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Abstract. Integrated Access and Backhaul (IAB) technology facilitates the establishment of a compact network by
utilizing repeater nodes rather than fully equipped base stations, which subsequently minimizes the expenses
associated with the transition towards next-generation networks. The majority of studies focusing on IAB
networks rely on simulation tools and the creation of discrete-time models. This paper introduces a mathematical
model for the boundary node in an IAB network functioning in half-duplex mode. The proposed model is
structured as a polling service system with a dual-queue setup, represented as a random process in continuous
time, and is examined through the lens of queueing theory, integral transforms, and generating functions (GF).
As a result, analytical expressions were obtained for the GF, marginal distribution, as well as the mean and
variance of the number of requests in the queues, which correspond to packets pending transmission by the
relay node via access and backhaul channels.
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1. Introduction

To simplify and reduce the cost of deploying dense 5G networks, standardizing organizations have
proposed various technologies, one of which is Integrated Access and Backhaul (IAB) [1]. This
technology enables telecom operators to seamlessly transition to 5G-compliant networks by utilizing
cost-effective relay nodes that implement wireless relay instead of fully-equipped base stations. By
implementing a network with IAB technology, consisting of backbone and relay nodes, operators can
meet the limitations of 5G standards and have the flexibility to upgrade relay nodes with access to
the backbone network in the future, ultimately enhancing the quality of service for users.

Integrated Access and Backhaul is one of the approved objectives of the 17th Release of the 3GPP
(3rd Generation Partnership Project) [2]. In IAB, a small number of backbone base stations (BSs) are
connected to the existing fibre-optic network infrastructure. The remaining BSs transmit backhaul
traffic over wireless channels [3].
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Figure 1. IAB network fragment in the form of a spanning tree

In comparison to LTE-Advanced, IAB is a more advanced solution that supports multi-hop, dynamic
resource multiplexing, and plug-and-play design, significantly reducing the complexity of network
deployment. Given the aforementioned benefits of IAB technology, the design of an efficient and
high-performance 5G/6G network incorporating this technology has become a pressing research
topic. As such, further exploration and utilization of IAB within the context of 5G/6G networks holds
immense potential for enhancing network capabilities and improving overall user experience [4].

The IAB technology, along with its characteristics and operational mechanisms, has been
investigated from multiple perspectives. Research efforts have addressed challenges such as routing
in multi-hop networks [5, 6], the selection of optimal network topology [7], and efficient resource
allocation [8]. In addition, advanced beamforming techniques have been explored [9], while the
development of data channel management policies for latency control [10] and the establishment of
network stability conditions that maximize throughput have also been studied [11, 12]. Furthermore,
frequency reuse using graph coloring methods has been investigated [13]. Moreover, one study
constructs a mathematical model of the IAB edge node as a Markov process and analyzes packet
transmission delays [14], while another work develops a simulation model of the IAB edge node [15].
Complementary research includes the construction of mathematical models for IAB networks
incorporating blockage effects [16], mean and the formulation of queuing system models to represent
the number of users at an IAB node [17].

Figure 1 shows an example of the IAB network topology in the form of a spanning tree, with the
IAB-donor reference base station (BS) located at the root vertex. The remaining IAB nodes in the
network are branch vertices and leaf vertices. The focus of this study is on the IAB boundary node,
which corresponds to the leaf vertex in the tree. The subject of the study is the packet flow that passes
through this node.

Due to the separation of downlink and uplink channels, a mathematical model has been proposed
in the form of a polling service system [18-23]. Data packets will be associated with requests, and the
IAB boundary node will correspond to a server. Downlink traffic from the parent node to the current
node and from the current node to user equipments (UEs) will be directed to queue Q, for receiving
and servicing requests. Uplink traffic from UEs to the current node and from the current node to the
parent node will correspond for receiving and servicing requests in queue Q, (see Table 1).
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Table 1

The correspondence between the objects and processes of the technical system and the queueing system

Technical IAB- Data Downlink Uplink to the | Downlink Uplink to the

system | node packets | from the | currentnode | from the | parent node
parent node current node

