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Galileo Clock Parameters in the Sun-fixed Frame

(daily time drift/bias removed)

Thermal inertia

Setting Sun Galileo E11 (AIUB)
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Residuals [m]

Galileo E11 Residual Clock Paramaters Against SLR Residuals

Comparison of SLR and Galileo Clock

Very good agreement between SLR and Galileo Clock
m ;
b

e

169 110 111 112 113 114
Time [days in 2013]

GNSS .!i t Residual Clock Parameter
J SLR Residual

AClock = AOrbit = - ASLR

max. ~12° Galileo

O O x x

<K ok @@

Galileo Clock
7090
7825
7810
7941
7839
7840
8834
7841
7845

STD(MGEX CLOCK)=20.7 mm
STD(Simulated CLOCK)=15.5 mm

STD(Orbit)=14 mm

STD(SLR)=25.3 mm

Galileo clock is showing smaller
standard deviation
compared to SLR!

(MGEX and ground test)



—— Relation Between Clock, SLR Bias and Orbit Translation (geocenter) —

Galileo Clock Orbit Translation
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Solar Panels

Thermal Flux Balance
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—  Thermal Re-Radiation Effect and Thermal Inertia (Yarkovsky Effect)
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— Thermal Re-Radiation Effect and Thermal Inertia (Yarkovsky Effect) —

Solar radiation (SRP) Thermal (infrared) re-radiation acceleration

Hill Equations:

exact solution for the periodic (orbit) acceleration

radial

Aa; = A, cosnt + B, sinnt +C,; i = jalong

acCross

radial

Az, = f(A;,B,C,;

; ; Z,n) i = qalong

acCross

(Colombo, 1989)

Estimated thermal inertia = 4.7 min

SLR Residuals (1/2 draconic year)

-SLR: Rising Sun Galileo E11 (MGEX AIUB)

Effect of the Yarkovsky thermal re-radiation 0.95
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Allan Deviation

Galileo E11 Frequency Stability
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Clock Noise Model:

Overlapping Allan Variance from the Ground Test
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Clock Model: MGEX vs. Simulated

Simulated Galileo H-maser (only clock noise)

Simulated Galileo H-Maser, (o in mm)
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Residuals [m]

Simulated Galileo Residual Clock Parameters
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J, Periodic Relativistic Effect
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Galileo E11 (Sun Elevations 60°-65° )

0.1 T T
3 : ; | _STD 21cm (afterremowg effect of J))
008 MGEX' ' Periodic relativistic effect duetoJ I
006 f SN S — — - —
CX7| R IR | E I NS SR SN | B 1
0.02|-- AT SR RY ~ 1 ‘ 1
{ | i i
I “ IR "‘ ' ‘. m“’ |
; 1'RRRY | W ; |
-0.02-F1 ¥ ,H", VLR (A | R ' }
004 INY S .
-0.06F - O SR S R ]
008 Amplltude 18'mm """ SRR B B
_01 |

| | |
96 97 08 99 100 101 102 103 104 105 106
Time [days in 2013]

PSD of reS|duaI clock parameters 96 106/2013

s [ Co before applylng J effect
10° before J2<.. .......... : . f.—afterappl)./mg J effect
1072
107
10‘160_2 L ;]}‘1}(;_1 L ;]ﬁj](i)o L ;;;‘,;2)1 L .“‘402

Frequency [Cycles per Orbit]



Time Effect in [mm]

20

Gravitational Potential of Sun and Moon

Accumulated time over 7 days After removing daily time drift/bias

Effect of the Sun and Moon Gravitational Potentlal on Galileo Clock
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Effect of the Earth’s Magnetic Field

Magnetic Sensitivity:

(as measured during ground tests)

<3x1013/Gauss (Boving et al., 2009)
(1 Gauss =10T)

IGRF model: Linear model (time drift/bias) removed
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IGRF model:

total magnetic field variation 300-550 nT ‘ [max. effect < 0.8 mm]

assuming the orientation of the Galileo maser cavity
along the satellite X-axis (that never faces Sun)




Thermal Sensitivity

Satellite Surface Temperature
Along the Orbit: Clock Thermal Sensitivity:
(as measured during ground tests)
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Conclusions

Thermal re-radiation (and thermal inertia) can explain the distinct clock/orbit pattern
over a draconic year!

SLR bias in Galileo (and GPS) orbits can be explained by orbit shift opposite to the Sun direction
due to the thermal re-radiation of the satellite body (SRP is too small for satellite body).

Geometrical Mapping of Orbit Perturbations using onboard GNSS clock is a new technique to monitor orbit
errors and was successfully applied to the modelling of thermal re—radiation acceleration (thermal inertia)

Galileo clock (MGEX and ground test) is showing smaller standard deviation compared to SLR

Simulated Galileo residual clock parameters show a standard deviation of 0=15.5 mm, when time bias and time
drift (linear model) is removed over 24 h intervals from the simulated epoch-wise Galileo clock parameters over

10 days, whereas this standard deviation is reduced to 0 =11.2 mm when the linear model is removed every 14 h
(orbit period), down to 0 =2.7 mm after time bias and time drift removal on the 1 h.

The main perturbation affecting the Galileo clock parameters for high Sun elevation (>60°) is the the periodic
relativistic effect due to J, gravity field coefficient (amplitude of about 18 mm)

Accumulated time along the Galileo orbit due to the gravitational potential of Sun and Moon after removing daily
time bias and time drift shows distinct 2x per orbit effect below 0.4 mm for the Sun and 1 mm for the Moon
potential.

Environmental effects, such as variations in temperature and magnetic field were integrated along the orbit, but
did not give a significant impact on the Galileo residual clock parameters. The max. effect of magnetic field is
below 0.8 mm whereas temperature perturbations are well below 1x10-1.
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Differential Code Bias:
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Absolute Code Biases with Third Frequency
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CODE DCBs vs. DCBs Based on the Absolute Code Biases

e Absolute Code Biases

CODE DCB(P1-P2) vs. DCBs Based on th
I

4 T T T I
: ® BLOCKIIA
BLOCK IIR-A
3r ® BLOCKIIR-B i
® BLOCKIIR-M
Al e BLOCKIIF i
+ -+ Absolute DCBs: 2 Freq.
. -+ Absolute DCBs: 3 Freq.
1F s T .
T . * P tvr 2 L3y
= *
£ ot r -
m
= r'Y
Ak : -
&+
2k * b L3 i |
+ L]
Al t ]
DCB{P1-P2) - mean{per BLOCK})
4 1 | | 2 T
0 5 10 15 20 ' | | e BLOCKIA |
PRN BLOCK IIR-A
1.5 ® BLOCKIIR-B H
® BLOCKIIR-M
+ Two-Freq. BLOCK IIA
1L Two-Freq. BLOCK IIR-A [
+ Two-Freq. BLOCK IIR-B
+ Two-Freq. BLOCK IIR-M
0.5 - ‘ A,7043m .
E ¥ ° ® . 2
= Ld + f
£ o . R I
pox .
o * + . °
] 3, =043 m .
-0.5F T =
L
. -
1.5 =
' _ I i i I i
10 15 20 25 30

IGS Workshop 2016, 8 — 12 F 0

PRN



