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Abstract: Theoretical mathematics is a key evolution factor of Artificial Intelligence (AI). Nowadays, 

representing a Smart system as a mathematical model helps to analyze any system with under development 

and support different case studies found in the real life. Additionally, the Markov chain has shown itself to be 

an invaluable tool for decision-making systems, natural language processing, and predictive modelling. In an 

Internet of Things (IoT), Machine-to-Machine (M2M) traffic necessitates new traffic models due to its unique 

pattern and different goals. In this context, we have two types of modeling: 1) Source Traffic modeling used to 

design stochastic processes such that they match the behavior of physical quantities of measured data traffic 

(e.g., video, data, voice). 2) Aggregated Traffic modeling which refers to the process of combining multiple small 

packets into a single packet in order to reduce the header overhead in the network. In IoT studies, balancing 

the accuracy of the model while managing a large number of M2M devices is a heavy challenge for the 

academia. One the one hand, Source traffic models are more competitive than Aggregated traffic models 

because of their dependability. However, their complexity is expected to make managing the exponential 

growth of M2M devices difficult. In this paper, we propose to use Markov Modulated Poisson Processes 

(MMPP) framework to explore Human-to-Human (H2H) traffic and M2M heterogeneous traffic effects. As a 

tool for stochastic processes, we employ Markov chains to characterize the coexistence of H2H and M2M traffic. 

Once using the traditional evolved Node B (eNodeB), our simulation results show that the network's service 

completion rate will suffer significantly. In the worst-case scenario, when an accumulative storm of M2M 

requests attempts to access the network simultaneously, the degradation reaches 8% as a completion task rate. 

However, using our "Coexistence of Heterogeneous traffic Analyzer and Network Architecture for Long term 

evolution" (CHANAL) solution, we can achieve a service completion rate of 96%. 

Keywords: IoT; MMPP; Markov chains; Aggregated traffic models 

 

1. Introduction 

Beyond theoretical mathematics, Markov chains find extensive use in a variety of applied fields, 

including finance, physics, meteorology, chemistry, statistics, etc. Markov chains can be used to 

analyze states transition simply, rapidly, and accurately. Markov chains can therefore be used in 

statistics to mimic complex distributions and to forecast the likelihood of future events. Markov 

chains can be also used to forecast some upcoming natural disasters in the real world, such as 

earthquakes, tsunamis, and even the spread of disease. The amount of property damage and human 

casualties these disasters produce might be significantly decreased if they are effectively forecast. 

Additionally, there will be a significant rise in the simplicity of using the Markov chain due to the 

transfer matrix's calculation method being highly appropriate for artificial intelligence's computing 

features [1].  

Within the field of Artificial Intelligence (AI), a Markov chain can be a crucial probabilistic 

method utilized to comprehend and forecast sequential data. Its capacity to represent and analyze 

dynamic systems makes it relevant and essential for a wide range of AI applications and algorithms. 

AI techniques incorporate Markov chains to reflect the intrinsically probabilistic aspect of real-world 
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occurrences, like Natural Language Processing (NLP) and Reinforcement Learning (RL). Indeed, 

Markov chains are utilized in NLP for speech recognition and text generation. For example, a Markov 

chain can be used to simulate the prediction of the next word in a sentence, where each state is a word 

and transitions are the likelihood of one word coming after another [2]. Meanwhile, the environment 

in RL is frequently represented as a Markov Decision Process (MDP), a kind of Markov chain that 

consists of decisions and rewards. By forecasting future conditions and rewards, agents acquire 

decision-making skills [3].  

In any future telecommunication network, Machine-to-Machine (M2M) and Human-to-Human 

(H2H) communications are considered to be game-changing elements [4]. Even though M2M and 

H2H communications can coexist in different domains (such as industrial automation, medical 

treatment, electrical power networks, and civil transportation), M2M communications is anticipated 

to play a vital role as a proxy to limit numerous human interventions through the use of Long Term 

Evolution-Advanced (LTE-A) intelligent systems. Keeping in mind that M2M features need to satisfy 

evolving technological demands such as LTE-A developments in order to accommodate the 

variations in H2H and M2M traffic features. Because H2H and M2M patterns are incompatible, 

coexisting H2H and M2M traffics might present a number of difficulties for a shared network, 

decreasing its efficacy. M2M traffic is highly homogeneous in comparison to H2H traffic since it uses 

small data chunks and transfer rates, typically with predictable communication periods and 

durations [5]. However, accumulative traffic from various sources is expected to be received due to 

