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1) T/F Needs in Space Missions Eesa

Frequency / Signal generation (stable, ultra-stable)

Time tagging (highly accurate to a reference)

High autonomy from Ground (i.e. Space Exploration)

High stability tailored to different needs

High level of synchronisation with a System Time or the international standard (UTC)
High robustness of the timing source (to particular space environment)
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Space Missions (with high T/F relevance) Examples esa

USA, Gravity Probe-A

GPA* EXPERIMENT PACKAGE

ESA, Cassini-Huygens

DISSOCIATOR

<

, N
SCOUT IV STAGE 1 9 7 6 DISTRIBUTOR

3K GRAVITATIONAL PROBE A-REDSHIFT

HYDROGEN MASER

Na$7 S /G 1708

Hydrogen Maser

China, Mengtian
On-board time-tagging < 17ns over 6 hours (< 1le-12)

Rubidium (Rb) atomic clock

FREQUENCY STABILITY Doppler-Wind Experiment on Titan moon

Huygens probe’s descent to the Titan
surface on 14 January 2005

Crew Working
Compartment

Rb-clock in Receiver Mengtian
Rb-clock in Transmitter BR

10* 10* 10*
Averaging Time, 1, Seconds

hydrogen + rubidium + optical clock 1
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Space Missions (with high T/F relevance) Example: ACES Lesa

ESA - Atomic Clock Ensemble in Space (ACES)
(for Science - Relativity, Clock technology)

o  PHARAO (CNES): Atomic clock based on laser cooled Cs atoms

o  SHM: Active hydrogen maser

o  FCDP: Clocks comparison and distribution
o  MWL: T&F transfer link

o  GNSS receiver: connected to the ACES frequency reference

o  ELT: Optical link
o  Support subsystems

XPLC: External PL computer

PDU: Power distribution unit,
Mechanical, thermal subsystems
CEPA: Columbus External PL Adapter
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Example: GALILEO —the EU GNSS

Allan deviation all satellites

1073 10°
Sampling time [s]

Embarked Clocks:
Rubidium Atomic Frequency Standard
Passive Hydrogen Maser
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2) Global Satellite Navigation Systems (GNSS) and Time {>esa

UNCLASSIFIED

GPS Stat
e B CU SPACE

37 Satellites * 31 Set Healthy
Baseline Constellation: 24 Satellites

Satellite Block :;’::;?:)

GPS IR [ 12 | 207 | 251 |
GPSIRM | 8(1n) | 149 | 169 |
GPS IIF [ 12 | 86 | 123 |
GPS il | s = s

“Not set healthy

AN W
A

@
,a‘

v 2,

- ™

¢
R

s

*
&
»
.
As of 27 Aug 22

GPS Signal in Space (SIS) Performance
Week ending on 3 Sept 22

Average URE* Best Day URE Worst Day URE

49.1 cm 31.5¢em 64.8 cm
i (20 Apr 21) (20 May 22)

*All User Range Errors (URES) are Root Mean Square values
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) POSITIONING, NAVIGATION &

Russia, Glonass

GLONASS SPACE SEGMENT STATUS
updated 06.10.2022

ystem Construction

& oitnyy,
o o0,
1010101010107

26 MEO 22

satellites operational

} GLONASS-M
‘ﬁ batch

availability

99,95% The constellation provides
continuous global PNT service

maintenance in-orbit testing

//%Sk X \ (:::::ASS»K

Galileo Constellation Status:

1]
Cesa

; Navigation (23 in service)
Search and Rescue (25 in service)
»» 8" 28satellites in orbit
v.‘.y

- V() 1 spare
1 unavailable

- B

2 no SAR (by design)
NAVANT failure
SAR off

GSAT 201/
GSAT 210 ty Not Us:

L11 slots on Planc B: B03, B15

China, Beidou

® BDS is mainly comprised of
three segments: Space
Segment, Ground Segment,
User Segment.

® Up to now, BDS-3
constellation consists of 3
GEO satellites, 3 IGSO
satellites, and 24 MEO
satellites.
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How does it work? It’s all about ! @esa

3) Each satellite

BRN YL its own ID, Position,
' and Health Status as part of

D@Ufl”' the Navigation Message

»

'
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4) Based on
““’“the User calculates the distance to

o eg ch satelllte and then its own

&

2) Satellite Position and
and

predicted by the Ground

Mission Segment

'vs\ \design of the User Equipment
complex atomic clocks) at least 4
exneeded
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GNSS - Needs esa

Each GNSS - its own autonomous, real-time System time for
System operations

Offset between different System times for user interoperability
Difference versus UTC for Time Service

Link to Earth based a Reference System with high accuracy
and as such the offset UT1-UTC

Specific information is published in Signal-in-Space ICD and Service documentation
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Example: Galileo Public SIS ICD esa

How a user can get the prediction of UTC broadcast by Galileo and how a
user can use together GPS and Galileo by knowing the offset GGTO:

The Signal-in-Space ICD includes
= GST-UTC Conversion Algorithm and Parameters
= GPS to Galileo System Time Conversion and Parameters

EUROPEAN GNSS (GALILEO) OPEN SERVICE

INTERFACE CONTROL
DOCUMENT

GGTO accuracy

5
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http://www.gsc-europa.eu/

Multi-GNSS Time Monitoring (ESA-ESTEC Eesa

GNSSTime — UTC (modulo 1sec), Aug-2021 to Aug-2022 UTC - BrdcUTC, Aug-2021 to Aug-2022

