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Abstract—Mobile networks have become an essential pillar in a
nation’s critical digital infrastructure meeting the connectivity and
communication needs of various sectors. To meet the increasing
demands, e.g., on data rates and the regulatory requirements
on coverage, each mobile network operator (MNO) deploys its
infrastructure (namely base stations, BSs) densely, most of the
time resulting in a mobile user receiving signals with high quality
from many BSs. Moreover, typically there are multiple competing
MNOs in a country deploying their infrastructure separately.
While a high density of BSs is desirable for serving users with
high satisfaction and also for the resiliency of the network, it
raises a question on the associated environmental footprint. As
a potential solution, this paper investigates the gains unlocked
by neutral host networks (NHNs) on the sustainability of the
national cellular infrastructure in terms of power consumption and
carbon emissions. An NHN is a third-party owning the physical
infrastructure and leasing it to MNOs on a shared basis. Our data-
driven analysis' using the telecom data in the Netherlands suggest
that the carbon emission related to radio access network of the
nation-wide cellular infrastructure can be decreased noticeably,
e.g., ~28% to ~41% depending on the scenario, by the help of an
NHN owing to the decreased redundant deployment and higher
utilization of existing infrastructure leading to lower waste due
to the idle power of the BSs.

Index Terms—Sustainability, mobile networks, neutral hosts.

I. INTRODUCTION

Mobile connectivity has become indispensable for every day
operation of citizens and industries alike. This wide adoption is
due to not only the significant technological advances in the past
decade, e.g., from 4G to 5G, but also a very dense deployment
of the telecoms infrastructure and its over-provisioning to
accommodate for any traffic burst or potential disruptions,
e.g., due to planned maintenance. It is typical that a mobile
device receives signals with high signal-quality from many
base stations (BS) as shown in Fig.1 and BSs are reportedly
underutilized most of the time, e.g., with average load on the
busiest hours varying from 8-28% [2]. This low utilization and
high-quality signal coverage points to the redundancy in the
telecoms infrastructure which is necessary for the resiliency of
this critical infrastructure. However, despite their low utilization,
the power consumption of the BSs and associated equipment,
referred to as radio access network (RAN), accounts for the
highest fraction of a mobile network operator’s (MNO) power
consumption, e.g., more than 50% [3]. Hence, in the realm
of climate crises and the urgency of decreasing the emissions,

I'This paper is based on a master thesis [1], which has been extended with
further analysis and discussion.
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Fig. 1: Mobile networks are deployed ubiquitously resulting
in high signal quality (represented as SNR) at a mobile client
from many BSs. Consequently, average load at each BS is
typically low whereas the power consumption is not as low
due to the non-negligible idle power consumption.
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the tradeoff between the degree of redundancy and associated
environmental cost must be revisited.

Additionally, multiple MNOs deploy their own separate
networks aiming nation-wide coverage. Each MNO deploys and
maintains its own BSs, backhaul links, and other infrastructure
components to serve its customers. While this approach
encourages competition, it also leads to inefficiencies. For
example, in the Netherlands, three major MNOs operate their
own networks of thousands of BSs, often located in close
proximity to each other. This isolated operation increases both
the financial and environmental costs associated with mobile
network deployment and operation. First, the duplication of
infrastructure leads to higher capital expenditures and opera-
tional costs for each MNO, as they must invest in equipment,
maintenance, and upgrades for their own networks. Second,
and more importantly in the context of climate change and
sustainability, the redundant infrastructure results in increased
energy consumption and carbon emissions. As the Information
and Communication Technology (ICT) sector is estimated to
account for 1.8% to 3.9% of global carbon emissions [4], with
mobile networks being a significant contributor, there is a need
to explore solutions that can reduce the environmental impact
of mobile networks [5], [6].

To address these challenges, a concept known as neutral
host networks (NHN) can act as a promising solution which
promotes the use of a single shared infrastructure managed by
a neutral entity. The neutral host operator is responsible for
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the deployment, maintenance, and operation of the network
on a multi-tenancy basis, while MNOs can lease access to
this shared infrastructure as tenants and focus on delivering
services to their customers. As discussed in [7], there are
different levels of sharing from passive components only (e.g.,
cell sites, power sources) to sharing of active components in
the radio access network (e.g., radio equipment, spectrum)
or the mobile core network. Note that passive infrastructure
sharing has already been a common practice whereas active
sharing has only recently gained attention.

Recent studies such as [8] show the potential of infrastructure
sharing in reducing energy consumption, hence focusing on
operational emissions. In contrast to these studies which focus
on sharing approaches of existing MNO networks, we focus on
the deployment of the shared infrastructure and its impact on
total carbon emission including the embodied carbon. Although
several studies such as [9]-[11] have explored the technical
and economic aspects of NHNs, much of the existing research
focuses on small-scale deployments or specific use cases. There
is a lack of comprehensive studies that evaluate the system-level
impact of a nation-wide NHN using real infrastructure data,
and most importantly how they might affect carbon emissions
of the national cellular infrastructure. This paper aims at filling
this gap and focuses on the following research questions: (i)
How can we design an NHN that delivers adequate network
performance in terms of coverage, redundancy and signal
quality (SNR) on a national scale while minimizing power
consumption?; and (ii) What is the resulting impact on power
consumption, carbon emissions, and network performance
in terms of coverage, redundancy and SNR when replacing
separate MNOs with a single NHN?

Towards addressing these questions, after reviewing the
literature in Sec.Il, we present our model and assumptions in
Sec.III. Our methodology is presented in Sec.IV and consists
of (i) data collection and preprocessing, (ii) a hypothetical
NHN deployment approach to determine the locations of NHN
BSs (Sec.V) and (iii) performance evaluation of an NHN in
terms of energy consumption, carbon emissions, and quality
of service in comparison to the current MNO operations
with separate infrastructures (Sec.VI). After discussing the
limitations of our work in Sec.VII, we conclude in Sec.VIII.

