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Background and Objectives
• Global economy relies on GNSS
• But…

– There are growing concerns about resilience
– Opportunity exists to serve evolving user base 

(IoT)
– User expectations are broadening (use 

indoors, in urban environments, at poles)
– Potential new applications with forthcoming 

developments in 5G/6G

• How can these be addressed?
– Terrestrial components with very wide area 

coverage
– Different GNSS architecture
– Or LEO overlay (e.g. e constellation of 

affordable LEO PNT satellites, etc.)

Objectives:
 Take benefit from the GNSS 

services available from MEO

 Consider a Complementary 
LEO-based PNT

 Perform a system study

 Consider various 
implementations of a LEO PNT 
to meet use cases

• Preliminary Findings:
 A LEO service can provide 

benefits

 But challenges exist
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Complementary PNT Infrastructure in LEO - Scope

Task 1
High Level 
Definition

Task 3
System Study-
Architecture 

and 
Performances 
consolidation

Identify, Select 
and Define 
Candidate 

System 
Scenarios

Consolidate
Use Cases

Task 2
System 

Study: Critical 
Trade-Offs

Analysis of the 
candidate

system concepts 
and associated 

critical trade-offs 

Task 4
Synthesis and 
Final Report

Complexity, 
Timeline and

Costs 
Estimation

Recommendations –
follow-on activities 

and outreach

Final Report

Performance 
Budget

Technology 
Road-Map

Architecture

Work Logic
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System Concepts-1
• Concept A/B- on board GNSS receiver

– Position calculated from MEO satellites, NAV 
messages generated and transmitted to ground user 
receivers

– No need for on board atomic clocks and less ground 
infrastructure. 

• Concept C- two transmitting antennas (nadir and 
zenith)
 Earth facing and space facing transmit antennas.

 LEO satellites broadcast NAV signals directly to higher orbits 
rather than high-altitude users relying on direct signals to 
reach them from the other side of the Earth.

• Concept D- LEO PNT as an augmentation system
 In essence, combining many systems into one- on board 

receiver, two transmitters, ISLs (next slide).
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System Concepts-2
• Concept E- Inter satellite links
 Taking the receiver concept but adding ISLs to give autonomy to the constellation, enabling 

self synchronisation and data distribution

• Concept F- Hosted payload
 Having the navigation payload (receiver and transmitted) as part of a host satellite- likely 

a mega constellation.

 Potentially allows several hundred payloads
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Mapping of Use Cases to System Concepts
Use 

Cases
System
Concepts

1.1
Polar 
Coverag
e

1.2
Penetration 
into urban 
environmen
ts

1.3
Resilience
against 
Interferen
ce

2
Low 
Energy 
Positionin
g

3
Improved 
Timing and 
Authenticatio
n

4
Improved 
Off-Earth 
Positionin
g

5
Signal re-
configurati
on

6
Support to 
Autonomo
us Vehicles

A/B: On-board 
GNSS Receiver       

C: Two 
transmitting 
Antennas (Zenith 
and Nadir)

     

D: LEO PNT as an 
Augmentation 
System

     

E: Inter-Satellite 
Links       

F: Hosted Payload     

 =  Has applicability
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Mapping of Use Cases to System Concepts
Use 

Cases
System
Concepts

1.1
Polar 
Coverag
e

1.2
Penetration 
into urban 
environmen
ts

1.3
Resilience
against 
Interferen
ce

2
Low 
Energy 
Positionin
g

3
Improved 
Timing and 
Authenticatio
n

4
Improved 
Off-Earth 
Positionin
g

5
Signal re-
configurati
on

6
Support to 
Autonomo
us Vehicles

A/B: On-board 
GNSS Receiver       

C: Two 
transmitting 
Antennas (Zenith 
and Nadir)

     

D: LEO PNT as an 
Augmentation 
System

     

E: Inter-Satellite 
Links       

F: Hosted Payload     

=  Main focus of system analysis in Task 2

 =  Has applicability
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Key Properties and Drivers for Use Cases
Use case UMA MEO

available/
unavailable?

