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Abstract

The measurement of the static and temporal variation of Earth’s gravity field yields important
information on water storage, seasonal and sub-seasonal water cycles, their impact on water levels
and delivers key data to Earth’s climate models. The satellite missions GOCE (ESA), GRACE (US-
GER) and just recently GRACE Follow-On (US-GER) resulted in a significant improvement on our
understanding of the system Earth. To further improve the measurement accuracy of the time-
variable gravity field, ESA is investigating the concept of a ‘Next Generation Gravity Mission’
(NGGM), consisting of two pairs of satellites and a heterodyne laser interferometer for inter-satellite
ranging. Based on the heritage of the development of the laser ranging interferometer for GRACE
Follow-On and the former and ongoing studies for NGGM, two schemes for the Laser Metrology
Instrument (LMI) for NGGM, namely the transponder and the retroreflector scheme have been
investigated and are presented in this paper. The results include the instrument ranging performance
analyses, the laser link acquisition, an instrument reliability assessment and redundancy approach
as well as the Technology Readiness Level assessment of the individual instrument units.

1 Introduction

The measurement of Earth’s static and variable gravity fields by satellite missions has improved
significantly over the last decades, see e.g., [1-7], providing a continuously improved knowledge on
both the static and the temporally varying gravity field. With GRACE and GRACE Follow-On, two
missions have been implemented to measure the temporal variation of Earth’s gravity field. Figure
1 illustrates the measurement principle: two satellites are following each other on the same orbit
about 100-300 km apart. The distance between the two satellites changes due to differences of the
gravitational forces g1 and g2, as well as of the residual air drag forces Fp1 and Fp2 acting on the
individual satellites. The distance changes Ad are measured interferometrically. To derive the gravity
component of the distance variation, the air drag component is obtained measuring the non-
gravitational acceleration on each satellite and subtracted from the interferometer ranging signal [8].
On GRACE the variation of the inter-satellite distance was measured by microwave inter-satellite
ranging system (MWI) to approximately 1-10um @ 10Hz [1] and enabled a gravity field recovery to
about 1 mm geoid error with 350 km spatial resolution [5]. On GRACE Follow-On, which has been
launched May 22nd 2018, in addition to the MWI a heterodyne Laser Ranging Interferometer (LRI)
is embarked as an experiment to demonstrate the capability of this system to improve the ranging
accuracy by at least one order of magnitude [9-12]. The LRI is implemented as an off-axis
transponder configuration. A highly stable laser beam emitted from one spacecraft is received on
the second spacecraft, where a laser is phase locked to the received signal. This signal is then sent
back to the first spacecraft, where the variation of the phase angle—due to the relative motion of the
two spacecraft—is measured with a phasemeter, similarly to the approach foreseen for LISA [13,
14].
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Fig. 1 Measurement principle of the Earth’s gravity field measurement by satellite-to-satellite tracking
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The achievable measurement resolution is a small fraction of the laser wavelength. First in-orbit
measurement data of the LRI indicate excellent performance down to 1nm/YHz at a Fourier
frequency of 100 mHz [7]. The data is now provided openly on a monthly basis [15]. However, due
to the limited accelerometer performance and the measurement taken by a single satellite pair in
polar orbit, the gravity field recovery is limited to a performance only slightly better than the MWI and
similar to GRACE [6].

2 NGGM top level mission and LMI requirements

With the (provisionally called) NGGM mission, ESA aims to achieve an improved measurement of
the variable Earth’s gravity field, in terms of temporal and spatial resolution, to better track the mass
changes within the planet “system”. The stated objective is to measure the geoid with 1 mm accuracy
at 3-day intervals with < 500 km spatial resolution, and at 10-day intervals with < 150 km spatial
resolution, over a time span of at least 7 years [16].

A promising mission scenario to achieve this goal is a satellite mission consisting of two pairs of
satellites in a so called Bender configuration [17-19]. One pair flies on a polar orbit with about 90°
inclination, while a second pair flies on 60—70° inclination, at an altitude range between 340 and 380
km and with an inter-satellite distance of about 100 km between the two satellites of each pair. The
heterodyne laser interferometer is foreseen as the main instrument. The top-level requirements for
the laser interferometer were derived along the study: Table 1 lists the key mission parameters, the
expected satellite environment and the main LMI performance requirements which are the basis for
the mission design. Figure 2 shows the ranging noise requirement and goal of NGGM in comparison
to GRACE FO, as well as the measured thermal environment from the GOCE gradiometer, which
serves as input for the definition of the thermal environment for the LMI. Figure 3 shows the result
of the preliminary simulation of a satellte pointing performance, which stays below
2urad/NHzxNSF(f) in the science measurement frequency band which is used for the performance
analysis. The simulation assumes the absence of any beam steering mirror, and the pointing
capability provided by the satellite platform.

Table 1 Key NGGM mission parameter and requirements relevant for the LMI

Parameter Value Comment

Mission parameters and LMI requirements

Inter-satellite distance 100 km
Orbit height 340-380 km
Inter-satellite ranging noise (single link) ;—thr <2028 ¢NSF(f) forlx10*Hz < f < | Hz with 7
- VHz NSF(f) = 1+ ( 10m Hz )
X < 10 T;‘; ¥NSF(f) forlx107*Hz < f < I Hz !
- s
Mission duration/LMI reliability 7 ‘:’c;lrsa’H?).-i'
Satellite environment
Thermal noise around LMI units j.'-““ <0015 ¢ NSE(f) for Lx10"*Hz < f < | Hz Deri\'.efl from GOCE thermal
vHz environment measurement
data
Satellite pointing error in science mode dpr < 20prad
Satellite pointing noise Sy 285 for 141072 Hz < f < 14107 Hz 9= pitch angle
= Y ‘p’nd . 3 ) 5 W= yaw angle
S, < 10 W for lx10”"Hz < f < 1x107" Hz
Vihe
LMI unit requirements/performances
Laser frequency noise 8f < 4022  NSF(f) for 1x10™*Hz < f < 1 Hz From HSL [32]
VHz )
Laser RIN From HSL [32]

