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ARTICLE INFO ABSTRACT

Keywords: The research focuses on the processes of information and communication interaction between a set of subscribers
Information and communication interaction and a base station in a 5G cluster. We consider that the coverage area of the latter is divided into concentric
5G cluster

segments relative to the location of the base station. Each concentric segment is characterized by the distance to
the center of the 5G cluster, the presence of opaque obstacles in the radio signal propagation path, and the
service speed of subscribers within its boundaries. A multi-line queuing system without the buffer is chosen as the
model of the researched process. The parameters of this system, including the incoming request flow and the
process of servicing them, are determined by a set of states of an external stochastic process that characterizes the
variability of the coverage area of the base station in the 5G cluster. The incoming request flow is represented by
a marked Markovian point process, allowing for the typification of requests by the index of the segments of their
origin. We consider that during the information and communication interaction process, a subscriber may move
between segments of the 5G cluster as well as leave its boundaries (handover type). For the described multi-
dimensional Markovian chain of the queuing system, the stationary probabilities of its states are analytically
formalized. The obtained expressions are generalized to metrics of qualitative indicators aimed at characterizing
the performance of the target instance of the 5G cluster. The results of the experiments demonstrated the
sensitivity of the proposed qualitative parameters to both variations in the number of available channels to
subscribers in the target 5G cluster and to the consideration of the variability aspect of the coverage area of the
base station. An example of formulating optimization tasks for the performance of the target 5G cluster based on
the proposed metrics of qualitative indicators is provided.

Coverage area segmentation
Mobile subscribers
Communication performance
Multi-line queuing system
Qualitative metrics

1. Introduction and state-of-the-art The outcome of the aforementioned scheme selection procedure is

ensured, in part, by the quality characteristics of the wireless commu-

1.1. Relevance of the research

In modern cellular networks of the 5G generation and beyond, the
dominant traffic is not voice but rather streaming multimedia [1]. Due
to this circumstance, the use of classical approaches from teletraffic
theory [2,3] to assess the performance characteristics of designed 5G
clusters as basic elements of cellular networks appears insufficient.
Specifically, when estimating the necessary amount of logical channels
with guaranteed data traffic rates, it is necessary to consider the po-
tential for dynamically altering the modulation scheme to meet the re-
quirements of Quality of Service (QoS) policies [4,5].

* Corresponding author.

nication channel used to implement the information exchange between
the target subscriber and the base station in the 5G cluster. The quality
of the wireless communication channel depends on several factors [6],
the most notable of which are the distance between the target subscriber
and the base station, as well as the presence of radio-opaque obstacles in
the path of the information signal propagation. The complexity of ac-
counting for these factors is compounded when considering that sub-
scribers may move both within the 5G cluster and outside its boundaries.

Finally, it should be noted that the characteristics of the incoming
request flow from subscribers in a 5G cluster cannot strictly be consid-
ered constant. Service rates for requests in a 5G cluster depend on the
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potentially changing locations of subscribers relative to the cluster
center. In many typical high-load 5G clusters [7-9], these characteristics
may vary depending, for instance, on the time of day, the accessibility of
network resources, channel interference, etc. It is promising to gener-
alize these distorting factors in the format of an external (relative to the
processes of information and communication interaction) stochastic
flow, which determines the variability of the coverage area of the base
station. Based on the arguments presented, the authors consider a
rigorous analytical formalization of the influence of this flow on the
information and communication processes in the target 5G cluster as a
promising research task.

1.2. State-of-the-art

Recent studies have scrutinized a 5G networks performance in city
and rural settings [10-12]. Paper [13] provided a succinct analysis of 5G
wireless networks, focusing on key metrics such as throughput and la-
tency, while also discussing enhancements like carrier aggregation and
network slicing. Study [14] conducted a thorough analysis using ray
tracing simulations to evaluate 5G NR coverage in urban areas. They
highlighted the unique challenges posed by urban environments, such as
buildings and clutter affecting signal paths, crucial for successful
deployment. Work [15] analyzed 5G communication performance,
noting a decrease in performance with distance but still meeting most
application requirements.

Research [16] delved into the intricacies of attaining broad access to
5G networks across various city and rural terrains. They emphasized the
challenges stemming from varying infrastructure requirements, sub-
scribers’ density fluctuations, and spectrum allocation strategies. To
tackle these hurdles, the authors proposed a thorough strategy involving
network densification, efficient spectrum management, and cost-
effective deployment methods. They underscored the importance of
tailoring network remedies to fit the distinct requirements of each
setting, whether densely populated city areas or sparsely inhabited rural
regions. Meanwhile, [17] carried out a comparative investigation of
different millimeter-wave bands within 5G networks, analyzing factors
like path attenuation and penetration. They underscored the trade-offs
between frequency bands and their suitability across varied deploy-
ment scenarios.

Numerous investigations have focused on assessing 5G efficiency in
real-world settings. A study [18] assessed the functionality of a 5G de-
vice in a private network, noting its ability to achieve high data transfer
rates while keeping latency minimal. Nevertheless, they noticed that the
device’s functionality was susceptible to factors like network over-
crowding and interference. Meanwhile, [19] investigated the function-
ality of 5G millimeter-wave radio access in terms of delay in outdoor
mobile settings and beam tracking. Their results underscored the sig-
nificant latency performance improvement achievable through beam
tracking, particularly in scenarios lacking direct line of sight.

Article [20] undertook an exhaustive analysis of critical performance
metrics in 5G networks, centering on network structure. Their research
introduces innovative optimization approaches and methodologies,
including network slicing and resource control algorithms. Employing
mathematical modelling, they meticulously assessed these methods,
showcasing significant improvements in network efficiency compared to
traditional, unoptimized setups.

Work [21] suggested a flexible system customized for cross-network
monitoring of end-to-end assurances within private 5G networks.
Employing a distributed test environment, they revealed a method
actively measuring latency, throughput, and reliability across various
network nodes, providing a comprehensive evaluation exceeding
traditional single-point assessments. This methodology proves particu-
larly valuable for scenarios involving multiple users and edge circum-
stances, where performance fluctuation is more pronounced.

Lastly, [22] undertook a systematic examination of 5G technology,
concentrating on key-performance indicators (KPIs) and assessing its
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efficiency. They identified key metrics such as reliability, latency,
throughput, and energy efficiency, emphasizing continuing investiga-
tion endeavors aimed at fully comprehending 5G efficiency across
various subscriber conditions and deployment scenarios.

The literature has extensively examined how subscribers’ mobility
can enhance 5G cluster performance, as evidenced by several studies
[23-27]. These papers predominantly delve into theoretical aspects and
performance boundaries. For instance, [23] delineates two limit sce-
narios of extremely rapid and exceedingly slow channel variations,
demonstrating their utility in establishing straightforward bounds on
flow-level performance. Research [24] contributes by establishing both
lower and upper bounds for flow-level performance metrics, illustrating
that mobility generally augments network capacity.