Power on
ground
required
(PoG)

Number of
SVs in view
required

PDOP
required

Intermittent
signal
satisfactory?

Potential
number of
users

1.2 – penetration of
challenging
environments

25 Unavailable High ≥4 <6 No Billions

1.3 – resilience to
interference 25 Unavailable High ≥4 <6 No Millions

2 – low energy
acquisition (for small
receivers, long term
tracking etc)

5 Unavailable High ≥4 <6 Yes 100s of 
Millions

• UC 1.2 is the main focus: the system analysis in Task 2 examined a system design focusing on these drivers.
• However, all the above UC have been analysed.
• Other positioning techniques that use <4 satellites and non-TOA based techniques may also be possible. This 

would relax the requirements on number of satellites in view.
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Choice of User Masking Angle (UMA) for Analysis

• For use case with open field of view
– 5o UMA is realistic

α

• For urban canyons
 5o is reasonable along street, but maybe 

45o cross-street

 A mean value of 25° was used

 PDOP is good when there is a diversity of 
SV elevations – some at low elevation, 
others high.

 Restricting UMA to 25o limits diversity and
limits coverage

 May give overly pessimistic results but 
more detailed study required to investigate.
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MEO availability – Note on MEO Complementarity

A LEO service can be complementary to MEO in 
several ways:

 Additional signals in space (SiS) for the user

 Provision of timing from MEO to LEO to avoid 
need for atomic clocks in LEO

 LEO can utilise MEO positioning for orbit 
determination to simplify ground segment

A LEO L-band service supplementing MEO not 
considered to address use cases

 boosting power could increase the noise floor to 
other PNT users/systems

 Prevents use of GNSS MEO at same frequency 
on-board the LEO

A useful LEO PNT service without reliance on a MEO constellation carries several 
challenges
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System Analysis
Trade-offs

• We have identified the key drivers to address

• A system trade study has been performed to identify a suitable system

• The following LEO system trades were considered:

– Frequency selection
– Link budgets: Power on ground vs frequency and beam width - wide or tilted narrow beam
– Altitude: Radiation environment vs number of satellites
– Number of satellites: Feasibility of 66 SVs (dedicated satellite), 200-294 SVs (dedicated satellite), 648 

SVs (chosen hosted payload value based on some planned constellations).
– Optimal plane inclination vs coverage
– Wide beam or tilted narrow beam coverage (two or four beams)
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LEO Frequency Selection
 Frequencies considered feasible were from VHF to S-band.

 L-band, while potentially useful, is mostly reserved

 Each potential frequency has advantages/disadvantages 
depending on the use case:

2.5m long VHF helix antenna
(Ref German Aerospace Centre, Schuetze-Staebe)

80mm long S-band 
patch antenna
(Ref SSTL)

Use case VHF S-band

1.2 – penetration of 
challenging 
environments

Lower freq- more 
penetration, less FSPL. 
Mechanically larger

Less penetration but 
reasonable, mechanically 
easier to accommodate, 
supports tilted narrow 
beams, better for hosted

1.3 – resilience to 
interference

Higher PoG possible, more 
freq diversity. Mechanically 
larger.

Less penetration but 
reasonable, mechanically 
advantageous, supports 
tilted narrow beams, 
better for hosted. 

2 – low energy 
acquisition (for small 
receivers, long term 
tracking etc)

More penetration and PoG, 
antenna size may make 
small receivers difficult.

