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In spite of promising outcomes in optimizing energy usage for Radio Access Network (RAN) Base Station (BS)
hardware, deployment, and resource management, existing methods frequently lack flexibility for scenarios
involving multiple frequencies and technologies of BSs. This investigation presents a comprehensive BS
switching strategy based on a threshold, tailored for real-world multi-frequency and multi-technology BSs
within the RAN. The proposed approach strategically deactivates BSs using a threshold parameter that

determines the maximum allowable growth in transmission power for active BSs, ensuring both coverage for
users affected by BS deactivation and energy saving. Simulations conducted on a realistic multi-technology
5G New Radio (NR) RAN in an urban environment validate the efficacy of the proposed strategy, achieving
up to 73% of energy saving. The study assesses the influence of the frequency order of BS deactivation and
examines user re-association strategies aimed at minimizing either path loss or transmission power.

1. Introduction

Wireless technology is envisioned to play a pivotal role in reducing
greenhouse gas (GHG) emissions across various sectors of society. This
is realized through providing connectivity for digital solutions that
aim to curtail energy consumption, minimize travel and transportation,
and generally mitigate GHG emissions [1]. Examples of such applica-
tions include providing connectivity for buildings to facilitate energy
management and supporting vehicle communication to reduce fuel
consumption and optimize routing. In addition to the more traditional
aspects of remote and mobile working that contribute to emission
reduction from travel, areas such as agriculture, health, the sharing
economy, and smart cities held significant potential for future reduc-
tions in emissions [1-3]. The impact of mobile-based solutions is closely
related to improvements in connectivity, making operators’ networks
scalable, secure, and standardized means to connect assets across vari-
ous services in an economically sustainable manner. Nevertheless, these
services and application further contribute to the growth of the data
traffic managed by the wireless network and because of this, to the
rise in its energy consumption. Wireless systems and networks are
significant consumers of resources, encompassing both electricity and
raw materials. The energy demand for operating these networks is
substantial: according to [4], in 2020, China’s mobile networks and
data centers alone consumed approximately 201 TWh of energy, that
corresponds to around 2.3% of the nation’s total energy consumption.
With the ongoing deployment of 5G networks, the growth of consumer
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demand and the trend towards utilizing data centers for virtualized
mobile networks, a 289% growth in energy use by wireless networks
in China between 2020 and 2035 is forecast [4]. As reported by [2],
although the edge network, data centers, and core services individually
contribute to no more than 25% of the energy consumption by network
operators, the RAN alone constitutes 73% of this total. Beside this,
since most of the energy that we use nowadays comes from burn-
ing fossil fuels, addressing this rise of energy demand is crucial for
the sustainability of future networks. This is also to respond to the
Sustainable Development Goals and the Paris Agreement on Climate
Change that recommend that countries reduce carbon emissions by
45% by 2030 and to net zero by 2050 [5]. Efforts to diminish en-
ergy consumption in RAN have garnered significant attention in the
research community, resulting in promising outcomes [6,7]. Studies
typically seek to optimize various aspects, such as the BS hardware
components design [8,9], the deployment positioning of BSs [10], radio
transmission mechanisms [11], BS switching [12], and local energy
harvesting enhancements [13]. BS switching in a RAN entails activating
and deactivating various BSs within the network. This process enhances
the unevenly distributed traffic demand across a mobile network. Typ-
ically, 50%-70% of BS sites handle only 25% of the total traffic [14].
These low-load sites are frequently over-dimensioned, operating at sub-
optimal capacity utilization levels, resulting in unnecessary high energy
consumption. In [15], authors introduce a deep Reinforcement Learn-
ing (RL) approach for energy consumption reduction, that integrates

Received 23 January 2024; Received in revised form 14 October 2024; Accepted 15 January 2025

Available online 29 January 2025

1389-1286/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/comnet
https://www.elsevier.com/locate/comnet
https://orcid.org/0000-0002-6420-231X
https://orcid.org/0000-0001-7403-6266
https://orcid.org/0000-0002-8807-0673
https://orcid.org/0000-0002-0816-6465
mailto:greta.vallero@polito.it
https://doi.org/10.1016/j.comnet.2025.111070
https://doi.org/10.1016/j.comnet.2025.111070
http://crossmark.crossref.org/dialog/?doi=10.1016/j.comnet.2025.111070&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Vallero et al.

energy consumption, IP throughput rate, and handover considerations
into the reward function. In [16], a Graph Neural Network (GNN)
represents the network topology as a graph, where each BS acts as a
node and incorporates traffic conditions as node features. This method
involves learning an embedding vector for each node, which is then
used to determine on/off switching decisions, for energy optimization.

The existing literature highlights that BS switching emerges as a
promising solution to mitigate RAN power requirements. However, it
is noteworthy that these approaches are often specifically designed
for scenarios involving single-frequency and single-technology BSs.
Nevertheless, BSs that implement different technologies or operate
on different frequencies provide varying levels of Quality of Service
(e.g., coverage, available bandwidth, and maximum supported users)
and exhibit different power consumption behaviors. This means that
deactivating a BS using one technology or frequency may have a differ-
ent impact on network power usage compared to deactivating another
BS using a different technology or frequency. In addition, works in
the current literature usually depend on predefined performance degra-
dation constraints that might overlook real-time changes in traffic. In
this paper, we overcome these limitations and we present a solution
that takes into account multi-frequency (800 MHz, 2100 MHz, and
3500 MHz) and multi-technology (beamforming and omnidirectional)
BSs within the RAN. This involves formulating and implementing a
BS switching policy that is strategically designed based on the unique
power requirement characteristics exhibited by the BSs. We evaluate
our proposal through simulations on a realistic RAN covering the city
of Zurich, Switzerland. The contributions of this work are the following:

» Proposing a BS switching strategy aimed at reducing RAN power
requirements. This strategy deactivates a BS if its users can be
covered by active BSs and if the growth of transmission power
needed for covering those users is lower than a threshold p*.
Using the power need model of each BS technology, we formalize
and generalize the formulation of the threshold p* to ensure
energy savings.

