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METHOD FOR CALCULATING THE NUMBER OF IOT SENSORS 

IN ENVIRONMENTAL MONITORING SYSTEMS 
 

Abstract .  Topicality. The rapid growth of environmental threats requires effective environmental monitoring systems. IoT 

sensors provide continuous real-time data collection. Correct calculation of the number of sensors increases the accuracy and 

efficiency of monitoring. Excessive number of sensors increases the cost and energy consumption of the system. Therefore, 

developing an approach to determining the number of sensors is critical for optimizing the IoT ecosystem. The subject of 

study in the article is methods for determining the composition of sensor networks of environmental monitoring systems. The 

purpose of the article is to develop a method for determining the required number of IoT sensors to support an environmental 

monitoring system. The following results were obtained. The general structure of the environmental monitoring system is 

determined. Its feature is the division of the monitoring zone into autonomous sections. Each section during the time window 

is served by an autonomous cluster of the system. The cluster has a certain number of channels of the same type for receiving 

readings from active IoT sensors. A mathematical model of the process of transmitting event messages has been devised. 

Based on the model, an approach to determining the average number of successfully transmitted messages about one event 

has been proposed.. This indicator is chosen as a criterion for the quality of the sensor network. An approximate formula for 

calculating the required number of sensors in the monitoring system is proven. Conclusions. The proposed method allows 

you to quickly obtain the required number of IoT sensors to support the environmental monitoring system. The deviation of 

the calculated number of sensors from the optimal does not exceed 3%. The direction of further research concerns the removal 

of the restriction on the full coverage of the monitoring area. 
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Introduction 

Problem relevance. In the modern world, the 

problems of environmental pollution, climate change and 

depletion of natural resources are becoming increasingly 

urgent [1, 2]. Therefore, there is a need to implement 

innovative solutions for their timely detection and control 

[3, 4]. One of the most promising approaches in the field 

of environmental monitoring is the use of Internet of 

Things (IoT) technologies [5]. This technology allows 

you to create distributed systems with a significant 

number of sensor devices [6]. IoT sensors are capable of 

measuring various environmental parameters in real 

time: temperature, humidity, air pollution level, content 

of harmful substances in water, radiation background, 

etc. [7]. The advantages of such systems are their 

scalability, autonomy, flexibility in configuration, and 

ability to operate in hard-to-reach or remote regions [8]. 

IoT sensors can operate for years on batteries [9]. They 

use energy-efficient communication protocols such as 

Long Range Wide Area Network (LoRaWAN) [10], 

Sigfox, Narrow Band IoT (NB-IoT) and Long Term 

Evolution for Machines (LTE-M) [11]. Information from 

IoT devices is transmitted to fog or cloud servers for 

further analytics [12, 13]. One of the key tasks at the 

design stage of such systems is to determine the optimal 

number of sensors [14]. The number of sensors should be 

sufficient to obtain representative and reliable 

information. It is desirable to avoid unnecessary 

duplication and overspending of resources [15, 16]. 

Insufficient number of devices can cause data gaps. 

Excess devices increase the costs of installation, 

maintenance and data transmission [17, 18]. In addition, 

with a significant excess of sensors, information about 

the event can be duplicated many times. This leads to 

undesirable delays in the data transmission network of 

the environmental monitoring system [19]. When 

calculating the number of IoT sensors, it is necessary to 

take into account the characteristics of the monitored 

object, environmental parameters and coverage density 

[20]. It is also necessary to take into account the 

characteristics of the devices themselves, namely, 

measurement accuracy, range, data transmission 

frequency [21, 22]. 

Literature review. Let's consider some scientific 

works on this topic. There are many scientific papers 

devoted to the study of the low-level architecture of IoT 

systems. The work [23] considers a forest fire warning 

system. The developed forecasting model is based on 

ensemble learning. However, the problem of selecting 

and placing sensors is not considered. The work [24] 

considers the IoT edge layer model. To improve 

performance, IoT devices are divided into clusters. 

However, this study does not take into account the 

features of environmental monitoring systems. The work 

[25] focuses on interaction protocols in the IoT system. 

This study proposes an enhanced Sensor Web, 

integrating IoT protocols and spatio-temporal models for 

unified access, collaborative management, and dynamic 

planning. However, the issues of covering the area with 

sensors are not considered. In [26], the study is aimed at 

accelerating the transfer of operational transactions. In 

this case, the number of IoT sensors is fixed. In [27], an 

algorithm for the optimal placement of sensors in the 
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study area is proposed. However, it does not take into 

account the significant unevenness of the occurrence of 

critical events. In [28, 29], the main attention is paid to 

high-density IoT. This property is inherent in urban 

systems, and not environmental monitoring systems. 

