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Abstract: Satellite gravimetry missions such as GRACE-FO allow tracking of mass transport on global
scales. These missions utilise low-low satellite-to-satellite tracking (LL-SST) where two spacecraft reside
in similar orbits and their relative motion is tracked. The gravity field is reconstructed once per month,
limited by the use of a single pair of spacecraft. The SENSORIS mission proposes a constellation of many
CubeSat’s built from commercial-off-the-shelf components performing high-low satellite-to-satellite track-
ing (HL-SST) via GNSS. Whilst compromising on the spatial resolution, significantly increased temporal
resolution (1 solution per day) allows for improvements on the currently insufficient background modelling,
thus improving the results of the future MAGIC-constellation consisting of GRACE-C and NGGM. Future
improvements to the SENSORIS mission concept shall evolve to LL-SST via implementation of a Laser
Ranging Interferometer (LRI) similar to GRACE-FO. Given limitations of the CubeSat architecture, a sig-
nificant reduction in the size, weight and power of the LRI is required. We present our first steps towards
a compact LRI. While the initial expected ranging performance will probably not match that achieved by
previous missions with larger spacecraft, these steps represent an important start to developing a compact
LRI for future geodesy missions.

1. INTRODUCTION

Since 2018 the Gravity Recovery and Climate Experiment Follow On (GRACE-FO) mis-
sion has been monitoring the Earth’s mass changes and water movements using a Laser
Ranging Interferometer (LRI) as a secondary instrument, initially intended as a technol-
ogy demonstrator for the ranging principle utilised in the Laser Interferometer Space An-
tenna (LISA) [1]. The primary instrument in GRACE-FO, the Microwave Instrument
(MWI) which was heritage from GRACE, is now being replaced by the LRI in the future
Next Generation Gravity Mission (NGGM) and GRACE-C mission due to its increased
sensitivity. Future gravimetry missions should aim to miniaturise the inherently large sys-
tems used within these missions, paving the way for more cost-effective solutions aligned
with increasing the temporal resolution to allow further progression within geodetic mod-
elling [1].
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2. STATE OF THE ART: THE GRACE FOLLOW-ON LASER RANGING IN-
TERFEROMETER
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Figure 1: Schematic of the GRACE-FO LRI, adpated from [2]. S/C: Spacecraft, CoM: Center of Mass, TMA: Triple
Mirror Assembly, LRP: Laser Ranging Processor, FSM: Fast Steering Mirror, FC: Fiber Collimator, P: Polarizer,
BS: Beamsplitter, CP: Compensation Plate, ImSys: Imaging System, QPR: Quadrant Photoreceiver.

The measurement principle of the GRACE-FO LRI is based upon a transponder configu-
ration, shown in Figure 1. The primary spacecraft (S/C) emits laser light which propa-
gates to the distant, secondary S/C. In order to compensate for large loss due to expansion
of the beam, misalignment between the two satellites, and small receiving aperture, the
secondary S/C operates as a repeater. Here, a phase locking loop between the received
beam from the primary S/C and its own local laser essentially amplifies the laser light.
Additionally, a 10 MHz frequency offset is introduced between these two beams. The
phase copy generated on the secondary S/C with its additional frequency offset is then
propagated back to the primary S/C, where it is interfered with the local beam. The re-
sulting measured signal is the beatnote between the two laser frequencies, equal to the
offset frequency plus twice the Doppler shift due to the inter-satellite propagation. The
additional offset allows to distinguish between a positive and negative Doppler shift and
avoids a zero-crossing in the frequency domain. Tracking the phase of this measurement
allows tracking of the changes in the inter-satellite distance [1].

Two major noise sources contribute to this measurement scheme: a) laser frequency noise
and b) noise due integration tolerances in the Triple Mirror Assembly (TMA). The first
couples into the ranging signal via

Sx en (f) = % - 6vLen (f) (1)

where A is the inter-satellite distance, v the optical laser frequency and Sv, gy (f) the la-
ser frequency noise expressed as a function of Fourier frequency. Due to the direct cou-
pling of laser frequency noise into this measurement scheme, free running lasers must be



frequency stabilised to meet the GRACE-FO ranging noise requirement of 80 nm/vHz
with a relaxation at lower frequencies [1].