Work [25] investigates networks featuring multiple interacting base
stations, concluding that mobility expands the stability region of the
system. Additionally, Article [26] employs a multi-dimensional
Markovian chain to model an OFDMA system integrating Proportional
Fairness (PF) and Hierarchical Modulation (HM), revealing that, in the
presence of HM, simple cyclic services like Round Robin outperform PF.
Notably, [27] scrutinizes the influence of subscribers’ mobility on cell
performance under fair and opportunistic scheduling schemes. The
findings highlight that mobility enhances throughput performance,
particularly at the cell edge. However, due to the non-reversibility of the
associated Markovian process in scenarios where mobile users equitably
share resources, [28] can only derive closed-form expressions in two
extreme cases: when subscribers are stationary and when they theoret-
ically possess infinite speed. Consequently, for more realistic speeds,
their analysis necessitates the numerical solution of multi-dimensional
Markovian chains.

A common drawback of the mentioned studies is that they do not
consider the parameters characterizing the input request flow from
potentially mobile subscribers, service rates for accepted requests, and
other characteristic parameters of the models changing over time. As we
have already mentioned in Section 1, in many real cellular networks,
these parameters vary significantly and discontinuously. A practical way
to adequately account for such dependencies is to investigate corre-
sponding models considering the random environment in which they
operate. By a random environment, we mean some external random
process, such as a Markovian chain with a finite state space. All or some
parameters of the investigated model are perceived as dependent on the
state of this chain and change discontinuously, reacting to its dynamics.
In our article, we explore the performance of a 5G cluster model oper-
ating in a random environment, taking into account the dependency of
the input request flow parameters and the service process on the loca-
tions of potentially mobile subscribers within the coverage area of the
base station.

Additionally, recent studies have addressed the performance
modelling of 5G networks from various perspectives. For example, Chen
et al. [29] developed an analytical framework for ultra-reliable low-la-
tency communication (URLLC), focusing on physical-layer metrics such
as delay and packet error probability under finite blocklength con-
straints. Their approach is effective for low-latency analysis but does not
consider spatial coverage dynamics or sector-based queueing in-
teractions. In another study, Zhu et al. [30] examined user-centric
clustering in dense 5G networks using tools of stochastic geometry,
highlighting spatial user distribution but omitting temporal fluctuations
in service dynamics and queuing behaviour. In contrast, the present
work proposes a hybrid analytical model that integrates a two-state
external stochastic process — governing the dynamic reconfiguration of
the base station’s coverage area—with a multidimensional Markovian
queueing system that captures sector-specific traffic and service transi-
tions. The availability of closed-form performance expressions further
distinguishes our approach, enabling analytically grounded evaluation
of blocking probability, service intensity, and load distribution in
dynamically evolving 5G-IoT clusters.

To improve the transparency and consistency of the mathematical
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notations used throughout the manuscript, we provide a summary of the
key parameters, variables, and symbols in Table 1.

1.3. Main attributes of the research

Let’s summarize the characteristic information about the article by
formulating the object, subject, goal, tasks, and main contribution of the
research.

The object of the research is the multi-line process of information and
communication interaction between a set of subscribers and a base
station in a 5G cluster.

The subject of the research is the elements of teletraffic theory,
queuing theory, renewal theory, probability theory, and mathematical
statistics.

The goal of the research is to formalize metrics of qualitative in-
dicators for evaluating the performance of the model of a 5G cluster
target instance, where the flow of incoming requests and the process of
servicing them are determined by a set of states of an external stochastic
process characterizing the variability of the coverage area of the base
station.

To achieve the set goal, the following research tasks were performed:

— The investigated process was adequately represented in the
formalism of queuing theory (Section 2.1).

— The functioning process of the obtained queuing system was
described using a multidimensional Markovian chain, and computa-
tionally efficient information technology for determining its stationary
distribution was formulated (Section 2.2).

— Based on the defined characteristics of the stationary distribution
of the research object model, a metric of qualitative indicators was
analytically formalized to characterize the performance of the target
instance of the 5G cluster (Section 2.3).

— The adequacy of the presented mathematical apparatus was
empirically demonstrated, and the significance of the variability of the
coverage area of the base station on the performance of the 5G cluster
was demonstrated through examples.

Finally, let’s formulate the main contribution of the research. By

Table 1
Key Notations Used in the Mathematical Model.

Symbol Description

2 Total arrival rate of input requests to the system

n Intensity of the external stochastic process influencing coverage
dynamics

K Number of concentric coverage segments in the adaptive zone

; Arrival intensity of requests originating from segment ii

M Service rate of requests from segment ii

6; Rate of transition (mobility) between coverage segments

R(t) Time-varying radius of the adaptive coverage zone

N Total number of subscriber devices in the system

S Set of states in the Markov model

seS Index of a concentric sector (coverage segment number)

v Unit vector of appropriate dimension (used in block structure
definitions)

p Stationary distribution of the control process tata

h Absorbing state in the service process tuty, corresponding to
handover

I Transition intensity matrix of the service process t,

ﬁij Transition probability from state ii to jj in the reduced chain

El.]. Element of the sub-generator matrix for rejection (blocked) states

P Infinitesimal generator matrix of the main Markov process

T Stationary distribution vector (notation introduced for general
reference)

(n,1) Discrete state: n active requests in segment i

tilde () Indicates reduced or modified quantities (e.g., conditioned sub-

notation processes)
arrows () Denote vectors or structured matrices
lowercase Scalar parameters or indices
letters

capital letters Sets, matrices, or state identifiers
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modeling the research object, we take into account that the coverage
area of the 5G cluster is divided into concentric segments relative to the
base station’s location. Each such concentric segment is characterized by
the distance to the center of the 5G cluster, the opaque interference
presence along the radio signal propagation path, and the service rate of
subscribers within its boundaries. These specific features of the research
object are considered in the created multi-line queuing system without
the buffer. The parameters of this system, including the characteristics of
the incoming request flow and the servicing process, are not considered
constant (as in potential analogs of our research) but are determined by
a set of states of an external stochastic process that characterizes the
variability of the coverage area of the base station in the 5G cluster. We
represent the incoming request flow as a marked Markovian point pro-
cess. This allows us to take into account the typification of requests by
the index of segments of their origin. We consider that during the in-
formation and communication interaction process, a subscriber can both
move between segments of the 5G cluster and leave its boundaries
(handover type). For the described multidimensional Markovian chain
of the queuing system, stationary probabilities of its states are analyti-
cally formalized. The obtained expressions are generalized to the metric
of qualitative indicators aimed at characterizing the performance of the
target instance of the 5G cluster.

