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Abstract—Low Earth orbit (LEO) satellites and satellite direct-
to-device (D2D) technology are at the heart of the next-generation
global connectivity which promises direct access to space-based
broadband services for unmodified 3GPP-compliant handsets.
With a rapidly evolving ecosystem, it is important to evaluate the
feasibility, cost-effectiveness, and profitability of these services.
By assessing the technological aspects as well as economic
implications, stakeholders can make informed decisions about
investment, development, and deployment strategies. This pa-
per presents a comprehensive techno-economic analysis (TEA)
framework for evaluating LEO-based satellite D2D systems.
The framework integrates a global satellite constellation model,
radio propagation aspects including atmospheric and rainfall
attenuation models compliant with ITU-R recommendations,
3GPP-compliant capacity calculations, realistic global population
data, and an all-encompassing cost model accounting for both
capital and operational expenses associated with space and
ground segments. Further, the framework evaluates three dif-
ferent architectural options for realizing a global non-terrestrial
network (NTN) for satellite D2D services. With an emphasis on
reproducibility, the framework has been implemented through
significant enhancements to an open-source tool. The economic
assessment reveals that global satellite D2D services can be
provided at a monthly cost per subscriber which is comparable to
terrestrial services while achieving a positive return on investment
(ROI). Moreover, the results show the potential of Open RAN
technology for realizing cost-effective satellite D2D services.

Index Terms—5G, 6G, bent-pipe, D2D, LEO, NTN, Open RAN,
regenerative, satellite, techno-economic.

I. INTRODUCTION

Low Earth orbit (LEO) satellites are emerging as a new

frontier for global connectivity transformation. Orbiting at

altitudes of 150 to 2000 km, LEO satellites potentially offer

low-latency, high-speed Internet access. LEO satellites are

envisaged as a key component of the non-terrestrial networks

(NTNs) for beyond 5G and 6G systems [1]. The global LEO

satellite market1 is expected to reach 34B USD by 2030,

growing at a CAGR of 13.28% from 2024.

Satellite direct-to-device (D2D) technology allows stan-

dard/unmodified user equipment like handsets to directly com-

municate with satellites. Driven by technological advance-

ments, evolving regulatory frameworks, and market demands,

the satellite D2D market is projected to experience significant

growth over the next few years. It represents a paradigm shift

1https://satellitemarkets.com/market-trends/global-leo-satellite-market-
forecast-2024-2030

and a significant step forward in seamless global connectivity.

Ongoing activities in 3GPP Releases 17, 18, and 19 are

paving the way for standardized D2D communications [2],

[3]. Regulatory frameworks for satellite D2D services are also

evolving in different parts of the world.

Techno-economic analysis (TEA) is a tool/technique that

integrates technical and economic assessments to evaluate the

viability of a technology. Combining technical feasibility, cost

analysis, and market potential, it provides a comprehensive

understanding of the impact and value proposition of a tech-

nology. In context of satellite D2D, TEA can help assess the

technical performance, cost-effectiveness, and market potential

of satellite-based communication for broadband applications.

It can also identify key factors influencing the success of these

systems, such as regulatory frameworks, market demand, and

technological advances.

A. Related Work

Some recent studies have investigated techno-economic

aspects of satellite-based communication systems. Osoro and

Oughton [4] proposed an open-source engineering-economic

framework to assess LEO constellations such as Starlink,

OneWeb, and Kuiper. Their findings indicate that LEO net-

works can provide competitive capacity (e.g., ∼25 Mbps per

user), but only in extremely sparse areas (≤0.1 users/km2).