M2M synchronization behavior and a variety of applications with varying pay-loads, times, and data 

rates. This turns homogeneous M2M traffic into heterogeneous M2M traffic, which quickly saturates 

the network bandwidth. Saturation is an issue that inevitably affects traffic, services, and applications 

in both M2M and H2H contexts [6]. Recently, the complexity of processing algorithms in cellular 

systems (smart sensors, mobile phones, basic stations, satellite systems, etc.) has pushed the 

boundaries of existing technologies to the limit [7]. According to Heavy Reading [8], mobile operators 

pay $20 billion annually to overcome service degradation and network breakdown. Therefore, the 

efficient radio communication strategy is one of the biggest issues that faces researchers, mobile 

operators, and the 3rd Generation Partnership Project (3GPP) community [9]. In this context, the main 

performance of homogeneous M2M traffic and H2H traffic is characterized mathematically in our 

previous work [10]. We used a mathematical model called "Coexistence Analyzer and Network 

Architecture for Long term evolution" (CANAL) to characterize the key performance of 

homogeneous M2M traffic as well as H2H traffic. In this context, could CANAL scale to analyze 

heterogeneous M2M traffic? To answer this question, we consider the traffic modelling in the 

following section. 

2. Traffic Modelling 

Stochastic processes that mimic the behavior of the measured data traffic for physical quantities 

can be used to characterize traffic modelling [11]. There are two types of traffic models: aggregated 

traffic models (such as high-speed links, backbone networks, and the internet) and source traffic 

models like voice, video, and data traffic. Packets that replicate real traffic behavior at different sizes 

and intervals are generated by source traffic simulations, such as SimuLTE simulator [12], Optimised 

Network Engineering Tool (OPNET) [13], Objective Modular NeTwork (OMNeT) [14], etc. Several 

common sources of traffic models, including as two-state MMPP, ON/OFF, and Interrupted Poisson 

Process (IPP) models, are analyzed in [15] using the OPNET modeler. An example of an ON-OFF 

model is an MMPP or IPP (Interrupted Poisson Process). The Poisson process is modulated by a 

Markov chain that contains two states: ON and OFF. These states correspond to two values of the 

Poisson process's intensity; this model is called the ON-OFF model since the intensity is frequently 0 

in the off state. We addressed M2M traffic demand in catastrophic scenarios in [16]. Using a source 

traffic simulator, like SimuLTE, all scenarios are tested to see how well an evolved Node B (eNodeB) 

can handle a fixed number of H2H traffics while a rising number of M2M requests try to reach an 

LTE-A network at the same time. The article in [17] states that during a disaster, it is estimated that 

there would be more than 5*104 devices per cell that may send their payloads simultaneously. We 
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understand that in these situations, source traffic models become very heavy to execute, which makes 

the usage of aggregated traffic modelling necessary. Finding a fair approximation of the arrival 

process of several devices while maintaining a good balance between accuracy and simulation 

performance is the aim of aggregated traffic models for example Simulink simulator [18,19]. For 

instance, in [10], we looked at how H2H and M2M traffic interact in crowded areas and during 

emergencies. Based on the suggested design in [20], we also perform a number of simulations in 

which a single LTE-A network with average arrival rates (λ1; λ2) and service rates (µ 1; µ 2) for M2M 

and H2H traffics is assumed. The simulation findings showed that a prioritized LTE-A system could 

handle more M2M and H2H traffic demands in less time. According to the simulation results, a 

prioritized LTE-A system for both M2M and H2H traffics may manage more requests in dense area 

scenarios by lowering the completion rate of lower priority traffic and preserving higher priority 

traffic without degradation. In contrast, during an emergency, higher priority traffics are prioritized 

over lower priority traffics, leading to a higher completion rate and the total elimination of low 

priority traffic. Because it allows H2H and M2M traffics to continue operating simultaneously and 

uninterrupted, the non-priority traffic approach offers an advantage over other options under these 

circumstances.   

As stated in [21], 3GPP offers two models: Model 1 represents non-synchronized M2M 

communication, whereas Model 2 represents synchronized M2M traffic, as shown in Figure 1. 

 

Figure 1. The expected arrival rate over time for synchronized and non-synchronized M2M traffics 

using 3GPP Model 1 and Model 2. 

In Figure 1, two different traffic models are assumed to evaluate network performance under 

different access intensities in this diagram:  

1. Model 1 of the 3GPP can be thought of as a regular scenario in which M2M devices access the 

network in a consistent manner over a period of time (i.e., a non-synchronized way).  

2. Model 2 of the 3GPP can be viewed as a disaster scenario in which a large number of M2M 

devices connect to the network in a highly synchronized fashion (e.g., after a power outage).  

In [20], the authors propose the Coupled Markov Modulated Poisson Processes (CMMPP) 

framework, which combines the benefits of both modeling paradigms (Source traffic modelling and 

Aggregated traffic modeling). It demonstrates the viability of M2M source traffic modeling with only 

linearly increasing complexity. CMMPP improves the accuracy and flexibility of aggregated M2M 
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traffic models at the cost of moderate computational complexity, as proposed by the aforementioned 

3GPP model in [21]. 

