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This article presents the development of a real-time system simulator and discusses the results obtained through its 

application. The simulator is designed in accordance with the fundamental principles of real-time systems, incorporating traffic sources 

that generate both hard and soft data streams. Hard data streams demand stringent transmission conditions, such as minimal latency 

beyond what is required for essential operations to ensure accurate data transmission. Conversely, soft data streams allow for variations 

in transmission parameters. The simulator was developed using the event scheduling approach and implemented in the C++ 

programming language. 
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1. Introduction 

The rapid development of wireless transmission technology has led to the successful 

implementation, or consideration for implementation, of such networks in systems of critical importance, 

such as public safety or applications requiring high reliability (e.g., Industry 4.0, communication Vehicle-

to-Everything (V2X)). In these systems, the response time to input data, such as data transmitted from a 

sensor, is of paramount importance. In the literature, these systems are referred to as real-time systems. 

They are described in ISO/IEC and IEEE documentation (ISO/IEC/IEEE, 2017) and in the Oxford 

Dictionary (Butterfield et al., 2016). Although expressed in different forms, these definitions characterise 

real-time systems as those in which the system's response time to input data or specific events occurring 

within the system is crucial to its proper functioning. This response time must be finite and explicitly 

defined. A delayed response may lead to system instability or incorrect operation. Real-time systems have 

been a subject of research for many years. The literature includes numerous studies on task (or process) 

scheduling algorithms in computer systems, which aim to minimize system response time to real-time tasks 

(Szalay et al., 2021; Li et al., 2022; Baital and Chakrabarti, 2019). Another group of studies addresses the 

issue of data transmission for real-time services, requiring transmission without additional delays beyond 

those inherent in the data transmission process itself (Chen et al., 2024; Zhang et al., 2023; Bekkali et al., 

2017). The most typical real-time systems include medical support systems, air traffic control systems, train 

control systems, Industry 4.0 applications, and many others. These are systems that handle applications 

(and the traffic generated by them) requiring low latency and zero or strictly defined data loss. 

When faced with the task of designing new telecommunication systems or the devices that constitute 

their components, engineers must decide how these designs will operate. Since these systems do not yet 

physically exist, it is impossible to evaluate their behaviour, even under laboratory conditions (Banks et al., 

1996). In such scenarios, digital simulation becomes invaluable. This technique allows for the modelling 

and analysis of various telecommunication systems (and beyond). Digital simulation enables the 

construction of a digital model of the system under study, allowing for the modification of system 

parameters and, consequently, the observation of its behaviour under variable, strictly controlled conditions. 

Simulation also facilitates the optimisation of system performance, for example, by selecting appropriate 

system parameter values. Developing a simulation model of the system under study is often less costly, 

time-consuming, and significantly safer than constructing even a prototype of the telecommunication 

system.   

Constructing a simulation model of the system under study involves using computers to imitate the 

real processes of system operation at a certain accepted level of accuracy. This model is then used to conduct 

experiments in a virtual environment. Two simulation methods can be employed for telecommunication 

systems: The Monte Carlo method and discrete-event simulation (Banks et al., 1996; Tyszer, 1999). While 

both methods can be applied to simulating ICT systems, when it is necessary to determine time-dependent 

parameters, discrete-event simulation should be used. This method is successfully applied not only in 
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computer science but also in modelling business processes, production systems, and logistics. In this 

approach, the system is represented by its resources and as a sequence of events that change its state. The 

simulation process tracks these events and analyses their impact on the entire system (Tyszer, 1999). 

The article presents the assumptions behind the construction and the sample results obtained using 

a simulator designed to meet the conditions of a real-time system. The simulator does not consider process 

scheduling algorithms that would guarantee a predetermined response time, but rather addresses the issue 

of data transmission generated by devices so that it can be processed in accordance with real-time system 

requirements, such as without additional delays. 

The rest of the article is organised as follows. Section 2 provides fundamental information on the 

construction and functionality of the simulator. Section 3 presents the results obtained, including the 

determination of blocking probability, occupancy distribution, delay for soft real-time flows, compression 

ratio, and simulation execution time on two different computers for the selected system. Section 4 provides 

a brief summary of the article. 

