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Synchronizing 30 navigation satellites
within 1 ns ......

Performances

Of GNSS on board
atomic clocks

EADSﬁr @ Galileo Avionica
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Galileo :

Project start 1999-2000
Constellation

» 30 satellites

» 3 circular MEOs

» Altitude 23222km

» Inclination 56°
Satellites lifetime12 years
On board clock model adjust : 100 minutes —> 6 hours
Navigation precision objective: Metric/sub-metric
On board Clock stability :-> 1 to 3 ns over 100min-6 hours
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What would be the stability
of Galileo if equipped with
this type of crystal clock ?
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With this type of clock:

The position error with a
re-synchronization every
24 hours will be :

300°000 Km !!
But may be less .......
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Référence clock

ODTS:

ODTS

Orbit Determination & Time Synchronization :

Compute the orbit parameters (éphémérides) =
clock parameters(clock model)

(3 SPECTRA www.spectratime.com

iPrecision Timing Solutions™




..............

—

——350 - 120 90 %0 30 B 3 60 9% 20 {50

(.3 spl:'(,‘ TRA www.spectratime.com 7

iPrecision Timing Solutions™



R ———————,

Exemple of ‘clock model’ transmited by the satellite:

Teler?TeIt_%word 8Bits 16Bits | 6Bits| Hanc(!ﬁ\é%word T7Bits 7Bits | 6Bitg
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30%5 S § Data Word content

[ Subframe 1 | Subframe2 | Sub-frame3 | Sub-ramed | Sub-frame5 |
Frame 1RREEEFEEMREREEF BRI RR[E[EF BRI [PRE[E[E] Blefo ]2 3|4|5|s|7|a|9|ﬁﬁ

(page) Satelite clock . )
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CLOCK FOR SATELLITE 2: M L

r-

Navigation T

PRN number for data ......... 2 gt [ 11111111101
Week number...... ........... 797

Predicted user range accuracy 32

Health of satellite ......... 0 X(t) =a + bt + ct?

L1 - L2 Correction term ..... 9.31323E-10

Issue of clock data ......... 224

Time of clock data .......... 240704

Clock offset ................ -0.000158074

Clock drift ................. -2.50111E-12

Rate of clock drift ......... 0

@ SPECTRA ] iME www.spectratime.com 8

iPrecision Timing Solutions™



Position error with ‘clock model’ correction’ when using the
Crystal clock :
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Clocks Comparaison: Scale : + 1 sec
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Clocks Comparaison: Scale : : +0.1 sec
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Clocks Comparaison: Scale : : +0.01 sec
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Clocks Comparaison: Scale : : +0.001 sec

0.0010000000

0.0008000000

0.0006000000

== T|E Watch
—TIE Rb

~—TIE Maser passif

0.0004000000

0.0002000000

0.0000000000

Q( SPECTRA 7 iME www.spectratime.com 15

iPrecision Timing Solutions™



7 R —————

Clocks Comparaison: Scale : +0.0001 sec
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Clocks Comparaison: Scale : : +0.00001 sec
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Clocks Comparaison: Scale

: +0.000001 sec
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Clocks Comparaison: Scale : +0.0000001 sec
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Position error induced by the on board passive
maser:
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Stabilité de temps des horloges du systeme:

Time stability
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GIOVE B

GIOVE Satellites
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Present Onboard Clocks for Galileo

B Two baseline clock technologies

» Rubidium Atomic Frequency Standard (RAFS)
» Passive Hydrogen Maser (PHM)
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Passive Hydrogen Maser for
Galileo

Q Thi al hamb
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- ‘ 1) 4
5 @ Galileo Avionica

®( SPECTRA ; iME www.spectratime.com 25

iPrecision Timing Solutions™



@)

)

PHM Tests & Qualification (1/2)
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PHM Industrialisation

First Main efforts focused on definition of repeatable and reliable
manufacturing processes

Overall structure and design reviewed to increase compactness /
robustness. This was done for both EP and PP

New microwave assembly
design to improve the AIT
process on the satellite
(inclusion of an external
vacuum envelope)

Manufacturing and
qualification of 4 EQMs,
two of them are under test
for lifetime estimation

Sp&‘lﬂﬂme wwwspespatiraiomrcom
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PHM Tests & Qualification
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PHM Characterisation

B Exemple of sub-assembly characterisation (Microwave Cavity sub-
assembly) with SpectraTime specific measurement system

