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Space Weather
Lessons
Learned in Very
Low Earth Orbit
Operations

Delores J. Knipp and Vishal Ray
Low Earth orbit (LEO) satellite mega-

constellations are providing global
phone and internet communications as
well as space-based imaging services—
and more are on the way. The space com-
munity stands to learn much abourt op-
erating in the LEO environment as these
constellations complete their configura-

Artist i lmpressmn of a Xona Space Systems LEO satellite N

tions. For example, with an eye toward Kevin Dennehy

building a LEO constellation comprised

of thousands of spacecrafts, Starlink IVl any companies are developing low Earth orbit (LEO) systems and equipment
mission designers use a combinartion of : to augment GPS and other GNSSs for such commercial applications as au-
boosting and electric orbit-raising to : tonomous vehicles, drone delivery services, critical infrastructure, and other markets.
elevate constellation spacecraft to opera- While GNSSs that operate in medium Earth orbit (MEO) are the dominant position-
tional altitudes. In early February 2022, : ing, navigation, and timing (PNT) satellite constellations, industry experts say their

this seemingly proven approach had a signals are weak, subject to interference, and expensive to augment.
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What does LEO-PNT Entails? \

IEEE Access

SPECIAL SE
CTION ON POSITIONING AND NAVIGATION IN CHALLENGING ENVIRONMENTS

Mobcicoleur | Raid den | Open Aces il

Received
5 July 2022, accepted 16 July 2022, date of publication 26 July 2022, date of current version 15 August 2022

Digital Object Identifier 10.1109/ACCESS.2022.3194050

SURVEY

Position, Navigation, and Timing (PNT) Through
Low Earth Orbit (LEO) Satellites: A Survey on
Current Status, Challenges, and Opportunities

Es.PROL 'R MORALES FERRE" 2L iAI.EEM", (Grad:ateI:tEuEt)lent Member, IEEE),
. "’“"5“0" e Pmﬂl e LOTNi M' (:leb':: :En::;nMe r’EI.MU;RA‘I'I 74 (Senior Member, IEEE),

NHOURY ‘, (Graduate Student Me f , M. : ‘M ;
rl:LL::ﬁ 1K CELIKBII.E LK SELVAN‘, J. YLIAHO®, K. lRyl;l‘T':EIIJG: ,A. 0. :
L: FERRANT;"‘ J. PRAKS 2, Member, IEEE), M. Z. H. BHU 5. KAASAL

nEm” X 2450 Esgoe, Finland

AND H. KUUSNIEMP] IA::'F_(M: go‘\,:lll‘.’lllliffi)h nstitute (FG. .\'L;uilun.;l u,:c @Sﬁgﬁﬁpﬂﬁix i Space
1Depa nt of Navigation and Positioning. uuu‘" s e Unt Tun sl
:l[-):tp:l?\j“:f llnf(rrr:ml:ml Technology unq Communication & 01;::50 E\‘ I:w ‘ i’- o
IPepa ' nlOfRi"NS:":’”lt:n:’: ¢ U o ,\'.naui:::::::!
'l({f:cmh Platform- Emw{'\l"’: M_';:?a\: ::\‘.:,]:’;Ill;q\"u\:l. e
d Communication: mivers!
Lohan (elen

4gchool of Techno!
Spigital Economy |
65chool of Marketing an

pon ing author J—s!lnonJ.lO an@tun! 1)
di hor: E- S han@ f
2

Corres|

%\ INCUBATE

/

@,

Detailed literature review paper
about state-of-the-art LEO-PNT
challenges and prospects

Dedicated LEO-PNT

Iannucci et al. ION PLANS, 2020

Augmented LEO-PNT
Oligeri et al., ACM SPWMN, 2020

Racelis et al., ION GNSS+, 2019 So0




LEO-S9 - LEO/PNT simulation tool with 9 modules
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Space Segment: Orbit Design

Celestial body,

e e
e 4 Tab 2. Propagation
Longitude of ascending node Reference
o " direction Two body effects
Blan Gravity perturbations
€ of reference _ Moon attraction
Q Inclination

Sun attraction
Solar radiation
Atmospheric Drag

Ascending node

Table 1. Keplerian orbital parameters
e  Eccentricity

i  Inclination

A Semi major axis

w  Argument of periapsis

Q  Right ascension of ascending node
M, Mean anomaly
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Space Segment: Satellite Constellation

Unknown points for optimization: Inclination x Satellites in View x GDOP

Altitude (550 — 1200 km) incgse  satsinview . g GDOP
Inclination (3 planes) ’ '
Eccentricity (0.001 — 0.006)
Number of orbital planes (~10 - 20)
Number of satellites per plane (~20)
Topology (Walker Delta)

o

N A O 0O N A O OONSAO O

Lovyaa o
NI AT E

Consistent with Ge et al. [10], which used 240 satellites.




