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Remarks on the Laser Ranging Interferometemmmm,.
- ——— — —

The Laser Ranging Interferometer (LRI) onboard the GRACE-FO mission successfully
demonstrated the feasibility of inter-satellite laser ranging.

The LRI provides precise ranging data with a noise level at about 200 pm/+v/Hz at
frequencies of 5 Hz.

Long uninterrupted measurements, e.g. for more than 108 days, which is approximately 1650
orbital revolutions.

The LRI team at the AEIl Hannover is analyzing the LRI data in detail and developing
processing algorithms to improve the data quality.
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Figure: Spectrum of the LRI ranging signal with some contributors marked.
> See offline display by Henry Wegener for more on TTL and linear accelerations.
> But how accurate is the scale factor € and do we have an estimate on scale factor

uncertainties Ae?
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Scale Factor of the LRI

» LRI Phase Measurement (after removing phase jumps and conversion from LRI timetags
to GPS time):

oL = 5 (pr(t = A1) — pu () [eycles]

» Wavelength A = ¢y /v sets scale for converting from phase to meter

» SDS approach: Compute a daily cross-correlation between KBR and LRI measurements
LRI scale referenced to KBR/GPS

vy ~281THz = prri=(14+¢e)X\o-pLr1 [meter]

> Time dependent approach: estimate a continuous quantity v, (¢), such that

t
Co .
PLRI :/0 m SOLRI(t/) dt’ [meter]

But how can we determine the absolute laser frequency v (t)?

©..phase, p..range, v..optical frequency, €..scale factor, c¢..speed of light, M /T..master/transponder
Malte Misfeldt Scale Factor of the Laser Ranging Interferometer in GRACE Follow-On GSTM 2020 5



Optical Frequency Estimate for the LRI

Reference Cavity

sends (phase modulated) light into optical reference cavity

ZT Setpoint

Evaluation Electronics
Thermal Setpoint (FPGA) PDH error signal

(proportional to frequency mismatch
of Laser and cavity resonance)

» On the LRI master side, the laser’s frequency is tuned to match the resonance frequency of an
optical reference cavity.

» The frequency mismatch is measured and compensated using the Pund-Drever-Hall scheme.

» The laser frequency v can be controlled using a thermal and a piezo-electric actuator.

» The actuator setpoints are downlinked in the Laser Telemetry Packet.

Malte Misfeldt Scale Factor of the Laser Ranging Interferometer in GRACE Follow-On GSTM 2020 6



Optical Frequency Estimate for the LRI
Calibrated Ground Model

» Before launch, a calibration measurement was performed to determine the relation
between the actuator’s control loop setpoints pztIL, pzt0OL, thermIL, thermOOL! and
the laser's temperature 1asTRP to the absolute laser frequency. We use a simple linear

model:
CpztIL pZtIL(t)
Cpzt0OOL pzt0OL(t)
voG(t) = | Ctherntr | - thermIL(t) + 10 ir
Ctherm0OOL thermOOL(t)
CTRP 1asTRP(t — 520s) — 26°C

» Numerical values for coupling factors in appendix
'The laser telemetry has to be converted from uint32 to int32 using the 2’s complement and divided by the
bit-depth of 232.
TRP..thermal reference point, IL..In-Loop, OOL..Out-Of-Loop
PZT and Thermal setpoints in LHK data product, Laser TRP temperature not yet officially released
Malte Misfeldt Scale Factor of the Laser Ranging Interferometer in GRACE Follow-On GSTM 2020 7




Optical Frequency Estimate for the LRI
Calibrated Ground Model

-520 T T T T T T T
Vot = 281616393 MHz L9
-540 —— 11
-560 | = 12
v — FK‘/ .
é -580 | — s
" 600 — 1% 2
= = =
N -~ 5]
| 620 = K N 12278
A-640*Vf‘ “\f——/\/’_//\‘*’*' _\r— 23m
-660 |
[—woc (GF1) vog (GF2) — vsps|
1 1 U2.4

0 1 1 1 1 1
Jan2019 Apr2019 Jul2019 Oct2019 Jan2020 Apr2020 Jul 2020 %107

» Application on flight data and comparison with the SDS-derived frequency (LRI1B v04)
reveals a trend and recurring features.
» Deviations are below 100 MHz (Ae < 3.55 x 1077)

Outliers removed for plotting
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Optical Frequency Estimate for the LRI
Linear Trend
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> We apply a linear empirical model to the calibrated laser frequency to account for the
trend in the residuals. The drift in vog is smaller than 1.5Hz/s.

