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ABSTRACT The emergence of Low Earth Orbit (LEO) satellite systems has been seen as a potential solution
for connecting remote areas where engineering terrestrial infrastructure is prohibitively expensive. Despite
the hype, we still lack an open-source modeling framework for assessing the techno-economics of satellite
broadband connectivity which is therefore the purpose of this paper. Firstly, a generalizable techno-economic
model is presented to assess the engineering-economics of satellite constellations. Secondly, the approach is
applied to assess the three main competing LEO constellations which include Starlink, OneWeb and Kuiper.
This involves simulating the impact on coverage, capacity and cost, as both the number of satellites and
quantity of subscribers increases. Finally, a global assessment is undertaken visualizing the potential capacity
and cost per user via different subscriber scenarios. The results demonstrate how limited the capacity will
be once resources are spread across users in each satellite coverage area. For example, for 0.1 users per km?>
(so 1 user per 10 km?), we estimate a mean per user capacity of 24.94 Mbps, 1.01 Mbps and 10.30 Mbps
for Starlink, OneWeb and Kuiper, respectively, in the busiest hour of the day. But if the subscriber density
increases to 1 user per km?, then the mean per user capacity drops significantly to 2.49 Mbps, 0.10 Mbps
and 1.02 Mbps. LEO broadband will be an essential part of the connectivity toolkit, but the results reveal
that these mega-constellations will most likely have to operate below 0.1 users per km? to provide a service

that out-competes other broadband connectivity options.

INDEX TERMS Low Earth Orbit, broadband, satellite, technoeconomic, economic.

I. INTRODUCTION

Internet connectivity is a catalyst for societal and eco-
nomic development, with importance in both emerging and
frontier economies [1]-[5]. Exactly how to bring uncon-
nected communities online has been a subject of discussion
for decades, leading to the rise of numerous global task-
forces responsible for evaluating affordable ways of deliver-
ing universal broadband connectivity [5], [6]. Indeed, over
3 billion of the world’s population are yet to get online, while
over 1 billion people are living in an area with no Inter-
net connectivity [7]. The absence of network infrastructure
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is cited as major reason why so many people remain
offline [8], [9]. Therefore, new engineering approaches are
required to help lower deployment costs and help connect the
remaining population [10], [11].

One of the cheapest ways to supply wide-area
broadband connectivity is via cellular technologies, hence
delivery in low and middle-income countries has been dom-
inated by Mobile Network Operators (MNOs) (despite gov-
ernments investing in their own High Throughput Satellite
broadband capabilities) [12], [13]. However, MNOs have
been experiencing challenging business conditions in recent
years. Declining Average Revenue Per User (ARPU) globally
has led to static or decreasing revenues, making it even
harder to deploy new infrastructure in hard-to-reach areas.
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For instance, between 2018 and 2019 the global ARPU fell
by 1% [14], [15]. While significant progress has been made
in recent years, statistics indicate that the growth rate of the
number of Internet users has slowed globally, suggesting it
is getting harder to add new users, often due to challenging
engineering-economic conditions. This highlights the impor-
tance of engineering innovative supply-side technologies
for connecting hard-to-reach users, particularly if they can
overcome many of the economic barriers facing deployments
in rural and remote areas.

A variety of alternative policy and technology solutions
have been proposed [16]. One of the options which has
received the most media attention is LEO satellite constel-
lations to deliver high-capacity wireless broadband connec-
tivity and support the deployment of the Internet of Things
(IoT) [17]-[19]. The aim is to increase the available data rate,
achieving higher Quality of Service (QoS), thus helping to
lower the cost per bit for serving the hardest-to-reach areas.
Several technical developments are required to ensure these
broadband services can be delivered in affordable ways, rang-
ing from spectrum sharing to adaptive control and beamhop-
ping [20], [21]. This is further complemented by the launch
of dense networks of cheap and mass-produced satellites that
decrease the coverage area of each asset, thereby increasing
the level of spectral reuse compared to other satellite systems,
for example, in Geostationary Orbit (GEO). Many companies
have grand ambitions for their own constellations, includ-
ing SpaceX’s Starlink, OneWeb and Blue Origin’s Kuiper.
Surprisingly however, there has been relatively little analysis
on the potential data rates and costs involved in delivering
wireless broadband connectivity via LEO constellations. For
example, how does the quality of the broadband services pro-
vided by these engineered systems play out spatially across
the globe? There has already been widespread interest from
engineers, economists, and policy makers regarding their
operation. This interest includes the challenges they may
face and the potential use of these technologies in closing
the digital divide, particularly how they match up with other
broadband options such as terrestrial 5G or IEEE 802.11ax
(Wi-Fi 6) [12], [22]-[27]. Much of the existing research
focuses purely on technical engineering aspects of LEO con-
stellations, without consideration of the per user received
capacity or cost at the sub-national level in each country
across the globe [28], [29].