2. Structure and functionality of the simulator 

The simulation process is organised according to the event scheduling method, which is described 

in detail in works by Tyszer (1999) and Banks et al. (1999). Figure 1 shows a simplified diagram of the 

real-time system simulator presented in this article. The modular design of the simulator allows for easy 

control over the conducted simulation experiments, which was crucial during its implementation and testing 

phases. This structure also enables the expansion of the simulator to include new telecommunication 

systems. Five modules are distinguished: system structure, input data, flow generators, flow service, and 

output data. These modules are described in more detail in the following sections of this chapter. 
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Figure 1. Block diagram of simulator 

2.1. Module: system structure 

This module represents the structure of the telecommunication system under study, allowing for the 

consideration of available resources and the determination of the system's capacity. The module is also 

responsible for storing and updating information about the resource utilisation of the studied systems during 

the simulation. Since the developed simulation model addresses data transmission issues, its capacity 

should be expressed in bps (bits per second). However, to streamline the simulation process, the system 

capacity is expressed in system capacity units (AU). One AU corresponds to a specific transmission rate in 

bps. The transmission rate associated with one AU is determined based on the rates required by the 

transmitted flows (data streams) using a process known as resource discretisation (Stasiak et al., 2011). If 

one AU corresponds to 1 bps, then the capacity expressed in AU numerically matches the rate expressed in 

bps. The system capacity is denoted as 𝐶𝑟. In addition, to ensure simultaneous operation of flows of type 

hard and soft, for flows of type soft there is a limitation R. This parameter determines the maximum number 

of AU in the system, which can be occupied by flows of type hard. The R parameter takes values less than 

𝐶𝑟. Due to the nature of the data streams (see subsection 2.4), the simulation model includes the possibility 

of compressing transmitted data streams. Generally, the compression mechanism involves reducing the 

available transmission rate for selected flows. This allows a greater number of flows to be transmitted 

simultaneously, but at a reduced rate. Figure 2 illustrates a system with a capacity of 𝐶𝑟 = 4 AUs. Under 

normal conditions (i.e., without compression), it can service two flows, each requiring 2 AUs (Figure 2a). 
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With compression, such a system can service more flows simultaneously, assuming their transmission rate 

is limited. This situation is depicted in Figure 2b. The system can service four flows, but each is allocated 

one AU. Using compression in the simulated system requires recalculating the resources available for each 

flow, which prolongs the simulation process. To avoid this, the simulator uses an alternative model of 

available resources, incorporating a virtual capacity 𝐶𝑣 (see Figure 2c). This capacity defines the system's 

ability to compress flows. Thus, from the perspective of compressed flows, the system's capacity is greater, 

ultimately resulting in the ability to accommodate a larger number of flows (in the example considered, 

four flows). 

Cr

Cr

Cr Cv

a)

b)

c)

 

Figure 2. Resources of the simulated system, a) system without compression, b) system with compression, 

 c) alternative model of system with compression 

2.2. Module: input data 

The input data module allows the program to receive the data necessary for the correct execution of 

the planned simulation experiment. This data pertains to the structure of the system under study, including 

its capacity and the relationships between individual components, as well as the parameters of the flow that 

the system is to service. In the simulator, flows are described using three parameters: the number of AUs 

required by a flow for processing - 𝑐𝑗 (where j is identifier of class of flows, the arrival rate of new flows 

(𝜆𝑗) and the parameter specifying the required service time (µ𝑗). Flows requiring the same number of AUs 

belong to the same class. The total number of flows classes is m. The ratio of the last two parameters, known 

as the offered load in traffic engineering (Stasiak et al., 2011) is given by: 

𝐴𝑗 =
𝜆𝑗

µ𝑗
 . (1) 

Input parameters also include data defining the simulation experiment itself, such as the length of 

the preliminary phase, the length of the main phase, and the number of main phases needed to determine a 

single result. The data is input into the simulator by reading a properly prepared text file. This solution is 

due to the fact that a graphical user interface was not implemented, as it was not necessary during the 

research phase. 

2.3. Module: flows generators 

The correct implementation of the algorithm governing the operation of the telecommunication 

system under study is one of the primary conditions for the effective construction of its simulator. An 

equally important element is the use of pseudorandom number generators (PRNGs). In the modelling of 

telecommunication systems, discrete event simulation is most commonly employed, where PRNGs are used 

to determine the timing of events. For example, in a computer system simulator, these would be the time 

moments when IP packets appear, as well as their lengths. In real systems, the appearance of new 

call/tasks/processes and their duration are characteristic of the system and are described using probability 
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distributions. For the simulator to function correctly, the generators used must match these real-world 

distributions.  