2. Models and methods
2.1. Statement of the research

Let’s assume that a 5G cluster is confined to the coverage area of a
base station capable of guaranteed servicing K subscriber devices
simultaneously. According to the objective speed of such a service, the
coverage area is segmented into S € N concentric sectors. Each s—th
sector, s € {1,S}, differs in distance from the 5G base station and the
opaque interference presence on the radio signal propagation path. We
consider that during active informational interaction with the base
station, the subscriber may both move between sectors and leave the
boundaries of the 5G cluster altogether. In this case, we will categorize
incoming requests according to the segment index in which the sub-
scriber’s device was located at the time of communication with the base
station.

As the basic model for the 5G cluster, we will use a K—linear
queueing system without a buffer. In this regard, we take into account
that the parameters of this system, including the input request flow and
the process of servicing them, are determined by the set of states of an
external stochastic process n,, t>0, which characterizes the variability of
the coverage area of the 5G cluster’s base station. We interpret n, as an
unnormalized continuous Markovian chain with an infinitesimal
generator G and a phase space {1, N}. We consider the flow of typed
incoming requests as a marked Markovian point process, which allows
us to take into account the aspect of typing of the first ones. We will
describe the arrival times of incoming requests as a continuous
Markovian process a;, t>0, with a phase space {1,A}. Therefore, we
characterize the input request flow with a two-dimensional continuous
Markovian chain {n,a;}, t=0.

At the state n € {1, N} of process n;, the flow of typed incoming re-

quests is characterized by a set of square matrices {Bg‘), ...,Bg") }, s =

1,S. Generalized by matrix B, the elements represent specific regis-
tration of incoming request type r € {1,R} process a, transition in-
tensities for the process n; current state. Now we interpret the contents
of the matrix Bgl). The off-diagonal elements of this matrix characterize
transition intensities of the process a; not caused by the arrival of a typed
incoming request. The diagonal elements of matrix Bg') characterize
output intensities of process a; from the corresponding states. Let’s
introduce the notation B™ (1) = Bg’) + B™, where B = ZleBs(").
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For state n € {1,N} of the external process n;, the average intensity
7™ of arrival of typed incoming requests is established as 5™ =
B™375""™, where ¥ is a unit column vector of corresponding length, and
™M) =0,7" =1,
system of equations, where 0 is a row vector of corresponding length,
all elements of which are zero. In this context, for state z n € {1,N} of

the row vector 7" is a sole solution of the 7"

the external process n;, the average intensity r]§")

type s € {1,S} is determined as 4"’ = B"v5"".

For the state n € {1,N} of the external process n,, the relative stan-

of arrival of requests of

dard deviation c{"” of consecutlve 1ntervals between incoming requests is

determined as c¢{? = 2™ /( ) —1. In turn, for state n €

{1, N} of the external process n,, the correlation coefficient ™ for two
consecutive time intervals between incoming requests is determined as

(n) ) B(ﬂ)
W = ”7/ Y1 |/

(o)
We define the matrices {ES,TBO,Eﬁ(l)} as By, = diag{Bg") n=

LN}Vs = 1.5, Bo = Go Iy + diag{B{’,n=TN}, B = Y55,

B(1) = By + B, whereby the term diag( e ) we denote a block-diagonal
matrix, the diagonal blocks of which are listed in parentheses; by the
symbol ® we denote the Kronecker product.

In the context of {Es,ﬁo,ﬁj(l) }, let’s redefine the expressions

characterizing the average intensity of the input flow 5 and the intensity
n, of arrival of incoming requests of the s—th type:

n=7pBin,=7pBys=175 ¢))

where the vector p represents the unique solution of the system of
equations p'B(1) = 6: PV = 1. Let’s also define the relative standard

deviation ¢, of the durations of intervals between moments of arrival of

incoming requests as ¢, = 211?3/( — Eo) —1, and the correlation co-

efficient ¢, of the durations of two consecutive intervals between

A - Arrival rate
of input requests
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)]7;/‘/\
—= | /cv-
(=)

To enhance the conceptual clarity of the proposed model, we intro-
duce a graphical representation of the queuing system’s key elements
and their interactions (see Fig. 1).

The diagram captures the dynamic behaviour of mobile subscribers
within an adaptive 5G coverage zone segmented into K concentric areas.
Each segment is characterised by its own arrival intensity #;, service rate
u;, and inter-segment transition rate 6;, while the overall system is
influenced by an external stochastic process of intensity 5. The adaptive
radius R(t) reflects the time-dependent nature of the coverage area. Each
state of the system is formally defined by a pair (n,i), where n denotes
the number of incoming requests in segment i. Requests are processed by
a system without buffering, meaning that any excess traffic is rejected
when the system is busy. This conceptual scheme also illustrates the
pipeline from input request handling to stationary distribution analysis,
through which performance indicators — such as blocking probability
and throughput — are derived.

If an incoming request arrives when the base station is already
serving K requests, then the incoming request is rejected. Otherwise, the
incoming request is accepted for servicing. Given a fixed state
n € {1,N}, the duration of a subscriber’s stay, whose request originates
from the s—th sector is characterized by an exponentially distributed

moments of arrival of incoming requests as ¢, =

stochastic variable A
due to:

, § € {1,S}. The subscriber may leave the sector s

— Completion of servicing their request;

— Moving to the sector s, accompanied by a change in the type of
serviced request from s to s/, respectively;

— The subscriber leaves the boundaries of the 5G cluster, accompanied
by a change in the type of serviced request from s to handover h. Each
of these situations is characterized by a certain probability.

Expressing the last ones through the parameter 2, let’s introduce:

— The intensity of completing the servicing of a request 4, l,

— The intensity of changing the type of serviced request /‘,’s,s”

Request
dropped if busy

1, — Service —
Input ratein segment i Stationary
| distribution
n— Arriva Request analysis
intensity State (n, i) dropped | performance
from segment i n requests in if busy | indicators
segment i (blocking,
n - Intensity of 2 probability,
external stochastic throughput, etc)
e R e
Bretss K - Number of

[ R,— Adaptive

6,— Transition
rate between
segments

coverage
: segments
coverage radius 9

Statonmary
coverage radius

A proposed method

Fig. 1. Conceptual diagram of the state-based queuing model in a segmented 5G system.
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— The intensity of classifying the serviced request as a handover /lyg

In this case, 2" = A"} + /15('2 + Z?:Ly#i@-

The complex structure of intensity 4 leads us to define the duration
of servicing any request in the 5G cluster as a stochastic variable with a
generalized phase-type distribution [31]. Such a choice is based on the
fact that the investigated requests are heterogeneous with a differenti-
ation of the result of their servicing. In the framework of the chosen
mathematical apparatus, we interpret the duration of servicing any
request in the 5G cluster as the time taken for an unnormalized
Markovian chain p,, t>0, with absorbing states {+,h} and transient
states {1, S}, to reach one of the absorbing states. The initial state of such
a chain corresponds to a type of incoming request accepted for servicing:
s € {1,S}. For a fixed state n € {1, N}, the transition intensity matrix y,
between states of process takes the form