After an overview of the power need models of 5G New Radio
(NR) BSs operating at different frequencies, as well as Massive
Multiple Input Multiple Output (MA-MIMO) BSs, we quantify the
value of the threshold p*. It is the maximum allowable trans-
mission power growth to cover users who remain uncovered
due to BS deactivation. This quantification is presented in terms
of transmitted watts and translated to meters to measure the
allowable increase in coverage radius of active BSs, considering
different transmission power levels for both the deactivated BS
and the active ones, in both Line of Sight and No Line of Sight
(NLoS) cases.

Conducting simulations to evaluate and quantify the impact of
the frequency order of BS deactivation and implementing two
different approaches for the re-association of users when a BS
is deactivated, aiming to minimize either the experienced path
loss or the transmission power. Results show that using a re-
association based on path loss slightly reduces power require-
ments compared to when re-association minimizes transmission

power.

The paper is organized as follows: Section 2 reviews related works,
Section 3 provides an overview of power requirement models for
BSs of different technologies, Section 4 presents the scenario and our
proposed methodology, and Section 5 describes the Key Performance
Indicators (KPIs) used. Section 6 formulates and quantifies the values
of the threshold p* on which our switching approach is based. Results
are discussed in Section 7, and our findings are drawn in Section 8.
Section 9 concludes our work.

Computer Networks 259 (2025) 111070
2. State of the art

As mentioned in the previous section, a lot of efforts have been
done towards energy efficient RAN [1-3]. This is because this aspect
is now acknowledged by network operators as a pivotal criterion for
the forthcoming decade in the RAN. This recognition is grounded
in the dual advantages of diminishing operational (OPEX) costs and
increasing the sustainability of network systems. Enhancing the energy
usage of the network not only results in cost reductions for operators
and sustainability, but also facilitate the progress of communication
technology in developing countries [17]. The proposed solutions en-
compass a spectrum of strategies that can be classified into five key
categories, each targeting specific aspects of network operations. These
categories include the optimization of BS hardware components, the
implementation of sleep mode strategies, enhancements in radio trans-
mission mechanisms, meticulous network deployment and planning,
and the integration of energy harvesting technologies [8-13]. Among
these categories, sleep mode strategies have emerged prominently in
the focus of various studies in the literature. These strategies involve
optimizing the operational states of network elements during periods
of low demand, contributing significantly to overall energy efficiency.
Indeed, RANs are usually planned and deployed to meet certain peak-
hour requirements, which leads to an overdimensioning of the network
for the less challenging traffic loads during the day time [18]. As the
traffic demands fluctuates over both time and space, underutilized BS
resources could be dynamically switched off to save energy. The more
network components that are shutdown and the longer the time that
they are shutdown, the more energy can be saved. This heightened in-
terest is particularly accentuated in the context of 5G and 6G networks,
where the aspect of network energy-efficiency is a priority.

In [19], Piovesan et al. contemplate a hierarchical arrangement
wherein a subset of its BSs relies solely on solar panels and batter-
ies for the power supply. These BSs are organized into clusters and
linked within a micro-grid framework. A central controller manages
BSs sleep mode and the energy distribution across them, leveraging
Machine Learning models to access the optimal sleep mode and energy
distribution policies. Similarly, the study outlined in [20] aims at
achieving energy efficiency through the implementation of BS sleep
mode. In order to do this, authors employ a reinforcement learning
approach to intelligently and dynamically learn effective strategies for
user-equipment association and orthogonal frequency-division multi-
ple access scheduling. The authors in [21] introduce a time-varied
probabilistic ON/OFF switching algorithm designed for application in
cellular networks. Additionally, the work presented in [22] propose
an algorithm for throughput and energy efficiency enhancement in 5G
dense RAN. The proposed algorithm uses a deep neural network, to
take decision to put the BSs into a sleep mode and the transferable
payoff coalitional game theory is used to give to real-time applications a
higher priority over non-real time applications. Authors in [23] develop
a grid-connected solar panel power supply system for traffic-aware
RAN. The goal of this work is to minimize grid energy consumption,
introducing a load balancing technique among BSs to optimize re-
source block utilization. Furthermore, in [24,25], RoD strategies are
implemented within a green mobile access network to enhance its
interaction with the smart grid within a demand response framework.
The aim is to reduce electricity costs and provide ancillary services.
Differently, the implementation of the sleep mode in [26] is used to
regulate the resource and power requirement in small cell Orthogo-
nal Frequency-Division Multiple access (OFDMA) networks. With the
support of weighted graph theory, work in [27] employs a dynamic
structural algorithm for the control of the activation/deactivation of
BSs in RANs without compromising the user coverage, by managing
the network’s load through coordination with neighboring cells.

Closely related to this paper are our previous works in [28-33]
In [28,29], we present a deployment tool based on capacity consid-
erations for designing energy-efficient wireless access networks, that



G. Vallero et al.

Computer Networks 259 (2025) 111070

Table 1
Link budget parameters for the different BSs [34-37].
Parameter 800 MHz 2100 MHz 5G 3500
Frequency (MHz) 800 2100 3500
Bandwidth (MHz) 120 120 120
Used Subcarriers 7680 7680 7680
Total Used Subcarriers 12288 12288 12288
Sampling Factor 1536 1536 1536
TDD Duty Cycle DL (%) 75 75 75
TDD Duty Cycle UL (%) 25 25 25
Spatial Duty Cycle (%) 0 0 15
BS Transmit Antenna Gain (dBi) 16 18 24
BS Transmit Array Antenna Feed Loss (dBi) 2 2 3
BS Radiated Power (dBm) 46 49 53
BS Number of Antenna Elements 1 1 64
User Antenna Element Gain (dBi) 0 0 0
User Transmit Power (dBm) 23 23 23
User Antenna Height (m) 1.5 1.5 1.5
User Number of Antenna Elements
RX Noise Figure (dB) 8 8 7
Table 2
Power requirement model parameters [34].