Noise due to integration tolerances for the TMA stems from the requirement in GRACE-
FO to route the beam around propellant gas tanks and the MWI, however, this way of
routing enables a centre of mass (CoM) to CoM measurement between the two spacecraft.
The difference in position between the virtual vertex of the hollow retroreflector formed
by the three mirrors and the CoM of the S/C causes pointing jitter for pitch and yaw
(6vsc (f) and Swsc(f) respectively) to be coupled into the ranging measurement. This
can be approximated to first order through:

Sxrma(f) = 2(4x6, + Ay) - Swsc(f) + Z(Axey - AZ) - 6vsc (f) 2)

where Ax, Ay and Az are the positional integration errors of the vertex relative to the S/C
CoM in the along-track, cross-track and Nadir-Zenith directions respectively, and 6, and
6, represent infinitesimal static offset rotations around the y and z axes respectively [1,
3, 4]. This concept of noise coupling into the ranging measurement via the S/C pointing
has been dubbed attitude-to-ranging coupling, or also tilt-to-length (TTL) coupling,
where other optical elements and effects can have a similar effect. However, the largest
contribution arises due to the misalignment of the TMA vertex.

Thermal effects also increase the noise through expansion of beam pathlengths and
changes in refractive index. However, within GRACE-FO these are mitigated through the
use of a large thermal mass titanium optical bench and extensive thermal stabilisation to
ensure high thermal stability [4]. The final design of the satellite pair used on GRACE-
FO allows gravity field recovery with a spatial resolution equivalent to 300 km, which is
calculated from the instrument noise [5].

The development of the NGGM and GRACE-C missions is underway with the expecta-
tion of the two missions to form an international collaboration: Mass-change And Geo-
science International Constellation (MAGIC). Such experiments, which represent the cur-
rent state of the art, are well-known to be exceptionally expensive, with the cost of
MAGIC estimated to be over €1 billion. This is typically the result of the high number of
customised components, resulting in the production of only a limited number of satellites:
so far, each mission only has one pair of satellites. Due to each full orbit of a satellite pair
only covering one thin segment of the Earth’s surface, the satellite pair must orbit the
Earth for approximately one month before a single full gravity field solution can be ob-
tained. This results in a low temporal resolution of only a month for each mission; this is
improved upon in the case of MAGIC to 5 days due to having two satellite pairs. Any
signals which occur on shorter time scales are therefore not observable and thus extensive
background modelling is necessary for these variations. Consequently, aliasing of these
signals is causing a deterioration of the gravity field solutions and is presently the main
limiting factor. The complex geophysics over these shorter timescales will remain un-
known and ensure the full potential of GRACE-like missions is not realised, until model-
ling improves or the higher temporal signals are observed [6].



3. SENSORIS: A WAY TO OBTAIN MORE AND BETTER GRAVITIY FIELD
SOLUTIONS

Improving the limited temporal resolution from one month (ideally 5 days in the case of
MAGIC), shall be addressed by the proposed mission SENSORIS [7]. The proposal out-
lines the use of high-low satellite-to-satellite (HL-SST) tracking in a constellation of 12
or more 3U CubeSats, allowing for at least daily solutions of the gravity field to be cal-
culated. The utilisation of Global Navigation Satellite System (GNSS) receivers and ac-
celerometers to measure the absolute position of each satellite results in a spatial resolu-
tion between 1200 - 1500 km. Despite the lower spatial resolution, it has been shown that
HL-SST is sufficient to obtain time-resolved gravity field solutions [8]. Consequently,
SENSORIS will allow to improve upon the current inadequate background models limit-
ing gravity field determination thus removing some aliasing effects.

The reduction in spatial resolution is an accepted compromise due to the significantly
lower costs expected for SENSORIS, thus allowing for a large number of satellites to be
launched in a cost-effective intermediate solution. The lower costs arise partly from the
exclusion of an inter-satellite ranging device, but also due to building upon the heritage
of the VIBES Pioneer 3U CubeSat of the Institute of Aerospace Technology Bremen [7,
9]. A NewSpace approach was used allowing the use of commercial-off-the-shelf (COTS)
components, available in large quantities at low cost with high performance and lower
Size, Weight and Power (SWaP) than conventional components used for equivalent mis-
sions. Furthermore, standard ESA-type missions require complex, costly and time-con-
suming qualification tests often limiting the technology available to be used in satellites.
Additionally, long development times can result in the obsolescence of technology before
the mission is even launched. Conversely, NewSpace approaches concede reduced qual-
ifications as a trade-off for short development times. Extra component redundancy be-
cause of the low cost and SWaP of components also mitigates the risk of reduced quali-
fications. These advantages facilitate the use of CubeSats, permitting agility and custom-
isation in their development without the large costs which would be incurred for large
satellites.

An additional advantage emerges from an inherent redundancy in the gravity field meas-
urement. Previous missions had no redundancy in the event of failure or downtime of a
satellite, so an increased resilience to failures is evident when a larger number of satellites
is used.