To summarize, an important question meriting a detailed response from all previous works is 

whether it is feasible to model the traffic of a vast number of autonomous machines using source 

traffic modeling, which is, in general, more precise than aggregated traffic modeling (e.g., treating 

the accumulated data from all M2M devices as a single stream). 

Practically, we are not in need to know about the actions of a single system to evaluate multiple 

access and tremendous capability. Thus, the overall behavior of M2M traffic is matched by the 

aggregated traffic models represented by a simple Poisson process. Because M2M traffic exhibits 

synchronization behavior, it is anticipated that the average arrival rate (λ) would change with time 

[22,23]. Aggregated traffic models, such as heterogeneous with time-varying arrival rate [18], are 

currently a hot topic that should be studied and compared with homogeneous traffic with a constant 

average arrival rate (λ), as explained in the following section. 

3. M2M Heterogeneous Model 

To recall, in our previous paper [24], we focused on a constant average arrival rate (λ) in which 

we strongly assume to have either one H2H arrival or one M2M arrival in the smallest discrete time-

period. However, in reality, M2M devices may send their payloads in a synchronization manner. The 

synchronization behavior of M2M devices leads to different M2M storms that form an accumulative 

traffic over the time-cycle, which requires deeper analysis and more accurate representation of M2M 

different traffics. Our new contribution is based on a realistic behavior of M2M devices rather than 

an ideal and theoretical behavior by turning the constant arrival rate (λ) to an average arrival rate, 

which varies over time. We are encouraged in this manuscript to consider a Poisson process 

modulated rate λ(m) for  M2M traffic modulated with a β distribution over a time-space Δt and 

determined by  Markovian chain state s(m) (m indicates a Markov state index varying from 0 to M, 

with M being the total number of states), as shown in  Figure 2.  

 

Figure 2. The interpretation as MMPP for M2M traffic, where λ(m) the mean arrival rate of a   Poisson 

process. 
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In Figure 2, a MMPP model is used as a framework to accurately model M2M traffic sources by 

analyzing an event when a huge number of M2M devices behave in a synchronized manner [25,26]. 

For H2H traffic, our MMPP model has a constant average arrival rate λ(h). As for M2M traffic, it has 

a variable Poisson process modulated rate λ(m); 0 ≤ m ≤ M.  

The overall average rate λ(g) of the MMPP is given by:  

 

where π(m) is the probability for the system to be in a certain state (m) at a given time space ∆t, with 

the following constraint:  

 

A basic example of M2M devices modeled by a MMPP model would be a (M+1) states with the 

first state S(0) representing a "Normal state". The remaining states represent a variable arrival rate over 

time λ(m) during different "Emergency states" till reaching the "Worst-scenario state" (where m = M). 

The process is characterized by a state space and a transition matrix (i.e; a stochastic or 

probability matrix). Therefore, the probability of transitioning from one state to another depends on 

the service completion rate for each service. 

This principle is depicted in Figure 3, where p(m,m+1) are the transition probabilities between two 

connected states, let say S(m) to S(m+1). 

 

Figure 3. MMPP  model; where: m  is  the  total  number  of  states, p(m,m−1) are  the transition  

probabilities between the states of the chain from S(m) to S(m+1), each Markov chain state  S(m) represents 

a mean arrival rate λ(m). 

The system falls into one of the following three cases: 

1. Normal state S(0), includes the initial state and has the following equilibrium relationship: 

p(0,1)π(0) − p(1,0)π(1) = 0 (2) 

2. Emergency states S(m): It occurs when an accumulative storm formed by m groups send their 

data all together: 

𝜆(𝑚) = ∑
𝑚

j=1
𝜆(𝑗)  

All Emergency states S(m) follow the following equilibrium relationship: 

p(m−1,m)π(m−1) − [p(m,m−1) + p(m,m+1)]π(m) + p(m+1,m)π(m+1) = 0 (3) 

where π(m) is the probability to be in the state S(m), and m ∈ [1, 2, 3,…., M−1]. 

3. Worst-scenario state S(M): it occurs when all groups dispatch their data simultaneously: 

𝜆(𝑀) = ∑
𝑀

𝑚=1
𝜆(𝑚)  

S(M) includes the final state, has the following equilibrium relationship: 
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p(M−1,M )π(M−1) − p(M,M−1)π(M ) = 0 (4) 

The above three equations can be summarized by the following generic equation: 

αp(m−1,m)π(m−1) — [αp(m,m−1) + ξp(m,m+1)]π(m) + ξp(m+1,m)π(m+1) = 0 (5) 

Where: 

• α = 0 in the "Normal state", otherwise α = 1. 

• ξ = 0 in the "Worst-scenario state", otherwise ξ = 1.  