. 4
RIN < 10722y /14 (22 ) for 1x10™*Hz < f < 1 Hz
VHz I
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Fig. 2 Left: interferometer ranging noise requirements of NGGM and GRACE Follow-On; Right: GOCE gradiometer
thermal environment
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Fig. 3 Left: absolute satellite pointing error simulation; Right: satellite pointing noise simulation

The challenging ranging noise requirement leads to a range of interferometer design rules that have
been originally been identified during the development of the LRI for GRACE FO, and that are also
applicable to this development for NGGM, such as:

e The measurement needs to be performed from the center of mass (CoM) of satellite 1 to the
CoM of the satellite 2 (as depicted in Fig. 1). For the assumed satellite pointing performance
and to reach requested sensitivity to the tiny variations of the gravity filed anomalies, the
position accuracy of the measurement reference points (materialised by retro-reflector
vertex) with respect to the satellite CoM needs to be in the mm range.

e The number of optical elements and the propagation of the optical beams within material in
the optical measurement path (namely the instrument optical bench) needs to be minimised.
Optical surfaces orthogonal to the optical beam direction need to be avoided: firstly, to
minimize stray light and secondly to minimize the noise coupling due to thermal effects into
the pathlength measurement.

e Due to the unequal arm length of the interferometer, the laser frequency noise is one of the
main contributors to the interferometer performance and is the ultimate limit to the achievable
ranging noise performances.

In addition, further considerations have been taken into account for the development of the
interferometer schemes, such as the required power, LMI mass as well as the impact on the overall
satellite system cost due to the individual accommodation of the different schemess into the
spacecraft.
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3 LMl instrument implemention schemes

We have studied and traded-off the two basics interferometer schemes, namely the optical
transponder scheme as applied on GRACE-FO [7] and the enhanced retroreflector scheme, already
investigated in former NGGM studies [20, 21]. The focus of our investigation lied on the assessment
their general suitability, achievable performance, system level impacts and necessary further
development for the laser interferometer for NGGM.

Both schemes rely on heterodyne interferometry and consist of very similar basic instrument units,
with individual internal unit variations depending on the scheme. The key LMI units are described
below.

The laser head (LH), consisting of a single frequency laser source, providing a fundamental mode
Gaussian beam. The LH needs to provide an output power of 8 mW for the transponder scheme and
500 mW for the retroreflector scheme. The LH contains the laser electronics, including the drive
electronics for the frequency stabilisation of the laser head to the optical cavity. The seed laser may
be either a non-planar ring oscillator (NPRO), as used on GRACE Follow-On, providing 25 mW of
output power [7], or an extended cavity diode laser (ECDL), e.g., based on the MILAS technology,
which is currently being developed for space application, providing more than 500 mW of output
power [22]. Depending on the derating strategy, approx. 250 mW are considered realistic for a space
qualified module. The ECDL technology offers the benefit of significantly higher efficiency and output
power but is not available as space qualified yet. In case of the retroreflector scheme, the LH,
furthermore, contains a fibre amplifier and a frequency shifter to achieve the required optical output
power of 500 mW and the offset frequency for the local oscillator signal.

The optical cavity (CAV), consisting of an Ultra-stable Fabry—Perot reference cavity, the fibre
coupled EOM for Pound-Drever-Hall (PDH) control scheme, the coupling optics arm and the
photoreceivers for the PDH control loop and potentially a vacuum pump. The cavity needs to be
enclosed in thermal shielding to achieve the required high thermal stability to allow a frequency
stabilisation of the laser to the single Hz/sqrt(Hz) level.

The optical bench assembly (OBA), consisting of the fibre-to-free space interface of the laser,
means for beam clean-up, shaping and routing of the laser signal to the photoreceivers of the distant
spacecraft, quadrant photoreceivers and the acquisition laser detector (ALD).

The retroreflector (RR), consisting of a three mirror retroreflector with its vertex located in the
satellite center of mass (CoM). It routes, in off-axis configuration, the transmitted beam from the
optical bench to the other spacecraft. Placing the vertex of each RR into each satellite’s CoM enables
the LMI to measure the distance variation of the CoM of the two satellites to nm accuracy without
the need to actually have a physical mirror in the CoM, which is the preferred position of the
accelerometer test mass. For NGGM two accelerometers positioned symmetrically around the CoM
are currently foreseen so that the CoM may also be directly accessible. The use of hollow
retroreflectors properly oriented and coated with respect to the laser polarisation state ensures no
depolarization upon reflection.

Theinstrument control unit (ICU), containing the data processing and TM/TC, the Interface to the
OBC, the photoreceiver readout electronics, the phasemeter, the laser control electronics (on/off,
frequency control, etc.), the cavity stabilisation control loop electronics and the link acquisition control
loop.

The acquisition light source (ALS), consisting of a laser source with rather wide beam divergence
of some mrad, acting as an “artificial guide star” to enable link acquisition (together with an
Acquisition Laser Detector on the OBA).

Furthermore, baffles at various locations between the optical bench and the retroreflector in the
satellite ensure the reduction of straylight and protect the free space beam path from any potential
obstruction.

Please note, that the ALS and ALD are not strictly considered part of the LMI, but rather a separate
system that allows pre-alignment of the two spacecraft to each other to enable the optical link. As
they are nonetheless essential for the operation, the system is included in the overall discussion.
Figure 4 shows the basic implementations of both investigated instrument schemes, with red beams
showing the base laser frequency beams and in green the frequency shifted beams. The operating
principle of the LMI in science mode is as follows: the LH signal, stabilised to the ultra-stable
reference cavity, is launched onto the optical bench and split up into a local oscillator and a transmit
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beam by a beam splitter (BS). The imaging optics (L1 and L2) in front of the photoreceiver image
the exit of the fibre collimator and the aperture, where the received beam from the other S/C enters
the OBA onto the photoreceiver, thereby minimizing the effect of beam walk due to beam angle
changes as well as phase errors due to diffraction effects of the baffles and entrance aperture. The
compensation plate (CP) minimizes the ranging noise introduced by the beam splitter pointing noise.
In case of the retroreflector scheme the local oscillator and the transmit laser signal are delivered
separately to the optical bench and a second photoreceiver diode (PD1) serves as reference phase
measurement to cancel out any phase fluctuation between the two laser signals introduced by the
fibre, the frequency shifter and the fibre amplifier. Here, a small portion of the transmit signal
transmits through beam splitter 1 (BS1) towards PD1 to enable the fibre phase fluctuation
subtraction.

