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Abstract 

Improving and homogenizing time and space reference systems on Earth and, more specifically, realizing the Ter‑
restrial Reference Frame (TRF) with an accuracy of 1 mm and a long‑term stability of 0.1 mm/year are relevant for 
many scientific and societal endeavors. The knowledge of the TRF is fundamental for Earth and navigation sciences. 
For instance, quantifying sea level change strongly depends on an accurate determination of the geocenter motion 
but also of the positions of continental and island reference stations, such as those located at tide gauges, as well 
as the ground stations of tracking networks. Also, numerous applications in geophysics require absolute millimeter 
precision from the reference frame, as for example monitoring tectonic motion or crustal deformation, contributing 
to a better understanding of natural hazards. The TRF accuracy to be achieved represents the consensus of various 
authorities, including the International Association of Geodesy (IAG), which has enunciated geodesy requirements 
for Earth sciences. Moreover, the United Nations Resolution 69/266 states that the full societal benefits in develop‑
ing satellite missions for positioning and Remote Sensing of the Earth are realized only if they are referenced to a 
common global geodetic reference frame at the national, regional and global levels. Today we are still far from these 
ambitious accuracy and stability goals for the realization of the TRF. However, a combination and co‑location of all 
four space geodetic techniques on one satellite platform can significantly contribute to achieving these goals. This 
is the purpose of the GENESIS mission, a component of the FutureNAV program of the European Space Agency. The 
GENESIS platform will be a dynamic space geodetic observatory carrying all the geodetic instruments referenced to 
one another through carefully calibrated space ties. The co‑location of the techniques in space will solve the incon‑
sistencies and biases between the different geodetic techniques in order to reach the TRF accuracy and stability goals 
endorsed by the various international authorities and the scientific community. The purpose of this paper is to review 
the state‑of‑the‑art and explain the benefits of the GENESIS mission in Earth sciences, navigation sciences and metrol‑
ogy. This paper has been written and supported by a large community of scientists from many countries and working 
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in several different fields of science, ranging from geophysics and geodesy to time and frequency metrology, naviga‑
tion and positioning. As it is explained throughout this paper, there is a very high scientific consensus that the GEN‑
ESIS mission would deliver exemplary science and societal benefits across a multidisciplinary range of Navigation and 
Earth sciences applications, constituting a global infrastructure that is internationally agreed to be strongly desirable.

Keywords GENESIS satellite, Reference systems, Geodesy, Geophysics, Navigation, Positioning, Metrology, Space 
geodetic techniques

Graphical Abstract

Introduction
The GENESIS proposal is dedicated to improving and 
homogenizing time and space references on Earth and, 
more specifically, to realizing the Terrestrial Reference 
System (TRS) with an accuracy of 1 mm and a long-term 
stability of 0.1 mm/year. These numbers are relevant for 
many scientific and societal endeavors for which a pre-
cise realization of the TRS and the knowledge of the 
Earth’s kinematic parameters are crucial.

Knowledge of Celestial Reference Frame (CRF) and of 
Terrestrial Reference Frame (TRF) is fundamental for 
orbit computation, in particular for metrological applica-
tions such as altimetry (e.g., ocean radar altimetry, laser 
and radar altimetry over land surfaces and ice sheets, 
and interferometric synthetic-aperture radar mapping of 
land surface change), as well as for more precise position 
determinations of Earth orbiting satellites. For instance, 
quantifying sea level change or the effects of ice melting 
using altimetry strongly depends on an accurate determi-
nation of the position of continental and island reference 
stations, such as those located at tide gauges, as well as 
the ground stations of tracking networks. Also, numerous 
applications in geophysics require absolute millimeter 
precision from the reference frame, as for example in the 
case of monitoring tectonic motion or crustal deforma-
tion for predicting natural hazards and inferring climate 
driven mass changes (non-tidal ocean, ice, atmospheric, 

and hydrological) from observations of vertical and hori-
zontal displacements of the Earth’s surface.

A stable and accurate reference frame is needed for 
robust policy making in light of climate change. The qual-
ity of many operational monitoring systems are tied to 
the accuracy of the underlying reference systems. Reliable 
evidence-based policies, which make use of such opera-
tional data, and are expected to become more important 
in adaptation measures, are therefore directly dependent 
on the quality of international reference frames. The TRF 
accuracy and stability to be achieved, respectively 1 mm 
and 0.1  mm/year, represent the consensus of various 
authorities, including the International Association of 
Geodesy (IAG), which has enunciated geodesy require-
ments for Earth science through the Global Geodetic 
Observing System (GGOS) initiative (see Plag and Pearl-
man 2009). Hereafter, we will refer to these numbers as 
the GGOS accuracy and stability goals.

