LU Jun
China Satellite Navigation Project Center

Oct. 2022



LUNTENTS

[” Status of datellite Navigation System

I]2 Contribution of LED navigation

[IB Considerations on Future develupment uf LEl]

navigation
[M. Summary




Status of Satellite Navigation System
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Major blobal/Regional Navigation Satellite aystems

Global Navigation Satellite System Regional Navigation Satellite System

GALILEO

GPS GLONASS BeiDou Galileo QZSS NaviC




GNSS Error Budget

Ephemeris errors ~Tm Satellite Clock)

Satellite Orbit
Satellite Clock

) lonospheric
Atmospheric errors

lonospheric
Tropospheric

(Tropospheric)

~0.2m
Recelver errors Multipath
Multipath
Receiver Clock ~0.2m g/ /
Further error reflnement limited contribution for performance improvement
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GNSS Measurements

« Pseudo-range (code): « Carrier-phase (phase)
— New signal modulation and more precise URE — Used for high-accuracy
— Noise reduced to 0.1m level by carrier- — Ambiguity is still hard to precisely fixed in short period
phase/doppler smoothing tech
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Phase observable (in meters): / L/

Measured pseudorange: e c o NA+e(St —S8° ) —T+ T+ e
Py (1) =clty—17) a - o A;‘ e TT ’ ﬁ
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L o !
User clock : &, () =+ d, (1)
Satellite Orbit Convergence time
o . S LEO (1000km) Tminute
P(Ambiguity) = f(s,PDOP) = ko MEO (20000km) 20minutes
BDS IGSO (36000km) 120minutes 6




LGNS Aug entation

SBAS QZSS CLAS service

' ————— CLAS (Centimeter Level Augmentation Service)
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Satellite-Based Augmentation:

Accuracy is enhanced through the transmission of wide-area corrections for GNSS range errors

Son” r
Rover Bazo S '

Real Time Kinematic
Positioning

QianXun Sl
Ground-Based Augmentation:

Provides differential corrections and covers a relatively small area

Current SBAS or GBAS cannot provide world-wide real-time cm-level positioning service
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datellite Navigation Started From LE[

1960s, 1978, 1982, 2000, 2007, 2011, 2017,

LEO navigation GPS GLONASS BDS-1 BDS-2 Galileo BDS-3
Orbit: LEO _ 2016,
« Measurement: Doppler Orbit: MEO/GEOQO/IGSO Iradium/Next
* Measurement: Pseudorange+ Carrier (STL)

Phase +Doppler




LED PNT Systems From China

[1 LEO constellation becomes a part of China

e Satelh(tje
navigati Base

on tation comprehensive PNT infrastructure

ntation

Underwa <4 O Chinese Commercial companies have

ter Based
Navigati Augme
il ntation

PNT
Celesti architecture constellation construction

al

been deeply involved in LEO navigation

navigat
ion

B >10 LEO satellites have been launched over last 5

years for navigation tests

Quantum

Inertial o
navigatio

navigati
on

B LEO constellation will be completed within 3-4 years
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Advantages Uf LEU navigation -

[1 Space-based GNSS Augmentation System

% BPS B |arge data downlink bandwidth beneficial for real-time high-
23 precision GNSS correction broadcast
%’ B two way confirmation to improve anti-spoofing capability

K LEO [1 User received Signal Power

B signal power can 25-30 dB higher than GNSS (the orbit altitude
IS much lower than GNSS) (communication service)

B GNSS C&l needs similar user received power level (RNSS)

[1 Accelerate the Convergence Speed of PPP
B |mproving PDOP with LEO-based navigation signals

& ; B reduce PPP convergence ( ~30 mins with GNSS - minute level )
Receiver _ 0O Enhanced Estimation of GNSS orbit/clock, EOP...

O i . i .
BDCS B world-wide GNSS tracking with onboard receivers
N
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Advantages Of LED navigation

[0 LEO constellation simulation
m Walker 120/10/1, 975 km, 55°
m Walker 30/3/1, 1200km, 85°

1 LEO visibility

BDS satellite number LEO satellite number BDS+LEO satellite
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» >2 LEOs globally, > 6 LEOs for high latitudes, 4 LEOs on average
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Advantages Of LED navigation

[0 PDOP improvement

latitude (deg)

PDOP MAX PDOP MIN PDOP AVE

BDS 239 1.13 1.99 :
BDS+ 1.93 1.10 1.48

LEO

» PDOP improvement 30%

- ____________________________________________________________________________________________________________________W
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Advantages Of LED navigation

[0 PPP argumentation by LEO
B Test data collected from a signal simulator
B LEO signal frequency: L1/L5