Transponder scheme
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Fig. 4 Basic LMI-transponder (top) and LMI-retroreflector (bottom) schemes

Only the BS1 and CP (respectively, BS2 for the retroreflector scheme) are in the direct
measurements path, in which any pathlength noise directly couples into the ranging performance.
The noise of all other optical elements (from fibres-to-BS and BS-to-photoreceivers) is strongly
suppressed due to common-mode effects or cancelled out by the fibre phase fluctuation subtraction.
The transmit beam is then sent out to the second spacecraft, via the retroreflector. Then the second
spacecraft reflects the beam back to the first one. Depending on the implemented scheme the beam
reflection is done either directly using of a second passive retroreflector or by a setup identical to
that one on the first spacecraft, where the laser is frequency offset locked to the incoming beam and
its signal is sent back to the first spacecratft.

On the first spacecraft (S1), the received beam from the second spacecraft (S2) is superimposed
with the local oscillator beam onto a quadrant photodiode whose signal is recorded by the
phasemeter in the instrument control unit (ICU).

The main science signal of the instrument is the phase variation of the received signal relative to the
local oscillator phase measured by the photoreceivers on the optical bench of Satellite 1, called the
heterodyne signal. It contains the fixed frequency offset plus twice the Doppler shift due to the
relative motion of the two spacecraft, expected in the order of some hundred kilohertz. To enable
the required low measurement noise the phase measurement accuracy needs to be in the single
mrad/sqrt(Hz) range. From this phase measurement, the accelerometer signals and potentially
further calibrated signals, and background models (i.e., tidal models) the gravity field is ultimately
derived [7, 19].

In addition, the phase differences between the individual quadrants of the photoreceivers are
evaluated and utilized to measure the relative pointing and ultimately align the two spacecraft
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towards each other with microrad precision. This differential wavefront sensing principle is described
e.g. in[11].

Both schemes in principle enable an interferometric measurement from the CoM of one spacecraft
to the CoM of the other spacecraft with the required “nanometer per root Hertz” precision. Both
instrument schemes can be implemented with an on- or off-axis configuration concerning the
separation of the outgoing (S1 — S2) and the incoming (S1 « S2) laser beams. In the On-axis
configuration as described e.g. in [21] the optical signal separation is achieved via a different
polarisation status of the outgoing/incoming laser beam, while in the off-axis (also called “racetrack”)
configuration—as implemented in GRACE FO—the beam separation is achieved via different optical
paths travelled by the outgoing/incoming laser beams. For both schemes, we consider the off-axis
variants superior due to less criticality with respect to polarisation, straylight, complexity of setup,
number of optical elements in the beam path and no need to have direct access to the satellite CoM.
Therefore, the two baselined solution for the study focussed on the off-axis instrument schemes.
The configuration of these two has been optimized and traded against each other with respect to
science performance, technical complexity, TRL, reliability, size, weight and power, impact of the
accommodation on the spacecraft and LMI cost. Table 2 summarizes the key parameters and
system aspects of the two interferometer schemes for which the comparison has been performed.

Table 2 Comparison of the two LMI Schemes

LMI-transponder scheme (Racetrack)

Criterion/parameter LMI-Retroreflector scheme (Racetrack)

Optical and geometrical parameters
Both: 100 km
25 mW, linear polarised

Inter-satellite distance
Laser power out laser head Transmit beam: 500 mW, Local oscillator

beam: 25 mW, linear polarised

BSU/CP reflectivity CP: 0.2% BS1: 99%
BS2/BS reflectivity BS: 90% BS2: 90%
Loss due to molecular contamination per 0%/ 5% 0% 1 5%
surface (high/low case)
Transmit Gaussian beam diameter 5 mm 5 mm
Beam divergence (high/low case) 142 prad/163 prad 142 prad/163 prad
Beam coalignment error (high case/low case) 0 prad/40 prad 0 prad/40 prad
Receive aperture diameter & mm 8 mm
Retroreflector free aperture and coalignment — — 36 mm, 05 prad
error on passive satellite
Free space Loss (for =100 km) 68—70 dB 105-109 dB
Received power from S2 (low—high) in 1.1-3.0 nW 1.8-5.6 pW

received aperture
LMI system aspects

Laser source Single frequency laser (NPRO/ECDL) Master oscillator power amplifier (single
frequency NPRO/ECDL + Fibre amplifier),
frequency shifter (AOM)

Laser source stabilisation Both: Ultra-stable reference cavity

Evaluation of CW beam, Quadrant photo
receivers, science mode beam pointing based

on DWS signal

Detection system Evaluation of CW beam, Quadrant photo
receivers, science mode beam pointing
based on DWS signal, second quadrant
photoreceiver as reference to calibrate out
phase shifts in delivery fibre

Optical system Both: only plane optics in performance critical path

Mass and power

Mass estimate
Power estimate (science)
Power estimate (acquisition)

Approx. 43 kg (65 for fully redundant scheme)
Approx. 65 W
Approx. 74 W

Approx. 45 kg
Approx. 96 W
Approx. 105 W

As stated, the proposed transponder scheme is very similar to the LRI of GRACE FO. The
conceptual differences are the removal of the steering mirror on the optical bench in favour of a
dedicated link acquisition system (consisting of the ALS and ALD) and laser beam pointing
performed by spacecraft attitude control, as well as the higher level of instrument redundancy to
achieve a higher reliability for the longer mission design lifetime. Both are described and justified in
Sects. 5 and 6 below. Furthermore, the mechanical and physical implementation will differ due to
satellites being specifically designed to accommodate the LMI as the main instrument, allowing e.g.,
a smaller beam separation and, therefore, a less demanding retroreflector design.
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4 Performance analysis results
The LMI performance has been analysed including key laser interferometer noise contributors which
are:
e Laser frequency noise
e Phasemeter ranging noise or heterodyne signal detection noise (such as shot noise,
electronic noise, power noise, RIN and dark current in relation to the heterodyne signal
amplitude)
e Thermal noise contribution of the retroreflector and of the optical bench
e ‘Satellite induced’ noises due to limited center of mass stability of the satellite
e Pointing noise of the satellite influencing the ranging, via the coupling to the path lengths on
the OBA and RR
e Ranging errors due to wavefront planarity.