In the literature, many types of generators can be found (Tian and Benkrid, 2009; Sujitha et al., 

2023; Zheng et al., 2024). According to the definition, a PRNG is an algorithm that allows the determination 

of successive numbers that mimic the properties of random numbers. These numbers are called 

pseudorandom because, although they appear random, they are generated deterministically, based on an 

initial value known as the "seed." The basic properties of PRNGs include determinism (the generated 

sequence of numbers is determined by the adopted initial value—seed; with the same seed, the generator 

generates an identical sequence of numbers), periodicity (due to limitations, the generated sequence of 

numbers will eventually repeat), efficiency (the implementation of the generator should be simple, the time 

needed to generate numbers should be appropriately short, and the generator itself should not consume 

large amounts of resources), and good statistical properties (the generated sequence of numbers should meet 

statistical criteria, e.g., correlation, so that it is difficult to distinguish from true random numbers).  

Among the most popular generators are linear congruential generators (LCGs) (Tyszer, 1999; Banks 

et al., 1996). Although this is not a new solution, it can still be successfully used in the implementation of 

ICT system simulators. However, due to their properties, they should not be used in cryptography. The 

foundation of PRNGs with various distributions is uniform distribution generators in the range 〈0,1〉. One 

variant of the aforementioned congruential generators is the multiplicative generator. These generators 

operate according to the following recursive relationship:  

𝑥𝑖+1 = 𝑎𝑥𝑖(mod 𝑚), (2) 

where 𝑥𝑖 represents the pseudorandom number generated in step i, aa is an appropriately chosen constant, 

and represents the range of integers that can be represented in a word of length b bits: 

𝑚 = 2𝑏 − 1. (3) 

Due to the nature of traffic in the considered real-time system, the generator described by equation 

(2) forms the basis for constructing a PRNG with an exponential distribution. The inverse transform method 

is used to construct such a generator, which ultimately leads to the following relationship describing the 

generator: 

𝑦𝑖 = −
1

𝜆
ln (1 − 𝑥𝑖),  (4) 

where 𝑦
𝑖
 is the generated pseudorandom number with an exponential distribution, λ is the intensity 

parameter of the distribution, and 𝑥𝑖  is the generated pseudorandom number with a uniform distribution in 

the range 〈0,1〉. 

2.4. Module: flows service 

The flows service module is responsible for servicing calls in accordance with the real-time 

algorithm adopted for the system under study. Within this module, decisions are made regarding which 

flow will be transmitted without delay, which will be delayed, and which will be rejected. This module also 

collects information on the flows that have occurred in the system under study, including, but not limited 

to, the number of lost flows, blocking time, and delay. The requirements defined for real-time systems allow 

the categorization of the traffic serviced by these systems into two types: hard and soft real-time services. 

Hard real-time services generate flows for which QoS parameters must not deteriorate (Eckhardt 

and Steenkiste, 1996). These parameters remain unchanged regardless of the system's load. Such services 

are critical in nature, characterized by the absence of delays, low loss rates, and high reliability of data 

transmission. In contrast, soft real-time services generate flows for which delays in service delivery or 

reductions in transmission speed, leading to the degradation of QoS parameters, are permissible within a 

predetermined, acceptable range (Buttazzo et al, 2005).  

In the simulation environment, hard real-time services are defined as services whose quality 

parameters (such as the number of required resources and call processing time) do not change based on 

system load (Figure 3a). This means that a call for a hard real-time service will be dropped if the system 

cannot guarantee its delivery with the specified quality parameters (e.g., when insufficient resources are 

available). Soft real-time services are further divided into two service classes: elastic and adaptive services. 