Subsequently, the contribution of this paper is to
examine these dimensions by developing an open-source
engineering-economic simulation model. Such an approach
also enables others, should they choose to do so, to access
the developed codebase to reproduce the analysis and use
the resulting analytics to inform their own future deci-
sions (whether engineering, economic or policy-related).
The assessment focuses on applying the approach to three
LEO constellation systems, including Starlink, OneWeb and
Kuiper to produce insight on (i) the potential capacity per user
and (ii) the potential cost per user. Therefore, the research
questions are articulated as follows:
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1) How much capacity can be provided by different LEO

broadband constellations?

2) What is the potential capacity per user from different

constellations?

3) What is the potential cost per user as subscriber pene-

tration increases?

4) Which parts of the world are LEO constellations most

suitable for?

The paper is structured as follows. Next a literature review
will be carried out, followed by a description of the method
in Section IV. The application of the approach to the different
constellations is articulated in Section V, with the results
reported in Section VI. A discussion of the ramification of
the results is undertaken in Section VII before conclusions
are given in Section VIII.

Il. LEO CONSTELLATIONS AND BROADBAND
CONNECTIVITY

Recently, there has been a shift towards LEO constella-
tions, defined as those satellites located below the altitude
of 2000 km [30], as opposed to GEO above 35,000 km and
Medium Earth Orbit (MEO) between 5,000-12,000 km [31].
Traditionally, Internet provision has been delivered through
GEO and MEO satellites, but the high latency and cost
has made them unpopular [32]. Mega constellations have
now emerged with SpaceX promising to potentially launch
12,000 satellites as part of Starlink, along with similar plans
by OneWeb and Blue Origin, all hoping to provide globally
available broadband connectivity.

The use of LEO systems provides many engineering
advantages as well as applications such as broadband provi-
sion for high speed trains and aircrafts [33], [34]. Due to the
lower orbit location, data processing and relaying optimiza-
tion techniques, data packets have shorter propagation delay
quantified by a Round Trip Time (RTT) that can be as low
as 100 ms [35], [36]. The relatively low RTT is tolerable for
many current media applications but not for delay sensitive
uses such as online video gaming, video calling or future
real-time IoT [28], [37]. Secondly, LEO systems permit the
usage of high frequency bands such as Ku, Ka, Q and V
bands that offer large bandwidth as opposed to those for GEO
satellites, meaning higher capacities can be provided to users
[38], [39].

Economically, LEO systems are more scalable than other
systems (in terms of adding capacity), as a constellation
can easily be added to without disrupting existing broad-
band services [40]. For instance, SpaceX plans to eventu-
ally add 42,000 satellites but will start with a first batch of
about 5,000 before moving to 12,000. Compared to GEO,
the complexity and cost per satellite in a LEO system is
lower, and redundancy can continually be improved without
interfering with the rest of the system. This has made them
attractive for other missions such as navigation [41], [42].
On the downside, LEO systems experience high overhead
costs because continuous launches are required to add
more satellites, including replacing decommissioned assets
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(resulting from their orbit location and small life span of
about five years).

Other than the cost challenges of LEO constellations, there
are notable technical limitations of their usage. Most of
the LEO satellites travel at speeds between 5 to 10 km/s.
Consequently, users on the ground have only a few min-
utes to connect and communicate with the satellite. This
results in frequency changes (doppler shift) that can degrades
QoS unless optimization algorithms and engineering mod-
ifications are made to the receiver end [43], [44]. Satellite
Network Operators (SNOs) address the problem through
dynamic management of radio resources to improve QoS
without increasing the level of interference [45]. Addition-
ally, the high frequencies associated with LEO satellites are
extremely affected by rain attenuation especially in trop-
ical regions where the effects are significant to as low
as 7 GHz [46], [47]. This has seen SNOs designing their
constellations with multiple satellites to provide redundancy
because of high unavailability [48].

However, the greatest advantage of LEO systems and
satellites in general lie in their ability to serve remote
areas [49], [50]. This is particularly the case in serving
extreme topographies when there are cliffs, valleys, steep
slopes and geologically disaster-prone areas where terrestrial
networks are expensive to implement due to engineering com-
plexities and cost implications. Delivering 5G-like services to
rural and remote areas (high capacity, low latency) may not
be possible via traditional infrastructure deployment due to
viability issues [51]. This presents an opportunity for satellite
operators in providing services to areas which are unviable
with wireless or fixed broadband technologies [52].

IlIl. TECNO-ECONOMIC ANALYSIS OF WIRELESS
NETWORKS

Much of the recent techno-economic analysis of wireless
networks has been focusing on 5G [22], [24], and in particular
use cases [53], [54]. The research is oriented towards deploy-
ment of 5G infrastructure and affiliated services, including
the engineering and investment requirements [S5]-[58]. This
includes 5G strategies for delivering broadband Internet in
rural and remote areas where the ARPU does not necessarily
support viable deployment [55], [59], [60]. This has led to
suggestions for unconventional ways of delivering 5G and 6G
broadband Internet, such as adoption of high and low-altitude
unmanned aerial vehicles (UAVs) in rural and developing
regions as well as in emergency situations [61], [62]. Some
cellular companies have suggested the integration of low
altitude UAVs to existing terrestrial infrastructure to help
extend broadband coverage. Analysis indicates that space and
aerial systems can provide Internet connectivity to 24% of
the population in uncovered and under-served regions of the
world [63].