Table 3 lists all effect descriptions and the corresponding formulas. Yet to be analysed is the
influence of straylight as well as potential cycle slip issues for the retroreflector scheme due to the
low received signal.

Table 3 LMI Ranging Noise contributors

Parameter Dependency/formula

Laser interferometer noise
Laser frequency noise (from e.g., [23].) =Ly

with being the ranging noise amplitude spectral density, L the baseline length between
the two spacecrafi, v the laser frequency and v the laser frequency amplitude spectral
density
Heterodyne signal 1 = :rm[!'m + P + 2y M PooP s (wt + w}]
{from e.g., [23].)
with npy being the photodiode efficiency. ny,,; heterodyne efficiency, wy, the angular fre-
quency difference between the interiering beams and g the averaged phase difference
Phasemeter ranging noise (from e g, [23].) i noisg,

26 o e

. 3 2 -3 A
ASp = noistgs = 4/ noisg + noise,, +noiseyy Jro_ - MP0y 2o ol re

With A being the laser wavelength. The individoal noise contributors are given below.
Using sufficient power and a sufficiently stable laser source, Power noise and dark
noise are 50 small, that they are omitied in the calcolation

Shot noise . | re—— P
(from e.g., [23].) noise g = 1/ 24.Mp0 (Pac +Pi) B = 5;

Assuming P\ > = P___ the shot noise induced pathlength noise is independent from Py
and scales with 1/4/P,,,
Electronic noise naise, = Ay =L fa
o = My A5y = 3 7
(from e.g., [23]) h 2 /InacPel
with n_, being the electronic noise of the photoreceiver. A typical value (taken from
GRACE FOLRI) is n=3 pA/y/Hz. The electronic noise scales with 1/4/P__ and
1/4/P,, respectively
RIN (from e g [23].) noisegy = fop (Pc + P JRIN  Asgy = % n;:n _ % ‘.fi:-u:’:.)h RIN
The RIN of the laser source in the MHz range: is assumed as - 130 dH\"\.-';H.J'. (for the
TESAT NPRD) above | MHz. The power noise scales with Py and 114/,
Thermal noise of optical bench Three contributors an: entering the thermal noise of the optical bench:
|. Noise induced on the measurement path is caused mainly by the change of the refrac-
tive index and the CTE of BS land 2, respectively the CP. Calculation via optical
pathlength simulation
2. Common mode delivery paths (local oscillator and transmJ/rec. beam on the same
path) enter with:

T() Glassand fibre X (e =— T

with a being the coefficient of thermal expansion, d the optical path length, £ the meas-
urement frequency and L the distance between the two spacecraft

3. Non common mode delivery paths:

For any non-common mode path kength noise in the delivery path, the path length noise
directly enters the measumement performance with:

T —— (?—I + u’)d T

At the given environmental thermal noise, a noise of close to 10 nm/y/Hz is introduced
for every 10 cm of non-common mode path length for quartz glass and titanium
material. Any non-common mode delivery path needs, therefore, to be minimized or
calibrated out for not exceeding the allocations

With these contributors and the thermal mass of the RR itself a performance of
| nm//Hz x NSF(f) was achicved even under the significantly worse thermal envi-
ronment of GRACE FO of 0.3 K/4/Hz x NSF(f) in the platform. This is taken as the
upper limit also for the LMI

Thermal noise of retromfie ctor The thermal noise of the retrorefiector is given by the movement of the vertices under

temperature noise. For GRACE FO a CRFP-Zerodur™ hybrid RR was designed with
1 longitudinal coupling factor of kess than 400 nm/K. With this and the thermal mass
of the RR itself a performance of | nm/y/Hz x NSF(f) was achieved even under the
significantly worse thermal environment of GRACE FO of 0.1 Kiy/Hz x NSF(f) in
the accelerometer compartment. This is taken as the upper limit also for the LMI

_ Seflad LIS sald

Free space x Flpm=
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Satellite and beam pointing induced noise

Coupling of retroreflector vertex and satellite CoM The change of the optical pathlength due to one retroreflector is
with satellite pointing AQPL = 2Ayé8 + 2Azdyw — Axy™ — 2Ay68°
With Ax Ay, Az being the vertex displacement of the RR in flight direction and
transversal to it and 5# and Sy being the change in pitch and yaw angle. Allocating
4 nm/4/Hz x NSFI(f) for pitch an yaw and using the given pointing requirement, leads
to a required vertex accuracy of 0.14 mm per transversal axis Ay Az, while Ax iseven
for 3 mm displace ment uncritical
Cnupling of optical bench with satellite rotation The optical pethlength on the optical bench changes with rofation due to the pathlength
changes inside the beamplitters and compensation plate. Assuming a thickness of
7 mm, the change is given by # 4 nom-# [mrad] for rotation around z and 4.6 nm-y
[mrad] for rotation around y. Assuming a worst case OBA misalignment of less than
10 mrad. the coupling is less than 100 pmirad, comesponding to less than | nm/4/Hz
for the given satellite pointing stability
Coupling of wavefront planarity—optical sy stem The wavefront planarity is limited by the design and manufacturing quality of the
quality optical system. The ideal wave front received by the spacecrafi is a spherical wave
with radius of the inter-satellite distance. In this ideal case rotation of the transmit-
ting spacecraft does not lead to ranging errors. For a Gauossian beam the transmitted
wavefront necds to be perfectly fat to achieve this goal. As any non-planar optics an:
a pofential cause of defocus and spherical aberrations, the racetrack designs employ
only planc optics, with the exception of the beam collimator that generates the initial
beam at the required diameter. As analysed in the LRI for GRACE Follow-On, wave-
front planarity errors are significantly reduced in the far field (from A/13 PV @ le”
diameter at the local spacecraft to A/200 at a distance of 200 km). Assuming a reason-
ably flat phase front and a Gaussian beam, the ranging noise of this effect is expected
to be negligible also for the target NGGM inter-satellite distance of 100 km
For the received beam in addition to the wavefront planarity, diffraction effects by the
limiting apertures need to be taken into account in the OBA and baffie design
Coupllng of wavefront planarity—diffraction effects Diffraction effects are caused by limi ting apertures
The optical design of the transmit beamn paths ensures a free aperture of at keast three
times the Gaussian beam diameter for the transmitted beams to aveid clipping of the
beam
For the received beam, the apertures at the entrance of the spacecraft and on the optical
bench are nelevant. For the spacecraft entrance high Fresnel numbers (> > 100) are
assumed to avoid significant effects under pointing changes. The entrance aperture of
the optical bench is imaged onto the photoreceiver to eliminate phase errors
In the retrome flector scheme the beam clipping of the distant spacecraft causes phase-
front errors. These phase ermors are significant at the distant spacecraft (several =),
but are also strongly redoced over 100 km propagation. Pcrl'nrrning a physical optics
propagation with Zemax resulied in a loss of about 30% peak power loss companed
to a Gaussian beam of the same size, but also to a negligible influence of wavefront
planarity