Both elastic and adaptive real-time services generate flows that can be admitted for processing with a 

predefined maximum degradation of service quality parameters. In the case of elastic services, the number 

of requested resources (bitrate) may be reduced, and the call processing time may be extended (Figure 3b). 
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Processing time is extended to ensure that all data is sent. For adaptive real-time services, only the number 

of allocated resources (bitrate) changes (Figure 3c). However, this comes at the expense of the amount of 

data transferred.  
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Figure 3. Traffic in the real-time system: a) traffic generated by hard real-time services, b) traffic generated by soft real-time 
services with the potential to extend data transmission time (elastic traffic), c) traffic generated by soft real-time services without the 

potential to extend data transmission time (adaptive traffic) 

Compression, or the system's ability to accept flows with altered QoS parameters (such as processing 

time and the number of required Allocation Units (AUs)), is described in the simulator by the compression 

factor. This parameter is defined when the sum of AUs occupied by hard flows (𝑛𝑟) and soft flows (𝑛𝑘) 

exceeds 𝐶𝑟. All flows affected by this mechanism are compressed in the same manner (with an identical 

compression factor). The compression factor is defined as follows (Hanczewski et al., 2025): 

𝜉 =
𝐶𝑟−𝑛𝑟

𝑛𝑘
 for 𝑛𝑟 + 𝑛𝑘 > 𝐶𝑟. (5) 

The significance of Equation (5) is intuitive, expressing how many AUs in the system, not occupied 

by hard real-time flows, are used to service soft real-time flows. 

2.5. Module: output data 

The output data module is responsible for processing the data obtained during the conducted 

simulation experiment. The simulation experiment consists of 10 series of simulations, during which 

selected characteristic system parameters are measured, such as the number of lost calls, blocking time, or 

delay for each flow offered to the system. Since the standard deviations of the studied characteristic 

parameters are unknown and the sample size is small, the Student's t-distribution at a 95% confidence level 

was used to determine confidence intervals for the expected value of each considered parameter. This 

implies that with a probability of 0.95, the estimated values of the parameters fall within the intervals 

(𝑥̅ − 𝑡𝛼,𝑠
𝑠̂

√𝑛
;  𝑥̅ + 𝑡𝛼,𝑠

𝑠̂

√𝑛
),  (6) 

where  

𝑡𝛼,𝑠 represents the t-statistic value from the Student's t-distribution with 9 (n-1) degrees of freedom and a 

5% significance level, 

the parameter 𝑥̅ represents the mean value of the studied feature, which is calculated using the formula: 
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𝑥̅ =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1 ,  (7) 

the parameter 𝑠̂ represents the standard deviation of the feature and is defined by the formula 

𝑠̂ = √
1

𝑛−1
∑ (𝑥𝑖 − 𝑥̅)2𝑛

𝑖=1 ,  (8) 

where n denotes the number of simulation series (number of measurements n=10), and 𝑥𝑖  is the 

measurement result in the i-th simulation series. 

The processed results are saved in formatted text files. As previously mentioned, the simulator does 

not have a graphical interface for visualizing the obtained results as graphs. Therefore, the Gnuplot program 

(Gnuplot, 2024) was used for this purpose. This program is a free environment for creating plots, including 

three-dimensional graphs. 
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Figure 4. The general algorithm of the proposed simulator 

2.6.  Algorithm 

Figure 4 presents the algorithm of the simulator described in the article. Upon launching the 

program, data regarding the system under analysis is retrieved from a previously prepared file. This includes 

the system's real capacity (𝐶𝑟), virtual capacity (𝐶𝑣), and constraint (R), as well as information about the 

number of flow classes handled by the system (m), their resource requirements (𝑐𝑗 , 1 ≤ 𝑐𝑗 ≤ 𝑚), and their 

types (hard real-time: stream flows; soft real-time: elastic and adaptive flows). Once this data has been read, 

the simulation process is initialised. This includes, among other things, the preparation of appropriate 

pseudorandom number generators responsible for the timing of new flow arrivals and their service time. 

The initial simulation events are also generated and placed on the event list. Next, after verifying the 

simulation end condition, the first event is retrieved from the event list and the system time is updated. If 
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the currently analysed event is the end of a flow's service, the system resources occupied by that flow are 

released (i.e. the resources used by hard (𝑛𝑟) and soft (𝑛𝑘) flows). Due to the change in system load 

following the completion of the flow’s service, the compression ratio may change. The new ratio is 

calculated (see Formula (5)), and the service times for elastic flows are recalculated accordingly. Since 

releasing system resources leads to a reduction in compression, the service times of elastic flows are 

shortened. If the analysed event is the arrival of a new flow, its type is determined and a check is performed 

to see whether it can be admitted for service. In the case of hard flows, admission depends on the fulfilment 

of the following conditions:  