The General Assembly of the United Nations (UN) 
adopted a resolution on 26 February 2015: “A global 
geodetic reference frame for sustainable development” 
(United Nations General Assembly 2015). In this resolu-
tion the UN recognize the importance of “the investments 
of Member States in developing satellite missions for posi-
tioning and Remote Sensing of the Earth, supporting a 
range of scientific endeavors that improve our understand-
ing of the Earth system and underpin decision-making, 
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and [...] that the full societal benefits of these investments 
are realized only if they are referenced to a common 
global geodetic reference frame at the national, regional 
and global levels”. Moreover, in this resolution, the UN 
“invites Member States to engage in multilateral coopera-
tion that addresses infrastructure gaps and duplications 
towards the development of a more sustainable global 
geodetic reference frame”. In this article, we will explain 
that the GENESIS mission is precisely addressing the 
geodetic ground infrastructure gaps. The United Nations 
Committee of Experts on Global Geospatial Information 
Management (UN-GGIM) established a working group to 
develop a global geodetic road map that addresses key ele-
ments relating to the development and sustainability of the 
Global Geodetic Reference Frame (GGRF).

Several space missions in order to reach the GGOS accu-
racy and stability goals were proposed in the past, such as 
GRASP (Bar-Sever et al. 2009), E-GRIP (Jetzer et al. 2017) 
and E-GRASP/Eratosthenes (Biancale et al. 2017). Today, 
the GENESIS mission is timely considering the large num-
ber of long-term scientific undertakings, where many 
different space data need to be analyzed together, as, for 
example, for the quantification of the mass-loss in the 
polar regions, where altimetry missions (ICESat-2, Cryo-
Sat-2, Sentinel-6) and gravity field missions (GRACE and 
GRACE-FO) need to be jointly exploited. The strong state-
ments by international bodies underline that the GENESIS 

mission is highly needed and timely, being the only mis-
sion to cover this topic, worldwide.

A very large and strong scientific community involved 
in the worldwide networks and data and analysis centers 
of the four geometrical IAG Services supports the GEN-
ESIS mission, a component of the FutureNAV program of 
the European Space Agency (ESA). Clearly, GENESIS will 
deliver exploratory results across many Earth’s science 
disciplines, mainly where precise positioning, surface 
motions and mass movement are critical. The mission is 
thus supported by an active and broad community, and 
the downstream science and policy-making users will 
continuously benefit from the improvements in the TRF 
and of its link to the CRF.

Summary of GENESIS science and mission 
objectives
The GGOS was initiated by the IAG with the goal of pro-
viding a consistent high-quality TRF, crucial for the pre-
sent day and future science application needs (Plag and 
Pearlman 2009; National Academies of Sciences, Engi-
neering, and Medicine 2018, 2020). There exists a very 
wide spectrum of applications in Navigation and Earth 
sciences and far beyond that require a more accurate 
TRF, as illustrated in Fig. 1. The TRF is the indispensable 
fundamental metrological basis to allow a long-term con-
sistent monitoring of the Earth’s system changes.

Fig. 1 The GENESIS mission’s primary goal is a significant improvement of the International Terrestrial Reference Frame (ITRF). The ITRF is recognized 
to be the metrological foundation for all space‑ and ground‑based observations in Earth Science and Navigation, and therefore this mission will 
potentially have a major impact in a large number of GNSS and Earth Observation applications
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The GGOS accuracy and stability goals are required to 
detect the smallest variations in the Earth system com-
ponents. These requirements are especially driven by the 
fact that the stability in the present TRF of about 0.5 mm/
year is the most important contribution to the uncer-
tainty in global sea level rise (see section Altimetry and 
sea level rise) and in many other geophysical processes. 
The primary goal of the GENESIS mission is, therefore, 
the establishment of a TRF supporting the GGOS accu-
racy and stability goals through the co-location of space 
geodetic techniques on a single satellite.