The viability of satellite broadband has been assessed
using a techno-economic framework, however most work is
directed towards GEO satellites and does not progress to
estimating metrics at the per user level. Similar evaluation has
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been undertaken on the possibility of integrating GEO satel-
lite into 5G architectures as a backhaul for providing afford-
able broadband Internet to rural areas [64]-[67]. An analysis
of broadband Internet detailing the capacity and coverage for
Starlink, OneWeb and Telesat constellations has been made
but does not yield sub-national estimates of the potential on-
the-ground user capacity [68].

As is the case with most engineering processes, adoption
of alternative ways of delivering broadband connectivity in
rural areas has been a one-sided approach where technical
and economic assessment is carried out in two distinct phases.
This can range from the energy consumed by electronics,
to the available throughput to users, but without includ-
ing a cost assessment simultaneously [69]. However, recent
techno-economic studies have attempted to address this as
an integrated process in related areas, such as for terres-
trial 5G. The motivation for undertaking integrated modeling
is to reduce uncertainty in the results produced [70]. For
example, using separate models which are not interlinked
may lead to issues in conflicting assumptions. Combined
engineering-economic modeling helps to overcome these
issues, providing strong motivation for the purpose of this

paper.

IV. TECNO-ECONOMIC COST FRAMEWORK FOR
SATELLITE NETWORKS

In this method an engineering-economic framework is
defined for a single satellite network, which in this case
is focused on LEO (although the approach could easily
be adapted for MEO or GEO). The open-source software
repository enables users to access the model code and
adapt the framework to other constellations, as desired [71].
An overview of this framework is visualized in Figure 1
detailing the exogenous inputs as well as the endogenously
determined outputs.

Firstly, a supply-side engineering system model is defined
which captures the capacity and coverage aspects of a new
constellation. Secondly, a cost model is presented which
enables the total cost of operating a constellation to be
estimated.

A. SYSTEM MODEL

In the system modeling approach taken, the focus is placed
on the access-side between satellites and user terminals, with
emphasis on the downlink capacity. The capacity of a wireless
network is dependent on three key factors which include
(1) the available spectral efficiency of the radio interface
(bits per Hz), (ii) the level of spectral reuse via network
densification (adding more satellites to the constellation), and
(iii) the quantity of available spectrum bandwidth (augment-
ing the total bandwidth across all channels) [72].

The resulting QoS can also be severely affected by sev-
eral physical factors, particularly geographic distance, and
topography, with higher signal propagation losses translating
to lower data rates [73]. We focus on modeling and simulat-
ing the system downlink capacity by estimating transmitted
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FIGURE 2. The geometry of the mean path length in a satellite constellation.

power, losses and the resulting Carrier-to-Noise Ratio (CNR)
as a semi-random process.

We make conservative estimates of capacity to avoid over-
estimation. Thus, the system model estimates the available
capacity of the satellite network using a stochastic geometry
method, based on first finding the mean path length (d)
between the transmitter and receiver as per the hypotenuse
in Figure 2. Given a particular constellation with a known
number of satellites (S,), the network density (Syz) (km=2)
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(=)

User Equipment

can be established as follows:

Sy [satellites]
AEarth [ka]

ey

Sna =

where Agg+, is the area of the earth. The satellite coverage
area (Scoverage) (km?) is given by:

AEarth [ka]
S = S Tsarellites] ’
coverage S, [satellites] ®
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The mean distance (d) (km) between satellites in the con-
stellation as indicated in Figure 2 can then be computed using
equation (3).

1
—-1\2
d= —((SN"Z) ) 3)

Given the orbital altitude (k) (km) of the satellite,
the stochastic signal propagation path distance (d) (km) as
per Figure 2 is determined by Pythagoras as in equation (4).

d=vn+d? )

Similarly, the stochastic free space path loss (FSPL) (dB) at
different satellite positions, with respect to the user terminal,
is calculated by adding a pseudo-random variation using a
lognormal distribution with a mean (©) of 1 and a standard
deviation (o) of 7.8 to the normal FSPL equation as shown

in (5).
2
FSPL = (@) +o )

where f is the frequency of the signal being transmitted and
c is the speed of light, 3.0 x 10% m/s. We then compute
the Signal-to-Noise Ratio (SNR) for different FSPL. The
SNR depends on the downlink effective isotropic radiated
power (EIRP) stated in equation (6).

EIRP = 10.1log,((Gr.Pr) ©6)

Gr and Pr are transmit antenna gain and power, respec-
tively. The figure of merit of the receiving antenna, %, also
contributes significantly to the resultant SNR and is defined
by equation (7).

G
?’ = G,[dBi] + NF[dB] — 101log 10(T,
+(Ta = To) 1074V (7)

G, is the receiver gain, T the system temperature, NF is
the receiver noise figure, 7y ambient temperature and
T, antenna temperature. This T is correct for earth but would
be lower in space, improving receiver sensitivity, potentially
increasing capacity beyond our conservative estimates here.
The resultant SNR is then obtained by equation (8).

