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Design considerations of navigation satellite constellation for low Earth orbit
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Abstract

In this study we provide an overview of feasibility assess-
ment of Low Earth Orbit Position, Timing and Navigation
(LEO-PNT) satellite system. We discuss several aspects of
such a design, such as signal design, accuracy assessment,
satellite constellation design, satellite payload design and
satellite platform design. We conclude, that such a system
is feasible and provide general parameters for implementa-
tion.

1 Introduction

Satellite based position, timing and navigation (PNT) signal
is an important component of modern infrastructure which
supports terrestrial, aerial and marine services around the
globe. Traditionally, the Global Navigation Satellite Sys-
tems (GNSS) have utilised the Mid Earth Orbital altitudes
where the global coverage can be achieved with only tens of
satellites. Unfortunately, as the trade-off for good coverage
one faces high ionizing radiation levels at higher orbits and
the large free path loss of the signal. These restrictions lead
usually to high price of the satellite platform and payload
technologies and faint signal, which can be received out-
doors in good unobstructed environments. Building of such
systems has been feasible only for big public actors. Re-
cently, the rapid decline of Low Earth Orbit (LEO) satellite
launch and platform prices has brought up a possibility to
construct a small satellite based navigation constellation to
LEO [3]. LEO satellites would give significantly stronger
signals and have a higher resilience through large numbers
of satellites. With stronger signals, it could be possible to
provide good service in street canyons, under dense vegeta-
tion and perhaps even indoors. Cheaper satellites would
also enable shorter replacement cycle and allow quicker
technology and service development. Because of these rea-
sons, several actors are currently conducting studies about
LEO-PNT feasibility [5]. The Finnish INCUBATE project
consortium has recently carried out a comprehensive sys-
tem study about LEO-PNT system feasibility and proposed
possible design and design tools for further development
[9, 1]. The design has been covering signal design, signal
propagation model, receiver design, satellite constellation

design, constellation launch and maintenance design, satel-
lite design and even business model designs. In this presen-
tation we give an overview of the INCUBATE LEO-PNT
satellite system design approach and preliminary results.

2 System design optimisation

Designing a GNSS er LEO-PNT system is nontrivial task
which requires optimisation of different system parameters
which are strongly interdependent. Overall optimisation is
usually an iterative process where different design areas are
optimised independently and then evaluated as a part of en-
tire system. The key parameters of a GNSS are navigation
signal and how the signal sources are distributed spatially,
namely the satellite constellation. Both areas have signifi-
cant restrictions in technical and regulative feasibility. For
finding optimal and feasible design parameters, a model of
entire system should be made. In order to simplify the task,
partial models of strongly interdependent parameters are
usually made. In our study we use three broad optimsa-
tion tasks, signal optimisation, satellite constellation opti-
misation and satellite system optimisation. In the following
we discuss briefly the key areas of the design and available
solutions.

2.1 Navigation signal considerations

The system design has to be started with the signal simu-
lations and signal design which in large parts defines the
achievable service accuracy.

2.1.1 Frequency

The choice of the carrier frequency or frequencies will
heavily influence and create trade-offs between various link
aspects such as the channel path losses (higher at higher fre-
quencies), device/antenna size and antenna spacing in case
of antenna arrays (smaller at higher frequencies), available
bandwidths (typically higher at higher carrier frequencies)
and modulation types (e.g., most modulations are band-
width dependent and the available bandwidth depends on
the chosen carrier frequency). For example, higher fre-
quency bands of operation will translate into smaller an-
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Figure 1. LEO PNT system design process

tenna sizes (which will reduce the satellite/receiver dimen-
sions), but at the same time will increase the path losses as
the transmissions will be more attenuated due to the channel
and the presence of gases and various atmospheric effects
(rain, mist) will bear higher influence on the received signal
power than at lower frequency. Another constraint in the
frequency choice comes from the International Telecom-
munication Union (ITU) regulations regarding the use of
various frequency bands. The ITU publishes the ITU Radio
Regulations (ITU RR) document, in which the frequency
band usages from 9kHz to 275 GHz are described. In the
document it is determined that the frequency range cur-
rently allocated to satellite navigation is L-band, and two
portions of 20 MHz bandwidth in S- and C-bands. The L-
band is already crowded with GNSS signals. Some LEO
satellites are also using K, X, and Ku frequency bands.
Our recommendation, taking into account all the above-
mentioned constraints is to use moderately high carrier fre-
quencies, above GNSS bands, but below 15 GHz carrier
frequency.