Queueing Server | Requests| Receipt  of | Receipt of | Servicing of | Servicing of

system requests in | requests in | requests in | requests in
the queue Q; the queue Q, | the queue Q, the queue Q,

Considering the limitations imposed by the half-duplex data transmission mode, we can divide
the operation of the IAB boundary node into phases shown in Table 2. For simplicity, let’s combine
the first two phases of request receipt into one. We then arrive at a polling service system with two
queues, where requests are received during the switching of devices at the end of each service cycle.
That is, the switching time between queues within the service cycle is zero, and applications are
received exclusively during the above-described period. The characteristics of this model will be
studied in the next section.

Table 2
Phases of operation of the IAB network boundary node

Downlink from the parentnode | + | 0

Uplink to the current node 0 | +

Downlink from the current node | —

Uplink to the parent node 0| —

2. Mathematical model

We will now delve deeper into the details of the M,|GL,|1 polling service system that was introduced in
the preceding section. In order to study the system, we must make the assumption that it is operating
in a stationary mode. Within this context, we will use Xij to denote the number of requests in the
queue Q; at any given time Q;, i, j = 1, 2 [24].

Additionally, we make use of the notation A;(¢) to represent the number of requests received in
the i-th queue during time ¢. It is important to note that our system consists of 2 Poisson input flows,
each with their own parameter, denoted by 4;. Furthermore, the service time for a given request in
queue Q; is denoted as b, with k representing the k-th request. It is also stated that these service
times are independent and equally distributed with a cumulative distribution function (CDF) of B;(¢).

Moving on to the half-duplex aspect of the system, we introduce the random variable sy, which
represents the switching time of the server. Its distribution is given by the CDF S(t), and it has raw

moments of arbitrary order s(()") = f0°° t" d(S(t)), with n > 1. Finally, we arrive at the expressions for
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Xij for our system, which can be written as follows:

0, (J=DA@=2),
i 0, Jj<i, i
J _ J _
Xi = © Xi= 140, (=DAG=1), ®
Aso),  j21, )
Ax(So), Jj=2

For these values, we have p;(n;, n,) — the probability distribution that at any moment of servicing
the i-th queue Q; j-th queue Q; contains n; applications, n; > 0, i, j = 1, 2.

The generating functions (GFs) of random variables (Xil,Xiz, ,XiK), i =1,...,K are expressed
according to the following lemma.

Lemma 1. GF of random variables (X}, X?), i = 1,2 have the following form

2
B(z) = R(z1,2) =S (Z(zj(l - z,-))) , i=12, @)

j=i
where S(w)—Laplace-Stieltjes Transform (LST) of RV s, ~ S(¢).

Substituting the value of 1 into the variable z in the derivatives of (2), we obtain the values of the
mean and variance of the number of requests in the queues.

Theorem 1. For a polling system M,|GL,|1 with state-dependent input flows and switching time s,
distributed according to the CDF S(t), the mean N;(j) and the variance Var (le ) of the number of requests
in queue Q; at the time of servicing queue Q,, i, j = 1,2, are expressed by the following formulas:

0, j<i, 0, j<i

Var (Xl]) =
Sos J > s S8 + oA -5k, j 2 i,

N = @)

If the switching time is exponentially distributed with parameter s (S(t) = 1 — e™5t, t > 0), then formulas(3)
are transformed to the form (4).

—.
A

Var (Xl] ) = (/)12 2 )

[Kn

— o
N() = /1j
3

where Var (-) — Variance of RV.

Substituting the value of 0 into the variable z in the derivatives of (2), we obtain the probability
distribution of number of requests in queues.

Theorem 2. For a polling system M,|GL,|1 with state-dependent input flows and switching time s,
distributed according to the exponential law S(t) = 1—e™, t > 0, the distributions of the number of requests
in queue Q; at the moment of servicing queue Q;, i, j = 1,2, are expressed by the following formulas:

0, (m 2D A>I=2),
sy .
Pl ) =\ (7 S (m =0)A (i =2), )
SAT 252 (ng + ny)!