SNR = EIRP [dBW] + % [dBi/K] — FSPL [dB]
— OT 145 [dB] — 10.10g, (k.T.B)[K]  (8)

where OT 1, is the sum of all other losses, & is the Boltzmann
constant (1.38064852 x 10~23 m?kgs—2K~!) and B is the
available spectrum bandwidth. Then using the spectral effi-
ciency (SE) values for different achieved SNR rates, based
on the European Telecommunications Standards Institute
(2020-08) documentation [74], the resulting channel (Cazpps)
and area capacities (C4 ) are calculated as per equation (9) and
(10) in Mbps and Mbps/km?, respectively (ch is the number
of channels and k¢ the frequency reuse factor).

Cupps = SE X B x ch x k¢ ©))
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CMbps M bp 5]
S coverage [ka]

Using equations (9) and (10), the potential user capacity
for different spatial statistical units can be approximated. This
approach forms the basis for evaluating the possible capacity

per user for the constellation given the number of satellite
assets in orbit.

Cy = (10

B. COST MODEL

An overview is now provided of a cost model for a satellite
constellation providing broadband connectivity. The costs of
launching and operating a satellite network consist of capital
expenditure (capex) for upfront investments, and then ongo-
ing annual costs classified as operational expenditure (opex).
Our aim is to obtain the discounted Net Present Value (NPV)
over the chosen study period, to represent the Total Cost of
Ownership (TCO) for each constellation, and thus the cost
per user. The capex required to launch a constellation can be
defined as follows in equation (11).

Capex = Craunch + Cstation + Cspectrum + Chutegration  (11)

where Capex is equivalent to the sum of satellite launch-
ing costs (Craunch), the sum of all ground station building
costs (Csyarion), the spectrum acquisition costs (Cspecrrum) and
finally any costs for integration of the system into existing
terrestrial infrastructure (Crsegration)-

Moreover, the annual opex for the constellation can be
defined as in equation (12):

Opex = Ogs Energy + OAcquixition + Orp + OLab
+ Omaine ~ (12)

where Opex is the sum of energy costs for the ground stations
(OGs Energy)» acquisition of subscribers (Oacguisition), T€S€arch
and development (Ogp), labour costs (Or4p) and the mainte-
nance costs Opyqins- From the cost parameters, we calculate
the Total Cost of Ownership (TCO) estimated for each satel-
lite asset (AssetNPV) by computing the NPV over a 5-year
period (Y) at 5% discount rate (r) illustrated in equation (13).

Y
0
ASSETypy = Capex + Y —2 (13)
t=0

— (1 +r)

Once the NPV for each asset is obtained, it is then possible
to begin to connect the engineering and economic models pre-
sented so far, into an integrated techno-economic framework.

C. INTEGRATION OF SYSTEM AND ECONOMIC MODELS

After the specification of the system and cost models has been
setup the two can be linked, to establish the cost of deliv-
ering broadband for different scenarios. Since the satellite’s
medium access control (MAC) layer does not split capacity
linearly among users in a coverage area, we set the model
for different user adoption rates with an overbooking factor
of 20 [75]. The overbooking factor implies that 1 in 20 users
access the network at the peak hour. The adoption rates are
based on three take-up scenario of 0.5%, 1% and 2% which
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is a common way to assess infrastructure demand [75], [76].
The quantity of users per square kilometer (Usersg, ,,2) 18
then established as follows.

100 (14
where Pop.gensiry 1s the population density at sub-national
regions obtained from WorldPop 2020 raster layer [77] and
Adop.q; 1s the adoption rate that can be equated to any of
three scenarios (0.5%, 1% and 2%).The estimated active users
(Usersgerive) are then determined by equation (15).

Adop.;41e
Userssq_kmz = Pop.density <ﬂ>

Users

) 2
sq_km
Usersactive =

OBF
where OBF is the overbooking factor set to 20 for the model.
Using equation (10), the per user capacity (Cper_user) is cal-
culated as follows:

(15)

CA

Usersactive

Cper_user = ( 1 6)

The cost per user (Costper_user) can therefore be computed
using equation (17).
ASSETnpy

Scoverage x Users

COStper_user = (17)

sq_km?
where Scoverage and ASSETypy are obtained from the system
and cost model equations (2) and (13) respectively.

V. APPLICATION

In this section we describe how we apply this framework to
three LEO constellations, including Starlink, OneWeb and
Kuiper over a study period of 2020-2025. We assume the con-
stellations are already at or beyond critical coverage point and
that there is enough capacity between the ground station and
the satellite. We then obtain initial engineering parameters for
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TABLE 1. Engineering parameters by LEO constellation.
Parameter Starlink | Kuiper | OneWeb | Unit
Simulated Satellites 5,040 720 3,240 -
Satellite Mass 260 147.5 {260 kg
Downlink Frequency 13.5 13.5 17.7 GHz
Bandwidth 0.25 0.25 0.25 GHz
Channels 8 8 8 -
Aggregate Bandwidth 2 2 2 GHz
System Temperature 290 290 290 K
EIRP 67.7 68.3 73.1 dBm
Receiver Antenna Gain 37.7 38.3 43.1 dBi
Altitude 550 610 1,200 km
Minimum Elevation Angle |40 35.2 55 Deg
Antenna Diameter 0.7 0.75 1 m
Modulation Scheme 16 16 16 APSK
Frequency Reuse Factor 2 2 2 -
Satellite Lifespan 5 5 5 -