'l 7 7 7 ——~CL1 ——cut

CL5. 0.4 CL5|

f; | ” ‘\ ‘. ‘| 'I ‘ ’ é 0.2
- il 1o se—

= Uil 1‘ ‘ =

) 'y } ’ %-0.2
Simulation ,. 05 o4l o
config software | 0.207 0.041

: 22:36 22:42 22:48 22:54

At 0.
Receiver 23:06 23:09 23:12 23:15 23:18 22:30

LEO code MP LEO phase 4-dif

Signal simulator

Hardware simulator development

» LEO signal code noise: 0.2 m, phase noise: 0.03 cycle
.
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Advantages Of LED navigation

[0 Static PPP

0.6 L L L L L 0.6

East: 0.0189 m I Site: KARR East: 0.0446 m . Site: UCAL
North: 0.0162 m Constellation: BDS North: 0.0374 m Constellation: BDS
Vertical: 0.0688 m Vertical: 0.089&m y .
0.4 | 0.4 z
E 2] |
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5 |
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-0.4 |
-0.6 +— - I - - T T -0.6 T T o T T
0 1000 | 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
| Epoch (1 s intv) Epoch (1 s intv)
0.6 i L L L 0.6 L L .
" ite: East: 0.0285 Site: UCAL
Nerta: 5.0000 m Gonstsildtion. BOaLED North: 0.0315 m ’ Constellation: BDS+LEG
Vertical: 0.0357 m I i Vertical: 0.0634 m
0.4 1 L 0.4 _
z € | : i i
£ o2 | - = 02 - : 8
= & 3 i F 5
2 2 \ 3 -
S I} ; , |-
® 00 - S 00 XY o W
2 ke ’ S ; 1
= = ' H : i !
l BDS+150LEO Foofl s , »
* I BDS+LEO
—0.4- 1 2 1 t L ~0.4 :
<zZminutes -
-0.6 - - - - - -0.6 - - - - -
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Epoch (1 s intv) Epoch (1 s intv)

» Reduce PPP convergence time to < 2min » Fast re-convergence after signal interruption

. _________________________________________________________________________________________________________________-
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Advantages Of LED navigation
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B [NS: Simulated vehicle trajectory _
B Signal simulator: BDS+LEO Signal
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0 600 1200 1800 2400 3000 3600 4200 4800 0
0.4 T T T T T T T 0.4 T T —T —T —T — T T
| —=— East | | —=— East |
—e— North £ e North
£ %27 s up ] 502 A Up
<] @ ] |
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0 . ] ]
o +
m 02 - 8 -0.2
m
-0.4 . T — T . - - -0.4
600 1200 1800 2400 3000 3600 4200 4800 0 600 1200 1800 2400 3000 3800 4200 4800
Epoch (sec) Epoch (sec)

L Eem I Nem ] uem) 3D em)

BDS 2.89 1.48 7.63 8.29

BDS+LEO 1.32 0.40 1.46 2.01

» BDS+LEO: fast convergence: <2 min, high precision: ~2 cm

T
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Onboard Test

[0 Hongyan satellite
B L|LEO-based GNSS argumentation demonstration

B |EO real navigation signal quality demonstration

‘ ‘ ‘ I I I ‘ ‘ ;s sld‘: 5.86(;1 ns| | 0; | . 7 EiES  ARUERY FﬂFﬁ. DETIAE | FEARH | PENBIREIET | WATe | Wt | TRGEERR PRI | TRAEERR s
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20 »2“ *** al |
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First test satellite launched in 2018 Real LEO navigation signal PPP error series

» Real LEO signal noise: Code (2.1 m), Phase(0.6 cm). PPP accuracy: ~5cm

Meng, CNSC presemgz‘/on, 2019



Onboard Test

[0 CentispaceS1 satellite

Alo;lg;t;a;:k: 121 IIIIIIIIIIIIIII
4 Cross-track: 3.1 - 0.15
Radial: 5.6 o
. 60 % 0.10 | w
E S 0,05- ' fﬁlﬁ ' | i |
iy i ¥ )\ Mt b
§ 03 0.00 F\ ‘ )\\ (\ W W Llf(/ﬁ I U \J| | \ mw VIN U \
E o 0.05 f \\ \' |JL LJ | J
8 5 0.10 |
3 0.15
=0 o204 L
-100 A 660 ,,,,, 12|00, — E;:Igzh — ,24]00 ,,,,, 30'00 ,,,,, md 1640 1660 1680 170;e;;2:le;7;?m1e76(1) 1780 1800 1820 1840
First test satellite launched in 2018 LEO Satellite orbit 3D determination error Pseudo-range error

» Real LEO signal : LEO Satellite orbit determination error: ~3cm; Pseudo-range error :~6¢cm
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Cé&l between LEO constellation and GNSS needed to be analyzed

Compatible and interoperable with GNSS receiver

Band Pass
Filter

;