Penetration less an issue,
mechanically easier in 
receiver applications, 
supports tilted narrow 
beams.
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System Analysis
Link Budgets

• 2 frequencies considered: VHF and S-band
• Less than 5W broadcast power

VHF: 120 MHz, wide beam 
antenna (G=~5.5dBi)
Broadcast power = 0.1W
PoG = -147 dBW

S-band: 2.5 GHz, tilted narrow 
beam antenna (G=~16dBi) 
PoG = -150 to -155 dBW
(depending on range)

Signals can be attenuated by 
20 – 30 dB as they penetrate 

ferro-concrete walls

Reasonable power output 
for a small LEOsat (40kg)

• Conclusion: 
 VHF PoG allows good 

penetration of 
buildings

 S band requires a 
focused beam or 
higher SV power to 
improve on Galileo
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System Analysis
Altitude

• 1200 km
• Rad Hard 

components 
req’d

• Fewer SVs

• 800 km

• COTS components OK

• 40% more SVs req’d to 
achieve similar cover

A high altitude provides better coverage but is subject to higher radiation levels. Two possibilities were 
considered in the dedicated system; 200 SVs at 1200km or an equivalent coverage at 800km.
Which altitude is preferred?

Conclusion: 800 km is the selected altitude

10 yr life cost for 1200 km is estimated 
as 3x that of 800 km case

A 200 SV constellation 
at 1200 km is similar in 
performance to 294 SV 
constellation at 800 km
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System Analysis- Number of Satellites (SV)
Three different systems considered to assess 
feasibility:

• A dedicated constellation of 66 SVs

• A dedicated constellation of ~294 SVs

• A hosted payload solution of several hundred 
SVs

66 satellite constellation soon discovered 
unfeasible:

• 4 satellite coverage never reached when 
UMA = 25 degrees

• >2 satellites in view when UMA = 5 
degrees very sporadically- no major 
benefit

• Satisfaction of the use cases not achieved
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System Analysis
Optimal plane inclination (single inclination)

• Inclinations checked for 294 SVs 
in 14 planes of 21 SVs, 25o User 
Masking Angle

– Poor coverage in low latitudes
– Performance at 

poles better, especially
at high inclinations

– Marginal differences over 
majority of latitudes

Note: performance 
excludes MEO 
signals
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System Analysis
Optimal plane inclination (multiple inclinations)

• If some planes are re-assigned to equatorial 
and tropical orbits

– Coverage improves near the equator, but still weak in mid-
latitudes

– As number of SVs is low, PDOP results are poor 
– Best solution is 7 pl at 65o

and 7 pl at 25o

– Further SVs are needed 
to improve performance

– Alternatively, reduction 
in UMA to 15o shows 
significant improvement

Note: performance 
excludes MEO 
signals
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System Analysis
Optimal plane inclinations

• PDOP results for one best case 
(dedicated satellite); five planes 
at 68°, six planes at 42°, 
single equatorial

25o UMA 20o UMA

 25o UMA gives fairly poor PDOP – intermittent 
coverage

 20o UMA improves PDOP considerably (though 
some intermittent coverage)

Note: performance 
excludes MEO signals
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System Analysis
Optimal SV to plane ratio

Three cases examined:
• Having an SV:plane ratio of ~3 (top 

map)
• An SV:plane ratio of ~1.5 (middle 

map)
• An SV to plane ratio of ~1 (bottom 

map)

• Results show having more satellites 
per plane rather than more planes 
gives better performance (more 
higher PDOP areas)

• Also more SVs per plane provides 
lower launch and replenishment cost

5 planes of 29 
SVs at 65o and 5 
planes of 29 SVs 

at 25o

(SV:plane = 2.9)

7 planes of 21 
SVs at 65o and 7 
planes of 21 SVs 

at 25o

(SV:plane = 1.5)

9 planes of 16 
SVs at 65o and 9 
planes of 16 SVs 

at 25o

(SV:plane = 0.9)

25o UMA

Note: performance 
excludes MEO signals
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System Analysis - tilted narrow beam coverage
• Potential alternative to having whole-Earth 

coverage using S-band.
• Each satellite equipped with two or four tilted 

narrow beams, when a user is within a coverage 
zone NAV data is available.

