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Due to a multistage nature of transmission processes in heterogeneous 4G, 5G
mobile networks, multiphase queuing systems become one of the most suitable ways
for the resource allocation algorithms analysis and network investigation. In this
paper, a few scientific papers that approached heterogeneous networks modelling by
means of multiphase queuing systems are reviewed, mentioning the difficulties that
arise with this type of analytical analysis. Moreover, several previously investigated
models are introduced briefly as an example of two-phase systems of finite capacity
and a special structure in discrete time that can be used for analysing resource
allocation schemes based on the main performance measures obtained for wireless
heterogeneous networks. One of the model presents a two-phase tandem queue with
a group arrival flow of requests and a second phase of the complex structure that
consists of parallel finite queues. The second model is a two-phase tandem queue
with Markov modulated geometric arrival and service processes at the first phase and
exhaustive service process at the second phase, which solves a cross-layer adaption
problem in a heterogeneous network.
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1. Introduction

The Fifth Generation (5G) mobile networks are characterized by advanced
algorithms for time-frequency resource allocation schemes in a heterogeneous
cell between Base Station (BS) and User Equipment (UE) [1], [2]. Due to
a multistage nature of transmission processes in the heterogeneous environ-
ment, multiphase queuing systems become one of the most suitable ways for
the resource allocation algorithms analysis and network investigation. In [3],
researchers have proposed to use single-phase queuing systems for modelling
local networks, by giving the necessary physical meaning to the stages of ser-
vice process using a phase-type service distribution. However, in the case
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of the Next Generation Mobile Networks (NGMN) the given assumptions
are not able to take into account the complex structure of a network with
intermediate storage of transmitted information. A large number of publica-
tions [4]-[6] are devoted to the analysis of multiphase queuing systems that
consider various variants of structural parameters: capacitance of the buffers
at the phases, the number of servers at phases, an ordinary or non-ordinary
arrival flow, blocking of service at a phase or loss of a request given that the
buffer of the next phase is fully occupied, the possibility of the retransmis-
sion at the phase or in the system in general, and various arrival and service
distributions of requests. In the given publications, the number of phases is
usually limited to two, and they are considered mainly in continuous time.

Only a few works approached to investigate heterogeneous networks by
means of multiphase (two-phase) queuing systems in discrete time, see, for
example, [7], [8]. However, the models in [7], [8] cannot be used because
they do not take into account the complex phase structure when modelling
transmission processes in a cell and, therefore, do not fully correspond to
solving a resource allocation problem in a context of a NGMN cell. It should
be noted that most of the foreign publications when using “discrete” and
“tandem queue” terms in their papers cover, in fact, mean cyclical service
systems in discrete time, but not multiphase systems.

In most of the cases, the number of phases in a multiphase queuing sys-
tem that is taken as a mathematical model for analysis of the performance
measures in a NGMN cell should be taken equal to two. This is due to the
fact that each phase itself is a structurally complex queuing system with
complex rules of functioning, and a further increase of phases severely compli-
cates formalization of the entire system, leads to multidimensional processes
that describe its behaviour and a difficult practical use. The analysis in this
case becomes extremely bulky with high risks of obtaining inaccurate results.
The decomposition of such a system with the analysis of individual phases or
groups of phases is most often not applicable due to the significant mutual in-
fluence of phases, in contrast to almost completely decomposable systems [9],
[10], and can lead in most cases to significant modelling errors. Cases of
independence of the functioning of a phase from the previous phase and, ac-
cordingly, an admissible decomposition are rare and arise when conditions [11],
are met, for example, when using exponential distributions and buffers of
unlimited capacity [12], or under assumptions about specific conditions for
the functioning of phases [13]. Summarizing all of that mentioned above, in
this paper we briefly overview several two-phase systems of finite capacity in
discrete time of a special structure that can be used for analysing resource
allocation schemes based on the main performance measures obtained for
wireless heterogeneous networks.

2. Two-phase model in discrete time for resource
allocation analysis in heterogeneous networks

Heterogeneous networks with the utilization of lower power levels Relay
Nodes (RN) improve the capacity of the system, coverage due to the avail-
ability of the alternative paths to users, located in shadow areas, and lower
deployments costs. Moreover, relay nodes are characterized by wireless back-
bone access. However, to achieve its potential, the heterogeneous networks
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are to utilize an efficient cooperative resource allocation procedure on various
paths, e.g. from the base station (gNB, gNodeB) to the RN, and from the RN
to the User Equipment (UE), in order to avoid data shortage or overflow of the
data at relay nodes. An analytical model of heterogeneous network in terms
of a two-phase model in discrete time is further introduced, that presents an
efficient tool to study resource allocation procedures by means of the found
stationary probability distribution and derived performance measures.

