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Abstract

One of the most challenges for future wireless communication
networks is energy consumption. Heterogeneous networks, which
are built to handle the increasing need for high data traffic, are one
of the most promising strategies to address these challenge in future
cellular networks. Network coverage may be increased by adding
more base stations, but this comes with a high power cost. In the
two-tier network concept, small cells (SCs) work along with main
cell stations (MCs) to provide wider coverage. Some SCs
experience low traffic rates due to user equipment's (UES) mobility,
yet they still consume a considerable amount of energy. To save
energy and increase energy efficiency (EE), some SCs must be
turned off. This study extends the operation modes for BSs and
introduces a bio-inspired mechanism to select the optimal operation
mode for each SC. A bias factor is used to regulate power
consumption, with SCs operating in one of four modes: On,
Standby, Sleep, or Off. The EE maximization problem is defined
under a set of limitations and a Variant Power Mode Selection
(PSO-VPMS) based on Particle Swarm Optimization Algorithm is
proposed in this study. The simulation findings show that the
suggested algorithm scheme offers a high EE.

Keywords: two-tier network; energy efficiency (EE); bias factor;
Particle Swarm Optimization (PSO).

1 Copyright © ISTJ A ginae auball (5 gin
Ayl g o slell 40 sal) dlaall


http://www.doi.org/10.62341/enoa1007
mailto:dr_ashraf@aol.com

International Scienceand ~ VOlume 36 ) gy pll Al il

Imtrwaational beimrs mad Taviasiags demraal

ﬁ::ﬂﬁéﬂ%’m‘ Part 1 axal I S TIJ %

http://www.doi.org/10.62341/en0al007

o alh g £ el il Sl Jlaty) Aol 4Bl (ppuins
(PSO) ozl qupmu Cpaund daaslsd

Chydd) Al s Capdl
L) emsand] gl daially Ladbud) bl Jlal) agaal
dr_ashraf@aol.com

adld)
e -A8Ual) Dl Dliial (LS Jlat¥) I dals Al clboaill 0 o
ISl 8 (5G) puelall dall il 8 A o3a dallead Baclll i)y
e Bl Glibd) A5a e aliall allal) bl lgasaiad 5 A cdisilaiall e
sy b 13 oSy (Jlp¥) lane o uyall dilia) DA (e AN dadas 5L
(MCs) (5l cillanall ga (SCS) piaall Jleoy¥) cillana (yglacis . dniipe 23l
(UES) Gaexiicadl) sigal 45 . piaall ol Al o s (pania poassl Aplais sl
Sllgia 5 Y Clhad) sy O Y 8jpial) cllasall (el 4add g5 Jleaal 3las
Dlgin) Jlal syl llaaall (e Gla) o cdide 2lug A8 (10 58 d0aS
gliag) waa & cpialal) 3 A% (EE) d8lall dllaa) 5ol 5aly)y 48Ul
asimall Aolud) o acia Al aai g ) sda 8 JlafY) Gllaad Juail)
Shasl Al aladniad Wy LBy ddase S0 ualiall Jundall amg LAY dadall (e
el 1has V1 g Lia gVl sl 8 spnal) cillasall gy e 28U Dgiad plas]
e desene a3 Aalal) 5US 50l Alalae delua & LAY Sl casill colaai!
e Oend daah)led (M Miad Saiall dilall amy los) )8 L caal
g sl o BSadl il el LAl ol (PSO-VPMS)Cilameal
Al Adle 50lS 361 da il
Sl A1y Laay lsa o(EE) d8lal) 5oL (ipalall s Aaall s Aualidal) cilalsl)
(PSO)lasall oy (peen

1. Introduction
The study discusses the anticipated growth in mobile subscriptions
and data traffic, highlighting the need for more efficient wireless

networks. Fifth-generation (5G) networks are expected to handle
significantly more data than fourth-generation (4G) networks. To
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meet this demand, various technologies, such as heterogeneous
networks (HetNets) with different types of base stations (BSs), have
been developed. Main base stations (MCs) provide wider coverage,
whereas small cells (SCs) provide higher rates of data.The study
emphasizes the importance of energy efficiency (EE) in wireless
communication systems, highlighting the significant energy
consumption of base stations (BSs), which contributes considerably
to operational costs and CO,emissions. Several strategies to
improve EE, such as on-off BS operation, network planning, and
resource allocation, are taken into the account. The study introduces
a bio-inspired Particle Swarm Optimization Algorithm (PSO) to
optimize the power modes of SCs (On, Standby, Sleep, Off) to
maximize EE in two-tier networks.The proposed PSO-based
Variant Power Mode Selection (VPMS) algorithm aims to select the
appropriate power mode for each SC, ensuring network coverage
and avoiding coverage gaps. The study ends by analyzing the results
and providing recommendations for future research.