Received Signal at Ku Band
(11.325 GHz) - (1.325 GHz) | Software

Downconverted Signal

Defined

- Low Noise Amp | L Band Amp
-, ’
Band Pass Band Pass
Filter Filter

Considerations on Future develop

GNSS constellation

LEO constellation

~s  Rad
be
—
118520283

Ent [If LEI] naViQEI’[inn

mmmm | Fast convergence
= | &High accuracy
FREQUENCY INFORMATION
BEAM NAME EMISS/REC FREQUENCY BANDWIDTH FREQUENCY MIN FREQUENCY MAX CLASS OF STN
(MHz) (kHz) (MHz) (MHz)
E 1575.42000 12276 1569.282 1581.558 EN
E 1575.42000 12276 1569.282 1581558 EO
E 1575.42000 12276 1569.282 1581.558 EQ
E 1176.45000 12276 1170.312 1182.588 EN
E 1176.45000 12276 1170312 1182.588 EO
E 1176.45000 12276 1170312 1182588 EQ

updown |updown | updown |updown| updown |updown jupdown |  updown
CHN | CENTISPACE-2| N-GSO | 11.09.2018 | APIC 539 2881 16.10.2018
118545172 CHN | CENTISPACE-2[ N-GSO | 11.09.2018 | APJA [ 12252 2885 11.12.2018
. 118520283 (CHN | CENTISPACE-2[ N-GSO | 11.09.2018 CR/C 4847 2086 08.01.2019
-"‘:'—'—-—_,_: 118545172| CHN | CENTISPACE-2| N-GSO | 11.09.2018 | APLB 10711 2896 28.05.2019
Modifies software under the existing hardware architecture of user terminals to L1&L5

obtain high performance navigation services and achieve low cost

In accordance with ITU rules and interoperable with GNSS

frequencies are approved for LEO satellite navigation for Centispace

satellites (Beijing Future Navigation Co.) by ITU
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Lonsiderations on Future development of LE(D

C&l among LEO constellation needed to be analyzed

Constellations Satellite numbers Frequency
Iridium 66 L and Ka Supply Side
Globalstar 48 SandC
SpaceX Starlink 42000 Ku, KaandV * Augmentation Information
Boeing 1767 Vand C « Augmentation Signal
Samsung 4600 v - Constellation fusion
Oneweb 882 Ku, Ka .
XONA 300 L, SandC Demand side
Centispace 150 L » Diversity of users
SATNET 504 L
UAE NSATO1 96 L, S

Coordinate the development of LEO constellations to
achieve integration and empowerment with GNSS

- -
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Lonsiderations on Future development of LED navigation™

GNSS + LEO : Extended application, such as : ‘south wall effect’

NSAT (95%) b NSAT (95%) -
' S Satellite Navigation 5
iy T —_— From Low Earth Orbit
————————— 1d
e o i
/'%}\ ~10 Y b T S
- ~10__ ~o 10
g 5 -
x \ N 2
" O J ’ S
P4 ) S0y 5~/ 8- ‘\
ST Navstarsignal P T =N Lol 1
/ \ TN Stanford Univarsity GPS Lab
d N ‘ 30 60 9 120 150 180 30 60 9 120 150 180
: ' ) Longitude (° Longitude (°
2a B LEO S""f“f‘j"_"cf L _~2b \ \”,f | SCPNT Symposium 2016 ongitude (°) ongitude (°)
R oAV Drawbacks of GPS
W Wi L
27N <. LEO Signal - / .
\ o, 60~ Table 5 Convergence time of PPP-B2b+LEO
8 s J
\ § Dependent: We have become reliant on this Stations Convergence time of Convergence time of
e - 10 cm accuracy (s 100 cm accuracy (s
now critical infrastructure for nearly all aspects of y s y ()
our lives. Beijing a4 7
Easy to Jam: Can take out a city block with a 20 Wuhan 59 17
. Watt GPS jammer. Kunming 49 19
* 8 communication
link . .- = =1 7
; Goal: To increase GNSS resilience. Shanghai 68 /

RABINOWITZM

(71998) Tyler Reid (20176) Yuanxi Yang (2022)

.
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Lonsiderations on Future development of LE( navigatinn”

Ll Real-time worldwide PPP: real-time high-precision service from the
professional applications to mass market.

Professional applications Mass market applications

-3

Geodetic surveying, crustal motion and landslide monitoring,
reference frame construction, precision farming, precision

approach, etc.
b—
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Summary

LEO Navigation: GNSS augmentation, Potential signal power
enhancement capability, Integration with satellite communication
LEO-Based Augmentation: PDOP improved by 30%, convergence time
reduced to 1-2 minute

Future BDS : next-generation of BDS plans to add LEO satellite

constellation
Future development: Compatibility, Interoperability, Extended application
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