the simulation from public International Telecommunication
Union (ITU) fillings as reported in Table 1 [78], [79]. Where
engineering values are not publicly available, assumptions are
used (e.g. the mass of a Kuiper satellite). The final channel
capacity (Cppps) is obtained by multiplying the total band-
width with the frequency reuse factor obtained from previous
research [63]. Since the existing systems launched, such as
Starlink’s v1.0 satellites, are using the bent-pipe architecture
a similar bandwidth on the feeder and user links is assumed.
This constrains the frequency reuse factor to the product of
the polarization and the number of active feeder links produc-
ing a value of 2 for Starlink. However, this is likely to change
with SpaceX’s announcement of more capable v2.0 satellites.
A similar frequency reuse factor is assumed for both OneWeb
and Kuiper satellites.

As the LEO satellite capex and opex are not explic-
itly known due to commercial sensitivities, estimated val-
ues are sourced from the literature and inferred from
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TABLE 2. Cost parameters by LEO constellation (All values in millions of US dollars).

Parameter Type |Starlink | Starlink Source OneWeb | OneWeb Source Kuiper Kuiper Source
Cost (US$ Cost (US$ Cost (US$
Millions) Millions) Millions)
Ground Station Capex |[81.2 Author calculations from | 47 Author calculations from | 33 Author calculations from
SES (2019) SES (2019) SES (2019)
Digital Infrastructure Capex |6.2 Author calculations from | 2.5 Author calculations from | 3.6 Author calculations from
Oughton et al.,(2019) Oughton et al.,(2019) Oughton et al.,(2019)
Spectrum Cost Capex | 125 Assumption 125 Assumption 125 Assumption
Regulation Fees Capex |0.7 Calculations from FCC | 0.7 Calculations from FCC | 0.7 Calculations from FCC
(2021) (2021) (2021)
Cost of Operational Staff | Opex 60 Calculations from SES|7.5 Calculations from SES | 60 Calculations from SES
(2019) (2019) (2019)
Cost Overhead per R&D | Opex | 7.5 Calculations from SES|7.5 Calculations from SES |7.5 Calculations from SES
(2019) (2019) (2019)
Marketing and Customer | Opex | 50 Assumption 50 Assumption 50 Assumption
Acquisition Cost
Launch Cost Per Satellite | Opex | 0.5 Author calculations from | 2.0 Author calculations from | 1.5 Author calculations from
Jones (2018) Jones (2018) Jones (2018)
Cost of each Satellite Opex |0.25 Assumption 0.25 Assumption 0.25 Assumption

established GEO satellite companies with publicly available
financial statements [80]. Where data values are unavail-
able, reasonable cost assumptions and literature-based author
calculations are used. Starlink has the highest aggregate
cost due to the number of satellites in orbit compared to
Kuiper and OneWeb. However, the costs are expected to
reduce since Starlink has promised to have Inter-Satellite
Links (ISL) for v0.9 satellites, similar to OneWeb and
Kuiper, which will reduce the need for many gateway
stations [81].

Notably, there are major differences in launch costs for
the three constellations. The US$0.5 million launch cost per
satellite is based on the US$28 million total for every launch
as stated by Starlink [82]. The launch cost for Starlink is
expected to be lower than the other systems since its major
launching vehicle, Falcon 9 has already made 122 successful
launches by 2021 with fewer than 5 failures. This drives down
the total launch costs due to decreased insurance premiums,
compared to Kuiper’s launch vehicles that are yet to send the
first batch of satellites to LEO. The US$2 million launch cost
per satellite value for OneWeb is obtained by multiplying the
satellite mass (147kg) by the US$13,100 launch cost/kg for
LEO missions as indicated in [83]. The costing uses 36 satel-
lites per mission, as already demonstrated in the previous
OneWeb launches. Similarly, the value for Kuiper is assumed
from NASA’s 2018 Ames Research Centre publication which
sets the launch cost to LEO at US$90 million. Assuming
60 satellites per launch, a US$1.5 million value per satellite
is reached. A summary of the capex and opex are shown
in Table 2.

Plots of key engineering and economic metrics are pro-
duced to answer the research questions articulated earlier
in this paper. The results are then broken down globally to
provide insight into the capacity at the sub-regional level.
We obtain layer 0, 1 and 2 boundaries for all countries from
the Global Administrative Areas database to help visualize
areas where LEO broadband could be most suitable [84].
We exclude countries with small boundaries, such as Luxem-
bourg, for simplification. The population density (pop/km?),
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area and population for all sub-national regions globally is
extracted from the WorldPop 2020 raster layer [77].