• Potentially advantageous having a focussed beam 
with higher power:
– S-band is a crowded spectrum, from a regulatory point of view 

a focussed beam is preferable.
– Access would still extend to the 3dB and 10dB lobes outside 

the main lobe but with less signal strength.
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System Analysis - tilted narrow beam coverage - 2 beam
• For S-band, tilted narrow beams are 

potentially a way of achieving high 
PoG

• Two beam solution:
– Overlaps beams from adjacent SVs on each ring
– Maintains constant patch with 2 beam coverage 

which travels around the globe
– Patches occasionally overlap to give 4 SVs in 

view

• Poor performance for use cases 1.2, 
1.3 and 2. 

• Good PDOP levels seen very 
intermittently

• No major advantages
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System Analysis - tilted narrow beam coverage - 4 beam
• Four beam solution:

– Beams synchronised to align at the equator
– Diverge away from the equator but overlap with 

other planes towards the poles
– Potentially good coverage (STK simulation of the 

concept difficult so PDOP levels not shown).
– Not considered feasible- plane shifting and drift 

makes constellation management difficult.
– Would likely require more complex AOCS with star 

tracker control

As a whole, the higher power requirement for 
a wide beam S-band transmitter isn’t a major 
disadvantage
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System Analysis - Hosted Payload
• Hosted payload potentially added to a mega-constellation
• Likely very good coverage, but no control over orbit altitude/inclination
• May be relieved by being hosted to multiple missions and sheer numbers outweighing 

orbit selection disadvantage.
– Potential side advantage- excess satellite numbers would mean a smaller footprint and more efficient link budget

• May have mechanical and AOCS issues for the host satellite if using VHF due to large 
antennas

• However, every identified use case potentially satisfied!
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Updated Power on Ground Requirements

• Analysis in Task 2 was directed to achieve higher PoG values than 
existing GNSS

• During Task 2, PoG limits were agreed with ESA referring to 
previous analysis*:
 S-band: -126 dBW/MHz/m2

 VHF: -147 dBW (carrier wave)

• Signal levels were lower than analysis results
• Reduce output power from payload

 Enables wide beam S-band signals to be considered

*e.g.: ”A Search for Spectrum: GNSS Signals in S-Band” 

Source: https://insidegnss-com.exactdn.com/wp-content/uploads/2018/01/oct10-wp.pdf

https://insidegnss-com.exactdn.com/wp-content/uploads/2018/01/oct10-wp.pdf
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Evaluation of Systems
System RF Solution Description Take Forward?

1 VHF 
wide beam

Good PoG
Good coverage, full time

Maybe spectrum constrained
Large antenna

Yes

2 VHF
tilted narrow 

beam

Impractical antenna design
Unnecessarily high power No

3 S-band
Wide beam

Very low PoG (similar to Galileo)
PoG limits subsequently advised by ESA are achievable Yes

4 S-band- 2 or 
4 tilted 

narrow beam

Medium PoG
Poor coverage, intermittent, only UMA 5° to 45°

Good PDOPs achieved  where beams overlap
4 beams need to be tuned for a target latitude

SVs will desynchronise

No

5 Hosted 
payload- VHF 
or S-band, S-

band more 
feasible

Good POG and coverage across wide UMA range
Always two satellites in view

Dependant on host satellite- if above 1000km it may 
present COTS component and VHF use issues

Yes

Systems selected:
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Ground Segment Assessment – Sensor Stations
• To generate ODTS on the ground, a 

network of sensor stations track the 
navigation signals and feed 
measurements into the ODTS process

• Analysis revealed:
 59 sensor stations provide a reasonable 

ODTS solution over Europe
 Even with this many stations, depth of 

coverage outside of Europe is poor
 Better global coverage may require 100 

or more stations
• Position and time data from GNSS 

receiver are used to generate ODTS 
solution on-board
 Reduces requirement on having an 

extensive ground segment

GSS is Ground Sensor Station
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Ground Segment Assessment – TTC Stations
• Objective of the assessment was to investigate a lean ground segment
• Analysis proceeded with a single ground station, performance assessed as 

additional ground stations added and optimal station locations selected
 Performance assessed by evaluating Age of Data (AoD) of navigation data, old data reduces 

position accuracy

 GNSS receiver enables ephemeris and clock data to be generated on-board, most time 
sensitive data.  Remaining data uplinked from ground require AoD < 1 day.