II. RELATED WORK

Several prior studies have identified network sharing as an
indispensable pathway to sustainability, e.g., [7], [8], [12],
as infrastructure sharing facilitates consolidation of load in
some BSs and putting other BSs into power-saving sleep mode
during periods of low traffic activity. The closest study to ours
is [7] which studies the carbon emission of an ideal scenario
where the RAN becomes a common good and MNOs are fully
cooperative. Using the data from France with four MNOs,
authors estimate carbon savings up to 79% if MNOs operate
fully cooperatively. Our study has the same goal, namely
assessing the potential of such shared RAN operation. However,
in addition to our study not assuming an ideal scenario requiring
full cooperation, our methodology differs from [7] in that we

base our calculations on a more fine grained model of RANs,
e.g., user association, the theoretical capacity of a wireless
link between a BS and a user, and power consumption models
reflecting the power impact of utilization of a BS. Our study
can be considered as a further evidence supporting the findings
of [7] with a different case study, namely in the Netherlands.
To decrease RAN power consumption while ensuring that
mobile traffic is carried without congestion, Renga et al. [12]
propose offloading traffic to certain BSs owned by any of the
cooperating MNOs with co-located BSs. Authors model also the
potential impact of sharing on the BS lifetime by considering
both potential improvement due to lower temperature during
sleep periods resulting in lower hardware failure rate and
also degradation due to switching between active and sleeping
states. The study based on the data from France demonstrates
the effectiveness of infrastructure sharing in reducing power
consumption and embodied emissions due to extended BS
lifetime with cautious load consolidation. Similarly, Finarelli
et al. [8] demonstrate the potential power savings to be up to
35% for a case study in France after developing an analytical
framework using stochastic geometry.

Ahmed and Coupechoux [4] estimated the operational power
consumption of BSs in France over the period spanning 2015 to
2022 using publicly available data combined with established
power consumption models. Despite data availability limita-
tions, the study shows sustained growth in the number of BSs
and transceivers, leading to an annual increase of nearly 18%
in total BS power consumption. The results point to an increase
in power consumption due to 5G deployment, outweighing
efficiency gains and legacy technology decommissioning. A
similar study was conducted for Belgium by Golard et al. in [2]
covering the period 2020-2025 considering various scenarios.
Authors also estimate the carbon footprint of 4G and 5G
networks by considering embodied and operational emissions.

A key factor in the accuracy of estimations of the total power
consumption is the accuracy of power consumption models for
a specific cellular technology. While all prior work agree on
models that account for load-independent idle power and load-
dependent dynamic power consumption, how additional factors,
e.g., the number of transceivers, affect the power consumption is
yet to be understood. Golard et al. [13] present a model for 5G
BSs combining models, on-site measurements from operators,
and with radio equipment documentation from manufacturers.
While our study limits itself to 4G, using such models for 5G
BSs, our study can be expanded to newer 5G deployments.
A recent study by Zhong and Ge [14] presents associated
carbon emissions for BS equipment and cell sites considering
operational and embodied emissions and presents the steps
toward carbon-neutral mobile networks. While all these studies
guided us in our modeling and provided also parameters for our
analysis, to the best of our knowledge, there is no comparable
study on the analysis of NHNs at a national scale.

III. SYSTEM MODEL

In this section, we overview key models and assumptions
that lay the basis of our study.



A. Network model

We consider a national cellular network infrastructure
consisting of multiple MNOs. We model each MNO as a set of
BSs B, each b € B located at position p, with height h,. Each
b € B equipped with a set of antennas .4, C A. Each antenna
a € A operates in frequency band f, and has a fixed transmit
power P!*. We assume that all BSs follow the remote radio
head (RRH) architecture, where a BS consists of a baseband
unit (BBU) and multiple RRHs connected via fronthaul links.
We consider only downlink communication in this study as
downlink is still the dominant traffic. However, our models
and analysis can also be extended to uplink communications.

To represent users served by an MNO, we define a population
density function ¢(x) over area ) and determine the number
of users in that area. To mimic the network association which
is typically based on signal quality perceived by a user, we
use an area based association model to determine which BS
serves which users. Using the set of BSs B, we create a
Voronoi partitioning of the area covered by the network. Each
Voronoi cell corresponds to the coverage area of a BS, and
users located within that cell are served by the corresponding
BS. Consequently, we define the population served by each BS
b € B as popy, which is the total population located within the
Voronoi cell V;, and represent it as follows: pop, = be o(x) dx.

B. Channel model

To reflect current MNO deployments consisting of BSs
at urban and rural areas, we consider two types of channel
models created by 3GPP [15], urban macro (UMa) and rural
macro (RMa) which models both line-of-sight and non-line-
of-sight conditions. Let us denote by L, , the path loss
between antenna a and user u located at distance d, ,, from
antenna a. L, , is a function of the following factors: d ,,,
antenna transmission gain at the transmitter (Gy,) and the
receiver (G, the transmit power of the antenna (P!*), noise
power at the user antenna ([V,,), carrier frequency (f.), the
average height of surrounding buildings, height of the BS and
the user equipment (UE) antenna, 2D and 3D distance between
the BS and the UE, speed of light, and average street width.