VI. RESULTS

This section details the engineering and economic results. For
consistency across the three constellations, we present the
simulation outputs for the first 1,000 satellites for Starlink
and Kuiper, comparative to the planned 720 satellites for
OneWeb. The 1,000 satellites is only applied for the unifor-
mity of the plots although 5,040, 720, and 3,240 satellites
were simulated and used in the calculation of the system
capacity as stated in equation (10). The FSPL contributes
the highest loss and the subsequent signal received by the
users on the ground. Starlink records the lowest mean FSPL
of 172.4 + 0.05 dB, relative to OneWeb (179.3 4 0.13 dB)
and Kuiper (176.0 &+ 0.08 dB). The smaller FSPL recorded
by Starlink is due to the lower orbital altitude of 550 km and
a high minimum elevation user angle of 40°, minimizing link
budget losses. Kuiper compensates its high orbital altitude
(1,200 km) by also having a large minimum user elevation
angle of 55°. In contrast, OneWeb’s low minimum elevation
of 35.2° and higher orbital altitude (610 km) results in larger
path losses. This is further affected by the low density of
satellites in the network leading to longer path distances, d
as defined in the system model.

The FSPL has a consequential impact on the received
power for LEO satellites. However, Kuiper records the high-
est received power followed by Starlink and then OneWeb.
The antenna design differences in the constellations result in
this variation. For example, OneWeb has the highest receiver
antenna gain (43.1 dBi) and diameter (1 m), the parame-
ters are not sufficient to offset the larger FSPL, leading to
the lowest power received. Assuming that the other noise
and interference sources remain uniform across the systems,
the CNR is directly proportional to the power received. This
results in the mean CNR of 10.74 & 0.05 dB, 4.47 & 0.13 dB
and 13.64 + 0.08 dB for Starlink, OneWeb and Kuiper
systems, respectively. Generally, Starlink provides the best
performance.
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FIGURE 4. Engineering results for the three constellations.
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FIGURE 5. Mean capacity and cost metrics by subscriber density.

In Figure 5, we present the results of modeling the
mean busy hour capacity based on a remote rural area with
a subscriber density between 0.05-1 subscribers per km?.
We use the highest network density of approximately 5,040,
720 and 3,240 satellites for Starlink, OneWeb and Kuiper,
respectively. While each constellation can provide impressive
aggregate channel capacity, the available capacity needs to
be shared across users in very large coverage areas (see
Figure 3 for realistic global insight on population density).
So, if there are 0.1 users per km? (so 1 user every 10 kmz),
the mean per user capacity of 24.94 4+ 0.72 Mbps, 1.01 &
0.02 Mbps and 10.30 £ 0.25 Mbps are recorded for Star-
link, OneWeb and Kuiper, respectively. This contrasts with
5 users per km?, where the provided service would essen-
tially be unavailable for OneWeb, while Starlink and Kuiper
each register 0.50 = 0.01 Mbps and 0.21 + 0.01 Mbps,
respectively.

On computation of the aggregate system capacity,
11.72 £ 0.04 Gbps, 3.43 £ 0.01 Gbps and 7.53 £ 0.03 Gbps
are recorded for Starlink, OneWeb and Kuiper constellations.
The first two values compare to previous estimates [63]
of 10 Gbps for Starlink and 5 Gbps for OneWeb. The 5 Gbps
recorded in the literature for OneWeb takes into account
the issue of ISL. A comparison for Kuiper is not possible
since previous studies have not simulated this constellation
[63]. Futhermore, there are slight cosmetic differences in the
capacities recorded by Starlink in the literature, compared
with those presented here, due to the number of satellites
in Figure 4 being fixed at 1,000.
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(B) 5-Year NPV TCO Per Subscriber
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At maximum network density, each Starlink satellite cov-
ers approximately 101,000 km?, OneWeb 708,000 km? and
Kuiper 157,000 km2. At a subscriber density of 0.05 users
per km?, the corresponding number of subscribers per
satellite for Starlink, OneWeb and Kuiper are 5,000,
35,400 and 7,900 respectively. Since the aggregate capacity
is shared among the subscribers, Starlink provides the highest
mean capacity followed by Kuiper and OneWeb as shown
in Figure 4. Therefore, an increase in population density
(and logically a higher subscriber density) leads to a drastic
decrease in mean capacity.

We also plot the potential cost in Figure 5. The NPV for
a single satellite asset over the study period was estimated
at US$0.6 million, US$5.6 million, and US$3 million for
Starlink, OneWeb and Kuiper, respectively. Thus, the NPV
cost per user for each constellation can then be plotted,
which logically reduces as each subscriber density increases.
Starlink incurs the least cost per user over the study period
(2020-2025) that ranges US$100-US$10 for the subscriber
density range of 0.005-1.0 (km?). Kuiper records the largest
cost per user ranging between US$400 and US$30 for the
same subscriber density range. The important caveat to these
estimates is that there would be a major impact on the capacity
available for each subscriber at the maximum adoption rate,
due to increased contention. Hence, active constellations such
as Starlink have already begun limiting adoption in high
demand areas, to ensure QoS can be guaranteed to existing
customers, ensuring the available broadband services remain
competitive against competing technologies.
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Figure 3 illustrates population density globally by
sub-national region for population deciles ranging from
below 5 people per km?, to over 45 people per km?. These
decile boundaries were selected because we know a priori
that higher density areas will be less suitable for LEO broad-
band constellations, and that they will be focusing on the
bottom 5% of the market not currently served by conventional
terrestrial broadband services using either fixed or wireless
technologies.