2.1.2 Waveform

There are two main classes of modulations in the literature,
as emphasized also in [2]: linear modulations and non-
linear modulations. The linear modulations have the ad-
vantage of a higher spectral efficiency and, typically, more
robustness to multipaths and delay errors jitters, while non-
linear modulations are typically more robust to Doppler
spread and Doppler shifts. For a LEO-PNT system, it is
expected that low navigation rates (similar with those in
GNSS) are to be enough and therefore the spectral effi-
ciency is not a criterion of importance. As smaller-order
modulations need less bandwidth than high-order modula-
tions (both linear and non-linear ones), we recommend the
choice of a low-order modulation, such as BPSK, QPSK,
GMSK, BFSK, etc. Nevertheless, the exact choice of a
suitable modulation needs more investigation especially in
terms of robustness to delay-Doppler errors. The modula-
tions can and are typically co-designed with the multiple-

access scheme. Most promising multiple-access schemes
in the context of LEO are OFDMA and CDMA [2]. Re-
cent works in scenarios with high Doppler spreads have also
started to pay attention to an Orthogonal Time-Frequency
Space (OTFS) modulation, yet its benefit in the context of
a LEO-PNT system is unclear and needs further studies.

3 Navigation solution accuracy

Assessment of navigation solution accuracy is complicated
task as it depends on so many interlinked system descrip-
tors. To assess, how the system parameters affect naviga-
tion solution accuracy, the system needs to be modelled in
sufficient fidelity and also most important environmental
factors, for example signal losses and distortions in iono-
sphere, shall be included in the model. In this project, an
end-to-end simulation was developed, which contains most
important segments of a satellite-based PNT system, i.e. the
space-, ground-, and user-segments all combined [2]. The
model allows to calculate statistical distributions of simu-
lated LEO-PNT measurements, such as pseudorange, car-
rier phases, and Doppler-shift, for various satellite constel-
lation geometries, ionospheric conditions, signal types, fre-
quencies, modulations and encoding. Moreover, the simu-
lation model allows to inject errors to input signal input pa-
rameters and study for example, how much satellite clock
inaccuracies or satellite position determination errors affect
the navigation solution in various conditions. The model
uses known and implemented GNSS systems as reference
points. As main results, our simulations reveal that LEO
systems augmented by classical GNSS can bring improve-
ments in navigation accuracy in comparison to only LEO-
based solutions for tens of percents, and provide significant
improvement over classic GNSS solutions.

4 Satellite constellation considerations

The satellite constellation design is a critical aspect of
GNSS design, as it determines the cost and performance of
the system, thereby determining the commercial viability
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of the service to a larger extent. The satellite constellation
geometry defines the navigation solution geometry, signal
strength, and availability, dictating the number of required
satellites and establishing launch requirements. In large
parts, a GNSS applications in LEO has not been considered
due to the high number of needed satellites and associated
building and launching costs, however, recent cost reduc-
tions caused by the satellite miniaturization and propulsion
technologies allowed LEO-PNT to be a viable option.

4.1 Constellation optimization

As the constellation design directly determines system per-
formance and capabilities, careful optimization of the de-
sign is essential. The most critical parameter is the coverage
of the satellites. In traditional GNSS, at least 4 signals with
good spatial separation are needed to calculate the naviga-
tion solution on ground; therefore a minimum of four vis-
ible satellites are required everywhere in the service area.
The satellite visibility is a function of total number of satel-
lites in the constellation, orbital altitude and orbital plane
geometry, but orbital parameters do not describe easily the
goodness of the coverage geometry. Therefore, we propose
that Geometrical Dilution Of Precision (GDOP) could be
used as a measure of positioning performance of the con-
stellation. As a second parameter, C/Ny could be used to
describe the signal quality on the receiver location. These
two parameters, together with guaranteed coverage, help
define the merit functions for the constellation optimiza-
tion. While analyzing the problem, it appears in general
that higher altitudes allow satisfying coverage conditions
with a lower number of satellites in the constellation, and
with better GDOP values, but increase the propagation time
and the noise of the signals, negatively affecting C/Ny. The
secondary trade-off is between cost and both the number
of satellites and altitude, which is much more difficult to
define rigorously. Naturally, it is more expensive to manu-
facture and launch more satellites but launch cost per satel-
lite depends on how many satellites can be launched with
single rocket to a single orbit. As it is difficult to come
up with exact numbers without a dedicated study, it is rea-
sonable to aim to minimize both altitude and total number
of satellites. While the number of satellites does not have
much effect for C/Ny, higher numbers of satellites result in
both higher coverage and better GDOP. An additional trade-
off is in LEO region is the increased orbital drag effect in
lower orbits and space debris and mitigation policies. A
more elaborated overview of the constellation optimization
is covered in [9].