Parameters Explanation Values

P (W) Radio frequency transceiver power 1.5

n Efficiency of the power amplifier 0.5

Pz (W) BH power link 10

P (W) Cooling system power 200

Pr (W) Rectifier power 50

Ppsp (W) Digital signal processing power 1

N, Number of antenna sectors 1 for 800 MHz, 2100 MHz BS

64 for 3500 MHz BS

adapts the RAN capacity to meet instantaneous traffic demand. Addi-
tionally, our work introduces supplementary sleep mode intervals for
BSs during renewable energy generation shortages. The study in [30]
compares the effectiveness of various energy-aware strategies, incorpo-
rating BS sleep modes, while balancing the reduction in on-grid energy
demand against the provided network capacity. Analytical models are
formalized to forecast the performance of the green network concerning
solar panel size and storage capacity, used for the BS supply. In [31],
we leverage Machine Learning predictions to evaluate future traffic
demand and renewable energy sources production. We then dynami-
cally manage RAN resources based on these predictions to minimize
the energy consumption and drawn from the power grid. In [32,33],
we analyzes the effect of the caching feature of the Multi-Acces Edge
Computing (MEC) paradigm on the micro cell BSs sleep mode employ-
ment and we design user association policies, to totally exploit the MEC
technology and reduce the network energy consumption.

While these works introduce promising strategies for BS switching,
they do not consider the heterogeneity of BSs in terms of frequency
and technology. To the best of our knowledge, no existing studies
have developed BS switching policies that consider multi-frequency and
multi-technology BSs. BSs operating at different frequencies or tech-
nologies provide varying coverage, bandwidth, maximum supported
users, and power requirements. Consequently, deactivating BSs with
different technologies and/or frequencies can have differing impacts on
network power usage.

To address this limitation, we propose a solution that considers a
real multi-frequency and multi-technology BS RAN and we develop a
BS switching policy based on the power requirement characteristics of
the BSs.

3. Power requirement in RAN

Before going into the details of our proposed methodology, we
briefly discuss in this section, the characteristic of the considered BSs
and their power requirements.

As widely recognized, 5G NR represents the latest standard in
the evolution of next-generation networks, marking a significant shift

towards a user and application-centric technology framework [38]. Our
focus in this study is on the Enhanced Mobile Broadband (eMBB), one
of the three pivotal use cases supported by 5G, alongside Machine Type
Communications (mMTC) and Ultra-reliable Low Latency Communica-
tions (ULLC). The adoption of 5G NR Release 14 introduces the use
of Massive Multiple Input Multiple Output (MaMIMO), an advanced
antenna array system with hundreds of antenna elements, significantly
increasing throughput [39]. In contrast to the traditional 4G approach,
where BSs consist of three sectors covering 120 degrees, MaMIMO is
often coupled with beamforming, which consolidates all data and sig-
naling towards the user, positively impacting the link budget, reducing
interference, and providing higher data rates. For our simulations, we
use a RAN where a portion of its BSs employs MaMIMO technology at a
frequency of 3500 MHz, using beamforming as the steering technique.
The remaining BSs in the network use omnidirectional antennas and
exclusively support 5G NR on the 800 MHz and 2100 MHz frequency
bands, the same frequencies used by the 4G technology. Table 1 illus-
trates the link budget for 5G NR technology across various frequencies,
based on [34-37]. As mentioned in previous sections, in this work, we
design a BS switching approach suited for a multi-frequency (800 MHz,
2100 MHz, and 3500 MHz) and multi-technology (beamforming and
omnidirectional) scenario. For the remainder of the paper, we refer to
each BS type by its frequency band, without explicitly mentioning the
steering technique used.

In this part of the work, we discuss the models that formalize the
power needs of the BSs, integrated into the simulation framework used
for evaluating our proposed methodology. Literature highlights that BSs
in the RAN constitute the most energy-intensive segment, accounting
for 73% of the network’s overall energy requirements, surpassing the
energy needs of the edge network, data centers, and core services [2,
40]. The primary goal is to provide a comprehensive understanding of
the dynamics of power requirements within 5G wireless networks.

In the literature, several models quantify the power requirements
of a BS, typically depending on transmission power or BS load. The
EARTH project, in [41], formalized two distinct models based on mea-
surements of Long Term Evolution (LTE) equipment. The first model
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Fig. 1. Power requirements for the different BS technologies.

estimates the BS power consumption at maximum load, and the power
requirement linearly grows with the number of transceiver chains;
while the second relates BS power usage linearly to the number of uti-
lized resource blocks. Similarly, the model discussed in [42] defines the
power requirements of a 4G BS as load-dependent. In [43], the authors
propose a model for 4G BS power usage that is linearly proportional to
transmission power, validated through real measurements. In line with
these models, the authors in [43-45] formalize the power requirements
of a 5G BS as linearly dependent on transmission power. Given that it
accounts for 5G-specific features such as beamforming, we choose this
model for our work.

Similar to the EARTH model formalized for LTE technology in [41],
the 5G BS comprises six key power-consuming components:

» Digital Signal Processing (DSP) — Responsible for the digitization
and processing of the analog signal.

» Power Amplifier — It converts DC input power into the radio
frequency signal.

« Air Conditioning — This maintains the optimal temperature for
seamless BS equipment operation.

* Backhaul Link — It is used for the communication between the
backhaul network and the BS, utilizing either a microwave or
fiber link.

* RF Transceiver — It facilitates the signal transmission and recep-
tion at the BS.

* Rectifier — This converts AC to DC, essential for BS equipment
operation.

According to [44-46], these power contributions are formalized in the
total BS power requirements as:

P
Pft)=NA(PT+PDSP+;>+PR+PC+PB )

where N, is the number of elements of the BS antenna (see Table 1),
Py is the power of the radio frequency transceiver, in W, Ppqp is the
power of the digital signal processing, in W, 7 is the efficiency of the
power amplifier, and P is its transmitted power, in W. Pg, P, and
Py are the power drained by the rectifier, the cooling system, and
the backhaul link, respectively, in W. Refer to Table 2 for the values
of the parameters [46]. According to the model, the air conditioning
and backhaul power are constant, while the power consumed by the
BS equipment components (DSP, power amplifier, and RF transceiver)
scales with the number of antenna elements. To estimate the total
power withdrawn by these components, their respective power values
are multiplied by the number of antennas.

Fig. 1 illustrates the total power requirements, in kW, for different
BSs, utilizing frequencies of 800 MHz, 2100 MHz, and 3500 MHz,
denoted by blue, orange, and green lines, respectively, while varying

the transmission power, in W on the x-axis. It is evident from the figure
that BSs operating at 800 MHz and 2100 MHz do not exceed 0.45 kW
in power requirements. In contrast, the 3500 MHz BS demands up to
26 kW, which is up to 98% more than the maximum power needs of the
800 MHz and 2100 MHz BSs. This substantial difference is attributed to
the larger transmission power levels that the 3500 MHz BS can reach.
Moreover, even when operating at the same power transmission level,
it consistently requires more power than the 800 MHz and 2100 MHz
BSs, as shown in the zoomed-in view of the inner plot in Fig. 1, because
of its large number of antennas elements (see Table 2).