Each antenna a is assumed to have a fixed transmission gain
G, and each user u a fixed reception gain G,.,.. The received
power P;7 at user u from antenna a is calculated as:

P,%[dBm] = P! [dBm]+ Gy, [dB] — L, ., [dB] + G, [dB]. (1)

We model noise power N,, at user u as thermal noise plus a
constant noise figure NI representing receiver imperfections
using a bandwidth B,, allocated to user u:

N,[dBm] = =174 4+ 10log,,(B,[Hz]) + NF[dB]. (2)

Consequently, to represent the signal quality, we can calculate
signal-to-noise ratio (SNR) at user v from antenna a as follows:

SNR, . [dB] = P!% [dBm] — N, [dBm]. 3)

IV. METHODOLOGY

This section introduces our three-step methodology sum-
marized in Fig.2, namely (i) Step-1: data collection’ and
preprocessing for constructing an MNO along with its BSs,
antennas, users, and cell-areas; (ii) Step-2: network construction
including NHN construction followed by user-BS association;
and (iii) Step-3: performance evaluation via a set of scenario
simulations to investigate the performance of each MNO and
NH scenario. Next, we present each step of our methodology.

A. Step-1: Data collection and preprocessing

To represent the cellular infrastructure, the physical propaga-
tion environment, and the users, we collect data from various
sources which we introduce next.

Antenna data: The primary dataset providing information
about the mobile networks in the Netherlands is made publically
accessible by the Dutch Rijksinspectie Digitale Infrastruc-
tuur (RDI), and it includes information on the location and
specifications of BSs operating in the Netherlands.® The dataset
is structured using two sets of data: one for the BSs and one
for the antenna groups associated with those BSs. Each BS has
an entry in the “Antennes” table, which includes information
such as the geographic coordinates as well as the postal code
and municipality, and the technologies supported by the BS
(e.g., 2G, 3G, 4G, 5G). Each entry in the “Antennes” table also
has a list of associated antenna groups, which are stored in the
“Antenne_Groepen” table. For each technology supported by the
BS, there is an entry in the “Antenne_Groepen” table, which
includes information such as the frequency band, the maximum
transmit power, the antenna type, and the azimuth and tilt of
the antenna. Note that a single BS can have multiple antenna
groups, and each antenna group is comprised of one or more
entries in the “Antenne_Groepen” table. There is one entry
in the “Antenne_Groepen” table for each transceiver (TRX)
associated with the antenna group. Furthermore, this dataset
includes information about other types of radio equipment not
related to mobile networks, such as ham radio antennas and TV
transmitters. To filter out only the relevant entries for mobile
networks, we only consider BSs that have antenna groups
associated with the 4G LTE technology. This ensures that we
only include BSs that are part of the mobile networks operated
by MNOs in the Netherlands. In our analysis, we focus on 4G
LTE networks as 5G deployment is still in-progress. However,
our methodology can be extended to 5G networks by using
appropriate power and path loss models that take into account
technological differences like massive MIMO [4].

As this dataset does not include information about the
ownership of a BS, we cross-reference the frequencies of the
antennas with the frequency allocations for each MNO [16].

ZPlease see our repository for more on data collection: https://github.com/
BorisGerretzen/AntennaScraper.
3https://antenneregister.nl/viewer/
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Fig. 2: Three step research methodology: Step-1 consisting of data collection and preprocessing for constructing an MNO along
with its BSs, antennas, users, and cell-areas; Step-2 including network construction with user-antenna association and neutral
host construction; Step-3 consisting of a set of scenario simulations to investigate the performance of each MNO and NHN.

TABLE I: EARTH E3F population density categories [18] [19].

Area Type Population density (users’lkm?) | Channel model
Super Dense Urban > 20,000 UMa
Dense Urban 3,000 - 20,000 UMa
Urban 500 - 1,000 UMa
Suburban 100 - 500 UMa
Rural 25-100 RMa
Wilderness < 25 RMa

We use this information to assign each BS to the MNO that
operates all of its antennas.*

Population data: To represent the variations in the number of
users that needs to be served across the country, we used the
Worldpop dataset [17] which provides the estimated population
count per square kilometer for the Netherlands.

Physical propagation environment: We classify each location
in the Netherlands according to one of six types outlined
by the EARTH E3F project [18] [19] based on population
density (refer to Table I). After this classification, we use one
of the 3GPP channel models, namely Urban macrocell (UMa)
and Rural Macrocell (RMa), that can reflect the physical
propagation environment.

B. Step-2: Neutral host construction and user-BS association

In this step, we model two scenarios: (i) current deployments
in an isolated manner by multiple MNOs and (ii) a hypothetical
NHN allowing multiple MNOs using its infrastructure. For the
NHN scenario, we present our approach in Sec.V to determine
the locations of the BSs owned by such an NHN along with
the resources at each BS. For each scenario, we adopt the same
user-BS association scheme as described in Sec.III to reflect
the SNR-based association adopted in mobile networks.

C. Step-3: Performance evaluation

We evaluate a setting, e.g., an MNO or NHN scenario, using
SNR distribution, coverage, redundancy, power consumption,
and carbon emission, which we introduce next.

SNR model: We start by building a Voronoi partition of the
network based on the BS locations. We then overlay our

4We also had to filter out the antennas used only for maritime communica-
tions by TampNet and fix the non-consistent use of comma separator for both
1000 separator and decimal separator.

population density dataset on top of this Voronoi partition
to calculate the population served by each BS. We also use the
population dataset to classify each BS according to the EARTH
E3F categories outlined in Table I, which determines the path
loss model used when calculating the SNR for users served
by that BS. After mapping BSs to area types, we estimate
the SNR at sampled locations. Consequently, to reflect the
country-wide SNR distribution, we weight each sample based
on the population density of the associated area.

Coverage ~: We define coverage x based on SNR experienced
by users in the network. A user u is considered to be in
coverage if the SNR from at least one antenna a serving
that user exceeds a predefined threshold SNR,;,. We formally
define the coverage for a user «, as follows:

1 ifdae A: SNR, ,, > SNRpin,

Yu€el: k, = )
0 otherwise.