4. SENSORIS-FOLLOW-ON: MINITURISATION OF THE LRI

Future upgrades to the SENSORIS constellation require an improvement compared to
using only GNSS and accelerometer measurements because of the limited spatial resolu-
tion. An evolution of SENSORIS shall therefore culminate in GRACE-like measurements
between micro-satellites in a constellation, allowing higher spatial resolution measure-
ments at temporal rates of 1 gravity solution per day or greater. To this end, a design study
for the development of a compact LRI for low-low satellite-to-satellite tracking (LL-SST)
is currently underway. The compact LRI should have SWaP properties compliant with a
target satellite size of 6U-16U due to the inclusion of many extra components compared
to the SENSORIS concept. Due to the size of CubeSats, the thermal environment and
spacecraft pointing error are expected to be worse than that of GRACE-FO because of



the reduction in spacecraft size. Obtaining a sensitivity better than HL-SST and account-
ing for poorer conditions likely present within a CubeSat, the goal of a ranging noise

equal to or better than 1 um/+/Hz is chosen. This implies strict constraints on the thermo-
mechanical design and integration into the satellite to ensure minimised thermal noise
and TTL coupling (Equation (2)). With this in mind, the thermo-mechanical design of a
retroreflector/TMA with a size smaller than 2U is under development, along with simu-
lations of noise sources and measurement methods to verify the simulations.

These challenges are further compounded by requirements on the laser frequency noise
(Equation (1)) and the inclusion of a new device called the Scale Factor Unit (SFU). This
module determines the scaling between the phase and change in distance, which is deter-
mined by the frequency of the laser light. With a higher noise or drift of the laser fre-
quency, the less accurate is the determination of the phase change due to error in the
knowledge of the laser frequency. Within GRACE-FO the scale factor unit was not re-
quired as the scale factor could be determined by comparison to the MWI with a stability
based upon the Ultra Stable Oscillator. For the future missions of NGGM and GRACE-
C, a method based upon reading a Pound-Drever-Hall signal from the cavity used for
frequency stabilisation is anticipated [10]. This requires minimal change to the heritage
flight hardware from GRACE-FO and is currently the preferred option for this mission.

Within a CubeSat, size and weight constraints exclude the use of a cavity with many
layers of thermal insulation, vacuum chamber and heavy components. Therefore, an en-
visioned solution is the use of an atomic transition frequency stabilisation technique, with
the additional benefit that the laser frequency can be estimated within the required maxi-
mum long term drift error without additional measurement due to the absolute nature of
the atomic transition. It is noted that additional magnetic shielding will be required around
any atomic vapour cell used for the frequency stabilisation to avoid splitting of the atomic
levels in changing magnetic fields, however miniaturised atomic frequency references
have been shown to be feasible, achieving frequency stabilities suitable for this applica-
tion [11, 12, 13]. Furthermore, utilising an absolute frequency reference reduces the pa-
rameter space for link acquisition as the frequency on each satellite is known to within an
acceptable interval. In comparison, within GRACE-FO the laser frequency of one laser
must be scanned over a large range as the relative frequency difference between each
spacecraft was not known, resulting in a scan that is 9 hours long.

Adaptation of the current laser wavelength may be required to suit a possible atomic tran-
sition, such as the commonly used D2-transition in Rubidium at 780 nm. This could be
achieved by frequency doubling of a 1560 nm laser, which is a readily available COTS
component due to the telecom industry. Further research into alternative options is cur-
rently underway.

5. CONCLUSION

We have presented the proposed constellation SENSORIS which will allow measuring
Earth’s gravity field at a higher temporal resolution than GRACE(-FO) or future missions
like GRACE-C and NGGM. SENSORIS will be able to achieve a temporal resolution of
at least one gravity field solution per day. SENSORIS will utilise 3U-sized spacecraft and
GNSS receivers as primary sensors. This will, however, result in a reduced spatial reso-
lution compared to GRACE-FO, GRACE-C, and NGGM.



Furthermore, we presented our work on next steps after the SENSORIS mission by min-
iaturisation of the GRACE-FO LRI into a system that would fit into a CubeSat platform.
The challenges that arise here are manifold and include the inability to carry a thermally
stable cavity of sufficient free spectral range within the spacecraft. As a result, we con-
sider to use an atomic transition to stabilize the laser frequency for ranging noise reduc-
tion. Depending on the chosen system, the operating wavelength of the miniaturised LRI
may change compared to GRACE-FO. As the wavelength of an atomic transition is well
known, the parameter space of the acquisition scan would be reduced and, in conse-
quence, the required time would decrease significantly. Other major challenges are the
expected increases in thermal noise, coupling in via changes in pathlength, and spacecraft
pointing noise, coupling in via imperfections in the TMA and integration misalignments.
These major noise sources are currently being addressed through design work and simu-
lations.
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