4.2 Constellation deployment and mainte-
nance

As discussed earlier, the cost of constellation deployment
depends heavily on launch strategy. If multiple satellites
can be launched with a single rocket to a single orbit, the
launch cost per satellite is significantly reduced. However,

a single satellite’s capability to separate in orbit or maneu-
ver to a different orbital plane is limited. This capability
can be increased by incorporating more capable propulsion
or by adopting other approaches leveraging orbital pertur-
bations, but doing so has a substantial influence on cost and
time. Therefore, the optimum strategy would be to launch
the satellites to near orbital planes in a single, dedicated
launch consisting of identical satellites.Replacement satel-
lites will be required for constellation maintenance, neces-
sitating additional launches. One strategy could be to main-
tain backup satellites in specific orbital planes and transfer
the satellites to the correct positions in the constellation us-
ing the differential drag method. [6].

5 Satellite technology considerations

A satellite is a vehicle which is designed according to the
payload needs and adapted to environmental conditions.
Therefore, the most important part of the satellite design
is the payload. In LEO-PNT system the payload design is
derived from the signal design requirements and the satel-
lite platform is designed according to support the payload
in space.

5.1 PNT payload

The PNT payload central element is an atomic clock, sup-
ported by clock monitoring and control unit, frequency gen-
eration and up-conversion unit and navigation signal gen-
eration unit. The power budgets of PNT payload has to
be maintained throughout the mission duration since the
navigational services are often required uninterrupted. A
block level diagram of PNT payload and teh respective pro-
cess flow can be looked up in further deatil in [7]. The
main components of the PNT payload are Clock Monitor-
ing and Control Unit (CMCU), Frequency Generation and
Up-conversion Unit (FGUU), Navigation Signal Genera-
tion Unit (NSGU). The signal is then further up-converted
to navigation service frequencies and is transferred to Solid
State Power Amplifier (SSPA) followed by navigation an-
tennas to be radiated out towards the ground terminals
and user terminals. In our study we use as a reference a
Rubidium frequency standard atomic clock which is con-
trolled and monitored using CMCU. The conceptual design
of payload was created from commercially available parts
and preliminary power consumption was calculated. Two
modes have been considered broadly to identify the two ex-
treme in-orbit payload modes namely safe mode and op-
erational mode. Safe mode has power requirement of 25
W and the operational mode, a maximum of 100 W input
power will be required for uninterrupted operations of the
system. This is also the mode that is expected to be primary
in-orbit mode since the PNT payload will be operation at all
times.
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5.2 Satellite platform

Taking into account the PNT payload power estimates dur-
ing the operational mode, we can already assume that the
satellite full-filling the payload and other sub-system vol-
ume and power requirements will be in the size range of at
least 16U CubeSat or dedicated small satellite platform of
size 30 - 50 kg. Having the satellite according to CubeSat
standards could be cost effective solution in terms of launch
and constellation deployment but dedicated platform would
allow better to address payload needs. The satellite subsys-
tems are selected based on the identified satellite functions.
Some of the main satellite functions are control actuators
and correct attitude, antenna and solar panel pointing and
communication with ground station [4].

5.3 Payload antenna

The satellite should probably have three different antennas,
namely: S-band (TT&C), C-band (integrity messages and
payload command) and X-band antenna (offering naviga-
tional services). The PNT payload antenna is required to
have Isoflux radiation pattern with a half power beam-width
(HPBW) of 20° to 30°. Considering a conservative gain
value of antenna to be 8 dBi the link margin of above 3dB
is achieved. This kind of radiation pattern is mandatory
to ensure homogeneous power distribution for navigational
services. This kind of radiation pattern can be achived by
combining different antennas such as helix, patch or a com-
bination of both. Further investigation is already underway
to estimate the expected radiation pattern, gain, size of an-
tenna and satellite interface for the system [8].

6 Conclusions

Our assessment shows, that a LEO-PNT system is feasible
to built with current small satellite technology and it could
be deployed to LEO. The provided service quality would
be comparable with existing GNSS or in some aspects even
better. The system could have for example approximately
300 satellites in 10 orbital planes at 825 km altitude in
Walker-delta configuration. A single satellite could be in
20 to 50 kg class small satellite with 100 W orbital average
power capability. A very crude estimate about the possible
price of this kind of system could be in the order of magni-
tude of 500 million euros.
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