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• Scale factor comparison and 
calibration

• MWI and LRI initial postfit 
residuals

• Phase jumps

• LRI continuous readout of line-
of-sight angles

• Predicted sensitivity versus 
measured

LRI data analysis and calibrations outline

B.S. Sheard et al.
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Fig. 2 Comparison between the proposed requirements (including
margin) for the laser ranging instrument and the leading system noise
terms for the GRACE microwave ranging system. The LRI requirement
is shown as the solid red curve, whilst the dashed red curve for frequen-
cies below 2 mHz is a goal. The dotted blue curve shows the equivalent
ranging noise contribution from the GRACE accelerometers based on
the nominal requirements. Also shown for comparison are estimates of
the thermal noise and the USO phase noise (for the ‘worst case’ satellite
separation of 270 km) contribution for the GRACE microwave ranging
system

compared to the nominal performance requirement for the
GRACE accelerometer and major contributions from the
microwave K/Ka-band ranging (KBR) system. The domi-
nant noise source for the KBR system is the thermal noise
of the receiver, which depends on the SNR of the received
signals. Also shown is the contribution from the ultra-stable
oscillator (USO) phase noise to the ranging performance.
The USO is used as a common frequency reference for the
GPS receiver, the sampler used in the KBR system and is also
used in the generation of the transmitted microwave beam.
The requirement for the LRI shown in Fig. 2 is well below
the contributions from both the accelerometer and the KBR
system and corresponds to 80 nm/

√
Hz (including margin)

with relaxation towards low frequencies.
The overall performance at low frequencies will be limited

by the accelerometer performance and the main improvement
enabled by the LRI is in the 10 to 100 mHz frequency band,
corresponding to spatial scales of 770 to 77 km for an orbital
velocity of ≈7.7 km/s. For polar circular orbits the contribu-
tion of the zonal components of the gravitational field in the
intersatellite range variation consists mainly of a tone whose
frequency is equal to the coefficient order times the orbit fre-
quency (Thomas 1999). Thus, the frequency band where the
sensitivity of the laser instrument provides improved sensitiv-
ity corresponds approximately to zonal spherical harmonic
coefficients of orders between 50 and 500. The signature
of the sectoral coefficients is spread over a wider range and

also shifted towards lower frequencies compared to the zonal
coefficients.

4 Measurement principle

Figure 3 shows a simplified sketch of the measured path-
lengths. In the offset phase-locked transponder configuration
the laser phase is controlled by feeding back the detected sig-
nal such that the beatnote phase on the transponder spacecraft
ψ2(t) is driven to follow a linear ramp, i.e.ωoff t . In this offset-
locked condition the difference between the wavelengths of
the two beams is very small and is neglected in this analysis.
In the situation where the lengths are slowly varying com-
pared to the light travel time between the spacecraft (which
are in the order of 1 ms in this case) the intersatellite range
to be measured is approximately

ρ(t) ≈ 1
2
[x1(t) + L12(t) + y2(t) + L21(t)

+ x2(t) + y1(t)], (1)

whereas the phase of the beatnote on the photodetector in
S/C 1 can be written as

ψ1(t) ≈ −ωoff t − [ϕ1(t) − ϕ1(t − τrt)]

+ k [a1(t) − a1(t − τrt)] − 2kρ(t), (2)

where k = 2π/λ, λ is the optical wavelength (the current
baseline wavelength is 1,064 nm) and τrt is the round-trip
travel time. The first term in Eq. 2 comes from the frequency
offset used for offset phase locking and the second term leads
to coupling of the laser phase noise. The third term, which
has the same coupling factor as the laser phase noise is caused
by changes of the pathlength from the laser to the beamsp-
litter on the master spacecraft and is negligible compared to
the contribution from laser phase noise. The last term is pro-
portional the desired fluctuations of the intersatellite range.
The beatnote phase is measured by a phasemeter (Shaddock
et al. 2006; Ware et al. 2006). The phasemeter output scaled
to yield equivalent one-way range variation is

s1(t) = λ

4π
ψ1(t) ≈ ρ(t) + λ

4π
[ϕ1(t) − ϕ1(t − τrt)]

+ 1
2

[a1(t − τrt) − a1(t)] (3)

and corresponds to the desired range measurement,ρ(t), plus
noise terms due to laser phase noise at the main beamsplitter
on the master spacecraft. Like the microwave ranging system
on GRACE, the absolute range is not measured because of the
ambiguity for the initial phase measurement of an arbitrary
number of integer wavelengths. The phase variations after
the initial measurement point are, however, tracked continu-
ously.
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The Laser Ranging Interferometer (LRI)

US contribution
Laser (LAS) – source of light
Cavity (CAV) – stabilizes wavelength of light
Laser Ranging Processor (LRP) – Phasemeter, laser and 

steering mirror control, produces science data

German Contribution
Optical Bench Assembly (OBA) – routes and points the beam
Optical Bench Electronics (OBE) – steering mirror & detector drivers
Triple Mirror Assembly (TMA) – routes the beam around MWI
Baffles (BAF)

The LRI is a partnership between the US and Germany
US: Stabilized laser and Metrology
Germany: Optics/opto-electronics



Calibration – scale factor between MWI and LRI

• Analyse the difference:
• 1 part in 109 over a day

• Calibration between LRI and MWI
• 80 µm/day drift à this is 

plausible with laser frequency 
change due to cavity temperature 
change of 13 mK/day

• Analysis ongoing

• Good agreement between the 
instruments

• LRI and MWI are measuring the same 
signal



LRI and KBR postfits first results 
(with phase jumps)

*Data from Dah-Ning Yuan, JPL

• Postfit residual
• After incorporating measurement 

into gravity field estimation:
postfit residual = measurement –
gravity field estimation.