• For the 294-satellite LEO constellations, 
a single TTC station, suitably placed to 
contact all planes, can maintain AoD < 1 day

• Concept relying on ‘mega constellation’ numbers 
requires two TTC stations to uplink the navigation 
data to maintain AoD requirement
 Stations analysed were Svalbard and Kourou

 A minimum of two TTC stations would likely be 
required for redundancy
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System selection and concept mapping

System Frequency Beam Coverage Altitude No. of SVs Configuration

1
(Dedicated)

VHF
S-band Wide Full 800km 294 min

5 planes of 24 SVs at 68°,
6 planes of 24 SVs at 42°
One plane at the equator

2
(Hosted PL) S-band Wide Full 800km 648 min 18 planes of 36 SVs at 88°

Two main concepts have been chosen that best satisfy the use cases:

- High power on ground is limited by bandwidth limitations, but dual frequency transmissions allow limits 
to be met.

- Analysed altitude is 800km for COTS, higher may be possible with various component philosophies
- A few hundred satellites is the minimum required to support high UMA use cases
- However, methods to obtain a fix with fewer satellites exist
- An on-board GNSS receiver simplifies the ground segment and TTC functionality; two TTC stations 

can meet AoD requirements for either concept
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Mapping of Use Cases to Key Properties
System Frequency Beam Coverage

1
(Dedicated)

VHF
S-band Wide Full

2
(Hosted PL) S-band Wide Full

System 1: 
VHF and S-band
(Dedicated)

Use                        
Cases

Key 
Properties

1.2
Penetration 
into urban 

environmen
ts and 
indoor

1.3
Resilience
against 

Interferenc
e

2
Low 

Energy 
Positionin

g

3
Improved 

Timing and 
Authenticati

on

User Masking 
Angle
(UMA)

25o

(average of 
5o to 45o)

25o (better
at steeper 

UMA)

5o

sufficient
5o sufficient

Power on 
Ground 
needed

High High High Not critical

Intermittent 
or full time
service 
needed

Full time Full time Intermitt
ent

Intermittent

System 2: S-Band
(Hosted Payload)

Use                        
Cases

Key 
Properties

1.2
Penetration 
into urban 

environment
s and indoor

1.3
Resilience
against 

Interferenc
e

2
Low 

Energy 
Positionin

g

3
Improved 

Timing and 
Authenticatio

n

User Masking 
Angle
(UMA)

25o (average 
of 5o to 45o)

25o (better 
at steeper 

UMA)

5o

sufficient
5o sufficient

Power on 
Ground 
needed

High High High Not critical

Intermittent 
or full time
service 
needed

Full time Full time Intermitt
ent

Intermittent

System 1 with an On-board GNSS receiver on a dedicated satellite:
 High Power on Ground  with low SV power

 Can penetrate urban environments and indoor (due to inclusion of VHF)
 Addresses all Use Cases
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Refined Two Retained System Scenarios
System 1, supporting Use Cases 1.2, 1.3, 2 and 3, comprises of:
Stand-alone system, payload based on a software defined radio (SDR) including an on-board GNSS 
receiver, no ISLs:

 On-board GNSS receiver to provide position and time information for LEO ODTS.
 Dual-frequency navigation signals broadcast in VHF and S-band, wide-beam signals.
 Positioning technique uses Time of Arrival and Frequency of Arrival measurements

System 2, supporting Use Cases 1.2, 1.3, 2 and 3, comprises of:
Hosted payload, payload based on an SDR including an on-board GNSS receiver, no ISLs:

 On-board GNSS receiver to provide position and time information for LEO ODTS.
 Navigation signals broadcast in S-band, wide-beam signals.
 Positioning technique uses Time of Arrival and Frequency of Arrival measurements