» Numerical values in appendix
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Optical Frequency Estimate for the LRI
Empirical Correction
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> After detrending, AEl and SDS frequency estimates match closely.
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Optical Frequency Estimate for the LRI

Frequency Residuals
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» Frequency Residuals mostly within 20 MHz band (Ae < £7 x 1078).
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Optical Frequency Estimate for the LRI

Frequency Residuals
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» Frequency Residuals mostly within 20 MHz band (Ae < £7 x 1078).

> We are trying to understand features occurring approx. every three month in the

residuals.
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Optical Frequency Estimate for the LRI

Frequency Residuals

-8
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» Frequency Residuals mostly within 20 MHz band (Ae < £7 x 1078).
> Transient into nominal thermal S/C state after non-nominal mode due to S/C anomalies
in Feb/Mar 2019 and Feb 2020.
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Tone-Errors

» Periodic variations of environmental conditions, like temperature, magnetic field,
atmosphere, ... may cause so-called tone errors.

> Tone errors are periodic modulations of the instrument output, occurring mostly at
1/rev and 2/rev.

» The ranging signal also has dominant 1/rev and 2/rev oscillations
» If driving tone & ranging signal oscillate in-phase, the scale factor appears to be different!

Malte Misfeldt Scale Factor of the Laser Ranging Interferometer in GRACE Follow-On GSTM 2020



Ranging Signal [meter]

~1000

Example: 1/rev and 2/rev ranging signal, thermal coupling at 1/rev (highly exaggerated)
Typical values are in the order of a few pm/K.

1000

800
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27
=500m - si -t
P mesm <90 min >
. 27
+ 200 m - sin <7t>
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2w
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CTp = 0.92

400

200
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Temperature (K]

-400 |
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-800 |
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Tone-Errors

> Example: 1/rev and 2/rev ranging signal, thermal coupling at 1/rev (highly exaggerated)

» Typical values are in the order of a few pm/K.

» In the following, we focus on temperature variations onboard the GFO satellites by
computing a daily correlation coefficient cr, , = xcorr(7}, prr1) of the LRI Phase
LRI and various temperature sensors T; from S/C offred telemetry.

1000 —

27
=500m - si -t
p mesm <90 min >
R 27
+ 200 m - sin <7t>
45 min

2m
T=1K-si -t
o <90min )

CTp = 0.92

°
T

200
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90 180 270 360
min
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Tone-Errors
LRI Temperatures with cr, , > 40%

GF-1
P T T T T T T ] | 1~ vps
- . _
T of fr\'\v—/\ "/L__——-‘——/\\*\/J- _JL | LriObelnt
s 0 ""v"\\/\,— LriObalnt1
2 | | I A [ — LriObalnt2
! J T T T T LriObe
A \dh
: 0 \
= p S \ —~ i
§ Y ) V4 i VAR . LriObe
\ N Y AN LriObe
1 | 1 ! 1 1 J

» OBE and OBA temperatures’ in-phase correlation cr, , show high similarity to frequency
residuals v — vgpg (or equivalent: to Aeg).

» Many other sensors show correlation as well
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Tone-Errors
LRI Temperatures with cr, , > 40%
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» OBE and OBA temperatures’ in-phase correlation cr, , show high similarity to frequency
residuals v — vgpg (or equivalent: to Aeg).