Nowadays, the TRF is realized by station coordinates 
and velocities for a globally distributed set of ground sta-
tions using a combination of the four major space geo-
detic techniques:

• Global Navigation Satellite System (GNSS);
• Doppler Orbitography and Radiopositioning Inte-

grated by Satellite (DORIS), a radio satellite tracking 
system;

• the Satellite Laser Ranging (SLR) technique;
• and the Very Long Baseline Interferometry (VLBI) 

technique, which normal operation is to record sig-
nals from quasars.

In order to develop a unique, consistent and accurate 
TRF, these four techniques are combined and linked 
together thanks to co-location sites located on the 
ground, where more than one space geodetic technique 
is located at the same site. Thereby the local ties, i.e., the 
vectors connecting the reference points of the individ-
ual instruments (GNSS and DORIS antennas, radio and 
optical telescopes), must be realized at the 1 mm level or 
better.

Unfortunately, one of the major deficiencies in the 
realization of a TRF originates from the difficulty to accu-
rately measure the local ties between the reference points 
(intersection of axes of large instruments, phase centers 
of antennas). A second issue of the reference frame is that 
each technique has its own systematic effects. Thus, a 
second deficiency includes the (as yet unknown) system-
atic effects present in the observations of the individual 
space geodetic techniques. Finally, a third deficiency is 
the poor spatial distribution of co-location sites on the 
globe.

In order to improve this situation fundamentally, the 
GENESIS satellite mission will provide a highly accu-
rate co-location of the four space geodetic techniques 
in space, on board the satellite with carefully and fully 
calibrated reference points, as illustrated in Fig. 2. Thus, 
GENESIS will be a calibrated co-location and reference 
point, fully complementary to the ground co-locations, 
orbiting in space and connecting all the ground stations 

to one another. In this way, one can determine all the 
instrumental biases inherent to the different observ-
ing techniques simultaneously. This bias determination 
is required: (1) to avoid systematic errors, which can 
result in erroneous interpretations of the differences 
in the techniques, as well as (2) to transmit the TRF via 
GNSS at the precision of a millimeter to any point on the 
Earth that can then be used for precise positioning and 
navigation. The payload that will allow us to realize this 
co-location consists of a VLBI transmitter, a GNSS and 
a DORIS receiver, a passive laser retro-reflector (P-LRR) 
and a ultra-stable oscillator (USO) that will connect all 
four techniques.

Secondary goals could be reached with the addi-
tion of  an active laser retro-reflector (A-LRR) and 
an accelerometer. The A-LRR would allow for a high 
precision synchronization of the onboard USO with 
ground clocks through time transfer by laser links from 
ground stations. This would provide metrology users 
with a common view time transfer technique, accurate 
at intercontinental scales. More specifically, in addi-
tion to the benefits of the already present P-LRR, the 
A-LRR would allow (1) to perform ground-to-space 
and ground-to-ground time and frequency transfers 
with an extended common view compared to the T2L2 
and ACES missions, by taking advantage of the higher 
altitude of the GENESIS satellite; (2) to compare GNSS 
and laser time transfer techniques with an uncertainty 
below 100 ps; and (3) to accurately monitor the behav-
ior of the onboard clock for precise orbitography.

An accelerometer, in combination with a well tested 
macro-model of the satellite’s geometry and reflec-
tance, would provide insight in non-conservative forces 
and their effect on the GENESIS orbit. All the mechani-
cal and electronic properties of the platform must be 
characterized to within sub-millimeter tolerances. An 
accelerometer could be used to measure surface accel-
erations up to 10−11 m s −2 Hz−1/2 and would (1) guaran-
tee high-precision orbit determination and mitigating 
the errors mapping into the modeling of non-conserv-
ative forces; (2) allow in-orbit center of mass (CoM) 
determination. These characteristics are important in 
the determination of station positions and geophysical 
products such as the geocenter and Earth’s orientation 
parameters. Another role of this accelerometer would 
be to serve as a position reference for the geodetic 
instruments on the platform in order to determine the 
correction of angular motion between each instrument.