2. Related Works

Researchs on HetNets has focused on optimizing energy efficiency
(EE) and coverage by leveraging techniques like SC density
adjustments, hybrid energy sources, cooperative BS switching, and
sleep modes, achieving up to 56% energy savings [1]. Methods such
as stochastic geometry and bias factors have enhanced performance
while balancing network load [2],[3].

Control Data Separation Architecture (CDSA) architecture and
reinforcement learning have been explored to reduce power
consumption and improve responsiveness [4],[5]. PSO algorithms
have been applied successfully to various optimization problems,
but their use in maximizing EE for two-tier networks remains
unexplored well. This work utilizes PSO to optimize power
consumption and enhance EE in such networks e.g. two tire
networks.

3. System Model

The proposed system model considers a two-tier network with a
single main base station (MC) and multiple small cell stations (SCs).
The MC is positioned at the origin, while the SCs and user
equipment (UEs) are distributed according to an independent
Poisson point process (PPP). The MC holds all necessary
information about the UEs and SCs, including the received signal
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strength (RSS) at each UE, the signal-to-interference-plus-noise
ratio (SINR) of each communication link, and their respective
locations. It manages and associates each UE with the appropriate
SC based on its RSS value.

3.1. Channel Model

Due to the varying transmission powers of the SCs, Voronoi
tessellation was employed to divide them.At the start of the
simulation, the transmission power of the MC, B,,, and SCs, P, are
considered to be at its maximum; the suggested method will then
adjust this value.A Rayleigh fading channel h ~ exp(1) assumed
between u UEs and their corresponding SCs.The path loss exponent
parameter, o, is assumed > 2. Given the distance between the UE
and the SC that was donated as dg,, the received signal strength
indicator (RSSI) is computed as follows:

RSSI = 5 — = )

3.2. Signal-to-Interference-Plus-Noise Ratio (SINR)

Since other SCs have a different bandwidth than MCs in the CDSA
scheme, the communication connection of UEs, u, serviced by a
certain SC, only encounters interference in this case [0]. The
received power at a specific user can be defined as P,hg, d;*. Then
the SINR can be computed as follows.

Pghsud;ua
Yies PihidiF + Ny

SINR,, = (2)

3.3. Achievable Data Rate
For every communication link between u, UEs that is offered by a
SC, the achievable data rate is specified as:

Rey = Wy log,(1 + (@4, .SINRy,)),Vs € S,u € U (3)

WhereW,,,, is the frequency bandwidth of each s SC and u, UE link,
and @, is the user association index variable. Each mobile users
share equal bandwidth [0]. If UEs are active and connected to SCs
that are only in "On" mode, the overall data rate they can achieve is
calculated as below:
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3.4. Calculation of Power Consumption

SCs are categorized into four operational groups: On, Standby,
Sleep, and Off, based on their functionality. Each group consumes
energy based on the number of SCs and their operational states.
Consequently, the power consumption of SCs is modeled as defined
in Equation (5):

pt = Z(PSS+PS)><<DW + Z(PSS+PS)><0.5><<DW

SESon SESshy

+ Z (Pf + P,) x0.15 X @,

SESsip

H ) B HR)x0x 5)

SESof

After a bias factor applied, the power consumption of the four SC
operation modes calculated as follows:

Pst* = fosn X Z (pss + ps) X gy

SESon

+ fssby X Z (pss + ps) X 0.5 x (Dsu

SESshy

+ Esslp X Z (pg + ps) x 0.15 x cz)su

SESSlp

e x D (o8 +p) X 0% g, ©)