Li et al. [5] developed a simulation-based model for evalu-

ating the cost-efficiency of LEO mega-constellations in the

context of 6G. They show that optimizing RF characteris-

tics can reduce user-centric costs. Toka et al. [6] extended

the TEA concept to integrated airspace and non-terrestrial

networks combining LEO, HAPS, and UAVs. Their results

suggest that a layered architecture enables flexible and cost-

effective 6G deployment across diverse geographies. Chiha

et al. [7] introduced the concept of a third-party broker

to manage resource allocation between mobile network op-

erators (MNOs) and satellite network operators (SNOs) in

integrated satellite-5G systems. The broker improves efficiency

and cost-effectiveness by abstracting satellite resources and

streamlining inter-operator negotiations. Ye et al. [8] examined

multi-satellite collaboration through high-rate optical inter-

satellite links (OISLs). Their study found that OISLs can

triple throughput and reduce transmission costs by up to 70%

compared to RF-based solutions.
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B. Contributions and Outline

To this end, this work introduces a TEA framework for

satellite D2D systems, grounded in a global NTN based on

a LEO satellite constellation. In contrast to prior studies that

primarily address link-level performance, inter-satellite coop-

eration, or broad business considerations, our TEA adopts a

comprehensive end-to-end methodology that closely integrates

technical system design with detailed economic evaluation.

The framework is developed to assess the technical per-

formance, cost-effectiveness, and market potential of satellite

D2D services. The primary objective of this work is to offer

a holistic view of the techno-economic dimensions of satellite

D2D by integrating system-level design considerations, cost

data for both space and ground segments, population density

estimates, and other relevant real-world factors. The main

contributions are summarized as follows

• We have developed a comprehensive TEA framework for

satellite D2D by integrating satellite constellation mod-

eling, radio propagation characteristics, 3GPP-compliant

capacity estimation, global population data, and detailed

cost structures for both space and ground segments.

• To ensure reproducibility, the TEA framework has

been implemented by significantly enhancing a general-

purpose TEA tool for satellite communication systems.

The tool incorporates three distinct architectural designs

for realizing a global NTN.

• We conducted a techno-economic assessment of two

representative real-world systems with distinct design and

operational characteristics. For each system, we analyzed

user capacity performance, monthly subscription cost,

and return on investment (ROI) across three architectural

models: bent-pipe, regenerative, and 3D Open RAN.

The rest of the paper is organized as follows. Section II

describes the proposed TEA framework. Results for perfor-

mance evaluation and techno-economic insights are provided

in Section III. The paper is concluded in Section IV.

II. PROPOSED TEA FRAMEWORK

A. Methodology and Approach

The methodology underlying the TEA framework is illus-

trated in Fig. 1, combining comprehensive technical modeling

with economic evaluation. The framework is structured around

dimensioning a global NTN system to support satellite D2D

coverage and capacity. This dimensioning process is guided by

service-level specifications such as required quality-of-service

(QoS), projected D2D demand, and regulatory considerations

(e.g., spectrum availability). It is further supported by system-

level simulations accounting for link budgets, spot beam

configurations, and interference management. Architectural

elements are translated into cost components across the space

and ground segments.

The cost structure is detailed through capital expendi-

ture (Capex) and operational expenditure (Opex) components,

which feed into a cost assessment function. This function
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Fig. 1. Overview of the TEA methodology and approach used in this work.

Fig. 2. NTN architecture options considered for techno-economic analysis.

estimates key financial indicators including total cost of own-

ership (TCO), net present value (NPV) of future expenditures,

and return on investment (ROI). These metrics inform service

pricing strategies and revenue projections. The framework

outputs include quantitative results—such as performance and

cost charts—as well as qualitative insights into broader so-

cioeconomic impacts.

B. System Architecture

Our TEA is centred around three key architectural options

for satellite-based communication systems which are illus-

trated in Fig. 2 and described as follows2.

Bent-pipe – In this architecture (also known as the trans-

parent architecture), the satellite simply acts as a repeater in

the sky whereas the base station is located on the ground.

Regenerative – In this architecture, the satellite acts as a

base station in the sky, i.e., the base station is onboard the

satellite platform.

3D Open RAN – This architecture exploits the RAN func-

tional splits such that some components of the base station

are onboard the satellite platform while other components are

located on the ground.

The key components of the system architecture that influ-

ence the TEA are described as follows.

Service link – The service link provides coverage in the

illuminated area on the ground.

2A single satellite is shown in the architecture instead of the constellation
for simplicity.

2025 16th IFIP Wireless and Mobile Networking Conference (WMNC)

2



Feedber link – The feeder link (or the backhaul link)

connects the satellite to the ground station.

gNB – The gNB refers to the 5G base station which can be

monolithic or disaggregated in architecture.