I S
(n) (n)

o = ’12.7,11 _'1(2") '12;15 @
g e )

The process y, staying in state s means that the incoming request
accepted from the source originating from the s—th sector receives the
corresponding type of servicing. When the sector of origin of the
serviced request changes, the process y, transitions to the corresponding
transient state. The transition of the process y, to the first absorbing state
signifies the successful completion of the accepted incoming request
servicing. In terms of (2), this event is characterized by the column

(n) T
vector components 11, = (/Iﬁ"l/l(z”l, Aé"i) , where the symbol T

denotes the transposition operation. Similarly, the transition of a process
u, to the handover state is characterized by the column vector compo-

=0 m AN . "
nents IT, = (/11_,1, Ayjs +os Ash ) . It is worth noting that the transition of

a process n,, t=0, to another state does not entail a synchronous change
in the states of processes a;, y,, t=0, but it causes changes in the in-
tensities of their transitions.

In our study, we assume that all the parameters introduced in Section
2.1 are known and controllable. Next, we will focus on formalizing the
properties of the Markovian processes {n,a,u,}, t=0, which charac-
terize the dynamics of the queuing system as a model of the information
and communication interaction process in the 5G cluster.

2.2. Description of the dynamics of the Markovian process of information
and communication interaction in a 5G cluster

To describe the dynamics of the information and communication
interaction process in a 5G cluster, let’s introduce a generalized
continuous-time regular non-reduced Markovian chain ¢ =

N
{kt,nt, a, 1 t}, where at time t>0, parameter k; € {1,K} characterizes

the number of incoming requests for service, parameter n, € {1,N}
characterizes the variability of the coverage zone of the 5G base station,
parameter a; € {1,A} characterizes the state of the marked Markovian
point process of managing the flow of typified incoming requests, and
—

the components of vector 1, = {lﬁs) } characterize the number of sub-
scribers in each s—th concentric sector of the coverage zone of the 5G
base station, I = 0,k,, ¥ =k, s =1,S.

We have constructed the Markovian chain ¢, concerning the vector

-

1, whose components characterize the number of subscribers in each
sector of the 5G cluster coverage, rather than for the number of
communication resources that the 5G base station uses to serve each
incoming request. This approach significantly reduces the dimension-
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ality of the state space and makes the model more precise regarding the
task of determining the number of concentric sectors S without excessive
computational resource consumption. As a result, the dimensionality of

the state space of a process ¢; is such: NAZfZOJk, where J, = Cﬁ;}A =
(k+ S —1)!/k!(S — 1)!. We describe the stationary probabilities of states
of the unreduced Markovian chain ¢, by the expression

q(k, n,a,lV, . 19 ) = limQ{k, =k,

no=na =a ) =10, 15 =191,

wherek =0,K,n = 1,N,a = 1,A,1® =0,k, Y5 |10 = k.

By definition, for a Markovian chain ¢, stationary probabilities g (k,
n,a IV, ... l<s>> exist for any values of system’s parameters. We form
row vectors ¢ (k,n), k = 0,K, n = 1-,7\1, from these probabilities by
redefining probabilities q(k, nalb, . . . l(s)) in the inverse lexico-

graphic order of components [V, ...,I® and the direct lexicographic
order of component a. Based on q (k,n), we form vectors q, k = 0,K:
Tx = (q(k,1),q(k,2),..., ¢ (k,N)). As known, probability vectors q,

k = 0,K, satisfy a system of linear equilibrium equations <E’0, q1s-es

?K>P -0, (?O,?h...,ﬁK)? = 1, where P is the infinitesimal

generator of a Markovian chain ¢, t>0. It is this generator that needs to
be determined for further calculation of the stationary probabilities of
the states of the investigated system.

Let’s introduce a series of notations, including: — the identity and
zero matrices of corresponding dimensions: E and O, respectively; — a

symbol for the Kronecker sum of matrices: &; — matrices ﬁi") =
0 0 ~(n) 0 0 —
—s(n) w |0 = | =m w = 1,N; — a row vector of
o, 1 o, 0

length S, where all components are zero except the s—th component,

—(s) _

whichisone: b ,s =1,8.
According to the Ramaswami-Lukanthony approach [32], provided
that at the moment of transition of process ¢, k requests in the 5G cluster
are served: — matrix Ay(bs) characterizes a transition probabilities of

process T[, t>0, at the beginning of servicing by the system of an
()

incoming request of type s; — matrix Bg <K, ﬁi ) characterizes a

N
transition intensities of process [, when a controlling process transi-
tions from one of the serviced requests to an absorbing state i={1,2} at a
fixed value of n € {I,N}; — matrix I'; (K, TI™ ) characterizes a transition

intensities of process Tt between transient states at a fixed value of
n € {1,N}; — the magnitudes of the diagonal elements of the diagonal
matrix D,((") characterize the total intensity of the process Tt exiting from
the corresponding state at a fixed value of n € {1, N}. On this basis, we
generalize the intensities of all transitions of the Markovian chain ¢,
t>0, that occurred during an infinitesimal time interval into a three-
diagonal block matrix P. This infinitesimal generator for the process
¢, t=0, takes the form

Poo Ppy O O .. (0] o)
Py Pip P O .. 0 o)
(0] (0] 3

P=| O P33 Py P33

0 (0] (0] o Pxx1 Pxk

The non-zero blocks of matrix (3) are defined as

PO,O :Eo = dlag{BE)m,n:ﬁV}*‘rG@EA
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P = diag{B{" ® (T(k.11") + D" ),
n=1N}+G®Ey k=1,K-1,

Pex — diag{Bgl) ® (FK(K, ® ) +pj” ) +
+B" ®Ej,n=1,N} + G® Eny,

Pri = dlag{EA ® (kak (K, ﬁ(ln) ) + By X

X <K,ﬁ;n))),n:ﬁv},k 1,K,

S
Pirs1 = diag{ ZBQ” ® Ax(bs),n = 1,N},k =0,K—1
s=1

The diagonal elements of the matrix Py are negative and, up to sign,
determine the intensity of the exit of the Markovian chain ¢, >0, from
the corresponding state.

In the case where the number of requests in the queuing system is
zero, the exit of the chain from the corresponding state can occur due to:
— achange in the state of the controlling process of the incoming request
flow (the intensity of such an event is characterized by the diagonal

elements of matrix diag{Bf)"),n = ﬁ\l}); — the change in a state of

process ng, t>0, which characterizes the variability of the coverage area
of the 5G cluster base station (the intensity of such an event is charac-
terized by a diagonal elements of the matrix G® Ej).