System Frequency Coverage Altitude # LEO SVs Configuration

1 (Dedicated)
Dual-frequency

VHF and S-band
Wide-beam 800 288

5 planes of 24 SVs at 68°,

6 planes of 24 SVs at 42°

One plane at the equator

2 (Hosted Payload)
Single-frequency

S-band
Wide-beam 800 648 18 planes of 36 SVs at 88°
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Preliminary Space Segment Architecture

CoreDHS 0 CoreDHS 1

S-Band Rx

GPS

Analogue
RS422
Power

RF

S-Band Rx

GPS

RW 0

CA
N

485

485

12V

RW 3
485

12V

RW 1
485

12V

485

##V

CAN

##V Power Bus

Dual-redundant RS485 Bus

Dual-redundant CAN Bus 
(Switchable)

BCM/PDM

12 Ah 
Li-Ion Battery

Battery Heaters
12V12V

Power

Xe

Prop Heaters

Temp.

Propulsion

12V
CAN

48512V Payload  I/F
CAN 48512V

BCR

Legend

Payload

Power switches

Optional Upgrade

RW 2
485

12V

HR
DM

 2

HR
DM

 3

HR
DM

 0

HR
DM

 1

12V 12V

12V 12V

CA
N

CAN

CAN Dual-redundant CAN Bus 
(Not Switchable)

BCR

BCR

BCR

BCR

BCR

BCR

BCR

CAN CAN

12V

Star Tracker Star Tracker

CAN

CA
N

Y-axis Deployable
Solar Panels

X-axis Deployable
Solar Panels

Prop 
Ctrl-0

Prop
Ctrl-1

OBC

S-Band Tx

Gyro-0

Gyro-1

SS-0

SS-1
OBC

S-Band Tx

Gyro-0

Gyro-1

SS-0

SS-1

MTQ-0

MTQ-1

MTQ-2

MTM MTM

CANCA
N

SDR

FPGA

RF agile 
transceiver

RF agile 
transceiver

Tx antenna 1

Tx antenna 2

Tx1

Tx2

GNSS signals

RF amp 
sub 

system 1

OCXO

RF amp 
sub 

system 2

2-way signal 
Rx

Output 
filter

Structure Size 
400 x 400 x 700mm

As a baseline:
- 3 axis control
- 4x deployable solar panels
- TTC via S-band
- Xenon prop system
- Dry mass target ~ 40kg
- OAP: 54.4W
- Payload power: 17W allocated
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Preliminary Space Segment Architecture

AOCS:
 Pointing accuracy of several degrees considered OK
 Three axis control achieved via magnetometers and sun sensors, star tracker not necessary-

simplifies design and testing

Delta-V and prop system:
 Prop system required for station keeping, altitude maintenance, de-orbit
 Delta-V over life calculated at ~70m/s for 800km (depending on concept)
 Propellant mass of 8-10kg depending on concept
 Feasible within small satellite

FDIR:
 Redundant platform subsystems planned within each satellite
 AOCS modes would include safe, coarse pointing, nominal-payload and nominal-propulsion
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Positioning Techniques
• MEO GNSS use time of arrival (ToA) measurements to calculate pseudoranges

 Requires four satellites in view to solve for position and time
• Doppler ranging uses frequency of arrival (FoA) measurements to calculate pseudoranges

 Data signal does not need to be decoded, enables weaker signals to be tracked 
 FoA techniques require receiver’s velocity to be known, requires seven satellites in view to solve 

for position, velocity and time unless one or more parameters are already known (velocity, 
altitude, etc)

 Doppler easier in LEO as higher velocities lead to higher frequency shifts
• Combined Doppler and ranging measurements

 Enables two independent measurements to be made to a single satellite
 If receiver velocity is known (eg static receiver) there are four unknowns, can be achieved with 

combined positioning from just two satellites
• Integrated positioning

 Measurements from a few or even a single satellite can be combined from different epochs to 
generate a position solution
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Doppler Positioning Analysis
• GMV considered three different positioning techniques