This is currently being performed in a proof-of-concept demonstrator activity funded by ESA.
Preliminary results show that the low received light likely requires a dedicated optimisation of the
phase locked loop, including evaluation the achievable laser frequency noise, the achievable
received power level and the input current noise of the photodetectors. Regarding straylight on the
optical bench of the retroreflector scheme a reduction of the optical power of better than 10*°in a
field of view of about 300 prad is required between the transmit beam of the optical bench and the
received measurement beam on PD2. As this is considered very demanding, the performed
straylight analysis is currently being verified by test in the proof-of-concept demonstrator activity. For
coznpariseon, the corresponding straylight suppression requirement for the transponder scheme is
10"to 10°.

The noise terms as stated in Table 3, Figs. 2 and 3 have individual frequency dependencies.
Nonetheless, for simplicity we define the requirements breakdown for the individual contributors via
the noise shaping function at a level that the performance is below the NSF for the whole required
frequency range, resulting in a worst case assumption for the individual contributors.
Figure 5 displays the proposed requirements breakdown of the instrument ranging noise and the
current analysis result for both interferometer schemes. The figure shows the individual contributions
from each unit and scheme in terms of allocation, and current best estimate (CBE). The individual
contributions are added up via RSS, as they are considered independent from each other. In
addition, a worst case (WC) based on the individual CBEs is given to get a ‘realistic worst case’. For
this the individual contributions are all added up linearly. The contributions of the two spacecraft
differ from each other due to the master/slave (in the case of the transponder) and active/passive
side (in the case of the retroreflector) instrument setup. To arrive to single link noise from the single
spacecraft noise contribution, the two SCs contributions are added up (RSS, LIN) and divided by
two (see the two upmost levels of Fig. 5).
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Fig. 5 LMI ranging noise breakdown

In summary, according to the current analysis, the two LMI schemes show very similar ranging noise
performance, below the goal of 10 nm/YHz x NSF(f) for the CBE and below the 20 nm/vHz x NSF(f)
for the ‘realistic worst case’. Key contributor to the ranging noise for both schemes is the laser
frequency noise. Compared to GRACE Follow-On, in which the main instrument noise contributors
are the laser frequency noise, the satellite pointing noise and the thermally induced ranging noise,
the performance improvement is achieved mainly due to the better thermal environment, reduced
pointing noise of the satellites and the reduced inter-satellite distance.

The shorter inter-satellite distance between the satellites, if from one hand has a benign impact on
the laser frequency noise, it has the disadvantage to reduce the sensitivity of the gravimeter arm
with respect to the lower frequencies of the gravitational signal: but this drawback does not impact
the scientific objectives of the mission, as assessed and collected in [19].

5 Link acquisition

For the heterodyne phase measurement of the LMI it is required that the laser beams of the satellites
point to the other spacecraft better than roughly the beam divergence of about 150 prad. If the
pointing error is larger, the signal-to-noise-ratio drops below the detection capability of the
photoreceivers and the phasemeter. Above this value, the received signal level is too low to detect
a beat note due to received laser power and heterodyne efficiency for two superimposed beams with
different propagation angles. In addition the laser frequency offset needs to be in the detection
bandwidth of the photoreceivers and phasemeter, which is in the range of some MHz (at GFO LRI it
is 4-18 MHz, for NGGM LMI 1-2 MHz are foreseen). The initial offset frequency uncertainty for the
transponder scheme is assumed up to 1 GHz. For the retroreflector scheme, the offset frequency is
given by the frequency shifter in the needed range.

The Attitude and Orbit Control System (AOCS) based on star cameras is expected to control the
spacecraft to 100 prad accuracy, but the initial alignment of the optical benches with respect to the
satellite-to-satellite direction is expected to be limited to some mrad due to on-ground misalignments,
one-g to zero-g effects, launch setting effects and to the knowledge error of the satellite relative
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position in orbit. To achieve the initial link acquisition (and potentially later re-acquisitions), it is,
therefore, needed to reduce the initial pointing uncertainty in advance.

In GRACE FO a fine steering mirror on both satellites is used to scan a field of view of about 3 mrad
and to simultaneously scan one of the laser frequencies until both the pointing and the laser offset
frequency are the same [24]. This approach was decided, as the GRACE FO spacecraft pointing
control is rather coarse with approx. 2 mrad absolute pointing accuracy and a + 300 prad pointing
jitter over the whole mission (limited by the on/off cold gas thruster control). It is a potentially rather
lengthy and complex 5-dimensional scan (two spacecraft orientations and laser frequency sweep).
The fine steering mirrors on GRACE FO are located on the optical benches and are voice coil based,
requiring drive electronics and individual calibration activities. The satellite pointing noise is one of
the main noise contributors to the LRI in GRACE FO (about the same as the laser frequency noise
in the low frequency range).