Work [30] is focused on improving the performance of 

the sensor network. The issue of choosing the number of 

sensors is not considered in it. In [31], issues of balancing 

the load of the IoT system support infrastructure are 

considered. However, issues of determining the optimal 

number of sensors are not considered. 

Consequently, all the considered works [23–31] do 

not solve the problem of selecting the optimal number of 

sensors for an environmental monitoring system. 

The purpose of the research is to develop a method 

for determining the required number of sensors for an IoT 

environmental monitoring system. To achieve the 

purpose, the following tasks are solved: 

1) description of the general structure of the 

environmental monitoring system; 

2) devise a mathematical model of the process 

of transmitting messages about events; 

3) propose a method for calculating the 

required number of sensors in a monitoring system. 

1. General structure of the environmental 

monitoring system 

The monitoring system collects data from IoT 

sensors. S is the total area of the territory where the 

sensors are located. IoT devices are divided into 

I territorial autonomous clusters. Each i-th cluster 

( )1,i I  serves zone Si, and 

 
1

I
ii

S S
=

=   (1) 

Each autonomous cluster of the monitoring system 

consists of a Cluster Central Node (CCN) and IoT 

sensors [32]. The IoT sensors are located within the 

reception area of the CCN. Data transmission between 

the IoT sensors and the CCN is carried out via a radio 

channel. 

Let the i-th cluster include Ni sensors. They are 

distributed uniformly, randomly and independently of 

each other. The zones of action of the sensors of the i-th 

cluster completely cover the area Si: 

 
1

,iN
i ijj

S S
=

=   (2) 

where Sij is the area controlled by the j-th sensor of the 

i-th cluster. 

Let tw be the time interval during which the sensor 

analyzes the environment and transmits data when events 

are detected. Time in the monitoring system is divided 

into time periods of size tw. Each such period is called a 

time window (Fig. 1). An event that occurs in the current 

window is no longer detected in the next window. 

 

 
Fig. 1. Time windows of Monitoring system 

The event has the shape of a circle of radius 𝑟. The 

center of the circle is the point with the coordinates of the 

event occurrence. The event will be noticed by the sensor 

if it is at a distance not exceeding 𝑟 from the event 

occurrence (Fig. 2). In Fig. 2, a the SEN sensor noticed 

the EV event, in Fig. 2, b the SEN sensor did not notice 

the EV event. 

 

 

а                                                      b 

Fig. 2. Active (a) and passive (b) states of the sensor 

 

The process of occurrence of events is given by a 

Poisson point process with parameter λ [33, 34]. The 

number of events mi, occurring during one window per 

unit area has a Poisson distribution.  

The points at which events occurred are distributed 

uniformly [35]. 

Let Ki be the number of frequency channels 

allocated for data transmission. The following situations 

are possible in each channel (Fig. 3): 

• success (SUC) – data sent by one sensor; 

• empty (EMP) – no sensor sent data;  

• conflict (CON) – data was sent by several 

sensors. 
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Fig. 3. Example of loading frequency channels 

 of the central cluster node 

Sensors that have noticed at least one event become 

active (Fig. 2, a). Each active sensor randomly selects a 

channel number to send data about observed events. 

Event data is sent in the same window in which it was 

seen. 

2. Mathematical model of the process 

of transmitting messages about events 

Let M1aver be the average number of successfully 

transmitted messages in a window about one event. In 

random event monitoring systems, M1aver can be 

considered as an indicator of the quality of such systems 

[36]. Let us calculate its value: 

   ,1 aver
aver

M
M =


  (3) 

where Maver is the average number of successfully 

transmitted messages in a window;  is the average 

l – 1              l               l + 1          l + 2          t 
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number of events that occurred in or near the CCN 

coverage area. 

The area of the region where events that extend into 

the CCN coverage area may occur is calculated as 

 ,  ir iS S S= +    (4) 

where S is the expansion of the area of event recording 

by sensors of the i-th cluster. 

Then the average number of events determined by 

the sensors of the i-th cluster is equal to 

   .irS =    (5) 

Let nil be the number of active sensors of the i-th 

cluster in window l.  

Random variables ik are introduced, determined by 

the formula 

 
1, if 'SUС', 1, ;

 
0, else,

k i
ilk

k K = 
= 



   (6) 

where k  is the current situation in the k-th channel in 

window l. Let mil events occur in window l.  

