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Abstract—There is a consensus in the literature that cell-
switching is a viable solution to tackle the draconian increase
in the energy consumption of cellular networks. Although the
literature is full of works addressing the energy consumption
problem via cell-switching, where small cells with low or no
load are turned off and the traffic is offloaded to either adja-
cent base stations or macro cells, in terrestrial communication
networks, they may not be feasible when there is either a lack
of infrastructure or insufficient capacity due to high demand.
The integration of non-terrestrial networks (NTN) into the cell-
switching process can be considered as a visionary approach to
handle this problem. In this regard, high altitude platform station
(HAPS) draws considerable attention with its massive footprint,
high capacity, and ubiquitous connectivity. The aim of this study
is to show the potential benefits of using HAPS in cell-switching
methods by being a bountiful host for offloaded users from cell-
switching operations. More specifically, HAPS is included in the
network so that it can increase the switching off opportunities
by providing extra coverage and capacity. The simulation results
demonstrate that a significant amount of reduction in energy
consumption (as high as 16%) is obtained while ensuring quality-
of-service (QoS) requirements.

Index Terms—HAPS, sustainability, non-terrestrial networks,
6G, cell-switching, green cellular network

I. INTRODUCTION

As a consequence of the rising number of connected devices
(e.g., Internet of things (IoT), machine-type communications,
etc.), radio access networks are failing to keep pace with the
growing demand [1]. To address this issue, mobile network
operators constantly look for opportunities for capacity en-
hancement. In the fifth generation (5G) of cellular commu-
nication networks, one of the most important approaches to
increase network capacity is to add new infrastructures such
as deploying a tremendous number of small cells (SCs) into
the network—called network densification [2]. This, in turn,
increases the energy consumption of the network, resulting in
an escalation in the use of fossil fuels that poses a serious
threat to sustainability efforts.

Climate change is a major crisis threatening the survival
of life on Earth, and thus many organizations and states aim
to zero their carbon emissions before the 2050s [3]. In this
context, the telecommunication industry is also trying to reduce
its surging energy consumption due to the aforementioned
network densification by various methods, including traffic of-
floading and cell-switching [4]. It is important to note that even
these techniques cannot offer a sustainable solution in terms of
providing energy efficiency and fulfilling the capacity necessi-

ties. Therefore, there is a need for new infrastructures armed
with renewable energy sources and new technologies/solutions
that can meet the varying traffic requirements.

At this point, uncharted potential benefits of non-terrestrial
networks (NTN) may rise to the surface due to their renewable
energy-based nature, huge coverage, and ubiquitous connectiv-
ity. They are not only eco-friendly networks but also a remedy
for coverage and connectivity issues that terrestrial networks
(TN) struggle with. As a member of the NTN division,
high altitude platform station (HAPS) has drawn considerable
attention from both industry and academia, with cutting-edge
developments in telecommunication and hardware technologies
that made it possible [5]. HAPS is a stratospheric aircraft that
serves at an altitude of around 20 km from the Earth ground
with a quasi-stationary position by promising a ubiquitous
connectivity as a super macro base station (SMBS) [5]. In
addition to being used as SMBS for communication purposes,
HAPS can be used as portable data centers, machine learning
platforms, etc. HAPS is considered to be a complementary net-
work component that integrates with TN using its gargantuan
footprint and capacity1. Since HAPS is envisioned to maintain
its service for several months or years after taking off, the
energy source for HAPS becomes a key aspect [5]. Although
a diverse set of energy sources are on the table for HAPS, solar-
sourced power is considered a major energy source when the
wide surface area of HAPS, is taken into account [6].

The works in the literature have focused on reducing energy
consumption caused by base stations (BSs) with a special em-
phasis on cell-switching methods [7]–[9]. The main principle
in the cell-switching strategies is that idle or lightly loaded
cells are switched off by leveraging their traffic to the available
adjacent neighbor cell(s). In a more visionary manner, the cell-
switching techniques can be applied in vertical heterogeneous
networks (VHetNet), given NTN’s flexible deployment, cover-
age, and capacity advantages. In conventional TN, offloading
may become a challenging issue in various cases of network
conditions in terms of density. On the one hand, since there are
not many BS deployments in rural areas, covering idle users2

is not always possible. On the other hand, although it seems
like there is an abundant opportunity of offloading the traffic

1The footprint of HAPS varies between 40 km to 100 km for high
throughput, yet it can rise to 500 km according to the International Telecom-
munications Union (ITU) [5].