If a number of serviced requests k in the system is above zero, the exit
of the Markovian chain ¢, t>0, from the corresponding state can also
occur due to the transition of the controlling process of one of these
requests (an intensity of such an event is characterized by the diagonal

elements of the matrix diag{EA ®Dl(<"),n: 1,N}). However, if the

number of incoming requests to the queuing system reaches K, the
arrival of a new request at the system input, unaccompanied by a change
in the state of the controlling process a;, t>0, does not cause a change in
the state of process ¢, t>0, as such an incoming request is rejected.
Therefore, we are interested in the difference that results from sub-
tracting an intensity of the transition of a controlling process a;, t=0, to a
same state, accompanied by request generation, from the total intensity
of the queuing system exit from a corresponding state (an intensity of
such an event is characterized by the diagonal elements of the matrix
diag{B™ @ E;.,n =1,N }).

A non-diagonal elements of a matrix Py characterize the intensities
of transitions of the Markovian chain ¢, t>0, that are not accompanied
by the change in a value of the component k, € {0, K}, which represents
the number of serviced requests in the 5G cluster. We refer to such
transitions as: — the transition of the controlling process a;, which is not
accompanied by request generation (the intensity of such an event is
characterized by a non-diagonal elements of a matrix
diag{Bg‘),n = ﬁ\l}); — the transition of process n;, t>0, which repre-
sents a variability of the coverage area of the 5G cluster base station (the
intensity of such an event is characterized by the non-diagonal elements
of matrix G® E,); — the transition of controlling process a;, t=0, which
does not cause the termination of servicing any of the k < K accepted
requests (the intensity of such an event is characterized by the elements
of matrix diag{Ex ® I'«(K,1I™ ),n = T,N }); — a transition of controlling
process a;, t=0, resulting from a rejection of an incoming request
because K requests are already being serviced in the 5G cluster (the
intensity of such an event is characterized by a non-diagonal elements of
matrix diag{B"™ ® Ez;n=1,N}).

The elements of the matrix Pxx_;, k = 1,K, characterize the in-
tensities of transitions of the Markovian chain ¢, t>0, which result in a
decrease in the number of serviced requests in the system by one. We
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refer to such transitions as: — a transition of controlling process a;, t>0,
for one of a serviced requests to the first absorbing state, i.e., successful
completion of servicing the corresponding request (the intensity of such
an event is characterized by the elements of matrix
diag{EA ® Br_k (K, fl(ln) ) ,n=1N }); — a transition of controlling
process a;, t=0, for one of a serviced requests to the second absorbing
state, i.e., transitioning the corresponding request to handover mode
(the intensity of such an event is characterized by the elements of matrix
diag{EA ® Br_xk (K, ﬁ(zn> ) n=1N }). By generalizing the aforemen-
tioned transition intensities in a format of block matrices, we obtain a
generator Py_1, k = 1,K, as provided in (3).

The elements of the matrix Pyy1, k = 0,K — 1, characterize the in-
tensities of transitions of the Markovian chain ¢, t>0, which increase a
number of serviced requests in the system. Such an event occurs when
the controlling process a;, t>0, transitions, accompanied by the arrival of
an input request of type s € {1, S} to the system (with a fixed state of the
process n;, t=0, an intensity of such an event is characterized by the
elements of the matrix s = 1,S), provided that the inequality k < K is
satisfied. The acceptance of an input request of type s by the system
increases by one in a number of requests in a s—th service phase (the
transition probabilities of the servicing process are characterized by the
elements of the matrix Ay (bs), provided that at the time of arrival of the
new request, k < K requests were being serviced in the system).

For computing the stationary distribution for the described queuing
system, a robust and computationally efficient information technology is
proposed, which generalizes the following steps:

Compute the matrix H; = —P1/Hoo;

Recursively compute the matrices Hy, k= 2K Hp =
—Prje/ (Pec1 k-1 + Hi-1Pr_2-1);

Implementing inverse recursion to compute matrices Hy: Hx = E,
Hy = HyHyr, k = 1K

Find the singular solution qx of a system of equations qx (Pxx +

HyPx 1x) = 0, go Y oHi¥ = 1;

Calculate the desired stationary probabilities G, k = 1,K, as qx =
Tl k = 0,K—1.

It’s worth noting that all computational operations in the presented
information technology are performed on non-negative matrices. This
guarantees the stability of the information technology when imple-
mented as a numerical method.

To enhance the clarity and transparency of the proposed information
technology, we present its core logic in the form of structured pseudo-
code. This representation summarises the four-step recursive algorithm
described above, highlighting the matrix-based construction of the
generator components and the backward computation of stationary
probability vectors.

Input:

— Generator matrix blocks Py,k.1; Pk,k; Pk.k+1 for all k = 0..K.
— Maximum number of simultaneous requests: K.
— Identity matrix E.

Output:
— Stationary probability vectors qi for k = 0..K.

Step 1: Initialize recursion

H12 = 7P0,61 X PO,l-

// Matrix H; maps q; from qq using the structure of P.
Step 2: Recursively compute Hy ... H.K.

Fork=2to K:
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Hie = —(Pok + Plok—1 X Hie)) ™' X Pioiey1-

// Each Hy expresses qx via qo through recursive dependencies.
Step 3: Compute vector q K.

Solve:

QK x PXK+ qK x HK x PX,K_; = 0.

and normalise: > x qx = 1.

// This gives the “top” stationary vector q K as a base case.
Step 4: Compute remaining q_k.

For k = K-1 down to 0:

gk =q{k+ 1}y x H{k + 1}.

// Backward recursion retrieves full stationary distribution

2.3. Metric for evaluating the performance of an instance of the
information and communication interaction process in a 5G cluster

Given the known values of the stationary probabilities 7,0 k = 0,K,
it is possible to calculate the metric of performance indicators for an
instance of the information and communication interaction process in a
5G cluster.