The availability of high-precision measurements from 
the GENESIS mission will fundamentally improve the 
accuracy and stability of the TRF by a factor of 5–10 
and will allow us to achieve the GGOS requirements. 
This paper reviews the science applications of the 
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GENESIS mission (see also Fig.  1): improvements in 
the TRF geocenter and scale (section  Improvements 
in the ITRF geocenter and scale); improvements in 
the celestial (inertial) frame and the Earth orientation 
parameters, reflecting Earth system processes (sec-
tion Unification of reference frames and Earth rotation); 
improvements in the knowledge of the low-degree 
spherical harmonics of the Earth gravity field, comple-
mentary to GRACE and GRACE-FO (section  Long-
wavelength gravity field); improvements in global to 
local estimates of sea level change (section  Altimetry 
and sea level rise); improvement in estimates of pre-
sent day ice mass loss and Glacial Isostatic Adjustment 
(GIA) history (section Determination of ice mass loss); 
improved determination of the Earth’s rheology and the 
melting history (section Geodynamics, geophysics, nat-
ural hazards); improved quantification of surface loads 
due to the continental water cycle, the atmosphere and 
the ocean (section  Geodynamics, geophysics, natural 
hazards); improvements in the Earth radiation budget 
(section Top of atmosphere radiation budget and Earth 
energy imbalance); improvements of the ionospheric 
and plasmaspheric density (section  Ionospheric and 
plasmaspheric density); distribution of a high-accuracy 

reference frame to all GNSS users for global georefer-
encing at the millimeter-level (section  Improvement 
in global positioning); very accurate and consistent 
antenna phase center calibrations for all GNSS satel-
lites relevant for the terrestrial scale and all position-
ing applications (section  GNSS antenna phase centre 
calibration); millimeter-level precise orbit determina-
tion (POD) for altimetric, gravimetric and GNSS satel-
lites (section Positioning of satellites and space probes); 
intercontinental time transfer at the picosecond level 
and its use to unify height systems by exploiting the 
gravitational redshift (section  Relativistic geodesy and 
time and frequency transfer). Since reference frames 
are at the heart of metrology and all monitoring pro-
cesses, the benefits from GENESIS are truly inter- and 
transdisciplinary and relevant for societal needs.

Moreover, an ESA Concurrent Design Facility (CDF) 
study has confirmed that the GENESIS Mission is feasi-
ble within the ESA FutureNAV defined program bounda-
ries, with a target launch date in 2027. The conclusion of 
this study is given in section CDF study output. This sec-
tion is followed by a high-level description of laser rang-
ing (section Passive and active laser retro-reflector) and 
VLBI transmitter (section VLBI transmitter).

Fig. 2 The GENESIS mission will consist of the co‑location, for the first time ever, of the four space geodetic techniques (GNSS, SLR, VLBI, and DORIS) 
aboard a single well‑calibrated satellite in Medium‑Earth Orbit (MEO). This will result in a unique dynamic space geodetic observatory, which 
combined with the measurements of geodetic co‑location sites on the ground, shall allow obtaining a significant improvement of the International 
Terrestrial Reference Frame (ITRF)
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Reference frames
Importance of reference frames
Reference frames provide the necessary absolute basis for 
the relative-only geodetic measurements. They are indis-
pensable to study the dynamic Earth, and to be able to 
meaningfully relate changes across space and time. They 
are also essential for positioning and navigation in the 
civil society and for proper georeferencing of geospatial 
information. The provision of accurate and stable refer-
ence frames is one of the major tasks of geodesy.

The TRF is the realization of the TRS and is currently 
provided by precisely determined coordinates and veloci-
ties of physical points on the Earth’s surface. The main 
physical and mathematical properties of a TRS (at the 
definition and conventions level) or of the TRF (at the 
realization level) include each its origin, scale, orienta-
tion, and their time evolution. The center of mass (CM) 
of the Earth System, or geocenter, as the realized origin 
of the TRF on long-term scales, needs to be accurately 
determined including its temporal motion (e.g., Petit and 
Luzum 2010). The temporal variations of the geocenter 
represent a component of mass change (at spherical har-
monic degree one) that is not directly observable from 
a mass-change mission such as GRACE-FO (Wu et  al. 
2012). While the degree one component of mass change 
can be derived from a combination of GRACE data 
with ocean model output (e.g., Swenson et al. 2008; Sun 
et  al. 2016, 2017) or space geodetic techniques such as 
GNSS, SLR (e.g., Fritsche et al. 2009; Glaser et al. 2015), 
a high-quality TRF solution furnished by space geodesy 
that allows a matching with the temporal resolution of 
the GRACE-FO data would be highly desired (see sec-
tion Long-wavelength gravity field for more details).