The state probabilities π(m) resides in the state probability vector Π according to: 

Π = (𝜋(0) 𝜋(1) . . . 𝜋(𝑀))𝑇 (6) 

While, the transition probabilities can be condensed into a state transition matrix P: 

 

As a result, the equations for the (M+1) states can be represented as a linear system in the 

following form: 

𝑃Π = 0 (7) 

The linear system in (7) should be solved while respecting the following two constraints: 

∑𝑀
𝑚=0 𝜋(𝑚) = 1  (8) 

0 < 𝜋(𝑚) < 1  (9) 

∀ 𝑚 ∈ {0,1,2,3, . . . . , 𝑀}  

Finally, by solving the above linear system in (7), we can calculate π(0) to π(M).  

Also using the equation in (1), we can calculate λ(g). 

Emergencies such as natural catastrophes, terrorist attacks and many accidents are not 

predictable in real life. Based on that, we developed a case study in our previous work [27] based on 

some use cases such in [28] and 3GPP technical reports [29], because of vague scenarios and lack of 

statistics and behavior investigations for M2M devices throughout emergency scenarios. 

By summarizing our previous case-study, in Table 1, we can extend it to build a heterogeneous 

M2M case-study represented with three accumulative storms (M=3).  

Table 1. Example of M2M storms when M = 3. 

Group # 
M2M Device 

Type         

Message 

Size 

(Bytes) 

Rate  

 

(msg/day)       

Number of 

devices   

(Kilo) 

Storm Rate 

 

(Kbps) 

Number of 

storms 

(Storm/day) 

1 Asset tracking 50 100 20 1600 500 

2 
Assisted  

medical 
100 8 20 3200 40 

3 
Environment  

monitoring 
200 24 20 6400 120 

  

𝑷 =

 
 
 
 
 
 
 
 
 
𝒑(𝟎,𝟏) −𝒑(𝟏,𝟎) 𝟎 . . . . . . . . 𝟎

𝒑(𝟎,𝟏) −[𝒑(𝟏,𝟎) + 𝒑(𝟏,𝟐)] 𝒑(𝟐,𝟏) . . . . . . . . 𝟎

𝟎 𝒑(𝟏,𝟐) −[𝒑(𝟐,𝟏) + 𝒑(𝟐,𝟑)] . . . . . . . . 𝒑(𝟑,𝟐)

. . . . .

. . . . .

. . . . .
𝟎 𝟎 𝟎 . . . . . . . . −𝒑(𝑴,𝑴−𝟏)
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The state transition matrix becomes: 

 

By solving the linear system in (7), we can characterize the behavior of the system 

mathematically. 

Practically, we need to develop a model, which mimics the behavior of the system. Moreover, 

by comparing both mathematical and empirical results, we can validate our model as a preliminary 

step to apply some important metrics that measure the impact of M2M heterogeneous traffic on H2H 

traffic, as explained in the next section. 

4. CHANAL Model and Performance Metrics 

4.1. CHANAL Model 

To recall, in [10] and based on the using case summarized in Table 1, our aim was measuring the 

mutual impact of M2M homogeneous traffic and H2H traffic in different scenarios while maintaining 

a sustainable level of services with minimal congestion during emergency events by allowing both 

M2M and H2H devices to access the network resources efficiently. To reach this goal, we assume that 

the observation time intervals are so small that at one time interval only one event may occur (either 

one M2M or one H2H request/completed service). Although this simplification used in our previous 

CANAL model helps in studying the homogeneous M2M traffic, but it could not be suitable to 

represent a real case with heterogeneous M2M traffic. 

To this end, we extend our work to study the arrival of two requests per time slot. These two 

requests are attempting to access the network. In case of a system overload, some of the requests will 

be pushed to the queue and processed following a pre-defined priority. 

In this manuscript, we modified our previous model called ”CANAL” [10] with a new version 

of the architecture known as “CHANAL”, which automatically handles both H2H and M2M traffics 

while spotting on the homogeneity of M2M traffic. To this end, the model works according to the 

load-state of M2M requests under different conditions.  

CHANAL represents a single uplink cell in an eNodeB with total network resource blocks (c). 

Traffic types are heterogeneous M2M and H2H traffics. Both traffics are assumed to follow Poisson’s 

distributions with arrival rates λ(m) and λ(h) respectively [23]. Assuming that μ(m), μ(h) are following 

exponential distributions for M2M and H2H service rates respectively. Additionally, CHANAL 

includes a Resource Allocation Control (RAC) used for controlling, managing, and granting access to 

network requests based on the available resources. The RAC play a critical role in network 

congestions caused by disastrous events by controlling the resources in an adaptive way to handle 

the excessive requests of M2M devices, while keeping the H2H requests within the acceptable norms. 

In LTE-A standard, an eNodeB bandwidth varies as follows: 1.4, 3, 5, 10, 15 and 20 MHz 

depending on the operator’s needs. Our CHANAL deducts a bandwidth of 1.4 MHz        (6 PRBs) 

for LTE-M reserved for M2M traffic from the total bandwidth (e.g., 20 MHz) reserved for H2H traffic. 