2The users that are normally served by switched-off BSs are referred to as
idle users hereafter.
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of deactive (switched-off) BSs in ultra-dense networks, there
may not be enough capacity at BSs to accommodate the idle
users due to their own already-high data traffic.

In this work, we argue that HAPS can be a solution to this
challenge with its high capacity and coverage, such that the idle
users can be offloaded to HAPS when necessary. In this regard,
HAPS enables the switching off3 the BSs that should normally
be kept on with the conventional TN cell-switching methods
(due to the above-mentioned reasons), providing less carbon
emission. More specifically, we employ a conventional way
of cell-switching approach in a TN, however,—as the main
contribution and novelty of this work—HAPS is utilized as
another capacity provider to idle users, which, in turn, boosts
the cell-switching opportunities. In other words, cell-switching
is applied in VHetNet. Moreover, since HAPS utilizes clean
energy sources, the magnitude of saving on carbon emission
is multiplied.

A. Related Works

Although the literature about HAPS and sustainability is
immature, there are some important works available. In [10],
one of the studies on the field of HAPS in sustainability, the
authors studied the potential of HAPS-SMBS to accommodate
the unexpected traffic demands of users in TN. Hence, the
authors demonstrated the contribution of HAPS to the sustain-
ability of the network through economical, environmental, and
social analyses. The authors in [11] presented how the presence
of HAPS could affect sustainability in the environment of
traditional micro and macro BSs by using a real-life data set
of data traffics. The study in [12] examined the capability of
HAPS offloading in lowering grid energy demand and mobile
network operating costs by taking advantage of their renewable
energy use.

Unlike HAPS for sustainability in cellular networks, there is
an avalanche of works about the cell-switching concept for TN
in the literature. In [7], authors studied a reinforcement learning
based method to reduce energy consumption by turning off
SCs. The study in [8] offered a solution that covers various
sleep depth levels to optimize energy efficiency for increasing
number of SC deployments.

To the best of our knowledge, the cell-switching method
using HAPS-SMBS has not been precisely investigated in the
literature. The novelty of our paper lies in the hypothesis that
HAPS-SMBS enables the cell-switching approach, especially
in the scenarios of rural and ultra-dense networks where traffic
offloading is not always possible. In the former, it is unlikely
that there exists another BS in a close proximity to cover the
idle users, while in the latter, even though there are numerous
options to offload the idle users (as the network is dense and
there are many BSs within the same vicinity) because the
network is ultra-dense all the BSs are almost fully loaded.
Hence, using HAPS integration to TNs can provide promising
advantages in terms of cell-switching. The contributions of this
study are as follows:

3In this paper, switching off refers to putting BSs into the sleep mode.

Fig. 1. Network model consisting of SCs, HAPS, and users with different
mobility modes.

• We formulate the cell-switching with HAPS as an opti-
mization problem that minimizes the energy consumption
of the network by considering QoS constraints.

• We examine the role of HAPS in cell-switching by
considering different amounts of HAPS-SMBS capacities.

• We analyze the limits of the gain provided by the use of
HAPS-SMBS with different user densities. The investiga-
tion is held through sparse and dense network concepts.

The rest of this paper is structured as follows: the system model
is presented in Section II, while Section III introduces the
problem formulation. Section IV focuses on the simulation pa-
rameters, numerical results, and discussions. Finally, Section V
concludes the paper.