)G + 4, + Ay L= b

where ny = 0, ..., 00 — the number of requests in queue Q, k =1, 2.
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3. Conclusion

In the transition to the next generation of networks, integrated access and backhaul (IAB) technology
is considered a key technology. However, due to limitations imposed by the half-duplex mode of data
transmission, it is necessary to build adequate models of how IAB networks operate.

In this paper, a model of the boundary node of an IAB network in the form of a queueing polling
system was constructed. We also derived analytical expressions for the generating functions, marginal
distribution, raw, and central moments of the number of requests (packets) in queues.

These results allow us to estimate the probability and conditions of overloads at the IAB boundary
node. For future research, we plan to build and analyze an energy-efficient model of the entire IAB
network. This will be done for both the topology presented in this paper and for more complex
topologies where there are multiple routes from the reference base station to user devices.
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CeTU UHTErpUPOBaHHOrO AOCTYNA M TPAH3UTA
B NONyAYNJIEKCHOM peXuMme

[. . Hukonaes?, B. A. BecuacTHbliii!, t0. B. Maiigamaka’?

L Poccunitcknii yHuBepcuTeT apyx6bl Hapoaos, yn. Muknyxo-Maknas, a. 6, Mocksa, 117198, Poccuiickas
depepaymsa

2 MHcTuTYT Npobnem nHdopmaTnkm, defepanbHblii UCCiefoBaTeNbCKUN LeHTp «MHdpopmaTuKa
n ynpaeneHue» PAH, yn. BaBunoga, . 44, kopn. 2, MockBa, 119333, Poccuitckas depepauus

AHHoTauus. TeXHOJIOrMs MHTEeTPUPOBAaHHOrO foctymna u TpaHauta (Integrated Access and Backhaul, IAB)
II03BOJISIET CO3J,aTh KOMIIAKTHYIO CeTh 3a CYET KCIOIb30BAHMS Y3/I0B PETPAHCAATOPOB BMECTO [TOJHOCTHIO
060pyAO0BaHHBIX 0A30BBIX CTAHIUI, YTO BIIOCIELCTBIN MIHUMU3UPYET PACXO/bI, CBSI3aHHBIE C [IEPEX0/0M
K CeTsIM CJIe[yIOIlero mokojaeHus. Bonburas vacTs paboT, TOCBAMEHHBIX ceTsaM IAB, onupaTcs Ha HHCTPY-
MEHTbI UIMHUTAIIMOHHOT'O MOJIeINPOBAHUS U CO3JjaHKe Mo/ieeH], QYHKIIMOHUPYIOIIUX B JUCKPETHOM BpeMeHU.
B nannoi pabore mmpeacTaBieHa MaTeMaTHIeCKas MOZeIb PAHIYHOTrO y31a B ceTH IAB ¢ oJIyAynIeKCHbIM
PpeXuMOM Ilepe/jaul JaHHbIX. IIpesiaraemas Mozeb KOHCTPYHPYeTCs Kak CCTeMa IOJIJIMHTa C ABYMS ouepe-
JSIMU B HEIIPEPIBHOM BPEMEHU U aHATU3UPYETCs C IOMOIIBIO alllapaTa TeOPUU MaCCOBOTO 0OCTyKUBAHNS,
MHTEerpaJbHbIX IpeobpasoBanuil u nponssoasmux byukuuii (IIP). B pesysnbrare nosydeHbl aHATUTHIECKHIE
BeIpakeHU /114 II®, BepOATHOCTHBIX paclipefie/leHUH, a TaKXKe CPeSHUX U JUCIIePCUI YKcIa 3a9BOK B 0de-
peAax, KOTopble COOTBETCTBYIOT ITaKeTaM, OXKMAAIOUIMM CBOell Ilepe/jauyl Ha PeTPAaHCIAIMOHHOM y3Je 110
KaHaJIaM [0CTyIIa U TPaH3UTa.
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