» Many other sensors show correlation as well

» How to translate this similarity into a temperature coupling with units of [m/K]?
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Tone-Errors
Quantifying the Correlation Coefficients

» Convert the frequency difference vy, — vgpg into a ranging error pep;:

Co Co
Perr = | — — -rms(prRr1) [rms meter]
Vpm VsDs

» Compute daily in-phase part of the rms temperature variations

T; = cr,,0 - 1ms(T;) [rms Kelvin]

» Find coupling coefficients ; [m/K], by minimizing

perr_zai'j:‘i
[
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Numerical values in appendix > We use nine LRI temperature sensors

rms(perr) = 5.41 pm » Coupling coefficients smaller than
rms(perr — D_; @i - Ti) = 3.72pm +60 um/K
= Error reduction of approx. 30 %
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Conclusion

» We showed a relation of the absolute laser frequency of the two LRI units and the LRI
telemetry, based on ground calibrations
» An additional empirical (linear) model is needed and derived from cross-calibration to
KBR
» The accuracy of the combined ground & empirical drift model is better than 20 MHz or
+7 x 1078 in scale factor.

» We are investigating, if the remaining variations in the laser frequency could be
attributed to tone errors.
> We have derived the coupling factors from temperature to range.
» With this temperature coupling applied, the rms ranging error can be reduced by
approximately 30 %.

> However, we have not yet evaluated if these coupling factors can be used to improve the
LRI1B range.
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Contact Information

Thanks for listening!

Malte Misfeldt
for the LRI team

malte.misfeldt@aei.mpg.de

Max-Planck Institute for Gravitational Physics
(Albert Einstein Institute AEI)

Hannover - Germany
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Coupling Nominal Value Measured Value
GF-1 GF-2

CpztIL 2V -5MHz/V = 10 MHz - -

Cpzt0OL 18V -5MHz/V = 90 MHz - -

CthermIL 2V - 500 MHz/V = 1000 MHz 1060 MHz 1086 MHz
Cehermoor. || 18V - 500 MHz/V = 9000 MHz 9080 MHz 8859 MHz

CTRP —12MHz/K - -

V0, air 22%1166111%%07'\&?22 ((%I;_lz))) 281614693.912 MHz | 281614714.031 MHz

Table: Nominal values of coupling factors for the two laser units and actual fit results from on-ground
measurements. PZT and TRP coupling factors were not refined, since the tests were not sensitive to
these couplings.

Note: PZT and thermal setpoints from LHK telemetry have to be converted from uint32 to int32 using the

2's-complement and divided by the bit-depth 232 before applying these coupling factors.
Malte Misfeldt Scale Factor of the Laser Ranging Interferometer in GRACE Follow-On GSTM 2020 19



Empirical frequency model

l/(t) = I/o@(t) + Vemp‘(ﬂ
Vemp.(t) = a - (t —to) + Av
to = 1210982400 GPS seconds (2018-May-22 00:00:000Z)

Coupling H GF-1 GF-2
a [Hz/s] 1.1208 1.2860
Av [Hz] || 4031919 | —7629283

Table: Parameters of the empirical frequency model.
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Temperature Cou

pling «;

Sensor Name o; TZ ;- TZ

[pm/K] | [K rms] | [pm rms]
LriCav A -29.41 0.24 -7.00
LriCav C -31.18 0.16 -5.00
LriOba Intl -57.35 0.06 -3.28
LriLas A 33.57 0.04 1.37
LriCav Int 7.00 0.13 0.91
LriOba A -4.92 0.16 -0.78
LriObe Int 9.75 0.08 0.75
TmaTrp 58.88 0.01 0.47
LriLrp A -4.66 0.10 -0.46

Malte Misfeldt

Preliminary Values!

» Only LRI temperatures included in this
analysis

» If multiple LRI temperatures are highly
correlated among each other (e.g.
redundant sensors), only one of them is
included in this analysis

» The third column gives a rough estimate
on the actual tone-error in the ranging
measurement (sorted descending)

Scale Factor of the Laser Ranging Interferometer in GRACE Follow-On GSTM 2020 21



> voar_1 = 281616393 MHz
Vo.Gr—2 = 281615684 MHz

> Relation Frequency to Scale Factor: A= (1+¢)\g = v=

> Relation Frequency Difference to relative scale:

)\—)\/:(5—5/).)\0

1 1 e—¢

= =
v v I
/
nl\v —v ’
= 7( S )26—5
vy
vV —v ;L ,
= RE—E SIhCeV RV R

Vo
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