For NGGM a much better satellite pointing control is foreseen by use of throttable electric thrusters,
allowing an absolute pointing down to few prad after initial calibration and using the LMI DWS signal
as sensor. As alternative to steering mirrors on the optical benches, a dedicated acquisition light
system is conceived, as shown in Fig. 4, consisting of the “acquisition light source” (ALS) and the
“acquisition light detector” (ALD). This approach reduces the number of elements in the optical path,
simplifies the optical bench, reduces electrical power demand in science mode and leads to a higher
reliability as the acquisition light system can be implemented redundant. Furthermore, it simplifies
the acquisition procedure, as it eliminates 4 dimensions of the initial acquisition process compared
to GRACE FO. Once ALS and ALD are activated, the ALD immediately detects the direction of the
other spacecraft, as the ALS acts as an ‘artificial guide’ star for the other satellite.

The ALS consists of a laser source with about 100 mW of output power, a beam divergence > 3 mrad
and a wavelength optimized for the ALD spectral sensitivity, e.g., a single emitter fiber coupled laser
diode. The ALD consists of an angle detector based on a position sensing detector (already
breadboarded by Thales Alenia Space Italy) or on a pixel array sensor, allowing for higher accuracy
at lower signal levels [18].

In the following, the link acquisition approach is described in detail for both the investigated LMI
schemes.

5.1 LMI transponder scheme

For the transponder scheme the initial pointing uncertainty is assumed within £ 3 mrad and frequency
offsets within + 1 GHz. Figure 6 left shows an illustration of the acquisition procedure. To reduce the
initial pointing uncertainty based on star camera measurements, the ALS/ALD systems are turned
on simultaneously on both spacecraft and the AOCS is using the ALDs to turn the optical axes of
the spacecraft to each other to less than 100 prad accuracy (in pitch and yaw, roll remains controlled
by the star cameras with relaxed AOCS requirements). Once the 100 prad pointing accuracy are
reached, the slave laser frequency is swept until the photoreceivers see a heterodyne signal (which
should happen on both S/C at the same time), then the slave laser frequency is phaselocked to the
master laser frequency. The ALS/ALD system can then be turned off and the spacecraft attitude
angles are controlled via the DWS signal for the whole mission when in science mode.
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Fig. 6 Link acquisition. Left: LMI transponder scheme; Right: LMI Retroreflector Scheme

5.2 LMI retroreflector scheme

For the retroreflector scheme the initial pointing uncertainty is equally assumed within £ 3 mrad. The
retroreflector scheme has only one LMI on one satellite active at any time, while on the second S/C
only the passive retroreflector is used. The offset frequency is set by the frequency shifter on the
active S/C. Therefore, the initial acquisition procedure is simpler.

To reduce the initial pointing uncertainty the ALS on the passive spacecraft is turned on as well as
the ALD on the active side. The attitude control system on the active S/C is using the ALD to point
the optical axes of the spacecraft to the second S/C to less than 100 prad accuracy in pitch and yaw,
as well roll remains controlled by the star cameras with relaxed AOCS requirements. On the passive
side, the 3 mrad pointing accuracy are sufficient when the baffle diameters are designed accordingly.
However, also on the passive spacecraft, the pointing noise in the measurement band needs to be
as good as on the active side. The AOCS based on star cameras in combination with the angular
rate measurement of the accelerometers is able to achieve the required performance.

Once the 100 prad accuracy is reached, the photoreceiver on the active S/C sees a heterodyne
signal and the DWS sensor can be used. The ALS/ALD system can then be turned off and the
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spacecraft attitudes are controlled via the DWS signal for the whole mission when in science mode.
Figure 6 right shows an illustration of the acquisition procedure.

6 Reliability assessment and preliminary redundancy assessment

The reliability for the LMI has been required to be at least 87% for the mission design lifetime of
7 years, as a typical requirement for Earth observation missions. A first reliability assessment of the
LMI schemes has been performed based on available or assessed ‘Failures In Time’ (FIT) values of
individual components and assemblies. The reliability calculation is following the required approach
according to ECSS—Q-HB-30-08A. Table 4 lists the utilized formulas for the calculation, taken
from [25].

Table 4 Reliability calculation formulas [25]

Parameter Formula

Component reliability R(f)= et = ¢ | with ¢ = the mission time

Failure rate Ahour = XE',?_‘” with T'=Time of operation (Number of tested devices x
test time x acceleration factor)

Xay)= probability function Chi-squared for the number of failures,
with a=confidence level (for reliability calculation a= 0.6 is used)
and v =2%r+2 with r=number of failures during test

- T 9
Failures in time FIT FIT = hyoyr - 10 = Mbour = % FIT® = _w
Reliability for serially connected elements Rowries () = [T, Ri()

Reliability for parallel elements Ryt = 1 =TT, (1= Ri(1)

To calculate the reliability of any system for any lifetime, the FIT values for all elements are needed.
Table 5 states the assessed FIT values for the key LMI components. Please note that, based on the
current development phase before mission adoption, these figures are partly rough estimations
taken from other developments or generic current best estimates: further design iteration might
influence these values. Purely mechanical and simple opto-mechanical elements (e.g., optical plates
in mount) are considered to have a low FIT value (1-10) achieved by proper design.

Table 5 FIT value assumptions for key LMI components (MERLIN FRU is referring to the Optical Frequency
reference unit of the MERLIN mission that is currently being developed at STI)

Component's

Reliability for Failure probability
Component UNIT FIT mission during missi FIT A t Source
Power Electronics ICU.LH I: 482 97.1% 2,9% MERLIN FRU
FPGA Board ICU.LH |— | 182 98.9% L,1% MERLIN FRU
Backplane Icu | 47 99,7% 0,3% MERLIN FRU
ECDL Seeder LH r 1000 94.0% 6,0% CBE assessment, generic
Seeder Current drivers (2xLD 2XTEC) LH [ 392 97.6% 2.4% MERLIN FRU
Fiber Amplifier (Optical part) LH [ 200 98.8% 1.2% CBE assessment. generic
Amplifier Pump diodes (incl. Drivers) LH [ 921 94,5% 5.5% MERLIN FRU (DFB Diodes)
AOM incl. Driver LH [ 500 97.0% 3.0% CBE assessment, generic
EOM Driver (Cavity) LH I_ 250 98.5% 1.5% CBE assessment, generic
Optical Cavity alignment CAV 50 99,7% 0.3% CBE assessment, generic
Photoreceiver CAV I_ 643 96,1% 3,9% MERLIN FRU
EOM CAV L 250 98.5% 1,5% CBE assessment, generic
Optical System CAV 50 99,7% 0,3% CBE assessment, generic
Fiber splices CAV [ 50 99,7% 0,3% MERLIN FRU, 10 per splice
Fiber collimator OBA 10 99,9% 0,1% estimate, GFO design
Opto-mechanics OBA | 100 99.4% 0.6% CBE assessment, generic
PD1 Quadrant-Fhotoreceiver + Preamp OBA t 800 95.2% 4.8% MERLIN FRU (non quadrant)
Waveplate-mechanism (incl. Electronics) OBA [ 623 96.2% 3.8% Mech: Sentinel 5 CAS, el. CBE
RR Optomechanical Setup RE | 50 99.7% 0,3% CBE assessment, generic