Ground station – The ground station hosts necessary in-

frastructure for integration of non-terrestrial segment into the

terrestrial segment of the network.

5G core network – The 5G core network is responsible

for managing a wide range of network functions including

authentication, security, session and mobility management,

traffic/data management, and routing.

C. Satellite Constellation Model

We consider a global satellite constellation model that con-

sists of multiple LEO satellites. The constellation is designed

to provide global coverage with minimal latency and high

throughput. The key parameters of the constellation model

include the number of satellites, their orbital altitude, incli-

nation, and the frequency bands used for communication. The

model also considers the inter-satellite links (ISLs) for efficient

data routing and communication between satellites. The key

parameters of the constellation model include the following:

• Number of satellites – The number of satellites in the

constellation is determined by the desired coverage area

and the orbital altitude of the satellite. The number of

satellites should be chosen to provide global coverage

with a minimum data rate guarantee.

• Orbital altitude – The orbital altitude determines the

distance between the satellite and the earth. While op-

eration at higher altitudes provides better coverage, it

can also lead to increased interference and limited user

performance.

• Inclination – The inclination of the satellite’s orbit de-

termines the coverage area and the number of satellites

required to provide global coverage. A higher inclination

provides better coverage in polar regions.

• Frequency bands – The choice of frequency bands is

influenced by available bandwidth, regulatory constraints,

interference, and propagation characteristics.

• ISLs – The ISLs are used for inter-satellite data routing

and communication. The ISLs should be designed to

minimize latency and maximize throughput for inter-

satellite communication in regnerative architectures.

• Interference management – The model considers interfer-

ence management techniques to minimize the impact of

interference on the satellite D2D system.

D. Satellite Orbit and Location Distribution

We adopt a uniform distribution for modeling the satellite

locations in orbit as showing in Fig. 3. This simplified spatial

model assumes that satellites are evenly distributed along

their orbital planes and across the constellation, facilitating

tractable system-level analysis of coverage and capacity. While

more complex stochastic models such as the Cox distribu-

tion [9] are used to capture spatial heterogeneity in user or

device locations, a uniform satellite distribution is sufficient

Fig. 3. LEO satellites distribution with 10 orbits and 50 satellites per orbit.

and appropriate for TEA as it represents well-designed LEO

constellations with planned, deterministic deployment patterns.

E. Radio Propagation Model

The radio propagation model is a key component of the TEA

as it determines the coverage area, signal quality, and capacity

of the satellite D2D system. The model takes into account

various factors such as path loss, atmospheric attenuation,

rainfall attenuation, and user density. It is designed to provide

accurate estimates of the signal strength and quality at different

distances and frequencies, allowing for effective planning and

optimization of the satellite D2D system. The propagation

model is based on the ITU-R P.618-13 recommendation for

satellite systems [10]. The model accounts for free space path

loss, atmospheric absorption, and rain attenuation. The path

loss is calculated as

PL = 20 log10 (3) + 20 log10 ( 5 ) +  , (1)

where 3 is the distance in km, 5 is the frequency in MHz, and

 is a constant. The effective isotropic radiated power (EIRP)

is calculated as: EIRP = tx power · ant gain, where tx power

is transmit power and ant gain is transmit antenna gain.

1) Rainfall Attenuation: Rainfall attenuation is a significant

factor in satellite communication, especially in tropical and

subtropical regions. The model uses the ITU-R P.618-13

recommendation to estimate the rainfall attenuation based on

the rain rate, frequency, and polarization of the signal. Based

on [10], the rainfall attenuation is calculated as �A = : · 'W ,

where �A is the rainfall attenuation in dB, : is the specific

attenuation coefficient, ' is the rain rate in mm/h, and W

is the frequency-dependent exponent. The specific attenuation

coefficient and the exponent are determined based on empirical

data and models provided by ITU-R.

2) Atmospheric Attenuation: Atmospheric attenuation is a

critical factor in satellite communication, particularly at higher

frequencies. The model incorporates the ITU-R P.676-12 rec-

ommendation [11] to estimate the atmospheric attenuation

based on the frequency, elevation angle, and atmospheric

conditions. It considers factors such as oxygen and water vapor

absorption, which can significantly affect signal quality.
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F. Interference Model

The interference model is based on uniformly distributed

satellites in circular orbits with inclined configurations. Within

each orbit, satellites are evenly spaced based on arc-length

to maintain consistent angular separation. Multiple orbits are

generated by incrementally rotating each orbital plane by a

fixed inclination angle.