“)
Letting U be the set of all users in the network, we then
calculate overall coverage k as: k = Z“ETb“H Because of our
population density dataset, we can weight the coverage metric
based on population density, giving us a better estimate of the
coverage experienced by the population as a whole. Hence,
we randomly sample locations throughout the Netherlands,
calculating the SNR between each location and the BS serving
that location. Each sample is then weighted based on the
population density at that location.

Redundancy: To represent the resilience of a network, we
also define redundancy based on the number of antennas that
are able to deliver an SNR higher than SNR;;, to each user.
Redundancy provides an indication of the network’s resilience
to failures or performance degradation, as users with higher
redundancy levels are within the reach of multiple antennas
that can serve them adequately. For example, if one antenna
fails or experiences poor channel quality, users with higher
redundancy levels can still be served by other antennas creating
a more resilient network. However, there is a trade-off between
redundancy and power consumption, as increasing redundancy
typically requires deploying more antennas and BSs, which in
turn increases the overall power consumption of the network.
For each user u € U, we calculate the redundancy level R, as
the number of BSs b € B such that there exists an antenna a



belonging to BS b that provides sufficient SNR to user w. Thus,
we define the redundancy level R, for user u as follows:

R,=|{beB|3ac Ay : SNRyy >SNRun}|. (5

Consequently, the overall population-weighted redundancy
Ryop of the setting is calculated as a weighted average of
sampled location redundancies across the country considering
the population density. More formally, for all sampled locations
denoted by S, with weights ws and redundancies R, we
calculate R, as follows:

ZSES Ws X RS
ZSES Ws

Evaluating the redundancy can be computationally expensive
as it requires calculating the SNR between each sampled
location and all BSs in the network. Because in the SNR
calculation the distance between the location and the BS is a
major factor affecting the SNR, we optimize the redundancy
evaluation by only considering BSs within a certain radius
from each sampled location. This radius is determined based
on the maximum distance at which a BS can provide sufficient
SNR under ideal conditions (i.e., only free space path loss)
with a safety margin of 10% of this distance added.

(6)

Rpop =

Power consumption: As the RAN components are respon-
sible for a majority of the energy consumption in mobile
networks [18], we consider the energy consumption of the RAN
only. Also, the core networks of the MNOs will remain intact
in both scenarios studied, hence we leave the core network
out in our study. In line with the changes in RAN toward
disaggregated architectures, we assume that a BS consists of
a BBU and multiple RRHs connected via fronthaul links. We
use power models derived from [18] and [4] resulting in the
following equation representing the total power consumption
at a BS with Nppx transceivers:

Ppa+ Prr + Ppp
(1 _UDC) X (1 _UMS)
where Pp 4 is the power consumption of the power amplifier,
Prr is the power consumption of the radio frequency compo-
nents, and Ppp is the power consumption of the baseband unit.
Losses incurred by the DC-DC conversion and main supply are
accounted for using the opc and o) g parameters respectively.

The power consumed by the power amplifier Ppy is a
function of the output power P,,:, the efficiency of the power
amplifier 7p 4, and the feeder loss o f..q and is calculated as:

Pout
Pra npa X (1= 0fcea)
In (8), P,y+ depends on the maximum output power P, ..
and the load factor p which is defined as the ratio of the traffic
demand D served by the BS divided by the capacity C of that
BS. More formally, we calculate P,,; as follows:

@)

Pps = Nrpx X

®)

D
P,ut = Phaz X p where p = ok

&)

We define the capacity C' of a BS to represent the maximum
throughput it can offer based on the number of antennas it

has operating on each frequency band. For a given b € B
with set of antennas A; operating on frequency bands F', we
define the set of antennas operating on frequency band f as
Ap.s = {a € Ap|fo = f}. Then the traffic capacity C' (in
bit/s) is calculated using Shannon’s capacity formula as:

VbeB:Cy= Y |Aysl x Wy xlogy(1+SNRy,), (10)
fer

where W; is the bandwidth of frequency band f and SN R,
is the signal-to-noise ratio experienced by users served on
frequency band f at BS b.

We define the current traffic demand D of a BS based on
the population served by that BS (popy) and assume a per-user
traffic demand of d,, s, with an activity factor cye representing
the fraction of users that are active at any given time. Then
the traffic demand in bits per second D is calculated as:

Vbe B: Dy, = Popy X dyser X CQuser- (11)

Carbon emissions: We estimate the carbon emissions of
the network in two parts: operational and embodied carbon
emissions. The operational carbon emissions are calculated
based on the energy consumption of the network during its
operation and the carbon intensity of the electricity grid.
The embodied carbon emissions are associated with the
production, transportation, installation, maintenance, and end-
of-life disposal of the network equipment. In this paper, we
focus on the production and end-of-life disposal phases as these
two factors account for the majority (e.g., according to [26],
3586 kg CO, for BS production vs. 59.29 CO, for transport)
of the embodied emission and due to the availability of data
only for these phases.

For operational carbon emissions, we calculate the total
energy consumption E°@ of the network for a time period T
using power consumption model for each BS in (7). We then
use the average carbon intensity (CI) of the Dutch electricity
grid to estimate the operational carbon emissions as follows:

cogperiont = preul e . (12)

For embodied emissions, we focus on the following compo-
nents of a 4G BS: BBU, BBU cabinet, power supply unit (PSU),
battery cabinet, batteries, RRU, and antennas. We omit other
parts such as backhaul equipment, core network equipment,
or site infrastructure such as towers. Each BS has one battery
cabinet containing batteries, one BBU cabinet containing the
BBU and three PSUs, and one RRU for each antenna. For each
component, we collected data on its mass, service life, and
emission factors for production and end-of-life disposal from
vendor data sheets and literature. Using this data, we estimate
the annual embodied carbon emissions of a BS as follows:

prod eol
Coembodied _ Mme X ( c + fc )
2 - E )
ce& Lc

(13)

where £ is the set of components considered, m,. is the mass
of component ¢, f™® is the emission factor for the production
of component c in kg CO, per kg, f<°' is the emission factor



TABLE II: Emission factors, service life, and mass of network components.