The average number of requests served in the 5G cluster will be
determined by the expression

Ky = Z ka}ki’\ (4)

The intensity of the flow of serviced requests in the 5G cluster will be
characterized by the expression

K

N
=33 "qkn <EA @B i <1<, )" ) )9 ®)
=1

k=1 n:

The intensity of the flow of requests accepted by the 5G base station,
which changed the type to handover during the servicing process, will
be characterized by the expression

K N

=YY qkn <EA ® By« (K, ﬁ;”) )6 (6)
=1

k=1 n

A probability of losing the incoming request due to exceeding the
permissible connection timeout for the subscriber will be characterized
by the expression

Amo = 4-/1 )

The probability of losing an incoming request from the s—th
concentric sector of the coverage area of the base station, because the
maximum number of requests is already being serviced in the 5G cluster,
will be characterized by the expression

2

1 & 0

() _ = = (n) 5 _
Am’f_ﬂs ; q (K,n)(B! ®EJK)vaw}v,s_1,S (€©))
The probability of losing an incoming request because the maximum
number of requests is already being serviced in the 5G cluster will be

characterized by the expression

1, /~ . A+ 18
Aoy = Tx(BoE, )7 =1-5 2= 2% Al ©
n n n =

The probability of losing any incoming request in an instance of a 5G
cluster will be characterized by the expression

AlstzAtmo‘i’Am/f:l*/Lr/n (10)

Finally, the probability of completing the servicing of any request in
an instance of a 5G cluster will be characterized by the expression

A, =1-Ay an
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3. Results and discussion

The material of this section is focused on demonstrating the ade-
quacy of the mathematical framework presented in the previous section
and showcasing its functionality in solving practical tasks in the chosen
subject area. By elucidating the functionality aspect, we have concen-
trated on depicting the relationship between the parameters of the
model of information and communication interaction process in a 5G
cluster and the state of the external stochastic process n;, t>0, which
characterizes the variability of the coverage area of the base station.
Furthermore, to demonstrate the flexibility of the proposed mathemat-
ical framework, we have investigated several relevant optimization
tasks with a focus on controlled variables related to defining the metrics
of performance indicators (4)-(11).

For our experiments, we selected an instance of a 5G cluster, within
the coverage area of which three concentric sectors are designated: S =
3. We characterized the external stochastic process n;, t=0, with two
states: N = 2, and defined the generator of the variability of the base
—0.0020 0.0020
0.0013 —0.0013
that at any given moment the process n,, t=0, is in state n = {1,2} is
determined by set p = {0.3870,0.6130}, accordingly.

Here and till the completion of the paragraph: for the fixed state of an
external stochastic process n = 1, the flow of incoming requests reach-
ing the base station of the 5G cluster from subscribers is characterized by

i 30— (20 0), 0 (215 9

( 0.15 = 0.2 >, Bél) = (O'S 0'05). The intensity of this flow is

station coverage area as G = ( ) The probability

0.025 1.15 0 05

denoted as 5! = 2.912, and the average intensities of request arrivals
from the s = {1, 2, 3}—th concentric sector of the coverage area of the

base station of the 5G cluster are represented by r]<11> = 1.4167, n(zl) =

1.0901, 17(31) = 0.4046. The coefficient of variation between the arrival
intervals of incoming requests is denoted as ¢, = 1.645, and the corre-
sponding correlation coefficient is ¢, = 0.188. The average duration of a
subscriber’s stay in the s = {1,2,3}—th concentric sector of the
coverage area of the 5G cluster is denoted as {1/0.6,1/0.5,1/0.36},
accordingly. The probability of completing the servicing of a request of
the s = {1,2,3}—th type is equal to {0.5/0.6,2/3,0.26/0.36}, respec-
tively. The transition probabilities between concentric sectors {152, 2—
1,2-3,3-2} are represented by
{0.1/0.6,0.08/0.5,0.08/0.5,0.08/0.36}, accordingly. The probabilities
of losing an incoming request due to exceeding the subscriber’s waiting
timeout for servicing requests of the s = {1,2,3}—th type are repre-
sented by {0.01/0.6,0.01/0.5,0.01/0.36}, respectively. A summary of
all input parameters corresponding to the state n = In = 1 of the
external stochastic process is provided in Table 2. This tabular repre-
sentation consolidates the values of arrival intensities, service rates,
transition probabilities, and loss probabilities across all coverage
sectors.

For comparison, we now define the corresponding parameters for the
alternative state n = 2 of the external stochastic process, which governs
the variability of the base station’s coverage area in the 5G cluster. For
the fixed state of an external stochastic process n = 2, the flow of
incoming requests reaching the base station of the 5G cluster from

Table 2
Model parameters for state n = 1 of the external stochastic process.
Sectors 0 A0 )
1 1
1 14167 06 05 0.1 0.01 40 — 0140 =0
1 1
2 1.0901 05 035 008 001 1 _ 008 —0.08
3 0.4046 0.36 0.26 0.08 0.02

i5) =045, =0.08




V. Kovtun et al.

subscribers is characterized by matrices Bgz) = <_g'5 _01 ), B§2> =

06 005\ .2 (015 04 @ (53 005
(0.013 0.27)’ By = <0.14 0.55)’ Bs" = {0.01 0005 ) The
intensity of this flow is denoted as 5(? = 2.412, and the average in-

tensities of request arrivals from the s = {1, 2, 3} —th concentric sector of
the coverage area of the base station of the 5G cluster are represented by

¥ = 036376, ¥ = 0.66631, 77’ = 0.38335. The coefficient of
variation between the arrival intervals of incoming requests is denoted
as ¢, = 2.75, and the corresponding correlation coefficient is ¢, =
0.248. The average duration of a subscriber’s stay in the s =
{1,2,3}—th concentric sector of the coverage area of the 5G cluster is
denoted as {1/0.6,1/0.2,1/0.18}, accordingly. The probability of
completing the servicing of a request of the s = {1, 2, 3} —th type is equal
to {0.35/0.6,0.13/0.2,0.12/0.18}, respectively. The transition proba-
bilities between concentric sectors {1-2,2—1,2—3,3—2} are repre-
sented by {0.06/0.6,0.05/0.2,0.05/0.2,0.05/0.18}, accordingly. The
probabilities of losing an incoming request due to exceeding the sub-
scriber’s waiting timeout for servicing requests of the s = {1,2,3}—th
type are represented by {0.01/0.6,0.01/0.2,0.02/0.18}. respectively.
Analogously, Table 3 presents the characteristic parameters for the state
n = 2, facilitating a direct comparison between the two coverage con-
figurations of the 5G base station under study.

A comparative analysis of the characteristic parameters corre-
sponding to the two fixed states n =1 and n = 2 of the external sto-
chastic process reveals notable differences in the behaviour of
subscriber-generated traffic. In particular, the total flow intensity de-
creases from ;) = 2.912 to 5(® = 2.412, which is accompanied by a
redistribution of request arrival intensities across the coverage sectors:
the dominant sector shifts froms =1 instaten =1tos =2instaten =
2. This structural transition is further reflected in the average service

rates A", where the service intensity in sector s = 1 decreases from 0.6
to 0.4, while that in sector s = 3 decreases more significantly from 0.36
to 0.18. Moreover, the probabilities of successful servicing lﬁ")r and loss
probabilities /Iﬁ"l show a corresponding decline in efficiency under state
n = 2, which is characterized by higher coefficient of variation ¢, = 2.75
and increased correlation in request arrivals ¢, = 0.248 compared to
¢, = 1.645 and ¢, = 0.188 in state n = 1. These variations illustrate the
impact of the base station’s coverage mode on the dynamics of sub-
scriber interaction, justifying the consideration of both states in the
stochastic model and their weighted contribution to the system’s overall
performance as reflected in the analytical expressions (5)-(10).