A ground receiver, positioned 1 meter above the Earth’s

surface, connects to the nearest satellite at its lowest orbital

point. Other satellites with clear line-of-sight, determined via

a dot-product method to account for Earth’s curvature, are

treated as interference sources.

From the visible satellites, the five closest to the receiver

are identified as dominant interferers. For each, the signal’s

off-axis angle is calculated, and the antenna gain is modeled

with a cosine roll-off plus minor suppression outside the main

lobe. Interference power is computed via free-space path loss

and summed to obtain total inter-satellite interference.

Intra-satellite inter-beam interference is modeled by spacing

beams across a 90° coverage sector, with each beam having

a 90° width. Off-axis gains from non-primary beams follow a

cosine profile, and their interference contributions are summed

to determine total inter-beam interference.

The total interference power at the receiver combines both

inter-satellite and intra-beam components, capturing spatial

and angular interference characteristics in LEO constellations

while preserving analytical simplicity through streamlined

gain models. Based on this model, the inter-satellite interfer-

ence is calculated by

IntS =

�∑

8=1

EIRP8 · G(\8)

PL8

, (2)

where � is the total number of neighboring interfering satel-

lites, and G(\8) is off-axis antenna gain, which is calculated

using a cosine profile based on the angular position of the

interfering beam as G(\8) = cos2 (\8). Likewise, inter-beam

interference, excluding the serving beam, is calculated as

IntB =

�∑

8=2

EIRP8 · G(\8)

PL8

, (3)

where � is the total number of beams per satellite. The total

interference power IntT is calculated as IntT = IntS + IntB.

G. User Density and Traffic Model

We obtain the user density (users per square kilometer)

data based on the population density in different regions from

WorldPop [12], and a visualized representation of the user

density distribution is shown in Fig. 4. The figure illustrates the

variation of user density across different geographical regions,

highlighting areas with high user concentration and potential

demand for satellite D2D services. Each country is divided into

multiple regions based on official administrative boundaries,

such as provinces and districts.

User density and traffic patterns are modeled from expected

demand and service needs, factoring in user counts, average

Fig. 4. User density distribution across geographical regions.

data rates, adoption rates, overbooking factors, and peak-hour

conditions. The overbooking factor (OBF) represents active

users during peak periods, while the adoption rate reflects the

proportion of the population using NTN services. This model

simulates realistic temporal traffic variations, enabling accurate

capacity and coverage analysis. Using OBF and adoption rate,

we calculate active users density per km2 as below.

Activeusers =

Averagedensity · Adoprate

OBF
(4)

H. Coverage and Capacity Calculations

The coverage and capacity calculations are performed using

the radio propagation model, interference model and the traffic

model. The coverage area is determined by the signal strength

at different distances from the satellite, while the capacity is

calculated based on the available bandwidth, user density, and

average data rate per user. The model provides a compre-

hensive analysis of the coverage and capacity of the satellite

D2D system, allowing for effective planning and optimization

of the network. First, we calculate the signal-to-interference-

plus-noise ratio (SINR) at the receiver using transmit EIRP,

path loss, noise, interference, rain attenuation, and atmospheric

losses. Then, we derive the spectral efficiency (SE) based on

3GPP-based modulation and SE mapping tables [13]. Once

we have the SE, we compute the single-beam capacity as

Beamcap = SE · DLbw, where DLbw is downlink bandwidth of

a beam. Using the capacity of the beam, we calculate satellite

capacity as Satcap = Numbeams · Beamcap, where Numbeams is

the total number of beams per satellite. The total capacity per

km2 is given by

Capacitykm2 =

Satcap

Satarea

, (5)

where Satarea is the single satellite footprint area on Earth’s

surface. Finally, we get per user capacity as follows.