We can see large parts of Asia (India, China etc.) will
be unsuitable, along with most of mainland Europe (e.g.
Germany, Italy) and central America (e.g. Mexico). However,
the constellations can choose to limit the number of sub-
scribers in such regions to provide relatively higher speeds
and ensure QoS. In the USA, the West and South West have
large areas which could be suitable, along with much of
Canada, Australia and New Zealand.

In South America large parts of the Amazon may also have
low enough population density to be suitable, as well as much
of the Sahara region in Africa, although whether incomes
would enable the purchasing of such services would be a main
concern.

Therefore, to explore the suitability of these constellations
we use a 1% adoption rate among the local population to
explore capacity per user in the busiest hour of the day.
Generally, Starlink provides impressive capacity for remote
regions with global coverage thanks to its high asset density.
In regions with very low population density Starlink pro-
vides a mean of over 90 Mbps per user, such as in parts of
Canada, the West and South West of the USA, Central and
South America, Sahara Africa, South-west Africa, Australia,
Russia and remote parts of Asia. Kuiper performs similarly,
with only slightly reduced performance. However, OneWeb
offers generally lower capacity per user, although still reach-
ing impressive peak rates in areas with very low population
density.

VII. DISCUSSION

In this paper a generalizable techno-economic assessment
model was developed for satellite broadband constella-
tions. The approach was used to estimate the capacity and
related costs for three LEO constellations, including Starlink,
OneWeb and Kuiper. The open-source codebase is provided
to help boost scientific reproducibility, as well as support
other engineers or business analysts working in this research
area. The method consisted of a mix of engineering simu-
lation, cost estimation and Geographical Information Sys-
tem (GIS) techniques, combined to provide new insight into
the per user capacity and cost. Such analytics are very useful
to help narrow the broadband availability gap in rural and
remote areas by providing geospatial insight on the suitability
of these technologies. The results demonstrate the connectiv-
ity opportunities and constraints of different LEO systems,
as well as their viability. This section now revisits the research
questions posed in the introduction of the paper. The first
research question was articulated as follows:
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A. HOW MUCH CAPACITY CAN BE PROVIDED BY
DIFFERENT LEO BROADBAND CONSTELLATIONS?

The findings support existing theory whereby the capacity
provided by the constellation is a function of the number
of satellites. Fewer satellites result in a larger coverage area
and vice versa. Unlike GEO, a satellite located at LEO will
also have a shorter path length. As more satellites are added
into the constellation, the coverage area per satellite reduces.
Furthermore, the instantaneous number of satellites available
to a ground user increases. We find that for network densities
of 5,040, 720 and 3,240 satellites for Starlink, OneWeb and
Kuiper respectively, the estimated coverage areas equate to
101,000, 708,000 and 157,000 km?.

The variation in the FSPL due to the orbital altitude and
network density among the three constellations results in
different received power. To compensate for high path loss,
Kuiper and OneWeb opt for high receiver antenna gain,
transmitted power and diameter. In contrast, the ultra-dense
network and low orbital altitude enables Starlink to maintain
large minimum elevation angles for its users compared to the
other three systems, leading to superior QoS. This explains
the constellation’s Business-to-Consumer (B2C) approach
as users can easily connect to its satellites with minimum
engineering requirements. In contrast, the limited capacity
demonstrated in this analysis for OneWeb suggests why
a more enterprise-focused approach is being adopted to
provide Business-to-Business (B2B) global connectivity ser-
vices, ranging from cellular backhaul to logistics for emer-
gency services redundancy.

B. WHAT IS THE POTENTIAL CAPACITY PER USER FROM
DIFFERENT CONSTELLATIONS?

Related to the previous question, the per user capacity is
therefore also positively correlated with the increase in the
number of satellites for each constellation. The highest mean
user capacity is achieved with the lowest subscriber densities,
which occur in the most rural and remote regions where
network contention is at its lowest. For instance, with 1 user
every 10 km? (0.1 users per km?) the best performing constel-
lation (Starlink) records a very modest mean per user capacity
of 24.94 + 0.72 Mbps. This is worse for Kuiper and OneWeb
with 10.30 4+ 0.25 Mbps and 1.01 £ 0.02 Mbps, respec-
tively. Hence, this explains why LEO broadband providers
have been making a strong business case for the usage of
satellites in the final 3 percent of customers in the hardest-
to-reach rural and remote regions of the USA, Canada, United
Kingdom, Australia and New Zealand (among other coun-
tries) due to their competitive advantage in these challenging
deployment situations. While the aggregate speeds estimated
are impressive, each satellite asset can easily become sat-
urated, especially in higher populated urban and suburban
areas, meaning SNOs will have to strictly manage spatial
adoption rates. There is no doubt that the potential speeds
per user which could be provided are highly desirable (and
indeed revolutionary) for users who have struggled to gain a
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FIGURE 6. The per-user capacity for the three constellations in different sub-national regions of the world.
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decent broadband connection from traditional providers. The
potential services available would be more than adequate to
enable intensive applications such as High Definition (HD)
video streaming without buffering (providing QoS was well
managed).