SE€Sor

Where S,n, Sspy, Ssip, and S, stand for groups of SCs for On,
Standby, Sleep, and Off, respectively. The bias factor of the MC and
each set of SCs (£77., $on» Espy» and &5,) independently regulates
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the power consumption of each mode. The total power consumption
of the MC is given as follows:

Bn = (pm + Pm) (7)

Where: p,,, is a transmit power andp;, represent the MC's static
power consumption. Once the bias factor value is applied, the MC's
reduced power consumption can be calculated as follows:

Pl = & X (pf + D) (8)
The total power consumption of the network is calculated as:

Bts=PL +PY 9

3.5. Calculation of Energy Efficiency

The aim of this study is to achieve energy-efficient communication.
Therefore, the Energy Efficiency (n EE), of the two-tier network is
defined as the ratio of the total power consumption of the MC and
SCs to the total possible data rate of active SCs. The equation is
derived as follows from (4) and (9):

(10)

4. Problem Statement and Solution
The problem formulation and limitations for the suggested PSO-
VPMS algorithm are described as follows:

max = nEE (11)
f%!fgn'fssbyi :lp
Subject to
0 < &n+Son

< 0.9 (12)

0 < Essby +E§lp < 0.1 (13)
Engl + Szgn + Essby + fglp <1 (14)
qusus 1;Vu€evu (15)
SES
b, € {0,1}; VseU (16)
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ueu

Constraint (12) limits the bias factor value to no more than 90% of
the total bias for both active MC and active SCs. This ensures the
stability of the two-tier network by preventing excessive power
reductions in the MC and active SCs.Constraint (13) ensures that the
bias factors of inactive SCs do not exceed 10% of the total bias
factor value, aiming to limit their power usage. Constraint (14)
requires the MC and active and inactive SChias factor sums to be
smaller than 1. Constraint (15) limits SC connections to one UE.
Constraint (16) defines®,,as a binary variable (0 or 1) indicating
user association: "1" means the UE is connected to an SCB, while
"0" means it is not. Constraint (17) ensures that the number of SCs
in inactive mode does not exceed the average inactive ratio¥,
preventing coverage holes.

4.1. PSO-Based Variant Power Mode Selection Algorithm
(PSO-VPMS)

This section explains how the PSO and VPMS algorithms work
together to maximize energy efficiency (EE) in a two-tier network.
Its goal is to optimize bias factor values ($gn, $ons E5bys E5p) 1O
adjust BS power consumption and enhance EE. Figure 1, shows the
proposed logic flow diagram.
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Figure 1. The PSO-VPMS logic flowchart.
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5. Simulation Results and Discussion

The simulation and analysis of the proposed VPMS, based on the
PSO algorithm, were conducted using MATLAB 202la on
Windows 11. The network consists of 50 SCs (S) and 200 UEs (U),
both randomly deployed according to a Poisson point process (PPP)
within the specified area. The instantaneous SINR values for users,
as given by Equation (2), may vary based on dynamic channel
conditions and UE location [7]. Simulation results are presented to
demonstrate the proposed method for determining SC operating
patterns. The network parameters used in the simulation are listed
in Table 1.

TABLE 1. Simulation network parameters.

SimulationParameter Value Unit
Number of MC 1 -
Number of SCsS 50 -
Number of UEs U 200 -
SC radius <100 m
Static Power Consumption of MCP3, 130 watt
Transmission Power of SCp,, 20 watt
Static Power Consumption of SCP3 4.8 watt
Transmission Power of SCp 0.75 watt
Band widthB 100 MHz
Inactive radiusr;, 500 meter
Coverage of MCD 30 km
Number of Iterations 100 -

The main goal is to maximize EE across the two-tier network by
optimizing the power consumption of all BSs. Initially, the
transmission power of the MC and SCs is set to their maximum
values. After applying the PSO and VPMS algorithms, the optimal

bias factor values (8%, £,, £5,,, and £,) correspond to the MC
(on) and SC (on, standby, and sleep) operation modes respectively.
Table 2 presents the simulation results with various values, which
will be analyzed in this section to evaluate the performance of the
PSO-VPMS algorithms.

TABLE 2. Simulation Results and Values.