Usercapacity =

Capacitykm2

Activeusers

(6)

I. Cost Model

The cost model is designed to estimate the Capex and Opex

associated with the deployment and operation of the satellite

D2D system. It includes various cost components such as
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satellite manufacturing, launch costs, ground station infrastruc-

ture, and ongoing operational costs. The cost estimates used

for the TEA are based on publicly available figures, industry

benchmarks, and cost estimation to provide a comprehensive

financial analysis of the system. The breakdown of the cost

model is as follows.

• Capex - This includes one-time costs associated with the

deployment of the satellite D2D system, such as satellite

manufacturing, launch costs, ground station infrastruc-

ture, and regulatory fees.

• Opex - This includes ongoing operational costs such

as maintenance, in-orbit replenishment, staffing, research

and development, and marketing.

• Net Present Value (NPV) - The net present value is used

to estimate the total cost of ownership. It is calculated

over a fixed period (indicated by . ) using a discount rate

(A) as follows.

NPV = Capex +

.∑

8=0

Opex

(1 + A)8
(7)

Using NPV, the technological and economical models are

integrated to calculate the cost per subscriber, monthly sub-

scription costs, the net revenue, and the ROI.

Some of the key components of the cost model are described

as follows.

• Satellite launch cost – The launch cost for a satellite

depends on its mass which includes the communication

payload among other items. It is calculated as a product of

satellite mass (in kg) and the launch cost/kg for a certain

mission. It also includes a fixed cost component.

• Spectrum acquisition cost – The spectrum acquisition cost

refers to the initial cost of acquiring spectrum for service

and feeder links.

• Spectrum Maintenance cost – This is the annual cost of

maintaining the spectrum for service and feeder links.

• Monolithic gNB cost – This is the cost of an integrated

single vendor gNB from a supplier. It is further split into

the cost of the baseband unit (BBU) and the remote radio

unit (RRU).

• Disaggregated gNB cost – This is the cost of a disaggre-

gated gNB as per the Open RAN framework. It is further

split into the software costs of the centralized unit (CU),

the distributed unit (DU), the hardware cost of the CU/DU

computing platforms, and the cost of the radio unit (RU).

• Satellite platform cost – This is the cost of building a

satellite platform.

J. Open-source TEA Tool

We have made significant enhancements to the open-source

TEA tool developed by Osoro and Oughton [4] for satellite-

based communication system. While the original tool fo-

cused on the techno-economic feasibility of generic LEO

satellite constellations, our enhancements target satellite D2D

scenarios. To summarize, we have introduced the following

capabilities.

• Integration of different system architectures for satellite

D2D, including bent-pipe, regenerative, and 3D Open

RAN configurations.

• Enhancements to radio propagation models, incorporating

atmospheric and rainfall attenuations, and realistic link-

level path loss.

• Incorporation of a global satellite constellation model,

with configurable orbital parameters, inclination, and

satellite distribution.

• Enhancements to the cost modeling modules, encompass-

ing both capex and opex components, with configurable

parameters for launch, platform, infrastructure, opera-

tions, and other costs.

• Capability of analyzing a variety of scenarios and config-

urations, including satellite altitudes, orbital distributions,

frequency bands, and available bandwidth.

These enhancements are crucial for satellite D2D TEA, es-

pecially for insights into coverage, capacity, and economic

viability for different deployment strategies. The functional

blocks of the enhanced TEA tool are shown in Fig. 5.

III. PERFORMANCE ASSESSMENT AND INSIGHTS

A. Scenarios and Parameters

As a case study, we conduct system-level performance

evaluation for a hypothetical global satellite network operator

providing D2D services via a NTN. We consider two different

system designs for D2D, which are referred to as System A

and System B, respectively. The two systems differ in terms

of design and operational aspects.

• System A - Inspired by a Starlink-like or a Lynk-like

system3 capable of creating dozens of spot beams.

• System B - Inspired by a BlueWalker- or BlueBird-like

system4 capable of creating hundreds to thousands of spot

beams.

The beamforming capabilities are largely dictated by the

size of the phased array on these satellites. We consider two

different operating scenarios for the global NTN.

• Operation in dedicated spectrum for satellite services,

i.e., the mobile satellite service (MSS) spectrum with

relatively higher bandwidth availability; e.g., in the 2.7

GHz band with up to 100 MHz available bandwidth.