Let’s demonstrate that the state of the external stochastic process n,
t>0, which characterizes the variability of the coverage area of the base
station, indeed significantly influences the parameter values of the
model of information and communication interaction processes in a 5G
cluster. To do this, let’s designate the aforementioned set of character-
istic parameter values for an instance of a 5G cluster as (“taking into
account External Conditions” or “+EC”). Instead, for the same instance
of a 5G cluster, let’s introduce a set of data whose characteristic pa-
rameters are determined without considering the influence of the
external stochastic process n;, t>0. We’ll identify this dataset as “without
taking into account External Conditions” or “-EC”. In fact, ignoring the
process ng, t>0, simplifies the investigated model of a queuing system to
one where three stationary Poisson request flows of type s = {1,§ = 3}

Table 3
Model parameters for state n = 1 of the external stochastic process.
Sectors ) Ny A A
2 )
1 0.36376 0.4 035 004 001 42 _00643 =0
2 066631 02 013 005 001 42 _005.% —0.05
3 0.38335 018 012 004 002 42 _0,;2 _005

Ain Shams Engineering Journal 16 (2025) 103604

with intensities 5, are directed. These intensities are calculated by
expression (1). The average intensities of transitions, movements, and
request losses, in this case, are determined as the sums of products of the
corresponding intensities values, defined above in the + EC set for the
state of the external stochastic process n = 1, and probabilities p;, and
the products of the corresponding intensities values, defined above in
the + EC set for the state of the external stochastic process n = 2, and
probabilities ps. For example, the average intensity of request loss due to
the transition of the initiating subscriber from the second concentric
sector of the coverage zone of the 5G cluster to the first is analytically
characterized by the expression /Igpl + ﬂ<22‘> D2-

Let’s investigate how the values of quality indicators (4)-(11) depend
on the number of information and communication interaction sessions
K, supported by the base station of the 5G cluster. In the investigations,
the results of which are presented below, we varied the value of K in the
range of [5,50].

We calculate the dependencies of Ky, = f(K) and 1, = f(K) for the
datasets + EC and —EC separately. The dependency of Ky, = f(K),
visualized in Fig. 2, demonstrates how the average number of requests
served in an instance of a 5G cluster changes with increasing value of
parameter K. This dependency was calculated using expression (4) based
on the model defined for the investigated instance of the 5G cluster in
form (3), determined using the information technology described at the
end of Section 2.2. The dependency of 1, = f(K), visualized in Fig. 3,
demonstrates how the intensity of the flow of serviced requests in an
instance of a 5G cluster changes with increasing value of parameter K.
This dependency was calculated using expression (5).

Let’s comment on the results presented in Figs. 2 and 3. It’s worth
noting that along the abscissa axis, we have values representing the
capacity of the base station of the 5G cluster instance with established
parameters, as mentioned at the beginning of the section. The capacity
of the base station determines the maximum number of subscribers it
can serve simultaneously. From Fig. 2, it’s evident that for both datasets
(—EC and + EQ), an average number of serviced requests in a system
reaches saturation (for dataset —EC at K, = f(K = 25) = 11, and for
dataset + EC at K;, = f(K = 50) = 12). The transition of these graphs
into saturation mode can be explained by the fact that our presented
model of information and communication interaction in the 5G cluster
considers subscriber movements, which leads to request losses or their
partial transfer to the handover mode, which is not counted as a suc-
cessful completion of the servicing process for the target subscriber.
Overall, the —EC model proved to be more sensitive than the + EC

14
| —a——a
12 /.—/'/"
1 xc:c:::
10 Va

N

1

- //’/ —s=— +EC
@] —o—-EC
X 6 ;/

g/

1/

0

o 1 20 3 4 50

K

Fig. 2. Calculated dependence of Ky, = f(K) for the + EC and —EC models,
ne {1,2},and s = 0.75.
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25 1
/./’—' '/;,;/‘—
2 /
0 " —=— +EC
/ —eo— -EC
1,5
+
A
1,0
0,5 /
0,0 ; ; ; . .
0 10 20 30 40 50

K

Fig. 3. Calculated dependence of A, = f(K) for the + EC and —EC models,
ne{1,2},and s = 0.75.

model. The data presented in Fig. 3 regarding the intensities of outgoing
flows of successfully serviced requests for the —EC and + EC models
correlate with the graphs presented in Fig. 3. Similarly, the —EC model
reproduces the influence of the variability factor of the base station
coverage area on the value of the quality indicator 4., which is func-
tionally dependent on the value of the parameter K. This characterizes
the adaptability quality of the —EC model to the real operating condi-
tions of the investigated instance of the 5G cluster.

Now let’s calculate the dependencies of 4, = f(K) and Ay, = f(K) for
the datasets + EC and —EC separately. The dependency of 1, = f(K),
visualized in Fig. 4, demonstrates how the intensity of the flow of re-
quests accepted by the 5G base station, which changed their type to
handover during servicing, changes with increasing value of the
parameter K. This dependency was calculated using expression (6). The
dependency of Am, = f(K), visualized in Fig. 5, demonstrates how a
probability of losing an incoming request due to exceeding the accept-
able connection waiting timeout for the subscriber changes with
increasing value of parameter K. This dependency was calculated using
expression (7).

From the graphs shown in Fig. 4, it’s evident that, according to the
specified initial conditions, a significant number of accepted requests
change their type to handover. This means that corresponding

0,20 ] [
0,18 e
0,16- -‘:/:====+-
0,14 ] /'7
- /S
0,12 —a— +EC
E 0,10 ] // —eo— -EC
0,08 ] //
0,06 ] /
0,04 ] y
0,02 J/
0,00
0 ' 10 ' 20 ' 30 ' 40 ' 50

K

Fig. 4. Calculated dependence of A, = f(K) for the + EC and —EC models.
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Fig. 5. Calculated dependence of A, = f(K) for the + EC and —EC models,
and s = 0.75.

subscribers leave the coverage area of the 5G cluster before their initi-
ated information and communication interaction processes are
completed. This circumstance leads to the increase in ta number of lost
requests in an investigated system. The graphs in Fig. 5 maintain the
trend noted in Fig. 4. The probability of losing an incoming request due
to exceeding the acceptable connection waiting timeout for the sub-
scriber sensitively responds to the increase in the abscissa value until the
probability A, no longer depends on the value of parameter K. The
—EC model allows for a clearer tracking of this moment.