It keeps broadening M2M bandwidth while shrinking the H2H bandwidth till soaking up the whole 

M2M accumulative storms. After the retreat of all M2M storms, it resets M2M and H2H bandwidths 

to their initial values. 

For example, rb(h) is reserved to LTE-A networks for its maximum resource blocks and rb(m) is 

reserved for LTE-M networks where rb(h) + rb(m) = c. The initial number of resources are normally 

retained by both rb(h) and rb(m) (e.g., for a bandwidth network LTE-A = 10 MHz: rb(h) = 50 and for a 

LTE-M network, rb(m) = 6). When a sudden event occurs, the utilization of rb(m) peaks to the maximum. 

So, the RAC provides additional 6 resources to fulfill the temporary H2H requests. Thus, there are 6 

more resources are reserved for M2M: rb(m) = 12 and 6 less resources reserved for H2H, rb(h) = 44 (for 
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LTE-A bandwidth = 10 MHz). More resources will be lent repeatedly until all storms are absorbed or 

the sudden event recedes.  

In addition, CHANAL includes a Queuing Control Unit (QCU) composed of two separate 

queues, one reserved for H2H and the other for M2M (H2H-Q, M2M-Q) with queue sizes n and o 

respectively.  

The system is considered in the "Full State" when the number of reserved resource blocks for a 

LTE-A network peaks to rb(h) and/or in a LTE-M network peaks to rb(m). As a result, the queuing 

process is initiated when the system reaches its cut-off point (the Full State) and a new M2M/H2H 

device request contends to access the system. In the case of any priority conflict among H2H and 

M2M traffic requests, the system follows the QCU strategy explained previously in [10].  

To better understand how CHANAL works, a flowchart is presented in Figure 4. 

 

Figure 4. Flow chart for CHANAL model. 

The differences and innovations among both CANAL and CHANAL models are shown in Table 

2: 
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Table 2. Comparison between CHANAL and CANAL models. 

Model Characteristics CHANAL CANAL 

Heterogeneity traffic ✓  

Homogeneity traffic  ✓ 

Synchronization behavior ✓  

Real-time behavior  ✓ 

FIFO queuing ✓  

Random/Standard queue  ✓ 

4.2. Performance Metrics 

We use two performance metrics to measure the mutual impact between H2H and M2M traffics: 

4.1.1. Service Completion Rate (scr) 

It gives the number of completed requests per time interval and it is based on the service rate 

and the average arrival requests for certain traffic (e.g., scr(h) and scr(m) which represent the service 

completion rate for H2H or M2M traffics [30]). 

4.1.2. H2H/M2M Resource Utilization (ru(h)/ru(m)) 

This metric gives the probability of the system to be busy serving H2H/M2M arrivals in terms 

of the number of utilized rb(h)/rb(m) in each state, compared to the total number of resource blocks 

used in the network (c). 

5. Modeling and Results Discussion 

5.1. Modeling 

In this section, we present our enhanced model that could generate both M2M and H2H traffics 

while adding priorities and queuing for both traffics. Assuming that our LTE-A network in which 

utilizes the FIFO (First In First Out) queue in MATLAB, consists of total number of resources (c =100). 

M2M requests are served by an LTE-M network with six resources (rb(m) = 6). While H2H requests 

will be handled by the remaining 94 resources (rb(h) = 94). 

To investigate the mutual consequences of H2H and M2M in normal and/or emergency 

scenarios, we use the theory of queuing to produce exact theoretical results for some performance 

measures that facilitate a comparison of empirical outcomes with corresponding theoretical 

outcomes. 

We applied many improvements on the model presented in section 4.1 in order to match our 

CHANAL architecture such as: 

• The architecture consists of two servers with two traffic sources (H2H and M2M), where arrivals 

are determined by Poisson processes with the two parameters λ(h) and λ(m) respectively. Service 

times have an exponential distribution with rate parameter μ, where 1 is the mean service time. 

• Assuming that H2H traffic has a fixed average arrival rate λ(h), with a service rate   μ(h) = 1.  

• We assume also that M2M heterogeneous traffic has five different variable average arrival rates: 

λ(m) ∈ {5, 10, 15, 20, 25} with a service rate μ(m) = 1. 

• H2H traffic has the same priority as M2M traffic. 

• A FIFO queue type is used we consider queue sizes: n = o = 0 for the two traffics H2H and M2M 

respectively. 

• Modulation duration=1000 Seconds. 

All notations and parameters used in the simulations are summarized in Table 3: 
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Table 3. Description of notations and parameters used in simulations. 

Notation Value Description 

rb(m) 6 Resource blocks reserved for M2M 
rb(h) 94 Resource blocks reserved for H2H 
λ(m) {5, 10, 15, 20, 25} Average arrival rate for M2M 
λ(h) constant Average arrival rate for H2H 
μ(m) 1 Service completion rate for M2M 
μ(h) 1 Service completion rate for H2H 
n 0 Queue size for H2H 

o 0 Queue size for M2M 

t 1000  Simulation time (seconds) 

5.2. Generating the Equilibrium Equations 

We generate the equilibrium equations, by considering new arrival events with an average 

arrival rate λ and service completion rate μ. The system could be in one of the following four states: 

empty state, occupied state, full state, and queue state. 