Equipment type Emission Factor | Mass (kg) | Service life (years) | Source

Base Band Unit (BBU3900) 34.45 kg CO2/kg 7 [20] 10 Ecoinvent 3.7. Router, internet

BBU Cabinet (APM30H) 4.04 kg CO2/kg 72 [21] 10 Ecoinvent 3.7. Chassis, internet access equipment

PSU (3x R4850G2) 33.3 kg CO2/unit 2 [22] 10 Ecoinvent 3.7. Power supply unit, for deskop computer
Battery cabinet 4.04 kg CO2/kg 70 [23] 10 Ecoinvent 3.7. Chassis, internet access equipment
Batteries 89.98 kg CO2/kg 10 [23] 10 Ecoinvent 3.7. Router, internet

Remote Radio Unit (RRU3908) | 34.45 kg CO2/kg 15 [24] 10 Ecoinvent 3.7. Router, internet

Antenna (AAU3911) 34.45 kg CO2/kg 49 [25] 10 Ecoinvent 3.7. Router, internet

for the end-of-life disposal of component ¢ in kg CO4 per kg,
and L. is the service life of component c in years.

Finally, we calculate the total annual carbon emissions as
the sum of the operational and embodied carbon emissions
considering all BSs in the infrastructure as follows: CO5™ =
CO;perational + CO;mbOdiEd.

We use emission factors per kg of equipment to estimate
the embodied carbon emissions, these emission factors dif-
fer between equipment types and are based on life cycle
assessments. We have selected a set of components per BS
to include in our analysis: Base Band Unit (BBU3900),
BBU Cabinet (APM30H), Power Supply Unit (3x R4850G2),
Battery cabinet, Batteries, Remote Radio Unit (RRU3908),
Antenna (AAU3911). We assume that one RRU is required per
antenna. While calculating the embodied carbon emissions per
BS, we use the number of antennas in our dataset to scale the
emissions accordingly.

Table II shows the production emission factors for each type
of equipment as well as their lifetime and mass. In addition
to these values, we use also the following components for the
last step of the lifecycle [23]: (i) dismantling and EoL of ICT
equipment with 1.413 kg COy/kg, (ii) dismantling and EoL of
electronic component with 0.310 kg COs/kg, and battery EoL
with 1.65 kg COy/kg. In our analysis, we consider the PSUs
as electronic component, while all other radio components are
considered ICT equipment.

V. NEUTRAL HOST NETWORK (NHN) CONSTRUCTION

In this section, we introduce our approach to construct a
hypothetical NHN. As current MNOs have already optimized
the locations of their BSs with careful considerations of the
landscape and urban environment, we construct the NHN based
on the existing BS locations and selecting a subset of the BSs
in the current MNOs. While this approach ensures that the
location of the merged BS is realistic and has already been
deemed suitable for mobile network coverage, it does not
provide the optimal NHN deployment which is beyond the
scope of our paper.

Given a set of MNOs M = {M;, M>, ..., My}, each MNO
M, operates its own set of BSs B¢ and antennas AM:. We
denote the set B = |JY, BM: as the combined set of all
existing BSs from all MNOs. To construct the NHN, we select
a subset of BSs BN C B to be included in the NHN adopting
a two-step process: (i) clustering: first we cluster the BSs based
on their geographic proximity and demand served, then (ii)
merging: we merge the BSs in each cluster into a single NHN

BS while ensuring that the selected BSs can meet the traffic
demand. Next, we introduce each step.

A. Cluster-based NHN construction

To identify the regions with high BS density which will act
as potential locations to decrease the network redundancy, we
first cluster BSs for all MNOs based on geographic proximity
limited by a distance threshold dipesn. We choose one BS as
the seed of a new cluster, then all BSs within distance dijresh
of that BS are added to the cluster, as long as the combined
traffic demand of the BSs in the cluster does not exceed a
predefined load threshold pp.x when merged. This process is
repeated until all BSs have been assigned to a cluster.

As Alg.1 (Line 2) shows, we select as the seed of a new
cluster (bseeq) the BS with the highest population served among
the unassigned BSs. We then go through all neighbours of the
seed BS that are within the distance threshold d;,esp, (Line
3), starting from the closest one (Line 4) to evaluate whether
to add each neighbour in A to the cluster (Line 6).

When considering whether to cluster two BSs together or
to add a BS to an existing cluster, we evaluate the combined
demand of the BSs in the cluster. For an existing cluster v, and
a candidate BS b,,¢,,, we calculate the total demand D.,, of the
cluster including the new BS as the sum of traffic demand of the
cluster and the new BS (Line 7) as D,, = Dy, +> e, Do