C. WHAT IS THE POTENTIAL COST PER USER AS
SUBSCRIBER PENETRATION INCREASES?

The largest capital expenditure costs are incurred by rocket
launches, building ground stations and acquiring spectrum.
As more satellites are launched, the cost per user would
increase, partly due to the rising operating costs, but this
would ensure a better QoS for each user terminal thanks to
smaller coverage areas with fewer shared spectrum resources.
With more satellites in each constellation, the ground station
energy requirements, maintenance, continual engineering and
staff costs increase. At a low subscriber density, high capacity
per user is available but the cost could be prohibitively expen-
sive for some. In contrast, at a high subscriber density, the cost
of broadband connectivity services is much more affordable
but there is a major trade-off in QoS, with only very modest
speeds being delivered.

The results open a question on whether LEO constella-
tions could break into the urban broadband market given
that MNOs and other operators can offer the services at a
lower cost per user. While acquiring a segment of the urban
market cannot be ruled out, the possibility of succeeding
in developed countries where constellations such as Starlink
are testing their products is low (driven by the need to limit
the number of active users). Consequently, LEO broadband
systems are more likely to play a significant role in providing
global communications for niche industrial activities which
require substantial mobility with high reliability. For exam-
ple, maritime, rail, aviation and integration into other supply
chain IoT architectures, thanks to LEO pole-to-pole coverage.
Furthermore, LEO systems might also have a useful niche
in delay sensitive applications such as monitoring offshore
solar and wind farms in smart grid applications, thanks to the
lower latency they can achieve relative to other technologies
such as GEO. Alternatively, LEO broadband constellations
can present a viable cost-effective solution for developing
countries with growing urban centers that are yet to enjoy
decent cellular and fiber infrastructure availability. However,
this very much depends on the necessary spectrum being
allocated in appropriate bands by each telecommunications
regulator.

D. WHICH PARTS OF THE WORLD ARE LEO
CONSTELLATIONS MOST SUITABLE FOR?
The performance of the three constellations in areas of differ-
ent population density shows a general trend. Regions with
low population density generally experience higher capacity
per user with Starlink and Kuiper providing superior speeds.
The simulation of possible geographical areas of adoption
indicates that most parts of Central Asia, Middle East, South
East Asia, South America, Sub-Saharan Africa and Eastern
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Europe are less suitable for LEO constellations with quite
low capacity provided (below 10 Mbps) using the modeling
parameters explored.

These results are arrived at by only considering population
density. Future research should recognize the roles of adop-
tion factors such as disposable income, perceived relevance
of the Internet, literacy and cellular network penetration,
as these may affect the number of people who can actually
afford to pay for broadband services.

VIil. CONCLUSION

Connecting the global population who are still unable to
access a decent broadband service remains a key part of the
United Nation’s Sustainable Development Goals (specifically
Target 9.c).

Motivated by these developments, the framework applied
in this paper introduces a techno-economic modeling
approach for the integrated assessment of data capacity and
investment cost per user by constellation. The model presents
the engineering and economic simulation results using a sin-
gle framework, unlike other approaches where this may be
undertaken by two separate groups of professionals (engi-
neers and business analysts). This theoretical model allows
for estimation of the constellation capacity based on the
known engineering parameters filed with local or global reg-
ulatory authorities such as Federal Communication Commis-
sion (FCC) and ITU. Using the information publicly available
from such organizations, and estimation based on financial
statements filed by publicly traded GEO, MEO and LEO
broadband companies, the values can be imputed in the model
to approximate the capacity and cost of delivering satellite
Internet. The model has been tested for three different con-
stellations with varying number of simulated satellites to
derive the per user capacity and costs. The codebase for the
model is fully open-source and available from the online
repository, enabling anyone to access and further enhance
the capability developed [71]. Future research could include
addressing the issue of non-linearity in the multiple access of
satellite resources, which would improve on existing simpli-
fications. Moreover, as the modeling approach is generaliz-
able for satellite constellations, the framework can be further
adapted for other planned constellations, such as Telesat.

The results of the model reveal that at the 95% confidence
level, mean aggregate capacity speeds of 11.72 & 0.04 Gbps,
3.43 £ 0.01 Gbps and 7.53 = 0.03 Gbps are achievable
for Starlink, OneWeb and Kuiper, respectively. The current
anticipation associated with the benefits of LEO broadband
constellations is very high, but success will depend on main-
taining relatively low spatial subscriber densities, preferably
below 0.1 users per km? (so less then 1 user per 10 km?), oth-
erwise the services provided may offer little benefit against
other terrestrial options. For example, the model has shown
that at 0.1 users per km?, only a mean per user capacity
of 2494 £+ 0.72 Mbps, 1.01 £+ 0.02 Mbps and 10.30 £
0.25 Mbps can be achieved by Starlink, OneWeb and Kuiper
respectively in the busiest hour of the day.
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Future research needs to combine the use of this estimation
method for LEO constellations, include a more sophisticated
link layer model with other global cellular and fiber models,
to estimate the most suitable technology for each sub-national
region, based on the available demand and cost of supply.
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