• LRI signal is clean at high frequencies
• LRI – 1.0 nm/s over 5s (estimate 

of the instrument noise only)

• At lower frequencies – still some 
signal
• Both track identically

• see scale factor

• LRI provides better measurements 
above 20 mHz

MWI: 78 nm/s RMS*
LRI: 26 nm/s RMS*



Phase jumps in inter-spacecraft science data

Optical Cavity

• Infrequent unexpected changes in phase

• Don’t yet understand the cause; but can 
remove them perfectly

• Science not affected!

• Coincident with thruster fires on master 
(currently GF2)

• Not cycle slips – phasemeter tracks 
the phase jumps

• Almost entirely coincident with roll 
thrusters on master (currently GF2)

• Not every roll thruster fire causes a 
phase jump (1/3)

• Every roll thruster fire is the same, 
but not every phase jump is the 
same

• Phase jumps DO NOT impact science!



Investigation: Simultaneous high-
rate data during roll thruster fire

• 10 kHz data taken on both 
spacecraft during roll thruster fires

• Pulses correspond to thruster 
on/off 

• LRI sees every thruster fire in the 
high-rate data, but only roll 
thrusters on master cause phase 
jumps in low-rate science data.

• Roll thruster response in high-rate 
data is an order of magnitude 
larger than other types of thruster 
(yaw, pitch, orbit)

GF2 Master

GF1 Transponder

GF2 roll thruster fire



Thruster signal on both SC

• First set of pulses is GF1 
transponder tracking GF2 
response to GF2 master 
roll thruster firing

• Second set is GF1 
responding to its own roll 
thrusters

• Both LRIs have the same 
response to thruster fires 

Roll thruster on GF2

Roll thruster on GF1



Phase jumps can be removed perfectly 

• Phase jumps are a step impulse in phase
– We know the decimation filter response
– We don’t know the amplitude and time

• Phase discontinuities can be removed by two 
methods.
1. Find phase jump (aka glitch) in master phase 

and remove time and amplitude best fit template 
of it from master phase

2. Subtract master phase - transponder phase 
(same processing as MWI)

• We have two independent methods of 
removing phase jumps.  

• Both work very well.



cavity

requirementtransponder deglitched

transponder raw

master deglitched

master raw

Phase jumps can be removed perfectly

• Science data more than 
meets requirements!

Method 1

Method 2



LRI Steering mirror measures 
Line-of-Sight to distant spacecraft

• Science data system uses 
spacecraft on-board sensors (IMU, 
SCA) to remove tilt-to-length 
coupling in data analysis.

• LRI fast steering mirror (FSM) 
directly measures the change in line 
of sight to the other spacecraft with 
high precision and accuracy

• FSM pointing is updated at LRI data 
rate (10Hz)

• LRI points to the other spacecraft 
with < 1 µrad resolution rms (over 10 
seconds); 

– at 200 km separation this 
corresponds to less than < 20 cm 
error over 10 s

Add diagram



LRI improves pointing information

• Differential wavefront 
sensing and high-gain 
control gives continuous 
monitor of line of sight.

• LRI steering mirrors 
point to other spacecraft 
with 2 µrad/√Hz 
precision

• LRI steering mirror is 
~10x quieter than Star 
Camera

10x



Preliminary evaluation of ground projections of 
on-orbit performance

• Projection of ground test measurement of 
laser frequency noise matches at high 
frequency (only fit parameter is spacecraft 
separation)

Compare L3 LRI range displacement requirement with projected 
performance

Observed LRI performance agrees well with predicted performance

• Preliminary projection of spacecraft 
attitude to length coupling using 
requirement level coupling factors is 
below LRI requirement

• Final planned to be measured 
explicitly via spacecraft maneuvers

• Spacecraft attitude control system 
working really well.
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Summary and status

• GRACE Follow-On Laser Ranging Interferometer, the first inter-spacecraft laser interferometer, has successfully 
returned science data when operating since first power-on in June 2018. 

• Performance in orbit as measured matches expected values from ground testing
• Preliminary analysis indicates better than requirements

• LRI Steering mirror telemetry can be used to improve gravity solutions for both instruments

• Phase jumps due to thruster firing were unexpected, but can be perfectly removed:  DO NOT impact Science
– Can be removed from each data stream individually, or subtracted after interpolation
– Cause is under investigation

• Incorporating LRI into L1A/B data stream ongoing
• L1B data will have phase jumps removed

• Calibration is in progress
– Working on understanding scale factor variations from MWI, and sensititivity to scale factor error

• October 2018:
– In-orbit commissioning is ongoing
– LRI have interesting data analysis to understand our system in flight
– Looking forward to getting back in science mode!
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