To ensure that the NHN can satisfactorily serve the traffic
demand of the users, we need to consider the total capacity
of the NHN BS that would result from merging the BSs
in the cluster (Line 8). For merging the BSs, we develop
also a heuristic listed in BuildMergedBS (Alg. 2) which
constructs a merged NHN BS from a cluster of existing
BSs. MergedCapacity (Alg. 3) computes the capacity of
a merged NHN BS. If the load factor p,, = % of the
merged BS would exceed p,,q., Wwe do not add the new BS
to the cluster (Line 9). Here, C,, is the total capacity of
the merged BS given by (10). This capacity depends on the
spectral efficiency experienced by the users served by the
antennas of the merged BS. Before we start our clustering
process we precompute the spectral effiency for all antennas
in the dataset using the SNR model in Sec. III-B. We then
use the mean of the spectral efficiencies of all antennas in the
cluster to estimate the capacity of the merged BS. If adding
b to the cluster keeps the load factor p’ = % within the
limit, we add b to the cluster and update the totai) demand D’
of the cluster (Line 10). This process is continued until the
neighbouring BSs have all been evaluated and either added to
the cluster or skipped. This clustering process is repeated until



Algorithm 1 ClusterBSs

Algorithm 2 BuildMergedBS

Require: Set of BSs B with positions pos(b) and demand Dy,
distance threshold diresh, 10ad limit pyax
Ensure: Set of clusters ' = {71,...,7x} where Vy € T :
YCB,By+ B, I'«< 0
1: while By # 0 do
2 bseed < arg maXxpe B, Dy
3: N A {b € BO | ||pOS(b) - pos(bseed)H < dthresh}
4: Sort A in ascending order of ||pos(b) — pos(bseed)||
5 v {bseed} and D’Y — Dbseed
6 for b € N'Ab # bgeeq do
7 7'+ yU{b} and DI < D, + Dy

/

8: C!, + MergedCapacity(y) and pl, 0—7
!

9: if pﬁy < pmax then

10: ¥+ " and D, < D,

11: Bo(—B()\’y and F<—FU{’7}
12: return I

all BSs have been assigned to a cluster, resulting in the final
set of clusters I' = {y1,72,...,vKx } of K clusters.

B. Merged BS and capacity calculation

In Alg. 2, we construct a merged NH BS from a cluster
of existing BSs. In this process, there are two key steps: (i)
selecting the location of the merged BS and (ii) selecting
the antennas to be included in the merged BS. The location
of the final neutral host BS is chosen as the location of the
BS in the cluster with the maximum number of antennas:
brep = arg maxpe~ |Ay|. We chose this heuristic as BSs with
more antennas likely have the available space and structural
support to host a larger number of antennas that is required
for the merged BS. Additionally, a BS with more antennas is
deemed a suitable location by the original operator, indicating
that it is likely a good location for coverage and capacity.

When selecting the antennas to be included in the merged

BS, we first combine all antennas from all BSs in the cluster.

Because typically multiple BSs in a cluster operate on the same
frequency band. Hence, this approach leads to an excessive
number of antennas operating on the same frequency band. As
having too many antennas operating on the same frequency
band in close proximity can lead to interference issues, we
limit the number of antennas per frequency band to a maximum
of three, as is common practice in sectorized BSs. If more than
three antennas in the cluster operate on the same frequency
band, we select the three antennas with the highest transmit
power to be included in the merged BS. If there is a tie in
transmit power, we select the antennas of the BS with the
larger number of total antennas.’

Alg. 3 computes the capacity of a merged BS which is
calculated as in (10), where we sum the capacities contributed

5To speed up the processing time of this algorithm, we use a KD-tree data
structure to efficiently query neighbouring BSs within dipresp. This allows
us to avoid evaluating all BSs when searching for neighbours, significantly
reducing the computational complexity of the clustering process.

Require: Cluster 7; each b € v has antenna set A,
Ensure: Merged NH BS N H;, with antenna set Ax g
1: brep < arg maxpe~ |Ap|

2: -Acluster — Ubé’y Ab

3. F +— {f(a) | a € Aclusler}

4: .ANH — (Z)

5. for f € F do

6: Af — {a € Aduster ‘ f(a) = f}

7: if | Ay| <3 then

8: Ang <~ Avg U .Af

9: else

10: Sort Ay by descending: (i) Pix(a) and (i) [Aps(a)]
11: Ang <—ANHU{Af71,Af72,.Af73}

12: Create N H with:

13: pos(N Hy) < pos(brep) and Anp(NHyp) <~ Anp
14: return N H,

Algorithm 3 MergedCapacity

Require: Merged NH BS N H;, with antenna set Ap g
Ensure: Total capacity Cepyser

1: Ceuster — 0 and F < {f(a) | a € Ayu}

2: for each frequency band f € F do

3 AnmyH{ac Ay | f(a) = f}

4: Nrrx,f < |ANH7f| and B + 20 MHz

S: SEf — [Ant ]

6: C1c1uster — C'cluster + NTRX,f -B- SEf

7: return Cgjyser

by each frequency band f covered by the merged BS. The
bandwidth B is assumed to be 20 MHz for all frequency bands,
and the spectral efficiency SEy is calculated as the mean of
the spectral efficiencies of all antennas operating on frequency
band f. Note that this spectral efficiency is precomputed for all
antennas in the dataset before starting the clustering process,
using the SNR model outlined in Section III-B, thus the final
spectral efficiency will likely be lower than the mean due to
increased distance between the merged BS and the users it
serves. Our algorithm runs in polynomial time as Alg.1 has
worst-case complexity of O(|B|? x |F|).

VI. PERFORMANCE EVALUATION

Now, we evaluate the performance of the NHN using our
in-house Python simulator and compare NHN against current
mobile networks deployed separately by individual MNOs.
Moreover, we adopt three NHN scenarios that have different
dinresh and pmax values. We refer to them as optimistic,
moderate, and conservative to reflect their NHN construction
approaches and we set the parameters as follows:

o Optimistic with dyj,csp, = 1000m and pyq, = 0.9,
o Moderate with d;p,esr, = 500m and p,,q, = 0.7,
« Conservative with d;p,esp, = 200m and pj,q, = 0.5.
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Fig. 3: Power consumption and carbon emissions for individual MNOs, all MNOs jointly, and various NHN scenarios.

