
ESA's Studies of Next Generation Gravity Mission Concepts 

  Introduction 
The ESA initiatives started in 2003 with a study on observation techniques and continued through 
several studies focusing on the satellite system, technology development for propulsion and 
distance metrology, preferred mission concepts, the attitude and orbit control system, as 
well as the optimization of the satellite constellation. More recently, several studies related to 
new sensor concepts based on cold atom interferometry were initiated, mainly focusing on 
technology development for different instrument configurations.  
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ESA has started and is still running several studies in support of 
NGGM concepts. The variation of the distance from one satellite 
center of mass to the other has to be measured with very high 
precision by a distance metrology. In order to retrieve the gravity 
signal from the laser metrology measurements, the non-gravitational 
forces need to be measured by accelerometers, which requires 
some level of drag compensation due to the limited dynamic range. 
As a consequence, the satellites need loops for controlling the 
attitude and the loose formation, where each of these loops will 
have its bandwidth, and they work in a hierarchical structure, 
interacting in complex ways. To ensure a mature TRL for all the 
satellites subsystems, several complementary studies were initiated: 
•   Next Generation Gravity Mission: AOCS Solutions and 
Technologies: AOCS & FF control, AOCS modes tested on the E2E 
MST simulator 
•  Miniaturized Gridded Ion Engine (GIE) sub-system and coupling 
test: thrust range from 50 µN to 2.5 mN (ongoing qualif. @ TRL 5) 
•  Consolidation of the micro-PIM Field Emission Thruster design for 
NGGM 
•  High-Stability Laser with Fibre Amplifier and Laser Stabilisation Unit 
for Interferometric Earth Gravity Measurements: EBB undergoing 
thermomechanical tests to reach TRL 5 
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RIT-µX (left); Indium mN-FEEP; fibre amplifier, cavity (inside vacuum chamber) - all 
fibre coupled (center); PSD of measured laser frequency noise (right). 
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3.5. DISCUSSION AND CONCLUSION 120
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3.16.1: case 1
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3.16.2: case 2

Figure 3.16: Extrapolation to 8 months of the geoid height error degree-variance of the gravitational model

for the CAI gradiometer and comparison to the error of a GOCE gradiometer-only model estimated using

the 47 month data of the mission. For the comparison to GOCE’s error 2 different reference model have

been used: here EIGEN-6c4 on the left and GOCO05S on the right.
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Figure 2: Illustration of the double di�raction scheme. The picture
shows the implementation of a symmetric beam splitting in a Mach-
Zehnder like interferometer geometry. It depicts a free fall situation
as provided by a space born environment.

the same internal state. After the first two beam splitter
pulses, a blow away pulse removes atoms which were
not properly excited.

2.1.3. Detection
The last step is the read out of the interferometer ports

which corresponds to the measurement of the number of
atoms in the two hyperfine levels of the Rb ground state.
This is realized via fluorescence detection, employing
a closed transition (typically the cooling transition) for
both isotopes in order to produce strong fluorescence
signals without losses of atoms. In one of the simplest
implementations, the population of the upper level is
measured first using the cooling transition (first output
port) and collecting the fluorescence light on a photodi-
ode. The measured atoms are optionally removed with a
blow-away pulse. Then, a repumper transfers the atoms
from the lower level to the upper level, and the popula-
tion of the upper level is measured again using the cool-
ing transition (second output port). This corresponds to
a subsequent detection scheme.

The detection of both interferometer ports allows for
a normalization which suppresses atom number fluctu-
ations. However, frequency fluctuations of the probe
laser on the time scale between the two detection pulses
convert into noise in the normalized population mea-
surement. Simultaneous detection of the interferometer
output ports reduces the requirements on the detection
laser line width and is then chosen as the baseline. Af-
ter a waiting time in which the interferometer ports spa-
tially separate, cooling and repumper light for the 87Rb
is simultaneously applied to the atoms. The scattered
light is collected on photodetector (photodiode or CCD
chip). In the next step the cooling and repumper tran-

Figure 3: Left: fringes of a pair of simultaneous AIs where vibra-
tionally induced RMS phase noise is larger than one period [21].
Right: Lissajous plot resulting from composition of the two fringes.
The di�erential acceleration is determined from ellipse rotation angle.

sitions for 85Rb are addressed simultaneously and the
resulting fluorescence signal is read out via the same
photodetector as for the 87Rb.

Since 87Rb and 87Rb have similar transition ener-
gies, there is a crosstalk when one of the isotopes is
addressed. The ensembles with the two di�erent iso-
topes spatially overlap and cannot be addressed inde-
pendently. This will lead to a systematic error if it not
accounted for. The detection yields four signals contain-
ing linear combinations of the four output port popula-
tions. As the scattering rates within the linear combina-
tions are known, it is still possible to obtain the correct
signal and thus eliminate the systematic error.