𝑅 − 𝑛𝑟 ≥ 𝑐𝑗  and 𝐶𝑟 + 𝐶𝑣 − 𝑛𝑟 − 𝑛𝑘 ≥ 𝑐𝑗. (9) 

This condition means that a new hard-type flow will be admitted if its inclusion does not cause the threshold 

R to be exceeded and, at the same time, the total number of occupied AU does not surpass the value of 

𝐶𝑟 + 𝐶𝑣. In the case of soft-type flows, the admission condition is simpler and involves only checking 

whether admitting the flow would exceed the system’s capacity: 

 𝐶𝑟 + 𝐶𝑣 − 𝑛𝑟 − 𝑛𝑘 ≥ 𝑐𝑗. (10) 

Admitting a new flow for service requires updating the counters of occupied resources (𝑛𝑟 and 𝑛𝑘), as well 

as recalculating the compression ratio, which in turn determines the new service times for elastic flows. 

Once the flow-handling procedure has been completed, the algorithm proceeds to the function that checks 

whether the simulation should end. The simulation end is determined based on the number of flows that 

have appeared in the system. 

3. Results 

This chapter presents the results obtained from the conducted studies. The research was performed 

for a selected system with specified parameters. The choice of the system was intended to best demonstrate 

the capabilities of the developed simulator. 

The examined system was defined as follows: 𝐶𝑟 = 30 AUs, 𝐶𝑣 = 50 AUs. The system offers one 

class of hard real-time services, which requires 1 AU for processing, and two classes of soft services: one 

elastic service demanding 2 AUs for processing, and one adaptive service demanding 3 AUs for servicing. 

One of the fundamental parameters that can be determined from the simulation studies is the 

blocking probability. In multi-service systems under consideration, this probability is defined as the ratio 

of the time the system spends in a blocked state (i.e., the time during which new flows of a given class 

cannot be accepted for servicing due to lack of available resources) to the total observation time of the 

system. The second basic parameter is loss probability, defined as the ratio of lost flows of given class to 

the total number of flows of this class that appeared in the system. Figures 5a and 5b show the obtained 

results for the basic system capabilities: blocking probability (Figure 5a) and loss probability (Figure 5b)  

as a function of the offered traffic per individual AU of the system: 

𝑎 =
∑ 𝐴𝑗

𝑚
𝑗=0

𝐶𝑟
, (11) 

where, 𝐴𝑗 denotes the offered traffic by flows of class (see equation (1)). 

  

Figure 5. The fundamental parameters of the examined system a) blocking probability, b) loss probability 
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It should be noted that the values of these two parameters, although defined differently, are equal. 

This equality is due to the characteristics of the offered traffic. Noticeable intervals of confidence are due 

to the small number of requests for a given class. This issue can be mitigated by increasing the length of 

the simulation series for small values. 

Another interesting aspect is the probability distribution within the system. It determines the 

probability of a given number of AUs being occupied in the system. Due to the alternative system structure 

assumed in the simulator, the distribution also takes into account virtual capacity. Subsequent graphs 

(Figure 6) illustrate distributions for the following values of a: 0.4, 0.7, and 1 Erl.. 

 

   

                          a=0.4 Erl.           a=0.7 Erl.               a=1.0 Erl. 

Figure 6. Occupancy distribution in the examined system 

Since the examined system handles both hard and soft real-time flows, the occupancy distribution 

can be presented as a function of the number of AUs occupied by hard flows (𝑛𝑟) and the number of AUs 

occupied by soft flows (𝑛𝑘). This allows us to determine how many resources are occupied by requests of 

each type of real-time traffic (hard and soft). Heat-map graphs were chosen for visualisation (Figure 7). 

   
a) b) 

 

        c) 

Figure 7. Occupancy distribution as a function of 𝑛𝑟 and 𝑛𝑘 for a) a = 0.4, b) a= 1.0, c) a=1.5 Erl 
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It is evident that, as the offered traffic a increases, the probabilities of states described by the number 

of occupied AUs by hard and soft flows change. It should be noted that when the number of occupied AUs 

in the entire system exceeds 𝐶𝑟), a compression mechanism for soft flows is triggered. Compression results 

in an extension of transmission time for elastic flows so that all scheduled data is transmitted. For adaptive 

flows, only the amount of transmitted data is limited. Figures 7b and 7c show the boundary between states 

with non-zero and zero probability. This sharp boundary arises from the fact that this triangular area 

includes states that cannot occur in the considered scenario. 