DUTC_GPS DUTC_GAL

* GPS Time -UTC(ESA) (ESOT) * GAL Time -UTC(ESA) (ES07)
* GPS broadcast message for time conversion ¢  GAL broadcast message for time conversion
—s— GPS time -UTC (ES07) —s— GAL time -UTC (ES07)
GPS time -UTCr (ES07) GAL time -UTCr (ES07)

REFUTC

Offset [ns]

|
N
v

R W WS

GALILEO

Gregorian da

0 011.(33 10?3.(:5 10119& 1011.(:& 1011.03

Gregorian date Gregorian date

REFUTC

DUTC_GLO DUTC_BDS

* GLO Time -UTC(ESA) (ES07) * BDS Time -UTC(ESA) (ESQ7)
* GLO broadcast message for time conversion * BDS broadcast message for time conversion
—— GLO time -UTC (ES07) —— BDS time -UTC (ESO7)
GLO time -UTCr (ES07) BDS time -UTCr (ES07)

REFUTC

25 3 ; -25

et
GLONASS

—50 —50

-100 -100
o @ o o o e ® @

Gregorian date Gregorian date
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GNSS - “Time” could be so easy, but...

1 UTC is recognized as international standard, but
L Systems operations require a continuous real-time time scale to
avoid any risk of failure

[ The synchronization to UTC is achieved “modulo 1 second” (except

GLONASS)
U The varying number of Leap Seconds to get UTC is broadcast
to the users

[ Nevertheless, each Leap Second introduction can cause interruptions

in the Systems operations and user receiver, e.g.
(d GNSS core operations are based on GNSS System times,
some operations are based on UTC
d some users receivers do not correctly handle the Leap Seconds

GLONASS time I
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P. Tavella, G. Petit, Precise time scales and navigation systems: mutual
benefits of timekeeping and positioning, 16 Mar 2020
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GNSS - “Time” could be so easy, but...(cont’d) Lesa

(d Each GNSS system time has a different tagging of the seconds and
a different offset versus UTC, changing at any Leap Second (except GLONASS).
This create risk for the interoperability and confusion to the users

UTC Time Determination
Accuracy

 Some user application
 take directly a System Time (e.g. GPS) as reference for time tagging
(since it is continuous vs UTC).
O providers create their own time reference

d GNSS operation, interoperability , and Time Service to the users
could be “so easy” without Leap Seconds

Ref. Galileo Open Service Definition Document, Version 1.2

O The possibility of the first negative Leap Second causes concerns since
it was never tested

1172
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3) Future Clocks esa

Strontium optical atomic clock NASA Deep Space Atomic Clock (DSAC)
© Observatoire de Paris / SYRTE

Better Clocks can contribute to better GNSS Accuracy

13
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On-board Clocks

candidates for Galileo Evolutions

Rb Two Photons Optical Clock (CSEM)

Rb Pulsed Optical Pumped Clock (Leonardo)

Mercury lon Clock (Orolia)

— | s B
Y L‘

LT —

—e— RbPOP
——10C
—e—Cs CPT
——PHOTAC
1,00E-11

1,00E-12

1,00E-13

1,00E-14

Laser Faradayisolator  Fiber EOM

AOM
- I_onv
=S e =
=1
— = 1S
:
|
x | S.A

*4.6GHz

Oven-Controlled
Crystal Oscillator

T 1,00E-15

; Saturated absorption (cesium celly

Frequency signal output shall be in the range of 10 MHz

Cs OP
Cs pulsed CPT
—e— MIC

-

10000

1000000

= K

2 THE EUROPEAN SPACE AGENCY



4) What’s next?
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GENESIS — ESA proposal

‘Program Objectives:

providing a major improvement of e eomee e
the Earth International Terrestrial ot (3 docktie
©

Reference Frame accuracy/stability > atmospheric te

ITRF Targets - ;
Accuracy: 1 mm T A
Stability: 0.1 mm per year VLBIslluti'ons solutions solutions solutions

incl. Ultra-Stable _

Oscillator

+
Velocity constraints
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Moonlight ESA Initiative

* Moonlight will provide the first dedicated infrastructure of
satellites around the Moon, providing communication,
navigation and time services, unlocking the potential for

future Lunar missions
A dedicated constellation of satellites around the Moon

1174
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International cooperation needs to be launched to define a lunar Selenodetic @esa
Reference Frame and a Lunar Time Reference applicable to lunar PNT systems

Cesa

TCL
Time scale @
selenocenter

TCLS
Time scale @ Moon
surface

TCLO
Time scale @ Moon
orbiter

Earth-based: TCG / TAI / UTC
/ GPS time / Galileo Time

18
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5) Take-aways €esa

- A continuous timescale is advantageous for any Space System’s operation

- Space Systems need real-time timescales with a high level of continuity, availability,
reliability

- Space Systems need to be synchronised to a recognised ground reference, i.e. UTC

- Today GNSS do broadcast “A PREDICTION of UTC” or “a UTC Time Service”
- The offset UT1-UTC is needed with the highest accuracy (microsecond)

- Better clocks (stability, accuracy) can contribute to better GNSS accuracy.
- Robustness of clock technology is equally important for GNSS.

- Space Exploration needs to address today the interoperability in Time Metrology
(also of Reference systems). The involvement of the Metrology community represented
at the CGPM is welcome in support to this reference definition (together with IAU and
the other involved organization)
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