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• Protect 

• Toughen 

• Augment

Call to Action for GPS

Assured 
PNT



LEO
• DARPA: Blackjack 
• “Pivot to LEO” 
• Comms+PNT payloads (in phase 2) 
• Government-owned vehicles ($4-15 million per SV) 
• DLR + GFZ Potsdam: Kepler 
• Next-generation Galileo 
• Space-based atmosphere-free global synchronization + precision 

orbit determination



Kuiper Systems

Commercial LEO

2,000 satellites

12,000-30,000 satellites

3,000 satellites



Clock Radio Spectrum Antenna

Q: Can we compromise 
on clock quality? 

A: Yes. Discipline to GPS 
and update frequently. 
(e.g. 50s)

Q: Can we compromise 
on signal structure? 

A: Yes. High SNR, wide 
bandwidth.

Q: Can we share spectrum, time, and 
antennas with (primary) data customers? 

A: Yes. TDMA+FDMA, high SNR. Service cost 
per 20km spot beam ≈ cost of 1 MB/s 
downlink bandwidth

Elements of Fused PNT

Already present … just not purpose-built!



Prior work
• High-Integrity GPS program (Iridium, 

Boeing, Coherent Navigation, 2007-2011) 
• Now Satelles 
• Not single-epoch (Transit-style positioning) 
• Tyler Reid, A. Neish, P. Enge (2016-2018)



20,000 kmGPS

Commercial Broadband LEO

400 km
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20,000 kmGPS

Commercial Broadband LEO

400 km

+25 dB 
RX antenna selectivity 

(vs. horizon)

+31 dB 
Power Flux Density

20 ms 
Single-Epoch 

Positioning and Timing

30× 
Greater Bandwidth 
(vs. civilian signals)

1,000× 
More satellites

700× 
Faster Multipath 

Decoherence

4,000,000× 
Bandwidth for Data 

(Zero-lag Ephemerides)

No atomic clocks 
(OCXO sufficient)



Bottom Line

95% user error: 
 32cm (AoE 1s) 
1.21m (AoE 50s)

Pay-as-you-go 
(cf. Iridium)

Reliant on Commercial 
Service Providers

Hardware costs to 
US Govt: 

$0.00

+56 dB 
Anti-Jam

Not resilient to 
global GPS Outage 

(yet)

Intermittent Ranging Bulky RX Antenna 
(“pizza-box sized”)
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Error Budget 
(millimeters)

Ranging
0.0

Tropo
4.1

Iono
1.3

Orbit
32.2

Clock
227.6

Age-of-Ephemeris = 50s
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Error Budget 
(millimeters)
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Error Budget 
(variance, cm²)

Ranging
0.3

Tropo
25.0

Iono
7.8

Orbit
41.9

Clock
16.4

Age-of-Ephemeris = 1s
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1) Multipath: Compared to traditional GNSS, LEO PNT receivers will be far less sensitive to multipath and non-line-of-sight
errors. This improvement comes from a combination of factors: rapid decorrelation, greater bandwidth, and receiver antenna
selectivity.

The rapid decorrelation of multipath components for LEO PNT signals arises from their shorter wavelength (so that the
relative phases of individual multipath components are 7⇥ more sensitive to path-length differences/excess delays) and their
lower orbital altitude (so that angles of incidence between the satellite signal and reflectors in the environment vary 100⇥
more rapidly). These effects multiply: with the same reflector geometry, multipath components “average out” in the integrated
correlator outputs 700⇥ more rapidly for LEO PNT. Reid et al. estimate a multipath decorrelation time-scale of 600 s for
traditional MEO GNSS and 60 s for Iridium. Their ratio of 10⇥ is surprisingly low. This may be due, in part, to Iridium’s
operation in L-band at a higher altitude; however, even these assumptions would favor a ratio of at least 50⇥. Supposing the
greater number of 700⇥, the multipath decorrelation time-scale will be less than 1 s.

The greater bandwidth of LEO PNT signals compared to e.g. the GPS L1 C/A signal potentially reduces the time-of-arrival
ambiguity associated with multipath by 30⇥, so that multipath components with path-length differences larger than 5m will
not appear in the output of a narrow correlator. This reduces the volume of space within which potential reflectors must reside
(if they are toV generate a problematic multipath component) by an even greater factor.

Receiver antenna directivity further suppresses multipath components arriving far from boresight. In traditional GNSS, one
advantage of circular polarization is that the receive antenna can be selective against multipath, since singly-reflected signals
have flipped helicity. However, if these flipped-helicity signals arrive far from boresight, even high-end antennas cannot offer
a very good axial ratio. For LEO PNT, since multipath components arriving far from boresight are excluded by antenna
directivity, the axial ratio can be more favorable.

For these reasons, the present analysis neglects multipath errors.

G. Dilution of Precision

For single-epoch positioning, the dilution-of-precision factors HDOP and VDOP may be read from Fig. 1. This analysis
uses values averaged over the land area of the United States, where the mean number of visible satellites is 43.5:

HDOP = 0.55 VDOP = 1.43

For filtered (i.e. multi-epoch) positioning, the dilution-of-precision factors may be determined by the dynamical model of
Appendix B.

H. Summary

Based on this analysis, an estimate for the 95th percentile user ranging accuracy of a Starlink-based A-PNT system using
OCXO clocks, 50 s ephemeris updates, and PPP-based GNSS orbit determination is 0.558m horizontal, 0.717m vertical. See
Table I for more details.

Quantity Description Estimate
⌧ Ephemeris Update Interval 50 s

T Clock RMS error, worst case 0.271m
R Orbit RMS error radial, worst case 0.037m
A Orbit RMS error along-track, worst case 0.057m
C Orbit RMS error cross-track, worst case 0.049m

wR Geometric weight factor, radial 0.774
wA Geometric weight factor, along-track 0.448
wC Geometric weight factor, cross-track 0.448

�SISURE Satellite timing and positioning errors 0.301m
�IONO Ionospheric delay error 0.028m
�TROPO Tropospheric delay error 0.050m
�RNM Receiver noise and multipath errors 0.005m

�URE User ranging error per satellite 0.307m

�x95,H 95% horizontal error 0.558m
�x95,V 95% vertical error 0.717m
�x95 95% total error 1.205m

TABLE I: Summary statistics.
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Age-of-Ephemeris = 50s