2.1. Model’s description

Let us consider downlink transmission in a heterogeneous network with K
RNs and a single gNB with a subframe that is divided into S channels, which
are distributed between the heterogeneous nodes in a centralized manner.
The figure 1 demonstrates the structure of the given model, and the main
parameters are shown in the table 1. As can be seen from the table, the
arrival rate follows a (K + 1)-dimensional group geometrical distribution. In
its turn, the service time in both phases is selected to follow deterministic law
equal to one time slot, which corresponds to the transmission of one packet.
After the request is being serviced it occupies one space in the buffer.
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Figure 1. Structural representation of the two-phase model with S channels

The functioning of the given model is described by the homogeneous Markov
chain ¢,, at time moments nh + 0,n > 0, with the following state space:

X = {f: (xo,xl,...,acK)T: x =0,...,7, k;zO,...,K},
K

k=0
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Table 1
Definition of the main parameters used in the model.
Parameter | Description
0-request | O-type request to be send to the UE in the coverage area
of gNB
k-request | k-type request to be send to the UE in the coverage area
of -RN, k=1,2,... . K
To buffer capacity of the gNB, r, < oo
T buffer capacity of the k-RN, r, < oo, k=1,2,..., K
h=1 constant length of a time slot, in which the system func-
tioning is measured and is equal to LTE downlink data
subframe
a arrival rate that follows a group geometric distribution
Geom®
Che probability of a request from the arrival group belonging
to type k, k-request, k =0,1..., K
c. full sum of the variable ¢, kK =0,1..., K

In the table 1, x;, is a number of k-requests stored in the buffer of corre-
sponding heterogeneous node: gNB or k-RN. Please refer to [14] for more
details on derivation of stationary probability distribution and the main per-
formance measures. One of the advantages of the given analytical model is
the ability to study various resource allocation procedures by utilizing the
following vector in the balance equations:

s = (sg, 87, o, 8%) T = (f(@), fR(E), .o, [R(E)),

where f"(Z) is a function that introduces the resource allocation strategy.
The definition of the different resource allocation procedures and experi-
mental analysis can be found in [14]. All in all, the given model allows
analysing various resource assignment schemes, including dynamic schemes,
e.g. proportional fair [15] and with fixed allocation.

3. Two-phase model in discrete time for cross-layer
optimization in heterogeneous networks

Video transmission comes along with huge demands on resources and low
delay, which can be provided by means of Cross-Layer Adaptation (CLA)
principle. The given principle is responsible for optimizing the selected metric
by adapting the parameters of different layers of open systems interconnection
model. The common assumption is to locate CLA mechanism at the gNB,
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which brings certain shortcomings in terms of the achieved performance. In
this paper, we introduce a two-phase analytical model in discrete time that
evaluates the behaviour of a downlink video transmission system using CLA
principle. We assume Dynamic Adaptive Streaming over HTTP (DASH) in
our modelling, the details of which can be found in [16]. The model introduced
below covers both the video delivery from gNB to UE at the first phase and
video processing at UE at the second phase. Moreover, the CLA is achieved
by varying the arrival rate based on the received DASH message, and service
probability based on the Channel Quality Indicator (CQI) sent from the UE.

3.1. Model’s description

We assume a DASH-based video transmission from the gNB to a single
UE in a heterogeneous network. The figure 2 demonstrates the structure of
the given model, and the main parameters are shown in the table 2. The
functioning of the given model is described by the homogeneous Markov chain
&, at time moments nh + 0,n > 0, with the following state space:

X={%=(¢1,95,9) : ¢, =0,1,...,r1, ¢ =0,1,...,ry — 1, s =1,2,..., S},

where ¢; and ¢, are the numbers of requests at the first and second phase,
respectively, and s is a value of the CQI in the current state.
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Figure 2. Structural representation of the two-phase model

It should be noted that the stationary probability distribution can be
found in a matrix recursive form [13]. However, due to the fact that the
functioning of the first phase along with variation of the CQI are independent
from the second phase, conditions [11] fulfilled, it is possible to decompose
the system to analyse the systems separately, which allows reducing the
computational complexity. The conducted experimental analysis of the main
performance measures derived from the stationary distribution can be found
in [13]. The given two-phase model presents an efficient tool that covers
video transmission process from gNB to UE at the first phase and the video
decoding process at the UE at the second phase. It takes into account CLA
principle, along with the losses due to fading and retransmission.
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Table 2
Definition of the main parameters used in the model
Parameter | Description
T buffer capacity of the gNB, r; < oo
Ty buffer capacity of the UE, r, < oo
h constant length of a time slot, in which the system func-

tioning is measured and is equal to LTE downlink data
subframe, 1 ms

S CQI report, which is available both at gNB and UE every
time slot s = 1,2..., 5, where S is an overall number of
its values