5.3. Performance 

To validate our model, we use the following performance metric:  

Service Completion Rate (𝑆𝐶𝑅): it shows the number of completed requests per time interval 

based on the service rate 𝜇 and the number of ongoing requests for a certain traffic (e.g., 𝑆𝐶𝑅𝐻𝑃 and 

𝑆𝐶𝑅𝐿𝑃 represent the Service Completion Rate for HP/LP traffics). 

 

Because we consider the service completion rate (𝜇) as constant in our model can be written as 

follows:  

 

As the sum of conjoint probability leads to the marginal probability, the previous equations can 

be re-written as follows: 

 

5.4. Performance 

In this section, we present our developed model, which can generate H2H and M2M traffics with 

full flexibility to add priority for any traffic in order to study the mutual impact of H2H traffic on 

M2M traffics. In addition, we assume that each state is represented by constants S(i, j) as shown in 

Table 4: 

Table 4. State representations. 

Notation Value State 

p1  P0c0 S(0,0) 

p2 P1c0 S(1,0) 

p3 P2c0 S(2,0) 

p4 P3c0 S(3,0) 

p5 P0c1 S(0,1) 

p6 P0c2 S(0,2) 

p7 P0c3 S(0,3) 

p8 P1c1 S(1,1) 
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p9 P1c2 S(1,2) 

p10 P2c1 S(2,1) 

Initially, we consider only a regular eNodeB with the five aforementioned groups and different 

variable average arrival rates. 

5.4.1. Normal Cycle Scenario 

In normal operation, a uniform average arrival rate is expected (scr(m) = scr(h) = 100%) as a result 

of having only 6 resources to serve 15 instantaneous requests.  Figure 5 confirms that all H2H and 

M2M traffics are all served. 

 

Figure 5. Regular eNodeB in a normal scenario, where the variation of scr value is based on the values 

of both λ(m) and λ(h). 

5.4.2. Dense Area Scenario 

In this scenario, we consider only a regular eNodeB with the five aforementioned groups and 

different variable average arrival rates. Meanwhile, a constant average arrival rate for H2H traffic.  

In Figure 6, the results show that all H2H traffics are served, and 81% of M2M traffics are served 

because of having only 6 resources to serve 15 instantaneous requests:  

• scr(m) = 81% 

• scr(h) = 100% 

 

Figure 6. : Regular eNodeB in a Dense scenario, where the variation of scr value is based on the values 

of both λ(m) and λ(h). 
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5.4.3. Worst-Case Scenario 

During a worst-case scenario, we assume to receive double H2H traffic with a constant average 

arrival rate λ(h) = 50 as a result of a disastrous event. Meanwhile, the five groups are gradually 

synchronized. 

In Figure 7, the results show that almost all H2H traffics are fully served with a 96% rate, and 

52% of M2M traffics are served:  

• scr(m) = 52% 

• scr(h) = 96% 

 

Figure 7. Regular eNodeB in a Worst-case scenario, where the variation of scr value is based on the 

values of both λ(m) and λ(h). 

6. Simulations and Result Discussions 

6.1. Simulator 

Our built simulation model is presented in this section. It can produce both H2H and M2M 

traffics and can add queuing or priority for any type of traffic, whether it be H2H or M2M. 

Assume that the total number of resources in our LTE-A network is (c = 100). To fulfil M2M 

requests, the LTE-M network uses six resources out of all the resources (rb(m) = 6). Consequently, H2H 

traffic will be handled by the remaining 94 resources (rb(h) = 94). 

We conduct multiple simulations based on the architecture proposed in [18] to study the mutual 

impact of H2H and M2M traffics in normal or emergency scenarios. The architecture uses queuing 

theory to provide precise theoretical results for some performance measures, which makes it easier 

to compare empirical results with the corresponding theoretical results. The model undergoes 

numerous improvements to align with our CHANAL architecture, which is detailed in section (4). 

These improvements include: 

• The architecture consists of two servers with two traffic sources (H2H and M2M), where arrivals 

are determined by Poisson processes with the two parameters λ(h) and λ(m) respectively. 

• Service times have an exponential distribution with rate parameter µ , where 1/µ  is the mean 

service time. 

• Assuming that H2H traffic has a fixed average arrival rate λ(h), with a service rate   µ (h) = 1. 

• We assume also that M2M heterogeneous traffic has five different variable average arrival rates: 

λ(m) = {5; 10; 15; 20; 25} with a service rate µ (m) = 1. 

• H2H and M2M traffics have the same priority. 