II. SYSTEM MODEL

A. Network Model

A two-tier VHetNet consisting of four SCs and a HAPS is
considered in this study. SCs are deployed symmetrically with
respect to the center of the considered environment. HAPS
is located in the stratosphere by centralizing four SCs (the
projection of HAPS on the ground points to the center of the
environment). It should be noted that since HAPS’s footprint
is huge, it would be unrealistic to assume that the capacity
or focus is directed to only our considered environment, and
therefore we assign another traffic load to the HAPS that
originates from other networks, such that CA = CT − CO,
where CA, CT, and CO are the available HAPS capacity to
our considered network, total HAPS capacity, and occupied
capacity of the HAPS by other networks, respectively. As
the system model is illustrated in Fig. 1, four different user
equipment (UE) mobility modes are considered: stationary,
pedestrians, cycler, and vehicular4.

B. Propagation Model

Since there are two types of networks in the system model;
namely, TN and NTN, the path loss models are applied
separately.

4Vehicular users are the ones that are traveling in a high-mobility vehicle,
such as car, bus, etc.



1) Path Loss Model for HAPS (NTN): The path loss model
for HAPS is taken from 3GPP report given in [13]. The model
is composed of various components and it is heavily dependent
on line-of-sight (LoS) and non-LoS (NLoS) conditions. Thus,
it is necessary to have LoS probabilities to evaluate how well
HAPS performs in various environments including rural and
urban areas. LoS and NLoS probabilities depend on elevation
angles and they can be estimated using the model in [13].
For simplification, the LoS and NLoS probabilities are defined
as pLoS and pNLoS, respectively. Then, the path loss for LoS
(PLLoS) and NLoS (PLNLoS) conditions can be written as [14]

PL = pLoSPLLoS + pNLoSPLNLoS. (1)

The signal goes through several stages of propagation and
attenuation between HAPS and UE. The path loss PLα,
α ∈ {LoS, NLoS}, is shown as [13]

PLα = PLαb + PLg + PLs + PLe, (2)

where PLαb is the basic path loss, PLg represents the attenua-
tion caused by the atmospheric gasses, PLs is the attenuation
caused by either ionospheric or tropospheric scintillation, and
PLe denotes the building entry loss.
PLαb depends on the free space path loss (FSPL), clutter

loss (CLα), and shadow fading (Xα):

PLαb = FSPL +CLα +Xα, (3)

where the FSPL varies according to the 3D Euclidian distance
(d3D) between HAPS and UE as follows:

d3D =
√
R2

E sin2 θ +H2 + 2HRE −RE sin θ, (4)

where RE is the earth radius, H is the altitude of HAPS, and
θ is the elevation angle. In the LoS condition, CLLoS is set to
0 dB, whereas, in the NLoS condition, CLNLoS changes by the
elevation angle [13]. Xα is zero-mean Gaussian distribution
with standard deviation σα, α ∈ {LoS, NLoS}, whose values
are adopted from [13]. Since PLg depends on the carrier
frequency, according to to [13], its effect is negligible for
carrier frequencies less than 10 GHz (and in this work the
sub-6 GHz band is employed, and thus PLg is neglected).
Moreover, because we assume that all the UEs are outdoor,
hence PLe is neglected as well.

Ionospheric and tropospheric scintillations are the two types
of scintillation losses; the former only considerably distorts
signals at frequencies below 6 GHz, whereas the latter affects
only the signals at frequencies over 6 GHz. Since 2.5 GHz
is used as the carrier frequency in this study, the ionospheric
scintillation loss is taken into account as follows:

PLs =
PF√

2
, (5)

where PF is peak-to-peak fluctuation, which can be found as

PF(fc≤6GHz) = PF(fc=4GHz)(fc/4)−1.5, (6)

where fc is carrier frequency (when fc = 4 GHz, PF is 1.1
dB [13]).

2) Path Loss Model for TN: In order to have a fair com-
parison between the NTN and TN path loss models, the 3GPP
report in [15] is utilized for TN as well. According to LoS and
NLoS conditions, the path loss of TN is calculated by using (1).
Then, through the link budget calculations, the received power
of each UE is given by

PRX = PTX +GTX − PL+GRX, (7)

where PTX and GTX are transmit power and transmitter antenna
gain, which are different for HAPS and SCs, respectively, and
GRX is the antenna gain of UEs.