Finally, let’s calculate the dependencies of A, = f(K) and Ay =
f(K) for the datasets +EC and —EC separately. The dependency of A,y =
f(K), visualized in Fig. 6, demonstrates how the probability of losing an
incoming request because the maximum number of requests is already
being serviced in an instance of the 5G cluster changes with increasing
value of the parameter K. This dependency was calculated using
expression (9). The dependency of A = f(K), visualized in Fig. 7,
demonstrates how the probability of losing any incoming request in an
instance of the 5G cluster changes with increasing value of the param-
eter K. This dependency was calculated using expression (10).

The results presented in Fig. 6 allow us to track the moment when the
value of the parameter K ceases to influence the probability of losing an

1,0
0,8 \ +EC
—e—-EC
0,6
5. 0
[¢)
<04
- \k\\'\.,
0,0 \‘—= *o—0—¢ ——o—u
0 10 20 30 40 50

Fig. 6. Calculated dependence of A, = f(K) for the + EC and —EC models.
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Fig. 7. Calculated dependence of A;, = f(K) for the + EC and —EC models.

incoming request because the maximum number of requests is already
being serviced in an instance of the 5G cluster. The qualitative param-
eter A, has a direct economic interpretation, as the number of sub-
scribers that can be simultaneously serviced in a designed 5G cluster is
one of the primary characteristics of such systems. It’s worth noting the
accuracy of the model, which takes into account the influence of the
external stochastic process n;, t>0, on the value of the quality indicator
Agys. Thanks to this model, we see that for the given saturation condi-
tions, the saturation of the dependency A,,s = f(K) graph is achieved at
K = 26, not at 43. Thus, it’s possible to reduce the costs for the capacity
of radio equipment of the designed 5G cluster by almost half. The graphs
from Fig. 7 show that the unspecified (generalized) probability of losing
any incoming request in an instance of the 5G cluster is largely deter-
mined by the capacity value K: the final probability A, after the graphs
reach saturation at A,,; = f(K) does not exceed 0.005.

Overall, the data presented in Figs. 2-7 indicates that the values of
the quality indicators (4)-(7), (9), (10) are sensitive to the correlation
between the incoming request flow and the flow that characterizes the
variability of the coverage area of the base station of the 5G cluster. The
values of all evaluated quality characteristics, including the average
intensities of arrival, service, movement, and loss of requests, deter-
mined for the —EC dataset, turned out to be better than the values of
similar quality parameters determined for the + EC dataset. Therefore,
considering the variability of the coverage area of the base station of the
5G cluster is advisable when designing real systems for the corre-
sponding purpose.

From a computational standpoint, the proposed model demonstrates
favourable characteristics in terms of both time and space complexity.
The underlying continuous-time Markov chain has a multidimensional
structure, where the size of the state space increases linearly with the
number of concurrent sessions K and the number of service sectors S =
3. Due to the sparsity and regularity of the generator matrix Q, the
number of non-zero elements grows proportionally to O(KS?), which
ensures efficient memory usage and facilitates scalable matrix opera-
tions. The stationary probability vector 7 is computed by solving the

linear system 7 Q = 6, subject to the normalisation constraint ) ;7; =
1. This is accomplished using an iterative numerical method, such as the
power method or Gauss-Seidel iteration. For the values of K used in the
numerical experiments (K<15), convergence is typically reached within
40-50 iterations, each requiring computational effort proportional to
O(KS?). As a result, the overall complexity of evaluating the system’s
performance indicators—including those defined by expressions (5)-
(10) - remains polynomial in K and manageable for real-time

10
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performance analysis in high-loaded 5G-IoT clusters. The analytical
tractability and structured sparsity of the proposed approach offer
distinct advantages over simulation-based techniques, particularly in
terms of repeatability, scalability, and integration with optimisation
workflows.

As emphasized at the beginning of the section, based on the math-
ematical apparatus presented in the article, the generalization of the
metric of qualitative indicators (4)-(10) allows the formulation of
various optimization tasks depending on the specific application of the
5G cluster instance. For instance, an optimization task involves deter-
mining the minimum capacity K of the 5G cluster’s base station neces-
sary to ensure that the request loss probability does not exceed 0.2. Fig. 7
shows that for the instance of the 5G cluster, whose model does not
consider the variability of the base station coverage zone (—EC), the
sought solution to such an optimization problem is K = 16. Meanwhile,
for the qualitative indicator hh value K = 16 for the 5G cluster instance
whose model takes into account the variability of the base station
coverage zone (+EC), it equals 0.39, meaning that in real operational
conditions, the actual value of A;, will practically exceed the design
value by almost twice (0.2). To achieve the design value A, = 0.2 of the
5G cluster instance represented by the “+EC” model, it is necessary to
operate with the parameter K at the level of 24.

4. Conclusions and future work

In this study, we developed a stochastic model to analyse the infor-
mation and communication interaction between a base station and a set
of subscribers in a 5G cluster with variable coverage zones. The model
was formalised as a multidimensional Markovian queuing system, where
the dynamics of the base station’s coverage area were governed by an
external two-state stochastic process. This approach enabled the incor-
poration of realistic environmental and traffic variability into the system
analysis.

We derived a set of analytical expressions (formulas (5)-(10)) for key
performance metrics, including the average intensity of successfully
serviced requests, the blocking and loss probabilities, and the average
number of active sessions in each coverage sector. These expressions
were obtained based on the stationary distribution of the underlying
Markov chain, providing a computationally efficient mechanism for
performance evaluation.

The numerical experiment, conducted using representative input
parameters for each state of the external process, revealed several
important findings:

— The performance of the 5G cluster is sensitive to changes in request
arrival and service rates, particularly under the influence of external
state transitions.

— The shift in dominant traffic sectors between statesn =1 and n = 2
leads to measurable rebalancing in resource utilisation across the
coverage area.

— Increasing the number of simultaneous sessions K improves perfor-
mance metrics up to a threshold beyond which diminishing returns
are observed.

An important contribution of the proposed model is the availability
of closed-form analytical expressions for system-level indicators, which
contrasts with simulation-based approaches typically used in the anal-
ysis of dynamic 5G environments. This feature allows for parameter
sensitivity studies and rapid system evaluation without requiring costly
simulations.

The proposed framework can be applied to the planning and opti-
misation of 5G-IoT networks in real-world scenarios with highly dy-
namic user behaviour, such as urban mobility environments, industrial
automation zones, or public infrastructure clusters. By capturing state-
dependent traffic and service characteristics, the model offers insights
into how adaptive coverage policies and session concurrency limits
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impact system performance.

Future research may address the integration of queuing systems with
buffer constraints, the use of non-exponential service time distributions,
and the extension of the external stochastic process to more than two
states. Furthermore, incorporating real-time radio resource scheduling
mechanisms—such as NR-Scheduling algorithms and frequency hopping
schemes in unlicensed 5G bands—would enhance the model’s applica-
bility to advanced 5G and beyond-5G deployments.
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