Cavity Response

At nominal operational condition, 1.5
- Gain: 3.6 dB > o
=
* Line width: 2Hz =
£ 095
o
£
< 085

0.75
744 746 748 TS50 752 754 756 758

Frequency 1'420'405 kHz + ...Hz
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PHM Production Activities

B GSTB-V2
» 1 EQM clock delivered to Astrium Ltd in Mars 2005
» 1 PFM delivered in May 2005 to fly on GIOVE-B
» 1 FM delivered February 2006 as Flight Spare

B In Orbit Validation (IOV)

» 1 EQM clock delivered after additional qualification tests according to
new requirements in April 2008

» 8 FM clocks under final integration.& testing
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IOV Masers versus GSTB-V2

B Performances improvement:
» Better control on processes and adjustments led to better stability

ADEV GSTBV2-Production ADEV IOV-Production
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BUDGET D'ERREURS

Bilan d’erreur typique de Galileo
User Equivalent Range Error Budget (UERE)

Utilisateur Bi-Fréquence
Détermination d’orbite
Synchronisation du temps 0.65m

Troposphere & Ionosphere 0.25m

Multitrajets 0.2 m

Poursuite du récepteur 0.2 m

TOTAL (XErreurs Rms) 0.8 m

L’UERE est défini pour des angles d’élévation de 30 a 40 degrés

UlsBA, Bayonne 17 octobre 2003

SpECTRA



RMS of prediction time error /ns

Clocks prediction error Tm=24h

Tm=24h Tm=24h, including the present measurement system noise
20 20
18 - 18
16 —+— G-S-PHM, Linear 0 16 —+—G-PHM, Linear
. 21,
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00— ! 00 !
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Prediction time Tp /h (imtmn,tlme Tp/h
Without geodetic measurement noise With present geodetic measurement noise

On board clocks are not the limiting factor for precison of
satellites navigation systems -> A possible evolution could be to
place ‘ultra-stables ‘ clocks in GEO orbit with very precise 2
ways ( 3 bands ) ranging from earth
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FREOUEMNCY STABILITY
Allan Deviation (Dnft removed data)

- eese e - . e e - e e @ mamas s s em s wm smem e s e
O ) DO ey B e aee Nt D T R R R R R R e
R weroe

N " TSt . N . Wt N SN -
e 4 e Be e M Led B sees 4 eate teade slades s Baealede 4 e ealalle sesalaeate 8 BN ECLot
B
% e fee 2 8a% e Teese s Nesd 2%e ¥ o Lale s sles Lesn % aWI8 2 sese sele 2 Ves "0 cane Lase®e "eLlal .t o*
..
- - - - -— - -
_1.. .e
’ - - . .. -
.
'y e : : 2
- B " - " -
.“es .e - . . B .
- R . .o . etelat N ~ ah . . . o
. see s . .l - ~ ~ . EOE R BRI - " e 0 Eann
... . - e .- - .- - - - - - - .- - - cmam ae -
- - - . . . . . .
-
—
——
-~ . . .
“ee - . “e
. . . .
13 -
-
- "(| R fa% e R R A SR WUCRN X X, SR B Sy ful Slew
-
S - . .. . -
la-"\ - - .- -
~ . o wten
-
) . e - . e LIRS
w s
- .
o -17 L SRS
K B LT T
LI R

< U e I
se g s ge s o pnes g mese . . -
L T . N rsrs ur.wen

-

S et B eQe o sesle egees et ecel & sesece . I N e
- - - - - - - e H - 2"

T - GIOVE 2vs GEN SO0 SORAINT ZICC < o ipmren g g v
1 Z-PHM pure clotk saecs (na crift) IR =5
F—l‘u’ £ C'f_‘_l'"’_' —u':'lg e eele e Basalileees Sae
FahrmEtad |l vt vessuramart no sa
M H M M | M M M

1m Ak 17 0 19° 19°

1+ [§]

Presented at EFTF 2009 / GMV/ESA

e mala Be ae meas Tes male of Wb WALk N
S PR e i e
o .

-
LU B

“[1

®( SPEC TRA ; iME www.spectratime.com 34

iPrecision Timing Solutions™



Orkit error for EO1
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FREQUENCY STABILITY
Allan Deviation (on drift removed data)
o from DOY 342 to 346 2008 (7-11 December 2008) G02 vs GIEN-342
10 g T T L~ T T T I T T T T G03 vs GIEN-342
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Thanks !

More info about
atomic clocks on:

&
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