• Operation in leased spectrum from a mobile network

operator (MNO) with relatively limited bandwidth avail-

ability; e.g., in the 2 GHz 5G spectrum band (i.e., band

n1) with up to 10 MHz available bandwidth.

We consider an altitude of 500 km, transmit EIRP of 60

dBW, and beamwidth of 90 degrees for both systems. Our

capacity calculations are based on link budget analysis and

adaptive modulation and coding schemes based on link-level

SINR [13]. The path loss for 2.7 GHz and 2 GHz bands

is 158.44 and 150.07 dB, respectively. We assume mmWave

3Similar to SpaceX’s second generation Starlink satellites (https://www.
starlink.com/) or Lynk satellites (https://lynk.world/).

4Similar to AST SpaceMobile’s BlueWalker3 or BlueBird Block 2 satellites
(https://ast-science.com/spacemobile-network/)
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Fig. 5. Functionality of the enhanced open-source TEA tool for satellite D2D systems.

satellite backhaul with link capacity of 2 Gbps per link. We

consider a maximum of 4 backhaul links at a single ground

station (GS). Based on the global population density data, we

consider an average user density of 181 users per km2. The

default adoption rate is 2% while the OBF is 20.

While we investigate user performance under varying num-

ber of satellites and spot beams, our economic assessment

is based on providing a minimum data rate guarantee of 10

Mbps per user while the D2D system operates in the following

configurations.

• System A: 64 spot beams per satellite; 100 MHz per spot

beam.

• System B: 1000 or 2800 spot beams per satellite; 10 MHz

per spot beam.

These figures are realistic considering phased array size and

beamforming capabilities of prominent LEO satellite systems

targeting D2D services. Considering available specifications

for Starlink, BlueWalker3, and BlueBird Block 2 satellites,

we assume that a System A satellite weighs 800 kg whereas

a System B satellite weighs 1500 kg and 5850 kg, for 1000

and 2800 spot beams, respectively.

We make the following key assumptions on system design

and cost for investigating the impact of different architectural

options (shown in Fig. 2).

• A satellite with regenerative payload uses up to 4 ISLs.

• Compared to bent-pipe, the regenerative architecture re-

duces backhaul/feeder link capacity requirements by 20%

which is realistic considering the overheads associated

with gNB to core network connectivity (at the IP layer)

versus relaying the air-interface data.

• The cost of building an Open RAN gNB via disaggre-

gated multi-vendor software stack and general-purpose

hardware is 25% less than that of a monolithic gNB based

on proprietary hardware/software from a single vendor.

This assumption is based on experience from a previous

government-funded 5G project [14].

• A single CU can support up to 16 DUs as part of the

disaggregated 3D Open RAN architecture.

• Compared to bent-pipe, the 3D Open RAN architecture

increases the backhaul/feeder link capacity requirements

by 10% which is realistic considering overheads asso-

ciated with IP layer connectivity between the gNB and

core network and RAN-level connectivity between the

TABLE I
KEY COST MODEL PARAMETERS FOR THE CASE STUDY

Parameter Type Cost (US Dollars; USD)

Satellite launch Capex 0.5M

Satellite payload Capex 10k/kg

Monolithic gNB Capex 100k

GS equipment Capex 100k (per backhaul link)

GS antenna system Capex 20k (per backhaul link)

Inter-satellite link (ISL) Capex 25k (per link)

Ground station build Capex 0.5M

Spectrum acquisition Capex 300M

Satellite platform (System A) Capex 3M

Satellite platform (System B) Capex 10M (1000 spot beams)

Satellite platform (System B) Capex 15M (2800 spot beams)

Satellite replenishment Opex 1M per satellite

Regulation fees Capex 1M

Digital infrastructure Capex 2.5M

Marketing Opex 50M

Staff (overall) Opex 10M

Research/Development (overall) Opex 50M

Maintenance (overall) Opex 15M

Profit margin Opex 60%

Fig. 6. The per-user capacity performance in different scenarios.

DUs and the CUs, in case of regenerative and 3D Open

RAN architectures, respectively.

• A satellite with regenerative payload carries a monolithic

base station (gNB) weighing 35 kg.