The developed simulator also allows for the determination of the delay values for flows managed 

by the system. Figure 8 presents the calculated average delay values for different flows. As observed, non-

zero delay values occur only for elastic flows. 

  

Figure 8. Average delay of flows in the real-time system 

Figure 9 depicts changes in the compression coefficient. The red plane represents states (pairs 𝑛𝑟 

and 𝑛𝑘) - AUs occupied by hard and soft flows but the compression factor is equal to 1. The blue plane 

represents states that cannot occur in the considered system because 𝑛𝑟 +𝑛𝑘  cannot exceed 𝐶𝑣 . States 

between these planes represent pairs 𝑛𝑟  and 𝑛𝑘  where elastic flows are subject to AU limitation and 

extension of service time, while adaptive flows are limited only in terms of available resources. 

  

Figure 9. Compression coefficient in considered system 

The experiments also included measurements of the time required to complete one simulation series. 

In the developed simulator, it was assumed that the length of a simulation series would be measured by the 

number of flow requests requiring the most AUs for processing that appear in the system. It was assumed 

that the length of a single series is 1,000,000 flows. This definition of simulation length implies that during 

one series, the system will service a significantly larger number of requests, including other classes of flows. 

The simulation program was executed on two computers with parameters listed in Table 1. In both cases, 
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as the offered traffic aa (per individual AU of the system, see Equation (1)) increases, the time required to 

complete a single simulation series rises. This is due to the increase in the number of flows of different 

classes appearing in the simulated system. However, with traffic greater than 1.3 Erl, the time increases 

minimally. This is due to nearly 100 percent resource utilisation of the considered system. It is worth noting 

that the simulator was written as a single-threaded program, which results in the use of only one processor 

core, which is almost fully utilised during the simulator's operation. The execution times of a single 

simulation series were measured using tools available in the chrono library (Microsoft, 2023). 

Table 1. Execution time of a single simulation series 

a [Erl] Time to perform one series of simulations [s] 

Computer 1 Computer 2 

0.4 7.350 17.134 

0.5 8.085 18.971 

0.6 9.345 21.164 

0.7 10.420 23.656 

0.8 11.697 26.639 

0.9 13.141 29.792 

1.0 14.773 33.072 

1.1 16.097 35.747 

1.2 16.956 37.814 

1.3 17.402 39.153 

1.4 17.683 39.658 

1.5 17.772 39.669 

 
Computer 1: processor Intel(R) Core(TM) i7-9700K CPU @ 3.60GHz, RAM 32 GB, 3600 MHz 

Computer 2: processor Intel(R) Xeon(R) CPU E5-2699 v3 @ 2.30GHz, RAM 64 GB, 2400 MHz 

4. Conclusions  

The paper presents the concept of developing a simulator designed to study the QoS parameters of 

flows transmitted within real-time systems. The simulator differentiates between two types of traffic 

characteristic of real-time system services, namely traffic associated with hard and soft real-time services. 

The paper also includes numerical results for a sample system. Since the simulator does not have a graphical 

interface for result visualization, the Gnuplot program was used. The simulator program, implemented in 

C++, is user-friendly and, due to its modular design, can be easily extended to accommodate other systems.  

The implemented set of core functionalities of the simulator, enabling among others the determination of 

blocking probabilities and delay values, allows for the analysis of real-time systems such as public safety 

networks (communication systems dedicated to emergency services, including ambulance, fire brigade, and 

police), medical systems (e.g., remote surgeries), and transport-specific solutions, such as the Future 

Railway Mobile Communication System (FRMCS). In all of the aforementioned systems, it is crucial to 

determine the probability of system unavailability (blocking probability), i.e. the ability to reliably transmit 

data, establish an emergency connection, or perform a remote operation (the high reliability of modern 

systems means that the issue of packet loss has become of secondary importance). According to traffic 

engineering principles, blocking in a system depends on the number of requests arriving per unit of time. 

Consequently, the simulator also makes it possible to determine the operational boundaries within which a 

given system meets the criteria of a real-time system. It should be emphasised that the presented simulator 

was used to evaluate the analytical model proposed for the Future Railway Mobile Communication System 

(FRMCS) (Hanczewski, 2025). 
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