Utilizing these assumptions and performing the reliability calculation for fully non-redundant LMIs
results in a reliability of approx. 59-69% for the transponder and retroreflector scheme, respectively.
This is clearly below the required reliability. Therefore, we performed optimizations of both schemes
to increase reliability, while at the same time considering the impact on total mass, required
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mechanical envelops and costs, not only for the LMI but also the impact on the satellite as a whole.
As can be seen below, this leads to two different approaches in terms of what kind of redundancy is
implemented. The ALS and ALD are not included in the reliability analysis, because they are not
formally considered part of the LMI from a system perspective.

6.1 LMI transponder scheme

For the transponder scheme, a partial redundancy of critical equipment is proposed as baseline. In
this approach all high FIT valued components (such as: Electronics, Laser sources and
Photoreceivers) are implemented in cold redundancy. Redundant units (and in some case
components of the units) can be cross linked in case of a failure. A specific approach is proposed
for the cavity: it is not redundant on one spacecraft. Cavity redundancy is achieved by flying one
cavity on each spacecraft while needing only one at a time and the possibility to exchange the master
and slave operational modes. The fibre connection of the LH to the OBA is foreseen to be cold
redundant, with a beam superposition achieved via polarisation and a motorized halfwave-plate for
polarisation control. The quadrant photoreceivers on the optical bench can operate in hot or cold
redundancy. Figures 7 and 8 show the proposed instrument implementation and redundancy logic.
Single string/non-redundant components are shown in the reliability logic as single boxes of the
“chain of components”, redundant components are shown above each other, the connection lines
show potential crosslinking of the components. Using the component reliabilities stated in Table 5,
the reliability for this configuration is calculated at 95% for the full mission duration. Only the opto-
mechanical parts(optics and mounts) of the OBA and RR are implemented as non-redundant as
they—following the mechanical design rules and associated design margins—are assessed with low
FIT values. The full redundancy at component and unit level for the LMI is not deemed necessary,
on the basis of this design and reliability calculation above.

! 1 Transponder scheme
2 | Satellite 1 !

IS red])

Ei Prap

Fig. 7 Transponder scheme with partial redundancy

»‘1\'()(. 1) DBA L

Fig. 8 Transponder scheme reliability logic

6.2 LMI retroflector scheme
For the retroreflector scheme it is proposed to implement an instrument level redundancy by having
the identical instrument configuration on both spacecraft. The setup on each spacecraft is (to alarge
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extend) single-string. In case of a critical component failure the spacecraft exchange positions and
switch the active/passive role. Figures 9 and 10 show the foreseen redundancy logic for the
retroreflector scheme.

Retroreflector scheme 1/ 1
fomy
/! Satollite 1 i

Satollite 1

TELProp|
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Fig. 9 Retroreflector scheme with full redundancy
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Fig. 10 Retroreflector scheme reliability logic

Compared to implementing partial redundancy as we propose for the transponder scheme, one
benefit of this approach is that both satellites can be built identically, enabling for example a Proto
Flight Model/Flight Model approach and associated to it a significantly reduced design and assemby,
integration and test (AIT) effort compared to a solution with two different satellites. On the contrary,
the alternative of implementing partial redundancy on the active instrument side would require a
significantly higher mechanical envelope, make the optical bench even more complex and would
lead to a significant asymmetry in the two spacecraft: therefore, is not proposed as the preferred
baseline for NGGM. The reliability for this configuration calculates to 91% for the full mission
duration.

Table 6 Reliability assessment of baseline LMI schemes for different mission durations

Criterion/parameter Non-redundant Proposed Enhanced
redundancy redun-
baseline dancy

Transponder scheme — 59% 95% 97.4%

Retroreflector scheme 69% 91% 98.6%
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The results show that a partial redundancy with cross-linked units may have better reliability than a
fully redundant instrument, where the individual units are not cross-linkable. The exact numbers are
expected to change given the input data which need to be refined in parallel to the Phase A of the
mission. The column ‘enhanced redundancy’ in Table 6 gives an indication of further options with
higher redundancy by:

e Implementing the transponder scheme in ‘symmetric’ configuration, allowing the
manufacturing of two identical spacecraft at the cost of about 20% more mass and volume
requirement for the LMI. This is achievable by adding another optical bench, retroreflector
and baffles and the required harness to the LMI, resulting in a similar configuration as the
retroreflector scheme with respect to accommodation on the platform.

e Implementing the reflector scheme with added partial redundancy. For the retroreflector
scheme, the involved units are the power electronics, the seed laser and the photoreceivers.
The full redundancy of each string remains. The additional redundancy will lead to an
increase of 10-20% on the mass and volume, but likely no significant effect on the required
electrical power.

7 TRL assessment

The technology readiness level is an important criterion for the implementation of any satellite
mission. Analysing the individual key units with respect to their technology readiness level, including
the heritage from GRACE FO, former NGGM studies and LISA activities, a sound TRL assessment
of the LMI units has been performed, on the basis of present and past activities and the NGGM
system studies, e.g., [7, 8, 18, 20, 21, 26]. Table 7 lists assessments of the individual units of the
LMI, also in comparison to GRACE FO. With the LMI consisting of a number of units individually
mounted on the spacecraft, the TRL assessment focusses on these individual separate units. Given
that at this phase of the development (pre-Phase A activities), most interfaces to the spacecraft are
not fixed, the TRL statement excludes any necessary work to adapt the units to the final spacecraft
accommodation (e.g., units that have flight heritage from GFO LRI are expected to be adapted for
NGGM LMI). The authors consider this normal work but not critical.