C. User Allocation

User allocation is performed based on the signal-to-
interference-plus-noise ratio (SINR) levels. In order to asso-
ciate a user with a BS, there are three conditions to be satisfied:
i) the BS needs to provide the highest SINR compared to all
other BSs; ii) the receiver sensitivity requirements of UEs are
required to be satisfied; and iii) there must be a sufficient
available capacity at the BS to be able to accommodate the
user. In this regard, SINR is calculated as a function of PRX:

SINRi,j =
P i,jRX

PN +
∑n+1
k=1,k 6=j P

i,j
RX

, (8)

where PN is additive white Gaussian noise (AWGN) power, n
is the total number of SCs, and i and j represent the indices
for UEs and BSs, respectively. Lastly, the receiver reference
sensitivity is considered for the sake of QoS requirements—in
order to avoid user outages.

D. Power Consumption Model

The EARTH model in [16] is adopted in this work to
calculate the power consumption of a SC, such that

Psum =

{
PC + ξPTX, 0 < PTX < Pmax,

Ps, PTX = 0,
(9)

where PC is the constant power consumption, Ps is the power
consumption when BS is in sleep mode, PTX and Pmax are
instantaneous and the maximum transmit power of BSs, respec-
tively. ξ is the slope of the load-dependent power consumption.
Note that the model in (9) is generic and can be applied to all
different types of SCs with their unique characteristics in terms
of PC, Ps, PTX, and Pmax.

Each SC is assumed to have a certain number of resource
blocks (RBs), which is assumed to be the same for all the SCs
in this work. Hence, the power consumption of an SC is given
as

PSC = P SC
C + ξSCρSCP SC

max, (10)

where ρSC = [0, 1] is the load of the SCs which is calculated
as [16]

ρ =
ΛM

ΛT
=

PTX

Pmax
, (11)

where ΛT and ΛM are the total RBs and occupied RBs,
respectively.



To the best of our knowledge, no power consumption model
has been studied for HAPS-SMBS in the literature. Therefore,
the macro BS model of [16] is adopted for HAPS-SMBS5.
Considering this, the power consumption model for HAPS-
SMBS is as follows:

PH = PH
C + ξHρHPH

max, (12)

where ρH = [0, 1] has the same calculation as in (11) with
different values. HAPS-SMBS and SCs parameters are given
in Table I.

Therefore, the total power consumption of the VHetNet is
as follows:

PVHetNet = PH +

n∑
k=1

Psum,k (13)

where Psum,k indicates the power consumption of the kth SC
and k = {1, 2, ..., n} represents indices of SCs.

III. PROBLEM FORMULATION

The goal of this study is to obtain the best policy that
reduces the energy consumption of the VHetNet. A policy
ηt = {β1, β2, β3, ..., βn+1} shows which BSs should be
active/deactive at a given time t. βk,t ∈ {0, 1} indicates the
active/deactive status (i.e., 1: active and 0: deactive) of the
kth BS Bk ∈ B = {B1, B2, ..., Bn+1} at time t, where B is a
vector containing the identities of BSs. B1 is the HAPS-SMBS
thus β1 is always 1 as it is assumed to be always active.

The optimization problem can then be formulated as

min
η

[
PH +

n+1∑
k=2

(PC,k + ξkρkPmax,k)βk,t + Ps,k(1− βk,t)
]

s.t. 0 ≤ρ ≤ 1,
(14)

where the subscript k of a variable indicates the value of that
variable for Bk.

Let U = {U1, U2, ..., Uµ}, where µ is the number of users,
be a vector containing the identities of the users. At each time
slot, the users in U are associated to the BSs in B according
to the policy given in Section II-C, and a user-cell association
matrix Aµ×(n+1) is created, where Aa,b ∈ {0, 1} is 1 if user
Ua is associated to BS Bb, and is 0 otherwise. Then, ΛM is
calculated by ΛM =

∑
column(A).

IV. PERFORMANCE EVALUATION

In order to evaluate the performance of cell-switching with
the integration of HAPS, different simulation campaigns are
conducted for the cell-switching approach (CSA) and all-active
approach (A3) modes. In CSA, the exhaustive search (ES)
algorithm is applied6 in order to determine which SCs to switch
on/off, whereas all SCs are always kept active in A3. λ ∈ [0, 1]

5It should be noted that the component-based power consumption of HAPS-
SMBS, due to the presence of solar panels and location of HAPS, may differ
from the model in [16], thus, new studies are needed in this domain.