4. Evaluation framework

In this work, we extend the framework of [10] to our method-
ology, as explained below. The tool in [10] designs an optimized
RAN, towards human exposure. Its output is the position of the BSs,
which minimize the electromagnetic exposure. As in that work, we
consider the urban area of Zurich, in Switzerland. According to the
map provided by [47], the area is 70.4 km?, resulting in a population
density of 5897 people/km?, based on the population reported in [48].
The link budget parameters are as in [10] and summarized in Table 1.
As in [28], we run 30 simulations to obtain a good estimation of the
results and we compute mean and confidence interval of the relevant
KPIs.

4.1. Input

As in [10], our simulator framework requires several inputs. First,
the shape file contains detailed 3D information about the buildings in
Zurich, Switzerland (see Fig. 3). The positions of the BSs are obtained
from [10], as depicted in Fig. 3, comprising a total of 285 BSs. As
mentioned above, in 5G NR Release 14, the use of advanced antenna
arrays, known as MaMIMO, is enabled. It incorporates hundreds of
antenna elements to significantly boost throughput, positively influenc-
ing the link budget and reducing interference, resulting in higher data
rates [49].

For our simulations, we assumed that part of the BSs in a 5G
network would utilize MaMIMO technology at a frequency of 3,500
MHez. All other BSs in the network support only 5G NR on the 800 MHz
and 2100 MHz frequency bands. They account for 105, 102 and 78 BSs,
respectively. Tables 1 presents the network parameters and receiver
sensitivities for 5G NR technology.

Next, we provide the number of users in the simulated scenario (see
Fig. 3). The number of users aligns with data collected by operators
in 2020. At peak times, there are 1898 simultaneous active users,
according to data confidentially provided by operators. To account for
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Fig. 2. Map of the simulated region, delimited by the area in orange, covering 70.4 km?, in the urban area of Zurich, in Switzerland.
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Fig. 3. Flow chart with the different steps of our simulations.

traffic growth between 2021 and 2030, we consider a compound annual
growth rate of 2.2%, which results in a total of 9595 users [50]. Finally,

to determine the number of users for a specific operator, we use data

from the Swiss Market Distribution, indicating that for the considered
operator, the share is 15.31%. Consequently, the number of users is set
at 2466.

4.2. Traffic generation

The simulator initiates traffic generation (depicted by the blue
rectangle in Fig. 3). For each user u, we determine the 3D coordinates
(x®,y®_ z) located inside the orange area in Fig. 2. These coor-
dinates are generated uniformly, considering the absence of hotspots
like tourist attractions or parks, ensuring an equal chance for each
location. In addition to the position, the requested bit rate is set to 10
Mbps [10,34].

4.3. Generation of the network

After traffic generation, the association process initiates (depicted
by the orange rectangle in Fig. 3), and each user is linked with the BS
that yields the lowest path loss. For each user, a list of potential BSs is
created, and a BS is included in the list if it can provide the required
bit rate and the experienced path loss is below a permissible maximum.
The selected BS is the one that results in the user experiencing the
lowest path loss. If the list is empty, meaning no BS is able to provide
the required bit rate and a signal of adequate quality, the user remains
without coverage, as in a real-world scenario.

To determine the experienced path loss, the direct line between
the user and each considered BS is established. Accounting for the
presence of existing buildings, whose 3D data are provided as input to
the framework, we ascertain whether the user is in Line-of-Sight (LoS)
and Non-Line-of-Sight (NLoS). In line with the directives by the mobile
broadband standard 3GPP in [51], we employ the urban model (UMA),
which accounts for the channel frequency and the distance between the
BS and the user. Additionally, for the penetration loss of the buildings,
we consider both low and high building loss values obtained from the
ECC report 302 and ITU-R P.2109 recommendation [52,53]. In this
work, we leave the dynamic path loss model as future work, as it has
not been standardized yet.
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Fig. 4. Different steps of the Energy Reduction Strategy.

Once each user is associated with a BS, if possible, the transmitting
power of each BS is decreased until it reaches the minimum required,
i.e., until the path loss experienced by its users exceeds the allowable
maximum.

4.4. Energy reduction strategy

Following the association procedure, the energy reduction strategy
is implemented through the gradual switching of BSs. Its flow chart
is drawn in Fig. 4. As depicted in the figure, the BSs are grouped into
two sets: the active BSs denoted as BS, (intended to remain active) and
the deactivating candidates BSs denoted as BS, (intended to switch to
sleep mode). The BS, set comprises BSs transmitting at frequency f,
where f € 800 MHz, 2100 MHz, 3500 MHz, while the BS, set includes
BSs operating at a different frequency g with f # g. The BSs in BS,
are ordered in ascending order based on their transmission power (see
step 2 in Fig. 4). This ordering is motivated by the observation that
the least power-transmitting BSs are less efficient than the most power-
transmitting ones, resulting in a larger energy requirement to carry a
unit of traffic in the former [54].

For each BS bs, in the BS, set, we verify if the switching conditions
are satisfied (steps 3 and 4 in Fig. 4). Specifically, we check if:

1. The users associated with bs, can be reassigned to a BS within
the BS, set. This requires, for each user associated with bs,, at
least one BS bs, in the BS, set to:

(a) Have enough available capacity to support the user.
(b) Provide an experienced path loss lower than the allowable
maximum.

Conditions (b) may be met by increasing the transmitted power
of bs,, provided it remains below its maximum (see Table 1).
2. After verifying condition (1) for each user associated with bs,,
we check if the deactivation of bs, is advantageous for reducing
energy consumption in the network. As mentioned earlier, to
cover bs,’s users, the transmission power of the active BSs may
increase, up to the maximum possible (see Table 1). If this
increase is lower than a given threshold p*, then deactivating
bs, is beneficial for reducing the network’s energy consumption.
The value of the threshold is discussed in the next section and

depends on the relationship between power requirement and
transmitting power level of both the active BSs and the BS bs,,
intended to switch to sleep mode.