• A satellite in 3D Open RAN architecture carries a payload

of 20 kg for gNB components (RU and DU).

The key cost parameters used for assessment are summa-

rized in Table I. Note that some of the parameters are for the

overall constellation.

B. Key Results and Insights

Fig. 6 shows the per-user capacity performance against the

number of overall spot beams. As expected, the data rate per
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Fig. 7. Interference power against the number of spot beams.

Fig. 8. Interference power against the number of orbits (100 MHz).

user increases with spot beams, while interference degrades

the capacity per spot beam and user performance. For the 100

MHz scenario, the user capacity decreases and then increases

again as the spectral efficiency changes due to the drop

in SINR. Fig. 7 illustrates that interference power increases

with the number of spot beams, as expected. This trend also

confirms the validity of the inter-beam interference modeling.

The comparatively higher interference power observed in the

2 GHz band is attributed to its superior propagation character-

istics. Fig. 8 captures the interference power, with 2800 spot

beams per satellite, against the number of orbits such that each

orbit has a different inclination. The results show that inter-

satellite interference can be reduced by deploying satellites in

different orbits.

Our assessment reveals the following number of required

satellites for providing a minimum data rate guarantee of 10

Mbps per user, with an average global population density of

181 users per km2.

• System A with 100 MHz - 14663 satellites.

• System B with 10 MHz and 2800 spot beams per satellite

- 3351 satellites.

• System B with 10 MHz and 1000 spot beams per satellite

- 9384 satellites.

Fig. 9 shows the per-user capacity performance in different

regions of the world. Note that the user performance varies as

per the population density in different regions (Fig. 4). Similar

global capacity performance has been observed for System B

with 2800 spot beams per satellite.

Fig. 9. Global per-user capacity for System A with 100 MHz bandwidth.

Fig. 10. Economic assessment for System A (64 beams; 100 MHz).

Fig. 11. Economic assessment for System B (1000 beams; 10 MHz).

Our economic assessment focuses cost-effectiveness and

profitability of a global D2D service. We calculate the total

cost of ownership through NPV of both capex and opex

components over a 5 year period with a discount rate of 5%.

The NPV is used to estimate the cost per subscriber which in

turn determines the net revenue based on the adoption rate.

The economic assessment for different systems is shown in

Fig. 10, Fig. 11, and Fig. 12. Among the three architectural

options, the bent-pipe architecture entails the highest cost for

building and maintaining a global NTN, which also leads to

the highest monthly cost per subscriber for each system. For

System A in bent-pipe mode, the monthly cost per subscriber

is 21.11 USD. The regenerative payload reduces this cost

by 16.4% (i.e., to 17.65 USD). This reduction is a result

of reduced backhaul and ground station infrastructure costs

despite higher costs related to the satellite segment. With 3D

Open RAN, this cost reduces by 46.8% (i.e., from 21.11 to

11.24 USD) and 36.3% (from 17.65 to 11.24 USD) for bent-

pipe and regenerative architectures. This reduction is achieved

through disaggregated and low-cost RAN design and reduced

ground station infrastructure costs.

For System B with 1000 spot beams per satellite, the

monthly cost per subscriber with bent-pipe, regenerative, and

3D Open RAN architectures is 26.84, 21.52, and 12.24 USD,

respectively. With 2800 spot beams per satellite, the respective

cost figures are 49.70, 35.46, and 11.68 USD. In the former

scenario, the regenerative and 3D Open RAN architectures

reduce the cost by 19.8% and 54.4%, respectively, as compared

to the bent-pipe architecture. In the latter scenario, the cost

reduction of regenerative and 3D Open RAN architectures is

40.2% and 76.5%, respectively.
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Fig. 12. Economic assessment for System B (2800 beams; 10 MHz).

Fig. 13. Impact of heavy launches on monthly cost per subscriber (System
B; 2800 beams; 10 MHz).

System B’s higher cost over System A stems mainly from

greater satellite segment expenses, despite needing fewer satel-

lites for global coverage. With 3D Open RAN, however, its

monthly cost per subscriber becomes nearly comparable. The

2800-beam configuration is costlier than the 1000-beam setup

due to increased satellite platform and launch costs.