6The ES algorithm tries all the cell-switching combinations and finds the
one causing the least energy consumption while ensuring that all the users are
connected.

represents the ratio of CT for the network in question (i.e.,
CA), and it is worth noting that other networks, which use CO
portion of CT, are assumed to spatially distributed sufficiently
away from the considered network and hence do not cause
interference. For this study, three different λ values are used:
λ1 = 0.7, λ2 = 0.5, and λ3 = 0.2. The simulation parameters
are given in Table I.

TABLE I
SIMULATION PARAMETERS

Parameters Values
Environment area 500 m × 500 m
Time slot number (NTS) 100
Time slot duration (td) 1 s
Carrier frequency (fc) 2.5 GHz
Bandwidth (W ) 50 MHz
Bandwidth per UE 200 kHz
SCs transmit power 33 dBm [17]
HAPS-SMBS transmit power 49 dBm [15]
SCs antenna gain 4 dBi [17]
HAPS-SMBS antenna gain 43.2 dBi [13]
UE antenna gain 0 dBi [15]
σLoS for SCs 4 dB [15]
σLoS for HAPS-SMBS 4 dB [13]
σNLoS for SCs 6 dB [15]
σNLoS for HAPS-SMBS 6 dB [13]
Receiver reference sensitivity -95 dBm [18]
SCs constant power (P SC

C ) 56 W
HAPS-SMBS constant power (PH

C ) 130 W
SCs slope of load-dependent power (ξSC) 2.6
HAPS-SMBS slope of load-dependent power (ξH) 4.7
SCs maximum transmit power (P SC

max) 6.3 W
HAPS-SMBS maximum transmit power (PH

max) 20 W
Sleep mode power (Ps) 39 W

A. Performance Metrics
Three performances of CSA and A3 are evaluated using

three different metrics: energy consumption, data rate, and
gain.

1) Energy Consumption: The energy consumption values
are measured by multiplying the power consumption values
obtained via (10) and (12) with the time slot duration of the
simulations (td). The total power consumption of VHetNet is
then obtained by (13).

2) Data Rate: The data rate is another performance metric
that is utilized in order to show the performance of the cell-
switching concept because cell-switching is very prone to
reduce the user data rates7. It is measured for all users at each
time slot using

Ri,j = W log2 (1 + SINRi,j) , (15)

where W is the bandwidth allocated to the user i by BS j.
3) Gain: This metric symbolizes the percentage differences

between the energy consumption of CSA (ECSA) and the
energy consumption of A3 (EA3). It is calculated as follows:

G (%) =
EA3 − ECSA

EA3
× 100. (16)

7Because some BSs are switched off and their users are associated to other
BSs that are kept on, and therefore it is expected that the rates of those users
(idle users) are violated.



B. Result and Discussion

The network environment is tested on different user densities
considered in VHetNet. In order to have a convenient analysis,
the investigation on the energy consumption and gain metrics
are handled with respect to µ/m2. This ratio is denoted by γ
that varies according to the number of users (µ) which is set
to 100, 500, 700, and 1000 in this work.

Fig. 2. Energy consumption for different approaches and λ values.

Fig. 2 demonstrates the amount of dissipated energy with
respect to γ, and includes important takeaways. First, looking
at the results obtained for A3 when γ = 0.4 × 10−3, it is
observed that the energy consumption values for λ1 and λ2
are quite close to each other, but there is a clear difference for
λ3. This is because the remaining capacity (CA) is very low
for λ3 compared to λ1 and λ2, and therefore HAPS-SMBS
is able to accommodate comparatively less users, resulting in
lower power consumption because the load-dependant power
consumption of HAPS-SMBS is much higher than that of SCs.
Second, it is obvious from the findings in Fig. 2 that on average
CSA results in lower energy consumption compared to A3.
However, the difference between the energy consumption of
CSA and A3 is more apparent for smaller values of γ (i.e., the
energy consumption difference fades away as γ increases)—the
maximum gain obtained when γ = 0.4×10−3 is around 16%.
This originates from the fact that there becomes less switching
off opportunities when the number of users increases, and thus
more BSs are kept on, which subsequently boosts the overall
energy consumption of the network. More specifically, when
γ = 0.4×10−3, the average gain is approximately 15% for all
λ values, whereas, when γ = 4×10−3 value, the average gain
drops to 0%. These results reveal that HAPS is a viable com-
panion for cell-switching concept providing significant gain
in terms of energy consumption of the network. Nonetheless,
since HAPS-SMBS has limited amount of capacity (i.e., CA),
cell-switching becomes inapplicable when the network density
is high. This is quite anticipated outcome because when the