2.1.4. Di�erential noise subtraction
As the atom interferometers are sensitive to accelera-

tions, the vibrational background has to be considered.
Given the large scale factor of the atom interferometer
to acceleration, vibrationally induced phase noise will
span several interferometer fringe periods. A sensitive
measurement of the relative phase of the two interfer-
ometers, that is proportional to the di�erential accel-
eration of the two atomic ensembles, can be obtained
with the ellipse fitting method described in [20] to can-
cel common-mode phase-noise. The interference signal
of one interferometer is plotted versus the interference
signal of the other one (see Figure 3). The data then de-
scribe an ellipse and the relative phase shift can be ob-
tained from its eccentricity and rotation angle. A high
CMRR requires a precise matching of the scale factor
of the two atom interferometers (see section 4.3)

2.1.5. Mission duration
For Q-WEP, assuming a single-shot sensitivity to dif-

ferential acceleration in the range of 4.4 · 10�11 m/s2,
and a cycle duration of 18 s, an integration time of 107 s
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F igure 31 - Allan standard deviation of acceleration for the ES acc., the Atom acc., and the ES acc. corrected by the AI through a 

hybridization algorithm. The interrogat ion time of the AI is T = 20 ms. The Allan deviation for the ES accelerometer has been 
completed on the high frequency side with data coming from F igure 27. 

 

 
F igure 32 - Root square of PSD acceleration noise for the ES acc., the Atom acc., and the ES acc. corrected by the AI through a 
hybridization algorithm. The interrogation time of the AI is T = 20 ms. The PSD of the ES accelerometer has been completed on 

the high frequency side with data coming from F igure 27. 

Cold Atom Interferometry (CAI) is based on measuring the motion 
of a cold atom cloud with high precision using a stabilized laser. The 
laser frequency stabilization is ensured using an atomic transition as 
a reference. 

The constellation studies use ESA’s New Earth 
System Model that includes the signal due to 
atmospheric, oceanic, hydrologic, cryospheric 
and solid earth mass transport, and also provides 
realistic error time series for rapid atmospheric 
and oceanic mass transport as a new feature. 
 
 
 
 
 
 
 
ESM data and documentation: 

https://isdc.gfz-potsdam.de/esmdata/esaesm/ 

Pairs of satellites 
Inter-satellite ranging 

Single satellite 
Gravity gradiometry 
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The Assessment of Satellite Constellations 
study focused on the identification of optimal 
satellite constellations and the development of 
a method for the reduction of aliasing due to 
the undersampling of fast atmospheric and 
oceanic mass transport. 

  Technology Developments 

The phase (position) of the laser is 
imprinted on the atoms each transition. 
Control of the transfer from one state to 
another acts like a beam splitter for π/2 
pulses where half of the atom population 
is transferred or a mirror for π pulses 
where all atoms are transferred. 

•  Hybrid Atom Electrostatic System for Satellite Geodesy Follow-On 

•  Study of a CAI Gravity Gradiometer Sensor and Mission Concepts 

Instrument concepts realizing a CAI gravity gradiometer and a CAI 
accelerometer are investigated in the following studies: 

Flat instrument noise PSD of 3.5 mE/sqrt(Hz) 

The study Consolidation of the system concept for the Next 
Generation Gravity Mission (NGGM) aims at 

•  preliminary conceptual design of the 
mission and system elements 

•  consolidation of system architecture and its 
elements with an emphasis on the laser 
ranging system 

•  definition of development approach and 
schedule, ROM cost estimates 

•  analysis of critical technologies and the 
definition of required development activities 

Courtesy by TAS (I) 

Payload enclosure accommodated 
in Iridium-Next P/F 

Courtesy by STI (D) 

GRACE-FO’s LRI CAD model: for 
NGGM beam spacing < 150 mm 

•  First successful airborne survey of a matter wave gravimeter  

Further consolidation of the system design on 
all the above aspects is on-going at pre-Phase A level 

Gravity measurements above Vatnajökull

Vatnajökull

Error = 1,7 mGal (std/sqrt(2))Missing area due to laser misalignment

Cold atom gravimeter flight

CryoVex/KAREN 2017 Campaign  

The Additional Constellation Analysis study 
investigated the scenario of drifting ground 
tracks with fixed interleaving of polar and 
inclined satellite pair. The needs of near real-time 
and hydrological services in view of NGGM 
were addressed. In the extension, the study team 
will cooperate with Chinese colleagues to 
investigate a constellation of three satellite pairs, 
one potentially developed in China. 