Operation Mode MC/SCs Sets Optimal Bias Value
factor
ON MC em’ 0.485
ON Son & 0.395
9 Copyright © ISTJ A ginae auball (5 gin
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Standby Ssby £y 0.071
Sleep Ssip & 0.040
off Sor £ :

The results show that the bias factor values, &7 and &3, are reduced
to 0.485 and 0.395, respectively, which are higher than the values

for SCs in inactive modes (e.q., E;b*yand

Essl;,). This is because the MC and active SCs handle all network
operations and UE services. SCs in the ‘on' mode consume more
power than in inactive modes like standby, sleep, or off. However,
the bias factor values for both the MC and active SCs do not exceed
90% of the total bias factor value, as constrained by Equation (13).
Table 2 also shows that the lowest bias factor values were obtained
for the SCs in standby (£5,,, = 0.071) and sleep (£5,, = 0.040) modes,
reflecting the goal of minimizing power consumption in these
inactive operation modes. The total bias factor values do not exceed
10% of the overall value, as constrained by (13). Figure 2, compares
the PSO-VPMS scheme with conventional sleep control, no sleep
control, random sleep 20%, and random sleep 30%. The simulation,
based on [8], shows that power consumption increases
proportionally with the number of SCs across all schemes.

Power Consumption vs Number of Small Cell BSs

+ without sleep contral
— #- conventional sleep control
PSO-VPMS
250| | =+ ¥+ Random sleep 20%

=\ - Random sleep 30%
i
b=
2 zoo
=
=
a
E 150
Fl
wn
c
o
(&)
& 100
=
]
o

50
O% a0 15 20 25 30 35 40 45 S0 55 60
Number of Small Cell BSs
Figure 2.
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Energy Efficiency vs Target SINR
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Figure 3.

Spectral Efficiency vs Target SINR

:2: PSO-VPMS
18 PMVS

S0DUA

Spectral Efficiency (bitisec/Hz)

2 4 6 8 10 12 14 16 18 20
Target SINR (dB)

Figure 4.

The scheme without sleep control significantly increases power
consumption, as all SCs remain active. The conventional sleep
control reduces power usage, while random sleep 20% consumes
slightly more than random sleep 30% and the conventional method.
However, the proposed PSO-VPMS outperforms these schemes by
53.04%, 51.12%, 43.32%, and 39.1%, respectively. Additionally,
PSO-VPMS is compared to the SODUA and PMVS algorithms in
terms of energy efficiency (EE) and spectral efficiency (SE), as
shown in Figures 3 and 4. The proposed PSO-VPMS algorithm
outperforms SODUA and PMVS, improving EE by 59.3% and 7.4%
and SE by 18.01% and 13.09%, respectively. Its flexibility in
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utilizing four operation modes (on, standby, sleep, and off)
surpasses SODUA's single switched-off mode and outperforms
other algorithms, including the Genetic Algorithm (GA) [9].

6. Conclusions

Energy consumption in mobile communication networks is a
significant challenge in the context of global warming, representing
a substantial proportion of overall Information and Communication
Technology (ICT) energy usage. In this paper, a bio-inspired,
behavior-based mechanism proposed to optimize the operation
modes of Small cell stations (SCs), selecting between "on,"
"standby,"” "sleep," and "off" states. The approach leverages a bias
factor to manage power consumption effectively across these
modes. The calculations incorporated metrics such as signal-to-
interference-plus-noise ratio (SINR), user-SC association index,
power consumption, and energy efficiency (EE). By employing the
VPMS-PSO algorithm, substantial improvements in network
performance were achieved, with simulation results indicating a
significant reduction in power consumption compared to existing
schemes. Specifically, it achieved reductions of 53.04%, 51.12%,
43.32%, and 39.1%, over algorithms without sleep control,
conventional sleep control, random sleep at 20%, and random sleep
at 30%, respectively. The method outperformed the SODUA and
PMVS algorithms in terms of EE, with gains of 59.3% and 7.4%
respectively, also improved spectral efficiency (SE) by 18.01% and
13.09%, respectively. This scenario presents additional challenges
due to the typically higher energy demands of communication with
main cell base stations (MCs), which are often located farther from
UEs than nearby SCs. Overcoming these challenges will lead to
significant advancements in the energy efficiency of mobile
communication networks, contributing to more sustainable and
effective system performance.
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