If conditions (1) and (2) are verified, bs, is deactivated (step 5 in
Fig. 4). Its users are then associated with an active BS from the BS,
set, following two possible approaches:

« Transmission Power-Based (TX-B): Each user is associated with
the active BS in BS,, requiring the minimum growth of the
transmission power to cover the given user.

* Path Loss-Based (PL-B): In this approach, the current user is asso-
ciated with the active BS in B.S, that minimizes the experienced
path loss.

If conditions (1) or (2) are not met, the process moves to the next BS
in the BS, set, if possible (step 5 in Fig. 4). This procedure is repeated
for each operating BS frequency, f, among the three at which the BSs
operate: 800 MHz, 2100 MHz, 3500 MHz (step 7 in Fig. 4).

5. Key performance indicators
This section explains the KPIs considered in this study.

Transmitted (TX) power (dBm)
This represents the total transmitted power of the active BSs, in
dBm.

Power requirement (W)

It is measured as the sum of the power consumed by each BS in the
network, in watt. Some BSs are active and require power supply, while
others are in sleep mode and do not need power supply. The power
requirement of an active BS is computed as in (1). Similar to [31], the
power needs of the BS in sleep mode are considered negligible. Indeed,
it ranges between 0.1 W and 86 W, according to [41,55], which is much
lower than 262 W, needed by an idle BS, as depicted in Fig. 1.

Active BSs
This represents the number of BSs that the energy reduction strategy
keeps active.
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6. Threshold p*

As mentioned in Section 4, one of the conditions for the deactivation
of a BS is leveraging a reduction in network energy consumption. This
occurs when, for a given BS bs,, the network’s energy consumption
is higher when it is active than when it is deactivated, despite the
increased transmitting power of the active BSs required to cover its
users.

Eq. (1) illustrates that the power consumption of a BS consists of a
fixed cost and a contribution dependent on the BS transmitting power.
Thus, the power need can be formulated as:

PO=p+K-PV 2
where
P=N,(Pr+ Ppgp)+ Pp+ Pc+ Py 3)
N
K=-4 (C))
n

Here N, is the number of antenna elements, P, and Pjgp are
the power needed by the radio frequency transceiver and the digital
signal processing, in W. The parameter 7 is the efficiency of the power
amplifier. Py, P., and Py are the power drained by the rectifier, the
cooling system, and the backhaul link, respectively, in W. (see Table 2).
P is the transmitted power in watt. As reported in Table 3, for 800
MHz and 2100 MHz BSs, P is 265.5 W, while for 3500 MHz BSs, it is
420 W. The value of K is 2 for 800 MHz BSs and 2100 MHz BSs, and
128 for 3500 MHz BSs.

Deactivating a BS bs, reduces the network power requirement if the
following inequality is satisfied:

Y (K PO+P)+K P ++P > Y (K PO+ P ®)
a € BS, a € BS,
where K,, K;, P, and P, are, respectively, the K parameter of (4)
and the P parameter of (3), for the active BSs and those we intend
to deactivate. P,ﬁ” represents the transmission power for the active BSs,
while P[y) corresponds to the transmission power for the BS intended
for deactivation, bs,. P is the transmission power of the active BS,
after the deactivation of BS bs,. From this inequality, we derive the
upper bound for the maximum growth of the transmitting power of the
BSs that remain active:

_ P, K, o
(PO - Py < L 4 2PV =p* 6

This inequality reveals that when the growth of the transmitting
power of the active BSs exceeds the computed upper bound, the addi-
tional cost to carry the traffic of the deactivated BS through the active
ones does not compensate for the savings achieved by BS deactivation.
Thus, the deactivation of a BS is beneficial for reducing network power
requirement when the growth of the transmitted power from the BSs
that remain active is bounded by p*. This bound depends on the
transmitting power of the BS that we want to deactivate and on the
power requirement characteristics of both the considered BS and the
BSs that remain active.

6.1. Numerical evaluation

In this section, we delve into the numerical values associated with
the threshold p*. To accomplish this, we employ a simplified scenario
comprising two BSs differing in technologies and/or frequencies: one
identified as the target for deactivation (bs,) and the other as the one
that remains active (bs,). This implies that in this simplified scenario,
only two of the three BS types considered in our work are involved.
As mentioned in the previous section, to gain an advantage in terms
of energy consumption, the active BSs can increase their transmission
power to the value p* computed in (6), provided that it remains below
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Table 3

Values of the parameters for p* computation.
Parameter 800 MHz 2100 MHz 5G 3500
K 2.0 2.0 2.0
P (W) 262.5 262.5 420.0

the maximum allowable transmission power, see Table 1.

When there is a single BS that remains active, bs,, the threshold in
(6) is given by the minimum between the value computed in (6) and
Py ax - P, where Py, 4y is the maximum transmission power of bs, and
P, is its current transmission power. Figs. 5(a), 5(b), 5(c), 5(d), 5(e),
and 5(f) present the values of p* for the scenarios where the active and
switching candidate technologies are, respectively, 800 MHz and 2100
MHz, 800 MHz and 3500 MHz, 2100 MHz and 800 MHz, 2100 MHz
and 3500 MHz, 3500 MHz and 800 MHz, 3500 MHz and 2100 MHz.
Please note that 800 MHz refers to a 5G NR BS with an omnidirectional
antenna transmitting at 800 MHz, 2100 MHz refers to a 5G NR BS with
an omnidirectional antenna transmitting at 2100 MHz, and 3500 MHz
represents a 5G NR BS using beamforming, transmitting at 3500 MHz.

In each plot of Fig. 5, different curves represent varying levels of
transmission power for the potentially deactivated BS (bs,). The figures
highlight that when the active technologies are 800 MHz and 2100
MHz (see Figs. 5(a), 5(b), 5(c), 5(d)), the upper bound is effectively
determined by their maximum transmission power. This is evident as
(6) consistently exceeds it for each transmission power of bs,, providing
values up to 326 and 163 times larger than the maximum transmission
power in case the active BS operates at 800 MHz and 2100 MHz,
respectively. Specifically, when bs, operates on 800 MHz and 2100
MHz technology, p* decreases from 39.81 W to 0 W and from 79.43 W
to 0 W, respectively, as the transmission power of the active BS varies
between 0 W and 39.81 W and between 0 W and 79.43 W. This holds
true regardless of the transmitting power of the potentially deactivated
BS, bs,,.