Any bias or drift in the TRF components propagates 
into the estimated parameters based on the reference 
frame. It impacts for instance the measurements of ver-
tical land motion and crustal deformation. This encom-
passes geological hazards but also human-induced effects 
(subsidence of land and coastal areas due to different 
effects) or even measurement of ongoing coastal erosion 
(National Academies of Sciences, Engineering, and Med-
icine 2020). Further examples are GIA or mean sea level 
variability in space and time (King et al. 2010; Collilieux 
and Wöppelmann 2011). The global sea level rise of about 
3.7 mm year−1 (IPCC Report 2021) is numerically small, 
but well ascertained within the range of measurement 
accuracy. In addition, an acceleration in the rate of sea 
level rise has also been observed (e. g.  Nerem et al. 2018; 
Veng and Andersen 2021). In areas at risk of flooding, the 
global mean sea level rise is a main topic of public dispute 
and political decisions. For its accurate monitoring and 
reliable prediction, the accuracy and long-term stability 

of the TRF should be at least one order of magnitude 
better than the observed effects, leading to the GGOS 
accuracy and stability goals (see, e.g., Wöppelmann and 
Marcos 2016).

As stated in the introduction, the importance of accu-
rate and stable reference frames was highlighted by 
the UN (United Nations General Assembly 2015). The 
implementation of the GGRF is intended to support the 
increasing demand for positioning, navigation, timing, 
mapping, and other geoscientific applications. Indeed, 
the GGRF is essential for a reliable determination of 
changes in the Earth system, for natural disaster manage-
ment, for monitoring sea level rise and climate change, 
and to provide accurate information for decision makers. 
Furthermore, due to globalization and interoperability 
requirements, there is a growing demand for spatial data 
infrastructure (see, e.g., UN-GGIM 2022). Precise spatial 
information is needed in many areas beneficial to society, 
including transportation, construction, infrastructure, 
process control, surveying and mapping, and Earth sci-
ences, and is especially important for monitoring pro-
gress towards the UN Sustainable Development Goals 
(SDGs) (UN SDGs’ Website 2022) (see, e.g., UN-GGIM 
2021).

Present status of the terrestrial reference frame realization
The actual realization of the International Terrestrial Ref-
erence System (ITRS), accessible to the users, is the ITRF. 
The computation of the ITRF is based on a rigorous com-
bination of different TRF solutions provided by the four 
space geodetic techniques (DORIS, GNSS, SLR, VLBI), as 
well as the terrestrial local tie measurements conducted 
at co-location sites where two or more geodetic instru-
ments operate. Local ties are the relative coordinates 
between the reference points of the individual instru-
ments. They are crucial to connect the exact points of the 
observations of the different techniques in the ITRF con-
struction. The ITRF is provided to the users in the form 
of station positions at a reference epoch and correspond-
ing linear station velocities, and since the ITRF2014, 
parametric models for sites subject to major earthquakes 
(Altamimi et  al. 2016). The ITRF2020 was published in 
April, 2022 (ITRF Website 2022). It now provides sea-
sonal signals caused mainly by loading effects, expressed 
in both the Earth’s CM as sensed by SLR, but also in the 
center of figure (CF) (Altamimi et al. 2021, 2022).

The ITRF long-term origin is defined by SLR, the most 
accurate satellite technique in sensing the Earth’s CM. 
The ITRF long-term scale, however, is defined by an aver-
age of the SLR and VLBI intrinsic scales. The consist-
ency of these scales still needs to be improved, since both 
techniques are subject to systematic errors and other 
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technical limitations, such as time and range biases for 
SLR, antenna deformation for VLBI, etc. The GENESIS 
mission will help to solve these inconsistencies. The ITRF 
orientation and its time evolution are defined to be the 
same for the successive ITRF realizations.

Although the ITRF is the most accurate TRF avail-
able today, it still needs at least an order of magnitude of 
improvement in order to meet the scientific challenges of 
observing Earth system variability. The ITRF is not only a 
fundamental standard for Earth science applications, but 
its elaboration, using extensive data analysis, also allows 
to evaluate the level of consistency between space geo-
detic techniques and to assess the systematic differences 
that are a major limiting factor in the ITRF accuracy.

The analysis of the input data submitted to the latest 
ITRF version, ITRF2020 (ITRF Website 2022), was the 
occasion to re-evaluate the current level of consistency 
among the four main space geodetic techniques and their 
strengths and weaknesses. There are still a number of 
factors that limit the ITRF accuracy, as shown (or recon-
firmed) by the ITRF2020 results.