network density is high, where capacity needs are also high,
it does not make sense to switch off BSs at all.

Fig. 3 presents the data rate differences between CSA and
A3 for various λ and γ values. It is worth noting that, for
the sake of visualization, the cumulative distribution function
(CDF) of the obtained data rate is divided into three in Fig. 3
for three λ values (λ1 = 0.7, λ2 = 0.5, and λ3 = 0.2).
Regarding the results for γ = 0.4×10−3 in CSA, all the users
are associated to HAPS-SMBS in Figs. 3a and 3b, because:
i) the user density (γ) is low and ii) the amount of available
capacity in HAPS-SMBS (CA) is high. This brings in more
opportunities of switching off SCs and the ES algorithm finds
deactivating all SCs an optimum combination; therefore, the
dynamic range in user data rates is tight (because all the users
are associated to HAPS-SMBS and all SCs are off—no inter-
ference). The reason why a few users receive comparatively
less data rates is that they have unfavourable links due to the
NLoS situation (remember that the LoS and NLoS situations
are determined with respect to a probability in (1)), adversely
affecting their data rates considering (2), (8), (15). On the
contrary, as seen in Fig. 3c, the capacity of HAPS-SMBS is not
enough to accommodate all the users, and at least one SC has to
be activated. This, in turns, causes variations in the data rates—
a larger dynamic range—due to interference between the SCs
and between the SCs and HAPS-SMBS8. The reason why data
rates in Fig. 3 for A3 decrease with the increasing values of
γ is that user allocation depends on capacity limitations of
BSs; hence when γ increases two important effects become
visible. First, there becomes less switching opportunities (i.e.,
more SCs are on) that subsequently increases the amount of
interference experienced by the users—reduces the data rate
by (8) and (15). Second, according to the user association
policy given in Section II-C, users are normally associated to
the maximum-SINR-providing BSs. However, when the user
density is high, the user may not always be able to associate
to the maximum-SINR-providing BS as it is likely to be fully-
loaded, which, in turn, reduces the achievable rate. Lastly, it is
observed that CSA results in quite comparable data rate results
with A3, which can be deemed as the normal scenario as all
the SCs are kept on.

Considering the results of Figs. 2 and 3 together, it becomes
obvious that cell-switching with the help of HAPS-SMBS not
only significantly drops the energy consumption of the network
but also respects the QoS constraints by keeping the user data
rates close to the A3 case. This proves the advantages of using
HAPS in providing sustainability to cellular networks.

V. CONCLUSION

In this study, we presented a hypothesis that HAPS-SMBS
would enable energy minimization in cellular networks through
the cell-switching concept. To compare the results, CSA and
A3 cases were considered. In order to prove our hypothesis,
cell-switching with HAPS should not only reduce the energy
consumption of the network but also respect QoS requirements

8SCs and HAPS-SMBS operate at the same carrier frequency.



Fig. 3. Data rate performance of CSA and A3 for various λ values.

by avoiding significant data rate drops. The results showed that
cell-switching with HAPS results in less network energy con-
sumption while not violating data rates. Moreover, compared
to dense networks (i.e., the user density is high), both energy
consumption and data rate performances of cell-switching were
better in sparse networks (i.e., the user density is low). With
the intention of seeing the advantages of HAPS in the cell-
switching method, it can be tested in more complex network
situations and realistic traffic cases in future studies.
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