The scenario changes when 3500 MHz is the active technology. The
transmission power of the potentially deactivated BS, bs,, impacts the
value of p*. At higher values of transmission power of bs,, p* remains
below 2.1 W, while with increased transmission power of bs,, it grows
by up to 60%, reaching values exceeding 3.29 W.

6.2. Threshold in meters

In this section, we assess the maximum growth of the transmission
power of bs, in terms of the expansion of its coverage radius, assuming
both bs, and bs, are installed on a roof, 18.6 m above the ground. To
do this, we utilize the propagation model for the Urban Scenario of the
3GPP TR 38.901 specification described in [51], considering both LoS
and N-LoS cases.

The maximum allowable path loss, denoted as PL,, 4 x (p), where p is
the BS transmission power in dBm, serves as the upper bound to ensure
an acceptable quality of service and depends on the BS transmission
power. The experienced path loss is contingent upon the distance d
between the considered BS and the user, denoted as PL(d) [51]. We
evaluate the maximum increase in the radius coverage of the active BS
as the inverse function of the path loss PL™!(PL,, 4 (p+p*)).

The maximum growth of the BS range corresponding to scenarios
where the active and switching candidate technologies are 800 MHz
and 2100 MHz, 800 MHz and 3500 MHz, 2100 MHz and 800 MHz,
2100 MHz and 3500 MHz, 3500 MHz and 800 MHz, 3500 MHz and
2100 MHz is presented in Figs. 6(a), 6(b), 6(c), 6(d), 6(e), and 6(f), for
the LoS and NLoS cases, marked by circles and triangles, respectively.
The different curves in these plots represent various levels of transmis-
sion power for the potentially deactivated BS (bs,). In previous section,
we observe that if bs, operates at 800 MHz or 2100 MHz, there is no
impact on p,, as p* is constrained by the maximum transmission power,
as discussed in the previous section. When bs, is 800 MHz (Figs. 6(a),
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Fig. 5. Values of the threshold p* for when the active and the switching candidate BS are, respectively (a) 800 MHz and 2100 MHz, (b) 800 MHz and 3500 MHz, (c) 2100 MHz
and 800 MHz, (d) 2100 MHz and 3500 MHz, (e) 3500 MHz and 800 MHz, (f) 3500 MHz and 2100 MHz.

6(b)), the radius grows up to 3.3 km and 736 m, for users in LoS and
NLoS, respectively. Slightly larger values, up to 3.8 km for LoS and
523 m for NLoS, are reached if bs, operates at 2100 MHz, because of the
larger power levels that can transmit than 800 MHz BSs, see Figs. 6(c),
6(d). Despite with 3500 MHz BSs the values of p* are significantly lower
than for 800 MHz or 2100 MHz BSs, see Fig. 5, its BS radius can rise up
to 2.6 km and 302 m, for LoS and NLos, respectively, sightly lower than
what reached with 2100 MHz and larger than in case of 800 MHz. This
is due to the improvements in signal propagation introduced by the MA
MIMO technology.

7. Performance evaluation

To assess the performance of the methodology presented in Sec-
tion 4, we conducted 30 simulations, and we present the results as

averages across them. We use the Always On (A-ON) scenario in which
all the BSs always active as benchmark. We refer to the approach that
uses transmission-based and path loss-based re-association, presented
in Section 4, as TX-B and PL-B, respectively.

7.1. Comparison of the different energy reducing strategy

Before analyzing the power requirements of the different energy
strategies, we first assess user coverage. User coverage is measured as
the percentage of users that the RAN is able to serve, and it reaches
100% with each of the energy-reducing strategies. Figs. 7(a) and 7(b)
present the power requirements and total transmission power, respec-
tively. In Fig. 7(c), we show the number of BSs intended to switch to
sleep mode but remain active because deactivating them would require
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Fig. 6. The maximum growth of the BS range, in m, when the active and the switching candidate BS are, respectively (a) 800 MHz and 2100 MHz, (b) 800 MHz and 3500 MHz,
(c) 2100 MHz and 800 MHz, (d) 2100 MHz and 3500 MHz, (e) 3500 MHz and 800 MHz, (f) 3500 MHz and 2100 MHz.

an increase in the transmission power of the active BSs beyond the
threshold p* (see Section 4). Additionally, Fig. 7(d) displays the number
of BSs intended to switch to sleep mode but cannot, as deactivating
them would leave some users uncovered. Finally, Fig. 7(e) reports the
number of active BSs.

We report these results for TX-B, PL-B, and A-ON in blue, orange,
and green, respectively. On the x-axis, we vary the order of the fre-
quency intended to be active in each iteration of the energy-reducing
strategy. From Fig. 7(a), we notice that our methodology significantly
outperforms the benchmark A-ON scenario. Indeed, the reduction of
the power requirement ranges between 11% and 76% when PL-B is
used, while from 12% to 73% if TX-B is employed. PL-B approach
usually provides a slightly lower power requirement than TX-B, despite
it transmits more power than both TX-B and A-ON. Indeed, its network
total transmission power accounts for up to 1533 dBm, 63% and
35% larger than in case of TX-B and A-ON employment, respectively,
that use less than 997 dBm and 562 dBm for their transmission, see
Fig. 7(b). Meanwhile, the number of active BSs with the PL-B and TX-B
is almost identical ranging between 42 ad 132, up to 73% less than in

the A-ON scenario, as shown in Fig. 7(e).

These results reveal that, as extensively demonstrated in literature
for 4G ecosystems, also for 5G environments, having a few BSs that use
high power levels for their transmission is more energy efficient than
using many BSs that transmit at low power levels.