• A FIFO queue type is used while considering queue sizes n = o = 0 for the two traffics H2H and 

M2M respectively.  
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• Simulation duration = 1000 Seconds 

6.2. Regular eNodeB Scenarios, Results and Discussions 

6.2.1. Normal Cycle Scenario 

Initially, we consider only a regular eNodeB with the five aforementioned groups and different 

variable average arrival rates.  

The uniform arrival rate during normal cases is considered as: 𝝀(𝟎) =
𝟓+𝟏𝟎+𝟏𝟓+𝟐𝟎+𝟐𝟓

𝟓
= 𝟏𝟓   

Meanwhile, a constant average arrival rate for H2H traffic is considered λ(h) = 25, as shown in 

Figure 8. 

 

Figure 8. Regular eNodeB in a normal cycle scenario, where λ(m) is the average arrival rate for M2M 

traffic, scr is the service completion rate. 

In the results shown in Figure 8, we realize the following: 

• In normal operation, a uniform average arrival rate is expected with λ (0) = 15 with a 40% 

completion rate (scr(m) = 40%) and ru(m) = 100% as a result of having only 6 resources to serve 15 

instantaneous requests. 

• When receiving a single storm from a synchronized group (Group(1) to Group(5)), a huge 

degradation in the service completion rate is spotted when moving from      λ (1) = 5 with a 

100% completion rate till reaching λ (5) = 25 with a 24% completion rate only. These results are 

obvious as the network has only a fixed number of resources rb(m) = 6 reserved for M2M traffic 

while having an increasing demand on M2M services: scr(m) = {100%; 60%; 40%; 30%; 24%}. 

Additionally, the system utilization peaks to its cut-off point with a ru(m) = 100% due to the high 

load of arrivals comparing to the available resources in the system except for Group (1). 

Since the network allocates the majority of its resources to H2H traffic (rb(h) = 94), there are no 

restrictions on H2H traffic. Knowing that the average requests per time-interval is 25 (λ(h) = 25) with 

scr(h) = 100% and ru(h) = 26.5%. 

6.2.2. Disaster Scenario 

During a disaster, we assume to receive double H2H traffic with constant average arrival rate 

λ(h) = 50 as a result of a disastrous event. Meanwhile, the five groups are gradually synchronized: 

• First "Emergency" storm: when Group(1) submits its data as a result of a sudden event: 𝜆(𝐸1) =

𝜆(1) = 5       

• Second "Emergency" storm: when Group(1) and Group(2) dispatch their payloads simultaneously: 
𝜆(𝐸2) = 𝜆(1) + 𝜆(2) = 15 

• Third "Emergency" storm: when Group(1), Group(2) and Group(3) send their data at the same time: 
𝜆(𝐸3) = 𝜆(1) + 𝜆(2) + 𝜆(3) = 30    

• Forth "Emergency" storm: when Group(1), Group(2) , Group(3) and Group(4) send their payloads all 

together: 𝜆(𝐸4) = 𝜆(1) + 𝜆(2) + 𝜆(3) + 𝜆(4) = 50    

• "Worst-case" storm: it occurs when the five storms dispatch their data simultaneously: 𝜆(𝑊) =
𝜆(1) + 𝜆(2) + 𝜆(3) + 𝜆(4) + 𝜆(5) = 75 

In the resuts shown in Figure 9, we realize that: 
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• A huge degradation in the service completion rate can be spotted when receiving the five 

synchronized groups gradually while moving from Emergency(1) storm (λ(E1) = 5) with a 100% 

completion rate till reaching Emergency(5) storm (λ(W) = 75) with a 8% completion rate only. 

 

Figure 9. Regular eNodeB in an emergency scenario, where λ(m) is the average arrival rate for M2M 

traffic, scr is the service completion rate. 

These results are obvious as the network has only a fixed number of resources rb(m) = 6 reserved 

for M2M traffic while having an increasing demand for M2M services (scr(m) =  {100%, 40%, 20%, 

12%, 8%}). Additionally, system utilization peaks to its cut-off point with a ru(m) = 100% due to the 

high load of arrivals compared to the available resources in the system except for Group(1) as 

mentioned previously. 

• H2H traffic doesn’t suffer from any limitation because the network reserves the major amount 

of resources to H2H traffic rb(h) = 94 while receiving only an average of 50 requests per time-

interval (λ(h) = 50) with scr(h) = 100% and ru(h) = 53% 

6.3. CHANAL Scenarios, Results and Discussions 

As a solution for the service completion rate degradation shown in Figures 8 and 9, we will test 

our proposed solution "CHANAL", which operates in different modes depending on M2M traffic 

intensity to tackle the limitation problem of the network. 