Sij transition probability of s from state i to state j

ag arrival rate that follows geometric distribution

i service time at the first phase that follows geometric dis-
tribution

t.d retransmission probability due to wireless channel errors

t.d probability that the packet lifetime is expired and cannot
be used for the video playback

b2 service time at the second phase that follows geometric

distribution in exhaustive manner

4. Conclusions

This paper reviews a few scientific papers that approached heterogeneous
networks modelling by means of multiphase queuing systems and stressed the
difficulties that arise with this type of analytical modelling. Two efficient two-
phase models were briefly introduced that can be used for analysing resource
allocation schemes based on the main performance measures obtained for
wireless heterogeneous networks. Omne of the model presents a two-phase
tandem queue with a group arrival flow of requests and a second phase of
the complex structure that consists of parallel finite queues. The second
model is a two-phase tandem queue with Markov modulated geometric arrival
and service processes at the first phase and exhaustive service process at the
second phase, which solves a cross-layer adaption problem in a heterogeneous
network.
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K ananu3y moka3zareJsieit 3(pPpeKTUBHOCTU reTepoOreHHbIX
ceTeil ¢ MOMOIIBIO ABYX(}a3HBIX CUCTEM MAaCCOBOTO
00C/Iy>KUBaHUS

T. B. PrikoBa

Poccutickut ynusepcumem dpyocoHv, Hapodos
ya. Muxayzo-Maxaas, d. 6, Mocksa, 117198, Poccus

Biaronapst MHOrOCTYIIEHUIATOMY XapakKTepy IIPOIECCOB IEepeadu B IeTepOreH-
HBIX MOOMJIBHBIX ceTsax 4G, bG, MHOrO(d a3HbIE CUCTEMBI MACCOBOTO OOC/IY 2KHUBaHUS
CTAHOBATCA OIHUM U3 HambOoJIee TOIXOISAIINX CIIOCOO0B aHAIN3a AJTOPUTMOB Pac-
peiesieHus PeCcypcoB U WCCJeIoBaHus cereil. B aToit crarhe mpuBomuTcss 0630p
HECKOJIbKUX HAyYHBIX pabOT, MOCBAIIEHHBIX MO/IEJIMPOBAHUIO T€TEPOTEHHBIX ceTeil
C TIOMOIIHI0 MHOTO(A3HBIX CUCTEM MACCOBOTO O0C/TY)KUBAHWS, U YIOMUHAIOTCSH TPY/IHO-
CTU, BOZHUKAIOIINE IIPU STOM THUIIE aHAJUTUIECKOrO aHajn3a. boJiee TOro, HECKOJIBKO
paHee MCCJIEIOBAHHBIX MOJIejIell KPATKO IIPEJICTABJIEHBI B KAYECTBE IIPUMEPA JIByXdas3-
HBIX CUCTE€M KOHEYHOH €MKOCTHU U CIEIUaJIbHON CTPYKTYPBI B JUCKPETHOM BPEMEHHU,
KOTOpbIE MOYKHO UCIIOJIb30BATh JJId aHAJIN3a CXEM PaCIIPeieIeHUs PeCypCcoB Ha Oa-
3€ OCHOBHBIX OKa3aTesel MPOU3BOINTE/THLHOCTH, MOy IEHHbBIX [Jid O€CIIPOBOIHBIX
rereporennbix cereit. OaHa U3 Mojeseil mpeacTaBieHa 1ByX(a3HOil TAHIEMHON ode-
PEIIbI0 ¢ TPYIIOBBIM MOTOKOM TOCTYIAIOIIUX 3allPOCOB, a BTOpas — (a30ii CJI0KHOI
CTPYKTYPbI, COCTOLAINEH M3 MapaJiIeSibHbIX KOHEYHBIX oduepereit. Bropas monenb
[IpeICTaBIsgeT COOOi ABYX(A3HYIO TAHIEMHYIO OY€PE/Ib C MAPKOBCKUMU MOJLYJIUPO-
BAHHBIMU T€OMETPUIECKUMU TTPOIIECCAMU TTOCTYIIEHUST U OOCTyKUBAHNUS HA [IEPBOM
9Tale U MOJIHBIM MIPOIECCOM OOC/TY2KUBAHUSA HA BTOPOM JTAlle, YTO PEIIAeT mpodiieMy
ME2KyPOBHEBO! aJiallTalliy B I'eTEePOreHHON CeTH.

KmoueBbie cioBa: nByxdasHas MOJE/b, CHCTEMA MACCOBOTO OOC/IY KUBAHUS, IIEITh
MapkoBa, pacupejieJieHie PeCypcoB, FreTepOreHHast CETh