In addition, Fig. 7(c) reveals that TX-B incurs more often than PL-B
in the impossibility to deactivate some BSs because the needed growth
of the active BSs for covering the uncovered users is larger than the
threshold p*. Thus, while in the former case, this occurs no more than
66 times, in the latter up to 79. When associating users who have
remained uncovered because of a BS deactivation, TX-B selects the
active BS which needs the lowest growth of its transmission power. As
a result, having low level of transmitting power is more likely than
with PL-B (see Fig. 7(b)). This generates low values of p* that make the
satisfaction of the deactivation constraint difficult. On the contrary, the
impossibility to deactivate some BSs because some users would remain
uncovered occurs almost the same number of times, using the different
approaches (see Fig. 7(d)).
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Fig. 7. Power requirement (a), in kW, transmitted power (b), in dBm, the instances of missed deactivation due to threshold exceeding (c), those due to the impossibility of covering
the users (d), and the number of active BSs (e), with TX-B and PL-B and A-ON and varying the frequency order of the energy reducing strategy.

Finally, Fig. 7 demonstrates the impact of the frequency order in
the energy-reducing strategy on performance. Specifically, with PL-B
and TX-B, maintaining the active status of 3500 MHz, 800 MHz, and
2100 MHz BSs results in a power requirement of no more than 17 kW,
which is 70% higher than the scenario where 3500 MHz, 2100 MHz,
and 800 MHz is the frequency order, keeping the consumption below
10.4 kW. Similarly, initiating the activation of 800 MHz BSs leads to
a network energy consumption ranging between 21 kW and 22 kW,
while beginning with the activation of 2100 MHz BSs results in a lower
consumption of 11 kW. For a more in-depth understanding of these
findings, we will analyze the results at each frequency step in the next
section.

7.2. Impact of the frequency order

In this section, we analyze the KPIs at each iteration of the energy
reduction strategy, i.e., at step 7 in Fig. 4, when each BS in BS,
has been deactivated, if possible. Figs. 8(a), 8(b), 8(c), 8(d) and 8(e)
illustrate power requirement, the number of deactivated BSs, instances
of missed deactivation due to threshold exceeding, those due to the
impossibility of covering the users and the number of active BSs,
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respectively, when PL-B is employed. These figures present the results
with variations on the x-axis representing the order of the values of
the frequency f of the BSs intended to remain active. The blue bars
in the figures represent values before initiating the energy reduction
strategy (at the end of step 3 in Fig. 3), while the orange, green, and
red bars indicate results after the first, second, and third iterations,
respectively. In Fig. 8(e), the different color gradient distinguishes
the different technology of the BSs, as indicated by the grayscale in
the legend. Clearly, as shown in Fig. 8, at Iteration 0, the results are
identical for each possible frequency order. The figure highlights that
when the first iteration keeps the BSs that use 800 MHz or 2100 MHz
active, that iteration deactivates up to 120 BSs, but the following ones
do not deactivate any other BSs (Fig. 8(b)), rendering them ineffective
in further improving energy savings (see Fig. 8(a)). This is because, in
these cases, from the second iteration (green bars in the figures), the
deactivation of BSs is not possible due to coverage problems. As shown
in Fig. 8(e), the first iteration deactivates each BS of the technologies
that are intended to be deactivated, making users uncovered in case of
further deactivation at the following iterations (see Fig, 8(d)). Fig. 8(a)
indicates that keeping 2100 MHz BSs active at the first iteration con-
sumes no more than 12 kW, lower than 22 kW obtained when 800 MHz
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Fig. 8. Power requirement (a), in kW, the number of deactivated BSs (b), the instances of missed deactivation due to threshold exceeding (c), those due to the impossibility of
covering the users (d) and the number of active BSs (e), with TX-B and PL-B and A-ON at each iteration of the power reduction power.

BSs remain active at the first iteration. Indeed, in the former case, up
to 120 BSs are deactivated, 53% more than in the latter (Fig. 8(b)).
Despite the low frequency, 800 MHz BSs have a shorter coverage range
than 2100 MHz ones (see Fig. 6), due to its strict constraint on the
maximum transmitting power, as shown in Table 1.

The scenario varies when the 3500 MHz BSs are kept active at the
first iteration. If this is the case, no more than 36 BSs are deactivated
during the initial iteration (see Fig. 8(b)), leaving active 64 800 MHz
BSs and 24 2100 MHz BSs (see Fig. 8(e)). This is attributed to the
low values that p* takes on when the active frequency is 3500 MHz
and the inability to cover users who remain uncovered due to BS
deactivation. The former makes the deactivation of up to 58 BSs
inconvenient (Fig. 8(c)). The latter prevents the deactivation of up to 32
BSs since the BSs that operate at 3500 MHz can support only a few users
(Fig. 8(d)). As depicted in Fig. 8(a), the frequency order that yields the
best performance is 3500 MHz, 2100 MHz, and 800 MHz, consuming
no more than 7.6 Kw, up to 65% lower than the other cases. Initiating
the process by keeping the 3500 MHz BSs active does not deactivate
many BSs (no more than 36). However, when we subsequently keep
the 2100 MHz BSs active, whose radio coverage is the longest among
the different BS types, it helps alleviate the user coverage problem
during deactivation of the following iterations. User coverage issues are
also mitigated because, in the previous iteration, we did not deactivate
many BSs.
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7.3. The impact of the threshold

In this section, we compare the performance of our proposed
methodology with approaches from the literature. Specifically, similar
to the approaches in [56-58], we consider a methodology that deacti-
vates BSs in order of their transmitted power, from the BS transmitting
the least to the one transmitting the most, without any constraint
on the maximum allowed increase in transmitted power (NO-TH). In
practice, this method uses the energy reduction strategy described in
Section 4, where p* is set to infinity. This means that a BS is deactivated
if all its users can be covered by other active BSs, regardless of the
required increase in transmission power. Next, we apply two strategies
based on the geographical distribution density of the BSs. As in [59],
the BSs located with coverage redundancy are deactivated. For doing
this, the strategy calculates the average distance of each BS to its 5
nearest BSs and orders them from the smallest to the largest average
distance. Then, following this order, each BS is deactivated with a
certain probability, provided its users can be covered by other active
BSs. The probability is set to one for the distance-based approach (D-
B), or inversely proportional to the average distance from other BSs in
the distance-proportional approach (DP-B). Figs. 9(a) and 9(b) depict
the power needs, in kW, with frequency orders of 3500 MHz, 2100
MHz, 800 MHz, and 2100 MHz, 3500 MHz, 800 MHz, respectively,
which require the lowest amount of power. The blue, orange, green,
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Fig. 9. Power requirement, in kW, with 3500 MHz, 2100 MHz, 800 MHz (a) and
2100 MHz, 3500 MHz, 800 MHz (b) as frequency order, at each iteration of the energy
reduction strategy.

red, purple and brown bars represent the energy consumption for
scenarios PL-B, TX-B, NO-TH, DP-B, D-B and A-ON (BSs always active),
respectively. Each set of bars in the plots corresponds to the energy
consumption at the conclusion of different iterations of the energy
reduction strategy.