TABLE III: SNR and power model parameters

SNR model parameters Power model parameters
Parameter Value Parameter Value
PTX 38 dBm [27] O feed 0.2
GTx, GRX 18 dB, 0 dB [28] Ocool 0
Bandwith B 20 MHz [27], [28] opc 0.075
NF 5 dB [28] oMS 0.09
hUT 1.5 m [27] PRF 129 W
h (UMa) 25 m [27] Ppp 29.6 W
h (RMa) 5 m [27] npA 0.311
Street width 10 m [29] Prax 4 W per DL MHz
fe, hps from antenna data dyser 1 Mbps
Qqctive 0.05 CI 0.388 kg CO2/kWh

These dipresn Values are chosen after analyzing the current
MNOs’ inter-site distances.® Table III lists the default values of
the key parameters that are kept the same across our evaluations
unless otherwise stated.

A. Power consumption and carbon emissions

Fig. 3a presents the resulting total power consumption for
each MNO, the national cellular infrastructure’s consump-
tion (marked as All MNO in the figures), and three NHN
scenarios. The figure shows also the break down of the power
consumption into idle power consumption (the static power
to keep the BS site on) and load-dependent dynamic power.
The percentage in each idle power bar indicates the percentage
of the total power consumption of that MNO/scenario due to
idle power consumption. On top of each bar for the NHN
scenarios, we also indicate the percentage reduction in power
consumption compared to all MNOs. From the figure, we can
observe that the NHN scenarios have significantly lower power
consumption compared to the combined individual MNOs,
ranging from approximately 20% to 28% reduction depending
on the scenario. As expected, the optimistic scenario has the
lowest power consumption, followed by the moderate and
conservative scenarios. The improvement in power consumption
is due to the decreased number of BSs (shown in Fig.4a) and
hence saving from the idle power. Our analysis shows that NHN

SWe also evaluated the impact of these two parameters which are omitted
in this paper for the sake of space. However, they can be accessed from [1].

deployments can decrease the number of BSs significantly (e.g.,
67% for optimistic scenario). Zooming in the NHN scenarios,
we also observe that the power consumption of the NHN
scenarios is divided differently into idle and dynamic power
consumption than that of individual MNOs (e.g., 26.1% for
Conservative NHN scenario whereas it is 36.7% for All MNOs).
This is expected as the resulting infrastructure has fewer BSs in
NHNs (Fig.4a), but serves a higher load on each BS (Fig. 4c).

In addition to this lower operational power consumption,
NHNs also provide benefits in embodied carbon emissions
due to fewer BSs in the infrastructure. As Fig.3b depicts,
NHN scenarios lead to a significant reduction in annual carbon
emissions compared to the individual MNOs; the reduction
ranges from 28.3% to 41.2% depending on the scenario.
Another observation is that the embodied annual emissions
account for a larger portion for the individual MNOs compared
to the NHN scenarios. This is expected as the NHN has fewer
BSs, leading to a lower share of embodied emissions compared
to operational emissions due to running the BSs at a higher
load as discussed next.

Fig.4 shows the number of BSs, antennas, and the load
distribution across the existing BSs. We can see as expected
that the optimistic scenario achieves the highest reduction,
with a 67% fewer BSs and over 64% fewer antennas. As we
move to the moderate and conservative scenarios, the relative
decrease is smaller with the conservative scenario achieving
the lowest reduction of 44% fewer BSs and around 43% fewer
antennas. Notice that the reduction in number of antennas is
higher than the reduction in the number of BSs due to our
approach to keep maximum three antennas per frequency band
while merging BSs. If any of the BSs in the cluster had more
than 3 antennas for a given band, this leads to a larger reduction
in the total number of antennas compared to the number of
BSs. Finally, Fig.4c depicts the load distribution across BSs
which corroborates our argument on increased dynamic power
consumption due to higher average load. Despite this increase
in load, we can observe that MNOs still have ample capacity as
load is typically low due to highly overprovisioned resources.
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Fig. 4: Total number of (a) BSs and (b) antennas, and (c) BS load in each scenario.

Key insight: NHN deployments can decrease operational
power consumption by decreasing the idle power consump-
tion in the network due to the reduced number of BSs.
Moreover, lower number of BSs leads to reduction in the
embodied carbon emissions. Consequently, depending on
the NHN scenario, total carbon emission reduction can be
up to 41.2% while observed power consumption decrease
can be up to 28.8%.

B. Coverage and signal quality analysis

While NHN scenarios are shown to facilitate significant
sustainability improvements, they might affect coverage, signal
quality, and redundancy as a result of sparser BS deployment.
While Alg.2 ensures that the traffic demand from the users can
still be satisfied by the NHN, the observed signal quality might
deteriorate resulting in potential performance issues. Hence,
let us analyze the impact of reduced number of BSs on the
signal quality and consequently coverage.

Fig. 5 shows the SNR distribution for each MNO as well
as the three NHN scenarios. We also record the percentage
of users experiencing an SNR below 7 dB to reflect coverage
gaps. These values are: [0.12%, 0.01%, 0.13%, 0.74%, 0.17%,
0.18%, 0.20%] in the order of the scenarios presented in Fig.5.
The SNR values are weighted based on the population density
in each grid cell to reflect the user experience. Fig.5 shows
that NHN scenarios have a lower median SNR compared to
the individual MNOs, as well as a more spread out distribution.
This indicates that while the average user experience in terms
of SNR is lower across all scenarios, there are more users
experiencing both very high and very low SNR values in the
NHN scenarios.

