped by their specific WSN energy consumption parameters. There is a grouping of cities, depending on energy consumption in the WSN. The coastal cities T1 and T2 are in a common group, where the remaining energy level in the network has the highest values. The smaller cities T3 and T4 are in a common group and their total energy consumption is the best compared to other cities. Networks with approximately the same radii in cities T5 and T6 are in a common group and their average level of energy consumption has the best characteristics compared to other cities. The number of received packets remains in the center of the coordinate system, which shows that it is the same for all cities.



From the analysis of variants for wireless sensor networks for six cities in Bulgaria, it was found that at distances up to 2 km and a number of nodes over 30, higher values of energy consumption in the wireless sensor network are obtained. To reduce energy consumption, it is necessary to apply optimized routing protocols. Shah et al. [24] offer such a protocol/algorithm called distance-based dynamic duty-cycle allocation (DBDDCA). Through this protocol, nodes located at great distances from the base station transmit for shorter periods of time, which reduces the energy consumed in the network as a whole. Such a routing protocol would be appropriate in the cities of Burgas (T1) and Varna (T2), because due to the specifics of the location of cities along the coast. The distances between nodes and the base stations in T1 and T2 are greater than other cities.



Ivanov’s research [1] has been supplemented. It has been proven that the choice of communication modules and protocols for data transmission in wireless sensor networks depends on the specific conditions under which the measurement of environmental parameters will be performed. This thesis has been proven in six cities in Bulgaria. Machine Learning and Artificial Intelligence can be applied for that purpose [25]. A WSN data routing protocol is proposed by Arumugam et al. [26]. It depends on the optimal location of the base station. A limitation of this method is that multiple delays are available. Delays in data transmission are caused by a large number of operations in the algorithm. Software models [27] can be applied to make WSN more cost-effective.




5. Conclusions


As a result of the calculations and analyses of WSNs for six cities in Bulgaria, it was found that when designing WSNs, it is necessary to take into account the number of nodes, their location, and the size of the network as a whole.



It has been found that a greater number of nodes in the WSN leads to an increase in the average power consumed in the network. On the other hand, depending on the location of these nodes, the energy consumed may decrease.



The methodology proposed in the present paper for analysis of energy efficiency of WSN can be used in the design of wireless sensor networks for determining environmental parameters, with the possibility of application in IoT.



It can be stated that the proposed analyses of wireless sensor networks can be used for IoT scenarios. The use of results in IoT scenarios can be further improved. This should include the implementation of some security mechanisms for secure communication between the platform and the sensor nodes. Furthermore, the presented methods and tools can be used in the training of future specialists in the subject area.



Research can be continued with an analysis of the extent to which environmental measurement devices can be used in different mobile sensor network applications and how different types of transmitted data are affected by the location of sensor devices. It is also necessary to ensure the security of the transmission of measurement data. The performance of wireless sensor networks can be optimized by applying appropriate routing protocols, which are proposed in the available literature.
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Figure 1. Location of measuring points by cities in Bulgaria. (a) T1 Burgas; (b) T2 Varna; (c) T3 Shumen; (d) T4 Yambol; (e) T5 Plovdiv; (f) T6 Pleven. 
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Figure 2. Simulation schemes for cities in Bulgaria. (a) T1 Burgas; (b) T2 Varna; (c) T3 Shumen; (d) T4 Yambol; (e) T5 Plovdiv; (f) T6 Pleven. 
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Figure 3. Maximum energy consumption for WSN by cities. 
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Figure 4. Average level of energy consumption for WSN by cities. 
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Figure 5. Remaining energy levels for WSN by cities. 
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Figure 6. Energy consumption levels for WSN by cities. 
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Figure 7. Number received packets of WSN by cities. 
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Figure 8. Principal component analysis of the WSN. EC-Energy consumption; RECL-Remaining energy consumption level; ECL-Energy consumption level; AECL-Average energy consumption level; Np-Number of received packets. 
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Table 1. Standards for wireless data transmission.
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	Standard
	Range
	Topology
	Frequency
	Speed
	Energy Consumption
	Practical Implementation





	IEEE 802.15.1 WPAN (Bluetooth)
	100 m
	Star, Mesh
	2.4 GHz
	1–24 Mb/s
	Low
	Sensor data transfer



	IEEE 802.15.4 LRWPAN (ZigBee)
	100 m
	Star, Tree, Mesh
	2.4 GHz
	250 Kb/s
	Low
	Sensor data transfer



	2G/3G
	10 km
	Star
	Cellular network
	10 Mb/s
	High
	Mobile, Data transfer



	4G/5G
	10 km
	Star
	5G–28 GHz; 4G-700- 2500 MHz
	Up to 10 Gb/s
	High
	Mobile, IoT



	Sigfox (0G)
	10 km
	Star
	868–869 MHz, 902–928 MHz
	Up to 0.6 Kbit/s
	Medium
	Sensor data transfer



	IEEE 802.11 WLAN (WiFi)
	1.5 km
	Star
	2.4, 3.6, 4.9, 5 GHz
	11 Mb/s–1 Gb/s
	Medium
	Mobile, Data transfer



	LoRa
	15 km
	Star
	433, 868, 915 MHz
	27 Kb/s
	Very low
	Sensor data transfer, IoT
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Table 2. Data for cities in Bulgaria.






Table 2. Data for cities in Bulgaria.





	
Designation

	
City

	
Geographical Coordinates in WGS84

	
Number of Nodes

	
Maximum Distance, km

	
Average Distance, km

	
Nodes at d ≤ 2 km




	
oN

	
oE






	
T1

	
Burgas

	
42.501981

	
27.467896

	
39

	
8

	
3

	
9




	
T2

	
Varna

	
43.207884

	
27.906593

	
59

	
12

	
8

	
1




	
T3

	
Shumen

	
43.270546

	
26.935378

	
15

	
10

	
8

	
1




	
T4

	
Yambol

	
42.484188

	
26.508795

	
15

	
11

	
9

	
1




	
T5

	
Plovdiv

	
42.144543

	
24.744737

	
65

	
12

	
8

	
1




	
T6

	
Pleven

	
43.408031

	
24.619381

	
36

	
11

	
10

	
1
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Table 3. Data on LoRa WAN devices.
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	Characteristic
	LoRa WAN Gateway
	LoRa Wan Module





	Max Output Power, dBm
	27
	20



	Sensitivity, dBm
	−140
	−148



	Power Input, V
	12
	5



	bit rate up to, kbps
	300
	300



	Transmitting power, mW
	100
	100



	Antenna gain (Transmit), dBm
	168
	168



	Antenna gain (Receive), dBm
	27
	27



	Frequency, MHz
	868
	868
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Table 4. Normed data of WSN characteristics.
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	City

Characteristic
	T1
	T2
	T3
	T4
	T5
	T6





	Np
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	ECL
	0.28
	0.75
	0.12
	0.14
	0.20
	0.00



	Ar
	0.37
	0.67
	0.00
	0.00
	0.77
	0.33



	Ea
	0.26
	0.75
	0.11
	0.14
	0.21
	0.00



	MEC
	0.60
	0.00
	0.20
	0.07
	0.00
	0.07







Np—number of received packets; ECL—energy consumption level; Ar—remaining energy levels; Ea—average energy consumption; MEC—maximum energy consumption.
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