From the figures, it is evident that when the frequency order is
3500 MHz, 2100 MHz, 800 MHz (see Fig. 9(a)), after the first and
second iterations, the TX-B and PL-B approaches need up to 63% less
power than the other scenarios. Ultimately, at the third iteration, TX-
B and PL-B require 16% and 84% less power than NO-TH and A-ON,
respectively.

Notably, at the end of the first iteration, NO-TH, DP-B and D-B
require the largest amount of power, exceeding 120 kW, even sur-
passing A-ON by up to 62%. This discrepancy arises because NO-TH,
DP-B and D-B deactivate both 2100 MHz and 800 MHz BSs, despite
the increased transmission power of 3500 MHz BSs required to cover
the users of disconnected BSs. At the end of the second iteration,
these three approaches significantly reduce their power requirement.
D-B uses 10 kW, comparable to values obtained with TX-B and PL-B.
Conversely, NO-TH and DP-B require, respectively, 21 kW and 61 kW,
remaining 54% and 85% larger than TX-B and PL-B. At the end of the
third iteration, NO-TH and D-B need no more than 9 kW, while DP-B
up to 39 kW, resulting in 81% and 19%, respectively less than A-ON,
and 11% and 79% more than TX-B and PL-B.

When the frequency order is 2100 MHz, 3500 MHz, and 800 MHz,
the reduction in power requirements can reach up to 76% when BSs are
deactivated, compared to the A-ON scenario, as discussed in previous
sections. Fig. 9(b) highlights that NO-TH and D-B provide almost the
same performance as TX-B and PL-B. This is due to the values that the
threshold p* assumes. As discussed in Sections 6 and 7, when 2100 MHz
BSs are intended to remain active, then p*, as computed in Eq. (6),
exceeds the maximum transmission power. This means that the growth
in transmission power is actually limited by this maximum value. As a

12

Computer Networks 259 (2025) 111070

result, deactivating a BS is always advantageous for reducing power
requirements, regardless of how much the transmission power must
increase to cover its users. For the DP-B strategy, more power is needed
for the network supply than the other approaches because, unlike in D-
B, a BS is switched to sleep mode with a probability less than 1, and this
probability decreases as the average distance from other BSs increases.

8. Lesson learnt

In this section, we discuss the main aspects that have emerged in
our work. We introduce a BS switching strategy designed for multi-
frequency and multi-technology BSs in the RAN. This proposed ap-
proach gradually deactivates different types of BSs, making switching
decisions based on a threshold parameter. This parameter depends on
the transmission power of the BS intended for deactivation and on the
power requirement characteristics of the BS. The threshold determines
the maximum permissible increase in transmission power for active BSs,
ensuring coverage for users affected by BS deactivation while achieving
a reduction in power needs.

First, our formulation of the threshold guiding the BS deactivation
decision highlights that, with 3500 MHz BSs, its values are lower than
2.6 W, notably lower compared to those for 800 MHz or 2100 MHz BSs.
Despite this, the BS radius of these BSs can extend up to 2.5 km (LoS),
slightly lower than that achieved with 2100 MHz and 800 MHz BSs.
This is attributed to the enhancements in signal propagation introduced
by the MA MIMO technology.

Second, our evaluations illustrate that, akin to the well-documented
observations in 4G environments, the energy efficiency of 5G ecosys-
tems is higher when a limited number of BSs operate at higher power
levels compared to employing numerous BSs transmitting at lower
power levels. Moreover, the order of the BS types guiding the BS
deactivation impacts the achieved performance. Initiating the process
by retaining active 3500 MHz BSs results in the deactivation of a
limited number of BSs. Nevertheless, when subsequently maintaining
the activity of 2100 MHz BSs, which have the longest radio cover-
age among the various BS types due to a higher maximum allowed
transmission power level, it effectively addresses the user coverage
challenge during subsequent deactivation iterations. For the same rea-
son, when 2100 MHz BSs are kept active in the first iteration, the
power requirements are lower compared to when the 800 MHz BSs are
intended to remain active initially. This is because, in the former case,
the radio coverage is longer than in the latter, thanks to its stringent
constraint on the maximum transmitting power, aiding in mitigating
the user coverage issue during the deactivation of subsequent iterations.
Understanding the achievement in power requirement drop at each
iteration is fundamental to gaining insight into the intermediate steps
that are achievable if the operator prefers gradually deactivating BS
technologies (for example, one technology per hour). If this is the case,
using the threshold is strictly necessary when 3500 MHz is intended
to remain active. Indeed, in such cases, the low transmission power of
the BSs that are supposed to be deactivated significantly constrains the
transmission power growth of the active BSs needed to cover the users
who remain disconnected.

Finally, re-associating users who remain uncovered after a BS de-
activation based on the criterion of minimizing transmission power
tends to result in a lower level of transmitting power compared to re-
associations using path loss-based minimization policies. This results
in lower values of the threshold and makes it challenging to meet the
deactivation constraint.

9. Conclusion
In this work, we propose a comprehensive BS switching strategy

based on a threshold, designed for realistic multi-frequency and multi-
technology BSs within the RAN. Our strategy deactivates BSs if the
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growth of the transmission power needed to cover the users who re-
mained uncovered due to deactivation is bounded by a threshold. This
threshold is determined using the power requirements characteristics of
both the deactivated BS and the BSs that remain active. We evaluate our
proposed methodology through simulation of a realistic RAN located
in a urban environment and the results are promising, achieving up to
73% energy savings without any degradation in Quality of Service. We
quantify the influence of the frequency order of BS deactivation and
examine user re-association strategies aimed at minimizing either path
loss or transmission power.

As part of future work, we plan to incorporate a dynamic path loss
model and account for user mobility. This includes considering the
frequency of the process that determines whether to put a BS into sleep
mode, ensuring the network remains aligned with user dynamics.
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