 Doppler positioning
 Positioning with phase increments
 Combined Doppler and ranging measurements

• Analysis considered:
 LEO only (288 satellites and larger mega-constellation type) and LEO + MEO solutions
 User mask angles of 5° and 25°

 Doppler errors of 0.200 m/s, 0.030 m/s and 0.005 m/s
 Majority of analysis assumed user velocity was known
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Doppler Positioning Results

• Initial analysis used antenna beam-width 
of ±30° (value used by SSTL in Task 2)
 Performance dominated by MEO constellation, 

even mega-constellation type has poor 
performance on its own

 Further subset of analysis performed with beam-
width of ±66° (full Earth coverage) on LEO only

LEO-288+GPS+Galileo, Phase increments, open sky

LEO-288+GPS+Galileo, Doppler+ranging, urbanLEO-288+GPS+Galileo, Doppler+ranging, urban, wide antenna
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User segment architecture
Considered
1. Static Users
2. Vehicle Users
3. Personal Device Users

Antenna Size

Type 2 User signal Penetration example Compared to MEO

Type 3 User signal Penetration example Compared to MEO

Static users may use 
relatively high gain 

hemispherical antennas to 
receive polarized signals from 

various elevations.

Antennas that mount on 
vehicles and other means of 
transportation can make use 

of the body of the vehicle as a 
ground plane, increasing the 

overall efficiency of the 
antenna.

The use of VHF band in 
mobile devices is challenging 
as physical limitations make 

the use of an efficient antenna 
difficult. 

Antenna Size

Constellation PoG Delta signal strength
at antenna output

How much more concrete LEO
can penetrate v MEO

MEO -155 dBW 0 N/A

LEO VHF -147 dBW +7 dB ~1.75 m (~4 dB/m)

LEO S-Band -150.5 dBW +4.5 dB ~0.11 m (~40 dB/m)

Constellation PoG Delta signal strength
at antenna output

How much more concrete LEO
can penetrate v MEO

MEO -155 dBW 0 N/A

LEO VHF -147 dBW +6.8 dB ~1.7 m (~4 dB/m)

LEO S-Band -150.5 dBW +4 dB ~0.1 m (~40 dB/m)
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Conclusions from Task 3
1 System concepts progressed for two system scenarios retained from Task 2

2 Preliminary space segment architecture expanded - including delta-V and propulsion 
budgets, CONOPS, FDIR and power budgets based on 800km; dedicated satellite 
possible within small satellite structure of ~40kg dry mass.

3 Ground segment architecture not progressed in this task, GMV’s contribution focussed 
on other areas

4 User segment focussed on three different user types (static, vehicle and personal 
devices), investigated different environmental conditions for the different use cases and 
assessed various antenna options for each

5 Doppler positioning assessment of LEO constellation showed good performance under 
open sky conditions but in urban conditions the LEOs have to be combined with MEOs 
and ideally have an antenna with full Earth coverage to provide good performance

6 Following the more detailed system analysis, a preliminary list of system requirements 
was generated at the end of the task
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Conclusions and Further Work
Technology status and road maps:
- For a dedicated mission, the TRL of most of the platform would be 7-9 since it would be fairly safe 

modifications to existing technology.

- The payload design (for both system concepts) would be ~3 since it is an as-yet undemonstrated 
technology

Potential way-forward:
- Establishing which concept should be pursued (dedicated or hosted)

- If a hosted payload, researching potential architectures that would allow placement into 1000-
1200km orbits among future mega-constellations, including feasibility of VHF rather than S-band.

Areas for further investigation:
- Synergies between GNSS and 5G for hybrid positioning indoors

- Potential commercial return and applications of this level of positioning to justify investment

- Structure of navigation signals

- Further investigation of positioning with less than 4 satellites, especially in applications where MEO 
GNSS cannot be used
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