From conservative to the optimistic scenario, the median
SNR decreases further, and the spread of the distribution de-
creases. As we move to more aggressive clustering, the distance
between BSs increases leading to larger areas with lower signal
strength highlighting the importance of the trade-off between
network simplification (consequently environmental footprint)
and coverage and signal quality. Please note that while NHNs
typically lead to lower SNR values, it is only a small fraction
of users that do not maintain a signal quality of 7 dB, e..g,

less than 0.2% for Optimistic which is still higher than MNO-
3. Hence, our observation is that network coverage is only
marginally degraded with the majority of users experiencing
acceptable signal quality.

To investigate potential causes of low SNR values, we
analyze the SNR statistics per EARTH E3F density class. Fig. 6
presents the difference in mean SNR per density class for NHN
scenarios compared to the conventional isolated MNOs. The
difference in mean SNR for scenario X for each density class is
calculated as follows: ASNR y = SNR x — % Zle SNRu o,
where SNR /v 0, is the SNR for MNO ¢ for that density class.
This allows us to compare the SNR of NHN scenarios and
the MNOs on a per-density class basis. From Fig.6, we can
observe that the mean SNR for the optimistic scenario is lower
than the average of the MNOs across all density classes, with
the largest decrease in Super dense urban areas. This
could be caused by the fact that there are very few super
dense urban areas in the Netherlands, the average number
of BSs serving a super dense urban area is only 19 for the
individual MNOs. When we merge BSs, any BS located in
one of these areas are likely to be merged with BSs located
in lower-density areas nearby, leading to a decrease in signal
quality for users in the super dense urban areas. As we move
to the moderate and conservative scenarios, the mean SNR
improves but is still lower than the MNO average, except
for Dense Urban and Super Dense Urban classes. For
urban areas, the mean SNR is 1.8 dB to 1.3 dB lower than
the MNO average for the moderate and conservative scenarios,
respectively. We infer from these results that different areas
might be affected differently depending on their density class
and hence an NHN deployment approach should consider
the density class of each region while determining its BS
deployment. For example, rather than applying a fixed dypyesh,
our algorithm could consider a dynamic threshold value that
varies based on the density class of the BSs being considered
for merging and more aggressive merging could be applied in
higher-density areas while being more conservative in lower-
density areas to maintain coverage. Moreover, for attaining a
balance between coverage and environment footprint, a setting
similar to the conservative scenario should be preferred rather
than the optimal scenario.
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Fig. 7: # of BSs covering each user with a 15 dB SNR threshold.

Key insight: Due to the decreased number of BSs, the
signal quality decreases slightly under NHNs. However, this
decrease does not lead to coverage loss as the maintained
SNR is still above an acceptable minimum quality. Moreover,
merging approach should be more dynamic and take into
the density class of each region.

C. Resilience analysis

As presented in Sec.IIl, we introduced redundancy, defined
as the number of BSs that provide coverage to each user
above a certain SNR threshold, as a proxy of resilience of
the cellular infrastructure. Fig. 7 presents the distribution of

the number of BSs covering each user for SNR,;; = 15dB.

We can observe that the optimistic scenario provides similar
redundancy compared to the individual MNOs, while the

moderate and conservative scenarios provide higher redundancy.
This is a consequence of the denser deployment of BSs in
these scenarios, as more BSs are retained due to the more
conservative clustering parameters. We can also see that for
both SNR thresholds the NHN has a higher fifth percentile
compared to the individual MNOs, indicating that even though
more users experience lower SNR values in NHN scenarios,
they still benefit from having multiple BSs providing coverage.
In case of disruption of the serving BS (e.g., hardware or
software-related failures or planned maintenance), there are
many BSs in proximity that can provide high signal quality.

VII. LIMITATIONS AND FUTURE WORK

The key limitations of our work can be listed as follows: (i)
interference not considered, (ii) load and capacity models not
reflecting the spatio-temporal dynamics of mobile traffic, (iii)
neutral host deployment approach, and (iv) future scenarios.
To keep our analysis tractable and for a nation-wide analysis,
we considered only SNR ignoring the impact of interference
from the neighboring co-channel BSs. While we expect
this simplification lead to optimistic values of SNR, current
MNOs apply many approaches for interference mitigation, e.g.,
coordinated multi-point access. That being said, we foresee
that interference could be incorporated into our modeling with
simplifying assumptions, e.g., only nearest BSs resulting in
interference. Second, our analysis does not have temporal
dimension; e.g., constant load based on the population of
an area. However, unsurprisingly, traffic load follows human
activity patterns, e.g., mobility, work hours, which changes over
time and space. Hence, expanding our models and analysis with
temporal dynamics is another future direction. To represent an
NHN, we developed a heuristic assuming that the NHN will
be constructed based on the current infrastructure. While this
is a realistic assumption, we expect that future NHNs can be
optimized in many ways, including the location of the BSs,
their antenna orientations, frequencies, to name a few. With
such optimizations, the benefits of NHN deployments would
likely be higher. Finally, as 5G networks are soon ubiquitously
deployed, our analysis should be adapted to 5G network with
appropriate models for operational and embodied emissions.
Moreover, future scenarios, e.g., grid decarbonization affecting
carbon intensity or traffic increase in mobile networks, need
to be considered in carbon emission calculations.

VIII. CONCLUSIONS

This work investigated the potential of neutral host de-
ployments in decreasing the carbon emissions of a nation-
wide cellular infrastructure by decreasing the number of BSs
and allowing multiple mobile network providers to utilize the
neutral host resources with higher utilization. Our data-driven
analysis for the Netherlands has shown significant benefits
in decreasing carbon emissions, e.g., up to ~41%, without a
significant loss in coverage, signal-quality, and resilience.
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