Although the ITRF2020 long-term origin is defined 
solely by SLR, weaknesses in its realization include the 
poor number and geometry of SLR stations in opera-
tion today: the number of the most prolific SLR sta-
tions does not exceed 16, and not all of these stations 
have the same level of performance. The only internal 
evaluation that can be made is the level of agreement 
between ITRF2020 and previous ITRF versions, namely 
ITRF2005, ITRF2008, and ITRF2014 whose origins 
were also defined using SLR data submitted in the form 
of time series. ITRF2020 results indicate that the agree-
ment in the origin components, with respect to the past 
three ITRF versions, is at the level of 5 mm in offset and 
0.5 mm/year in rate, values that are still far away from the 
science requirements.

Counting the number of ITRF2020 co-locations 
between VLBI, SLR and DORIS, 11 VLBI–SLR, 12 VLBI–
DORIS and 11 SLR–DORIS ties exist. These numbers of 
co-locations are too small to provide a reliable combina-
tion of these three techniques alone. The GNSS network 
is fundamental in determining the ITRF by connecting 
the three other techniques to GNSS, since almost all SLR 
and VLBI stations, and about two-thirds of the DORIS 
stations are co-located with GNSS. Only 32 % to 50 % of 
these co-location sites (with time spans > 3  years) have 
an agreement between the terrestrial tie vectors and the 
space geodetic estimates of better than 5 mm in the three 
components. It is likely that most of the tie discrepancies 
(differences between terrestrial ties and space geodetic 
estimates) are caused by systematic errors in the tech-
niques. The poor spatial distribution of co-location sites 
is also a major limiting factor for the present accuracy of 

the terrestrial reference frame realization, which would 
be tackled by the GENESIS mission.

The ITRS Center of the International Earth Rotation 
and Reference Systems Service (IERS), hosted by  the 
Institut national de l’information géographique et for-
estière (IGN) France, is responsible for the maintenance 
of the ITRS/ITRF and the official ITRF solutions. Two 
other ITRS combination centers are also generating com-
bined solutions: Deutsches Geodätisches Forschungsin-
stitut at Technische Universität München (DGFI-TUM; 
Seitz et  al. 2012, 2022) and Jet Propulsion Laboratory 
(JPL; Wu et  al. 2015; Abbondanza et  al. 2017). These 
ITRS realizations provide a valuable possibility to vali-
date official ITRF solutions and thus help to increase the 
reliability of the ITRF.

GENESIS, as a fully calibrated satellite-based platform, 
will provide a complementary co-location of the four 
techniques in space, a “core co-location site in space”, 
as an optimal supplement to the existing co-locations 
on ground. This is essential to identify and potentially 
reduce the systematic errors and/or determine whether 
the errors come from the terrestrial ties or from the space 
geodetic estimates.

The GENESIS mission will improve our ability to 
simultaneously identify the systematic errors and to con-
sequently improve the ITRF accuracy and stability, par-
ticularly the origin and the scale that are the most critical 
parameters for scientific applications. GENESIS will lev-
erage the crucial existing ground-based co-location 
network, allowing the development of future-proof ter-
restrial reference frames.

Improvements in the ITRF geocenter and scale
We define herein the geocenter motion as the motion of 
the center of mass (CM) of the whole Earth (solid body 
and fluid envelope) with respect to the geometrical 
center of figure (CF) of its deformable terrestrial crust. 
This motion is strongest at the annual frequency (2 mm 
to 3 mm in the equatorial plane and up to 5 mm in the 
direction of the polar axis) where it mostly reflects non-
tidal fluid mass redistribution on the Earth’s surface. The 
long-term secular variation represented by a linear rate is 
believed to be less than 1 mm/year (Métivier et al. 2010, 
2011). In addition, atmospheric, hydrologic and oceanic 
masses cause deformations of the Earth’s surface due 
to loading effects (Wu et  al. 2012). The space geodetic 
stations tied to the crust, thus, show variations of their 
position (mainly in the height component) due to vari-
ations of the loading effects caused by major water and 
atmosphere mass transport occurring over large regions. 
These position variations lead to changes in the CM 
with respect to the CF. Determining the variations of 
the geocenter is therefore important for understanding 
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the long-wavelength changes in the distribution of mass 
within the Earth’s system (see section  Long-wavelength 
gravity field).