Table 7 TRL assessment of the LMI units

Unit Grace FO LRI Transponder scheme Retroreflector scheme Comment/unit provider
(US and 1))
Instrument control unit 9(US) LISA:4 (—=6) LMI: 3-=4 GFO: non-redundant, JPL [33]
LISA: 4 (—>6) LMI: Proof of concept activity is running
LISA: European Phasemeter breadboard
exists [34]. EBB is planned to be devel-
oped
Laser head seeder 9(D) NPRO: 9 NPRO: 9 NPRO: Tesat RLH [7]
Laser head amplifier - ECDL: 4-5 ECDL: 4-5 ECDL: FEH MILAS [22, 28]
Amplifier: 6 Amplifier: HSL 2 activity in ESA [32]
Cavity 9(US) 5-6 5-6 GFO: JPL/Ball Aerospace [7]
EU: HSL.2 and OSRC activities in ESA [32]
Optical bench 9(D) 9 LMI: 3—>4 GFO: STI[7, 12]
LMI: Proof of concept activity is running
Retroreflector 9(D) 9 9 GFO: STI[7, 12]

The baseline laser seed source is the fully qualified Reference Laser Head (RLH) from Tesat, which
is used in EDRS and also used on GRACE FO [7]: this RLH is a NPRO with Nd:YAG as laser crystal.
Recent developments in diode laser technology make diodes an attractive alternative with respect
to power, efficiency, wavelength range, mass and cost for a multitude of missions. External cavity
diode laser (ECDL) based Butterfly packages achieve 10 mW of optical output power, e.g., [27].
Microintegrated ECDL modules developed by Ferdinand Braun Institute Berlin (FBH) currently
achieve up to 500 mW optical output power, have been successfully operated on several sounding
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rockets and have demonstrated the required parameters for LISA and NGGM in the lab [22, 28].
Their TRL is assessed within TRL 4-5 and they would need to be developed further to be used for
NGGM. These sources are also considered attractive for LISA, atomic clock and optical
communication applications [29,30,31]. Therefore, the authors consider a further development of
these module towards a European seed laser building block beneficial for a range of future missions.
Within the LMI retroreflector design, a fiber laser amplifier is already under development [32], similar
to the one being developed for LISA [28]. The qualification status for the frequency shifter (AOM)
needs to be assessed. A potentially suitable and qualified device may be available from Gooch &
Housego. The optical bench is currently being breadboarded by STI under a contract granted by
ESA (named proof of concept activity in Table 7). As the phasemeter required for the LMI is much
simpler than the LISA phasemeter, the LISA phasemeter TRL is applied here also for the LMI for
NGGM.

For mission adoption and project implementation, a TRL 6 is required for all units. The key necessary
developments for having an all European LMI qualified at TRL 6 at unit level concern the ICU, the
optical bench, the cavity, and (as back-up for risk mitigation with regard to the NPRO) the ECDL
seed laser. In addition, a LMI test campaign is considered necessary to achieve TRL6 at instrument
level.

8 Summary

To further improve the measurement accuracy of the time-variable gravity field, ESA is investigating
the concept of a ‘Next generation gravity mission’ (NGGM), consisting of two pairs of satellites and
a heterodyne laser interferometer for inter-satellite ranging. Two alternative schemes for the laser
metrology instrument (LMI) for NGGM have been established and investigated. The results of
GRACE FO verify the achievability of the assumed lower level performance allocations for the off-
axis LMI-transponder scheme, when the foreseen improved satellite pointing and temperature
stability of the NGGM satellite platform are taken into consideration. We can, therefore, state that
the scheme can meet both the ranging noise requirement and the goal. For the off-axis LMI-
retroreflector scheme all investigated aspects indicate as well that both the requirement and the goal
can be met. However, more verification steps are currently under investigation to be able to ensure
full compliance, specifically with respect to straylight, multi-path suppression and potential cycle slip
issues.

The laser link acquisition strategy is similar for both schemes with somewhat increased complexity
for the transponder scheme.

The reliability assessment of the two schemes indicate a higher reliability for the partially redundant
transponder scheme due to the possibility to crosslink individual units, compared to the need to
switch to the redundant instrument (and exchange the spacecraft positions) in case of a unit failure
in case of the retroreflector scheme. On the other hand, full redundancy in the retroreflector design
ensures resilience to one-point failure issues on the LMI and simplifies the implementation and
verification approach of two (almost) identical satellites. Depending on the ultimately required
mission lifetime and reliability, both schemes offer the possibility of additional redundancy.
Accommodation of both schemes is very similar. A main difference consists in the possibility of
implementing an identical configuration of the two spacecraft (leader and follower in the formation)
with the retroreflector scheme of the laser interferometer, allowing for a reduced effort on satellite
bus side. The symmetry between the two spacecraft is broken with respect to the flight direction in
the case of the optical transponder scheme of the laser interferometer, unless the propulsion system
is doubled or the LMI is itself implemented symmetrically at the cost of increased mass, envelope
and cost.

The technology for the LMI-transponder case is mostly available from GRACE Follow On. Specific
necessary modifications would be a higher redundancy and a dedicated link acquisition system. For
the LMlI-retroreflector scheme, a suitable laser head and an optical bench breadboard is under
development, with TRLs between 4 and 6 currently. Summarizing the different aspects of the
interferometer concept trade off, the authors consider both schemes feasible for NGGM. The
transponder scheme is a ‘safe’ option, with the LRI configuration from GRACE FO being fully
qualified and in operation in orbit. The retroreflector scheme, while requiring a more complex laser
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head and optical bench and not being fully verified yet, offers the possibility to reduce the costs on
the satellite bus by implementing two identical spacecraft. The low received power and the resulting
high requirement on straylight, multipath suppression and potential cycle slipping as well as the cost
impact on the satellites as a whole is still being further investigated for a final decision on the NGGM
baseline.
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