Space Segment: Satellite Constellation

12U platforms |:> Payload cost =
is planned 720.000 EUR

1U =10x10x 10 cm Mayank et al. (upcoming)
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400 millions

Around 400
for a 5-year
lifetime

satellites are
required

Around 1
billion EUR is

for 12 years
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Space Segment: Clock Design

10—11 3
] white noise
\\\ mm— simulation
. . ] ~ — sate!lite
LEO-S9 can describe several clock options: 10-12 ~ m—receiver
- ]
°
StYE0 = ag + a,(t — to) + ay(t — to)* + Y(or) g 100
E 3
z
ADOPTED VALUES FOR THE CLOCK SIMULATIONS. 10_14‘;
Clock Term Values
Offset —1.00 < ag < 1.00 ms
Drift —0.05 < a1 < 0.05 ns/s 10-15 L — L L
Drift rate as = 0.00 ns/s? 10 100 1,000 10,000 100,000
Crystal clock stability or = 10 11 (ls) Time Interval [sec]
34 il 12 . . . .
Atomic clock stability or =10~ '~ (Is) Dashed lines are random-walk distributions

Solid gray lines are Gaussian distributions
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Signal Propagation: Gains

3) IONOSPHERE
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Signal Propagation: Troposphere

RTCA MOPS model Example corresponds to DOY 6, 2021.
1200 — n
R . Insize = L'mm
ZHD, = 105, ~%F
m 1000 A
Rd e E
_ —6 4
2WDo =10 kag (A+1)—a.RaT % >
m :n_ H:- ZTD [m]
5 600 -
Exponential extrapolation to account E 4001
the altitudes =
% 200 A
ZHD = (1 - £ mi= ZHD,
T 0 1 H;- Error [cm]
-0.16 -0.08 0.00 0.08 0.16 -14-60 6 14
ZWD = (1— _)_R_’“r )3 _q ZW Do ZTD Error [m]

Reference values: IGS final products of

Niell mapping function to convert zenith the troposphere.
to slant direction.



LEO-S9 - LEO/PNT simulation tool with 9 modules
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LAND SURVE
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Ground Segment: Ground Infrastructure

Space Segment
Best metrics to optimize are:

* GDOP, SNR,

+ Scintillation fade depth,
» Rain attenuation,
 Link outage probability.

4 o satie ™ | Ground Segment |
I \Q"; Signal 1 I I
: user terminals ' I 1
| I I
| | -
| | I “\a“ds Ground Antenna |
| - “\ I
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I User Corrections I_| _ |
""""" i Master I
I I I Station x x I
\ User Segment / ata , x
N e e e e e e - - _- | , |
\ Monitor Ground Antenna 7/
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Ground Segment: Precise Orbit Determination

Processing STRATEGY

* Date: Jan.6.2020

» Satellite: SWARM-A

» Estimator: Least-squares

 Signals: GPS Dual-frequency (DF)

* Observations: Undifferenced (UD)
 Filter: Kinematic PPP

» El Mask: Cutoff angle of 10°

» Tonosphere: global tomography in P1
 Files: IGS SP3, ANTEX, and 5s clocks
» Ambiguity: not fixed

Average POD accuracy in literature: 1-10 cm
POD Accuracy of our model IF: 1-5 cm
POD Accuracy of our model P1: 0.5 -1 m

Ionosphere: Prol et al. (2021) Global-scale ionospheric tomography.
Space Weather. doi: 10.1029/2021SW002889.
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Galileo HAS

Processing STRATEGY

* FGI has developed HASLIB.

« It allows the conversion of HAS
corrections to RTCM.

* We have integrated the HASLIB
output to RTKLIB.

* Accuracy is orders of magnitude
better than other real-time
solutions using only GNSS
communications.
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LEO-S9 - LEO/PNT simulation tool with 9 modules
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User Segment: Receiver Architecture

Incoming

Dedicated System

Assuming GNSS-like signals in the L band,
the receiver design show in the right panel
gives an idea of the main components.

Main Points:

1) Navigation message still need to be defined.

2) High number of LEO satellites will demand
faster algorithms for acquisition.
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Pinell et al. (2023) Receiver architectures for positioning with
low earth orbit satellite signals: a survey. EURASIP JASP.
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User Segment: PPP

Digital Twin
Processing STRATEGY e 04
5 02" \

* Date: Jan.6.2020 E 0.0

« Station: BRST, France B _go

» Estimator: Least-squares s

+ Signals: GPS Dual-frequency (DF) = 04 ' '

* Observations: Undifferenced (UD)

 Filter: Kinematic PPP

» El Mask: Cutoff angle of 10°
» Tonosphere: global tomography in P1
* Troposphere: RTCA MOPS and NMF

Py error [m]

 Files: IGS SP3, ANTEX, and 5s clocks
* Ambiguity: not fixed oo
Accuracy of our model: 5 - 40 cm £ 005 il |
Our PPP accuracy: < 10 cm S 0.0
o
& -0.05 2 S LI Lha =
-0.10
0 3 6 9 12 15 18 21 24

Ionosphere: Prol et al. (2021) Global-scale ionospheric tomography.

: H uT
Space Weather. doi: 10.1029/2021SW002889. our [UT]
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Space Weather Application

LEO-PNT can help 3D ionospheric
imaging.

TEC observations allow tomography.

Main question: Can LEO overcome '

. i
current problems in GNSS geometry //4.412/
) - ) o N
for ionospheric imaging? o -

Answer: Prol et al. (2023) IEEE
JSTARS. The potential of LEO-PNT
mega-constellations for ionospheric 3D
imaging: A simulation study.

Fig. Ray path geometries provided by GNSS satellites and
dedicated LEO satellites to PNT.
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Processing STRATEGY

GNSS constellation: 113 satellites
LEO constellation: 400 per layer
GNSS Files: IGS SP3

El. Mask: Cutoff angle of 10°
Background: NEDM model (DLR)
Observations: Slant TEC
Estimator: Tomography

Tomography: Prol et al. (2021) Space
Weather. Global-Scale Ionospheric
Tomography During the March 17, 2015
Geomagnetic Storm.
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Future Work

= Challenges for the future:

o Further improvement is required to bind all the LEO-PNT segments in the
simulations

o More points other than geometry needs to be simulated, like noise, orbit errors, and
clock errors.

o I/Q simulated data would benefit the understanding of the receiver designs.

o Satellite design is still unsure: clocks, frequency, antenna design are to be
investigated.
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