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A Brief History of Navigation

Celestial/Chrono Loran Transit GPS ¢
1770-1920 19405-2010 1964-1996 1996-Present 2025+
3000 m 460 m 25 m <0.30 m
(5 sec) (100 ns) (10 ps) (< T ns)
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‘Moore’s’ Law of Navigation
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New Nav Drivers
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PNT Needs

Commercial Sat Nav

GNSS
x Orbit / Clock

Determination
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A Comparison of Requirements
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GPS

Sat Nav for Today

Focus User Group

Government

Commercial

Accuracy 5 bombs in the same hole| Keep seHdriving cars in
their lane
Availability Global Global, enhanced in

population centers

Resistance to Interferenc

Statelevel actor

Unintentional & PPD'’s

CostEffective Space / Government Commercially viable
Ground Segment
Affordable User Portable Mass market

Equipment




GPS Architecture




GPS Archltecture
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10 m, RMS
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Space segment radiation
hardened to survive a nuclear
strike



GPS Archltecture
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Atomic Clock

10 m, RMS
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Atomic clocks on satellites for two
week holdover in the event the
ground segment is incapacitated



GPS Architecture 12
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Daily domestic TT&C desired,
rules out GSO

Domestic TT&C

10 m, RMS
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GPS Architecture
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Rad hard satellite with atomic
clocks are expensive.

MEO wins over LEO due to 10x
less satellites needed while still
satisfying daily upload
constraint.

Domestic TT&C




Sat Nav Today 14

MEO
T {m); Rad Hard mg - »
- = A
XoX Atomic Clock vo%
v ‘>'<‘
S\SV Start by removing government

specific requirements.

/ﬁ‘ Domestic TT&C

5 cm, RMS
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Sat Nav Today 15

‘ ()LowSWaPClock

Two-week satellite clock
holdover not required; ground
assumed online with high up
time

-

5 cm, RMS

Commercial TT&C
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Sat Nav Today 16

.LowSWaPCIock

S\gv Tactical nuclear strike
survivability not required

/ ‘OE" Commercial TT&C

5 cm, RMS ek Atomic Clock
U
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Sat Nav Today
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LowSWaPClock
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5 cm, RMS

(:/ WSTS 2023

17
MEO ‘
-------------------------- A-BE
1 S -
Orbit? We desire:
- High received power
S\SV - Fast geometry change for

PPP convergence to cm

- Low cost space segment,
leverage mega
constellation ecosystem
for LEO

Commercial TT&C
}é{ Atomic Clock




Sat Nav Today

LowSWaPClock
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5 cm, RMS
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Move to LEO
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Commercial TT&C

}§§ Atomic Clock
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Novel signals can be
introduced, unbounded by
legacy GNSS
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Commercial Time Services

Qf WSTS 2023




Navigation & Timing as a Service 20

Commercial satellite ...work with receiver ...To provide
infrastructure... manufacturers to enhanced
integrate services that are
functionality... easily deployed to
end users.
) )
o — 0% R
V. V.
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Commercial LEO PNT

~ LEO
E“"’ m%=
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Encrypftion & Stronger Ccr;wzcr)\meeTFZ :
Authentication Signals Precgigsion
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Indoors 22

GNSS

LEO * Powerful signal can penetrate several walls,
W enabling indoor antenna deployment
* Simplified installation

* Remove need for roofaccess, rent, etc.

3 * Eliminates outdoor antenna installation &

: - : .
||]-ﬂ; ‘-n"J - l"lLI maintenance costs
e k.l..i—!i s * large constellation = high probability of at

least intermittent reception
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Accuracy Monitoring LEO PNT 23

signal receiver cdocated
at UTC timescale.

LEO
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Accuracy LEObased UTC 24

compared with UTC
timescale and calibration
is shared with operations.

LEO
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ACCU ra Cy Orbit, clock, phase & code 25

biases, and UTC
corrections computed and
uploaded to the satellite in

short order (seconds)
LEO
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Time User PPP (Error) & Control
Corrections
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Accuracy Time users leverage near -

reaktime correction

parameters along with

Precise Point Positioning

techniques for highly
LEO accurate time.
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PPP Convergence

600 -

500 -

400 -

300 -

Mean Convergence Time [s]

200
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GNSS

Float Solution

GNSS+Pulsar 1-in-view GNSS+Pulsar Phase3

Constellation

Mean Convergence Time [s]

Fixed Solution

GNSS

GNSS+Pulsar 1-in-view GNSS+Pulsar Phase3

Constellation

27

GNSS PPP techniques and
services already used in
high precision time today
claiming < 1 ns ability.

LEO signals accelerate
convergence time and
bring shorter multipath
decorrelation time for

higher precision faster.

In-band data bring
correction information
directly.
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In Orbit Demonstration
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Demo Satellite Mission Huginn

Transporter-5 Mission
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Phased Roll Out 30

Phase 1 Phase 2 Phase 3
~ 40 Satellites ~ 70 Satellites ~ 300 Satellites

et R
L e« N

pSS S w————— g

«  Pulsaffor Stationary Users >99% Availability >99% Global 100% Global
«  Corrections for Mobile Users Mid-Latitudes 100% Mid Lat Coverage
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