The probability that j sensors send messages in 

window l is introduced 

 ( )P .ijl il ilp n j m= =   (7) 

Then the probability that a message will be 

successfully sent in the first channel, given the 

occurrence of mil events, is equal to 

 

( )

( )

1

1

1

P 1

1 1
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i

il il
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il il
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−

=
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 
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
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  (8) 

The probability that mil events occurred in 

window l is 

 
!

.
ilm

il
il

p e
m

−
=   (9) 

Then the probability that a message will be 

successfully sent in the first channel will be as follows: 

 ( ) ( )1 1

0

P 1 P 1 .
!

il

il

m

il il il
ilm

e m
m


−

=


= =   =    (10) 

After substituting expression (8) into formula (10), 

the following formula is obtained: 

 

( ) ( )

( )

1
1

1

0 1

P 1

1
P 1 .

!
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il im j

e K
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= =  

 
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 
 



 (11) 

In the current window, the probabilities of success 

in all channels are the same, i.e. 

 ( ) ( ) ( )1 2P 1 P 1 P 1 ,
iil il ilK= = = = = =     (12) 

therefore, the average number of successfully transmitted 

messages in a window can be calculated as follows: 
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 (13) 

From formulas (3), (11) and (13) the final 

expression for M1aver is formed: 
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 

= 

 
 (14) 

Selecting the optimal number of sensors for this 

indicator is equivalent to finding Ni that maximizes 

M1aver. To derive the value of this indicator, expression 

(14) is used: 

 m1 ax.i
aver

N
M ⎯⎯→   (15) 

However, the optimization problem (15) has a high 

computational complexity. Therefore, in practice, 

approximate methods for its solution are used, which 

allow choosing a number of sensors close to the optimal 

one. This method will be considered in the next section. 

3. Calculation of the required number 

of sensors in the monitoring system 

This section examines the operation of one channel 

k of the cluster Si of the monitoring system in the window 

l. Therefore, the indices i, k and l are omitted in the 

variables to simplify the notation. 

The probability value of channel availability is 

introduced: 

 ( )
( )

,
S m

m
S

=   (16) 

where S is the area of the channel coverage area, and S(m) 

is the area of the region covered by active sensors for m 

events. 

Finding this probability comes down to calculating 

the geometric probability (Fig. 4). 

 

 

Fig. 4. Example for four active events (m = 4) 

 

S 
S(m) 
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The following notations are introduced: 

– L is the perimeter of the channel's coverage area; 

– 𝑠 is the area of the event's coverage area; 

–  is the radius of the event's coverage area. 

Then [37]: 

 ( )
( )

2
1 .

2

m
S L

m
S s L

 + 
= −   + +  

 


 
  (17) 

The events in the model affect a circular area. 

Therefore, the area and perimeter of this area are equal, 

respectively 

 
2 , 2 .rs r= =    (18) 

After substituting formula (18) into expression (17), 

the expression for calculation ( )m  is simplified: 

 ( )
2

1 .

m
S r L

m
r S r L

+  
= − 

+ +  



 (19) 

An example of calculating the function ( )m  for 

the coverage areas of a base station, typical for 

LoRaWAN networks, is considered. When analyzing 

such systems, the most common shape of the coverage 

area is a circle [38]. 

For a circle of radius 𝑅, the area and perimeter will 

be calculated using the following formulas: 

 
2 , 2 .s LR R= =    (20) 

Taking these formulas into account, expression (19) 

after transformations takes the following form: 

 

( )

( )

( )

( )

( )

2

2 2

2

2 2

2 2

2
1

2

2
1

2

2 2
1 1 .

m

m

m
mm

m

R r R
m

r R r R

R R r

r R r R

R R r R R r

r R r R

 + 
= − = 

 + +  

 + 
= − = 

 + +  

  +  +
 = − = −
 + + 

 


  

 (21) 

After calculating ( )m , the expected value of the 

number of sensors sending messages in the current 

window is calculated: 

   ( )M / .n m m N=    (22) 

The obtained expressions allow us to estimate the 

value 1averM . For this, formula (8) is transformed: 

 ( )
1

1
1 1

P 1 1 .

n

m M n m
K K

−  
= =   −  

   

   (23) 

The probability estimate for success in the first 

channel, given that m events have occurred, is 

 ( ) ( )
( ) 1

1
1 1

P 1 1 .

m N

m m N
K K

 −
 

= =    − 
 



    (24) 

Next, the probability in formula (10) is replaced by 

its estimate (24): 
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  (25) 

Formula (25) is used to obtain an estimate of the 

expected value of successfully transmitted messages in 

the window (formula (13)). The result is substituted into 

formula (3) to obtain an estimate of 1averM : 