6.3.1. Normal Scenario 

To test the adaptability of our CHANAL during normal scenarios, we consider the same 

different storms of λ(m) ∈ {5,10,15,20,25} and with a constant H2H average arrival rate      λ(h) = 25 

while enabling the flexibility of the bandwidth untill it absorbs all previous storms. The results shown 

in Table 5 reveal that by adapting the number of resources from (rb(m) = 6) used usually in a regular 

LTE-M network, to (rb(m) = 30) promoted in CHANAL, we can eliminate all M2M storms with a 

completion rate of 100% (scr(m) = 100%). Meanwhile, H2H traffic doesn’t reveal any degradation with 

a constant (scr(h) = 100%) due to having enough resources reserved for H2H traffic. 

Table 5. The adaptivity of CHANAL in normal cases. 

Group # λ(m) rb(m) rb(h) scr(h) scr(m) 

1 5 6 94 100 100 

2 10 12 88 100 100 

3 15 18 82 100 100 

4 20 24 76 100 100 

5 25 30 70 100 100 

6.3.2. Disaster Scenario 

During emergency cases, we are expecting to receive similar previous storms but gradually λ(m) 

∈ {5,15,30,50,75} and we assume receiving a double constant H2H average arrival rate λ(h) = 50 while 

enabling the flexibility of the bandwidth till it absorbs all previous storms. The results shown in Table 
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6 reveal that by adapting the number of resources from (rb(m) = 6) used usually in a regular LTE-M 

network, to (rb(m) = 72) promoted in CHANAL, we can eliminate all M2M storms with a completion 

rate of 96%-100%. Meanwhile, H2H traffic doesn’t reveal any degradation from E1-E4 with a constant   

(scr(h) = 100%) due to having enough resources reserved for H2H traffic.  

Table 6. The adaptivity of CHANAL in emergency cases. 

Group # λ(m) rb(m) rb(h) scr(h) scr(m) 

E1 5 6 94 100 100 

E2 15 18 82 100 100 

E3 30 30 70 100 100 

E4 50 48 52 100 96 

Worst-case 75 72 28 56 96 

Only one drawback can be spotted for H2H traffic in the "worst-case scenario", when its 

completion rate recedes till reaching 56% (scr(h) = 56%) because the system fulfills 96% of M2M 

requests by reserving 72 resource blocks for M2M traffic. 

But this flaw might be considered acceptable since the " worst-case scenario " with an 

accumulative storm happens rarely and when it occurs it lasts for a short period of time. Actually, if 

a disaster case last for a long period of time many operators usually take the decision to ban some 

H2H traffic (e.g., Watching a movie online) in order to allow emergency traffics  to be exchanged 

easily. So, in this case our solution could be a good replacement of a total elimination of H2H traffic 

strategy as it keeps H2H traffic working with a 56% completion rate while supporting 96% of M2M 

requests. Additionally, M2M payloads are sent in the form of a small chunk of data in a bursty forms. 

Based on the emergency and traffic priority strategy, H2H traffic (e.g., video streaming, VoIP, etc.) 

are not urgent as M2M traffic (e.g., Health care, fire alarms, flooding sensors, etc.) which can be sent 

in a split second compared to the massive H2H traffic size. 

7. Conclusion 

A shared network may face a number of difficulties due to the presence of H2H and M2M traffic 

and their mutual affects, which lowers the network's efficacy. The incompatibility patterns between 

H2H and M2M traffics are one of the main causes. In contrast to H2H traffic, M2M traffic is typically 

very homogeneous. But because of its synchronisation behaviour, heterogeneous traffic is likely to 

be received in the form of accumulative traffic. Consequently, one of the main issues facing mobile 

operators is the rapid saturation of the limited bandwidth for LTE-M networks, particularly in light 

of the exponential growth of M2M devices and the potential for simultaneous payload transmission 

from all of these devices in an emergency, which will unavoidably lead to overload congestion issues. 

In this manuscript, we have modeled and simulated the heterogeneous M2M traffic along with 

H2H traffic and its consequences on both traffics. We have used the Markov chain concept to model 

the system behavior and study the impacts on H2H and M2M traffics. Additionally, we have tested 

our proposed concept called CHANAL as an extension to the classical CANAL. Our CHANAL keeps 

broadening the LTE-M bandwidth gradually while shrinking LTE-A bandwidth till soaking-up all 

M2M heterogeneous storms. Moreover, this solution provides an essential resolution of presumable 

M2M storms especially during disaster and emergency events. 

Our simulation results show that using the classical eNodeB, the network will be facing a huge 

degradation in the service completion rate for M2M and H2H by reaching 8% in the worst-scenario 

case (λ(w)=75). But using our CHANAL solution and by leasing a maximum 72 resources reserved for 

M2M traffic from the total network resources, can result in a completion rate of 96% throughout the 

worst-case scenario. 

In our future work, we tend to study non-3GPP technologies (e.g., LoRa, Sigfox, etc.) and the 

behavior of M2M traffic which uses different LPWANs during disaster events while maintaining a 

satisfactory QoS towards both M2M and H2H traffics. 
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