Advancements in commercial launch systems, particularly

the high payload capacity of vehicles like Starship, have the

potential to substantially lower satellite launch costs. Publicly

available estimates indicate launch costs around USD 200 per

kg, with Starship capable of delivering payloads up to 100

metric tons. As illustrated in Fig. 13, our analysis demonstrates

that such heavy-lift capabilities can significantly reduce the

cost per subscriber. For instance, using heavy launches for Sys-

tem B (featuring 2800 beams and 10 MHz bandwidth) leads

to a 13.9% and 19.5% reduction in monthly subscriber costs

under bent-pipe and regenerative architectures, respectively.

The economic assessment indicates that the net revenue

for both systems surpasses their total cost of ownership,

resulting in a positive ROI, which is 13.23% for each system.

The regenerative and 3D Open RAN architectures have the

potential to yield a higher ROI, contingent on the pricing

strategy adopted for the D2D service.

IV. CONCLUDING REMARKS

This paper introduced a comprehensive TEA framework for

global NTN-based satellite D2D, integrating detailed system

modeling and cost analysis to assess technical and economic

feasibility. It evaluated bent-pipe, regenerative, and 3D Open

RAN architectures, highlighting trade-offs between complexity

and performance. We assessed two distinct satellite system

architectures designed to deliver a minimum 10 Mbps data

rate per user with an average global user density of 181

users per km2. The analysis shows that satellites with limited

beamforming capabilities and lower design complexity can

offer a more cost-effective solution, particularly when the NTN

benefits from greater bandwidth availability (e.g., 100 MHz in

MSS spectrum). Conversely, satellites with advanced beam-

forming and more complex designs can reduce the number of

satellites required, but may prove less economical due to the

higher costs of the space segment—especially when operating

under constrained bandwidth conditions (e.g., 10 MHz leased

from a terrestrial MNO). The estimated monthly cost for both

systems remains comparable to current terrestrial mobile data

offerings (e.g., under 50 USD per user per month). Notably,

the adoption of 3D Open RAN technology can reduce the cost

per subscriber by more than 50% to approximately 12 USD per

month. Both system designs yield a positive ROI of 13.23%.

These findings have the potential to inform policy decisions

surrounding the deployment and regulation of satellite-based

D2D services.
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for 6G: Techno-Economic Considerations of LEO, HAPS, and UAV
Technologies,” IEEE Commun. Mag., vol. 62, no. 11, pp. 44–51, 2024.

[7] A. Chiha, M. Van der Wee, K. Briggs, and D. Colle, “Techno-Economic
Evaluation of a Brokerage Role in the Context of Integrated satellite-5G
Networks,” in IEEE NetSoft. IEEE, 2020, pp. 1–5.

[8] N. Ye et al., “Techno-Economic Assessment of LEO Mega-Constellation
with Multi-Satellite Collaboration,” IEEE Commun. Mag., vol. 62,
no. 11, pp. 36–42, 2024.

[9] C.-S. Choi and F. Baccelli, “Cox Point Processes for Multi Altitude
LEO Satellite Networks,” IEEE Trans. Veh. Technol., vol. 73, no. 10,
pp. 15 916–15 921, 2024.

[10] ITU-R, “Propagation data and prediction methods required for the design
of Earth-space telecommunication systems,” Recommendation ITU-R
P.618-13, Dec. 2017, vol. 13.

[11] ——, “Attenuation by atmospheric gases and related effects,” Recom-
mendation P.676-12, August 2019, Available: https://www.itu.int/rec/R-
REC-P.676-12-201908-I/en.

[12] WorldPop, “Worldpop: Population counts,” https://www.worldpop.org/
project/categories?id=3, 2021, accessed: May 3, 2021.

[13] 3GPP, “5G; NR; Physical layer procedures for data (3GPP TS 38.214
version 15.9.0 Release 15),” ETSI, Tech. Rep. ETSI TS 138 214 V15.9.0,
April 2020.

[14] A. Aijaz et al., “Open RAN for 5G Supply Chain Diversification: The
BEACON-5G Approach and Key Achievements,” in IEEE CSCN, 2023,
pp. 1–7.

2025 16th IFIP Wireless and Mobile Networking Conference (WMNC)

8