 

( )

( )
( ) 1
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1

1 1
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 (26) 

After accepting the approximate equality 

  M .m     (27) 

the expression for evaluation (26) takes a simpler form: 

 

( )

( )
( ) 1

1

1 1
1 .

aver

N

M

N
K K

K

  −
 

   − 


= 










 (28) 

Based on the constraints of the problem, the 

maximum value of function (28) is achieved when 

condition 

 ( )
1

1,N
K

  =   (29) 

is met, therefore the required number of sensors is  

 
( )

.
K

N =


  (30) 

4. Discussion of results 

Simulation modeling of functions (14) and (28) for 

different values of the number of events showed that the 

deviation of the calculated number of sensors from the 

optimal one does not exceed 3%. 

Fig. 5 shows graphs of the average number of 

successfully transmitted messages in a window about one 

event for several values of Λ. The same parameters of the 

monitoring system were considered for all values of the 

average number of events. 

It can be noted that the lower the average number of 

events Λ, the higher the   value of criterion (3). The values 

of the criterion are very large for low values of Λ. 

Therefore, it is advisable to calculate the   number of 

required sensors for the maximum possible value of Λ in 

the system. In this case, there will be enough sensors to 

detect events for smaller values of Λ. 

The formula for calculating the number of sensors 

(30) is valid under the following restrictions: 

– the entire coverage area of the base station is under 

the control of sensors; 

– all channels of each cluster are characterized by 

the same parameters. 
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Fig. 5. The value of the quality indicator for different event intensities (L  ) 

 

Conclusions 

The article proposes a method for determining the 

required number of sensors for an IoT environmental 

monitoring system.  

The following tasks were considered when 

developing the method: 

1. The general structure of the environmental 

monitoring system is determined. Its feature is the 

division of the monitoring zone into autonomous 

sections. Each section during the time window is served 

by an autonomous cluster of the system. The cluster has 

a certain number of channels of the same type for 

receiving readings from active IoT sensors. 

2. A mathematical model of the process of 

transmitting event messages is developed. Based on the 

model, an approach is proposed to determine the average 

number of successfully transmitted messages about one 

event. This indicator is chosen as a criterion for the 

quality of the sensor network. 

3. An approximate formula for calculating the 

required number of sensors in the monitoring system is 

proven. Simulation modeling showed that the deviation 

of the calculated number of sensors from the optimal one 

does not exceed 3%. 

The direction of further research concerns the 

removal of the restriction on the full coverage of the 

monitoring zone. 
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Метод розрахунку кількості сенсорів IoT в системах моніторингу довкілля 

Г. А. Кучук, І. В. Чумаченко, Н. А. Марченко, Н. Г. Кучук, Д. О. Лисиця 

Анотація .  Актуальність. Швидке зростання екологічних загроз вимагає ефективних систем моніторингу 

довкілля. IoT-сенсори забезпечують безперервний збір даних у реальному часі. Правильний розрахунок кількості сенсорів 

підвищує точність та ефективність моніторингу. Надмірна кількість сенсорів збільшує витрати та енергоспоживання 

системи. Тому розробка підходу до визначення кількості сенсорів є критично важливою для оптимізації екосистеми IoT. 

Предметом вивчення в статті є методи визначення складу сенсорних мереж систем моніторингу довкілля. Метою статті 

є розробка методу визначення необхідної кількості сенсорів IoT підтримки системи моніторингу довкілля. Отримано такі 

результати. Визначена загальна структура системи моніторингу довкілля. ЇЇ особливістю є розбиття зони моніторингу 

на автономні ділянки. Кожна ділянка на протязі дії часового вікна обслуговується автономним кластером системи. 

Кластер має певну кількість однотипних каналів для прийому показань активних сенсорів ІоТ. Розроблена математична 

модель процесу передачі повідомлень про події. На базі моделі запропонований підхід до визначення середньої кількості 

успішно переданих повідомлень про одну подію. Даний показник обраний у якості критерія якості сенсорної мережі. 

Доведена приблизна формула для розрахунку необхідної кількості сенсорів у системі моніторингу. Висновки. 

Запропонований метод дозволяє швидко отримати необхідну кількість сенсорів IoT підтримки системи моніторингу 

довкілля. Відхилення розрахованого числа сенсорів від оптимального не перевищує 3%. Напрям подальших досліджень 

стосується зняття обмеження щодо повного охоплення зони моніторингу. 

Ключові  слова :  Інтернет речей; комп’ютерна система; система моніторингу довкілля; кластер; сенсори ІоТ. 
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