The geocenter motion is accessible by ground station 
observations (tied to the crust’s CF), used to observe 
the natural orbital motion of the satellites about the 
Earth’s CM. Yet, space geodetic observation of the geo-
center motion is still in its infancy. Independent solutions 
derived using different techniques have systematic dif-
ferences as large as the signal level. Estimating geocenter 
coordinates is one of the most demanding applications 
of high-precision geodetic techniques due to the current 
precision of the geodetic data, and the nature and magni-
tude of different types of systematic error.

Up to now the geocenter motion is traditionally meas-
ured by SLR using the observations to geodetic satellites 
(see Fig.  3). The geodetic satellites such as LAGEOS or 
LARES are considered to be well suited for determining 
the geocenter motion owing to their mission character-
istics, such as orbit altitude, low area-to-mass ratio, and 
thus minimized non-gravitational orbit perturbing forces. 
Until now, determination of geocenter coordinates based 
on the SLR observations to active Low-Earth Orbit (LEO) 
satellites was limited because of issues in non-gravita-
tional force modeling acting on LEO satellites. In princi-
ple, the geocenter coordinates should be well determined 
from any satellite mission that is continuously observed 
and has processed orbits of superior quality. Therefore, 
GENESIS can introduce an alternative for the geocenter 
recovery w.r.t. passive geodetic satellites.

However, the accuracy of SLR data is extremely sensi-
tive to the presence of observational biases therein, e.g., 
range biases and network effects (Collilieux et al. 2009), 
affecting also the geocenter determination. Determining 

these biases would necessitate the use of an independ-
ent geodetic technique. Range biases are calculated in 
SLR processing as additive constants in the modeled 
range, which should be in essence independent of the 
epoch of observation and measurement conditions, such 
as station elevation/azimuth angles, or measured range. 
However, the range biases not only compensate for rang-
ing machine errors, but also absorb the modeling errors 
such as satellite center of mass offsets, orbit force model 
deficiencies, or tropospheric delay (Appleby et  al. 2016; 
Luceri et  al. 2019; Drożdżewski and Sośnica 2021). The 
presence of ambiguous range biases corrupts the esti-
mation of fundamental geodetic products including site 
coordinates, the terrestrial reference frame scale and ori-
gin (geocenter motion), and geocentric gravitational con-
stant (GM) (Couhert et  al. 2020). GENESIS can expand 
our knowledge on the range biases aiming to improve 
the consistency of SLR geodetic products with the other 
space and satellite geodetic techniques.

GNSS-based determinations of the geocenter motion 
suffer from orbit modeling deficiencies due to an inher-
ent coupling of the GNSS orbit dynamic parameters: the 
GNSS geocenter Z-component is strongly correlated 
with the parameterization of the Solar Radiation Pres-
sure (SRP) (Meindl et al. 2013). With only limited a priori 
knowledge about the non-conservative forces acting on 
GNSS satellites, we must incorporate additional empiri-
cal orbit parameters into the solution, i.e., Empirical 
CODE Orbit Model or Jet Propulsion Laboratory GSPM. 
The errors in the orbit model, as well as the correlations 
between the estimated parameters (Rebischung et  al. 
2014), introduce spurious orbit-related signals in the 
GNSS-based geocenter motion estimates (Meindl et  al. 
2013; Rodriguez-Solano et  al. 2014). The consistency 

Fig. 3 SLR‑derived geocenter motion, X component (ILRSA combined solution, ASI/CGS)
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between GNSS-based and SLR-based geocenter motion 
estimates can be improved by using satellite macro-
models (Zajdel et al. 2021). Another way to improve the 
GNSS-based geocenter motion is the combined multi-
GNSS processing (Scaramuzza et al. 2018) or the inclu-
sion of Galileo satellites on an eccentric plane (Zajdel 
et al. 2021).

Other approaches (Haines et  al. 2015; Männel and 
Rothacher 2017; Kuang et al. 2019; Couhert et al. 2020b) 
demonstrated the possibility to observe the geocenter 
motion with GNSS tracking data in addition to LEO 
satellites (e.g., GRACE, GOCE, or Jason-like satellites), 
which helped to reduce the errors coming from the 
GNSS-only determination. Such methods would be well 
suited to derive GNSS-based geocenter time series with 
GENESIS. The synchronization of the GENESIS onboard 
USO thanks to an A-LRR would allow a modeling of the 
clock instead of estimating clock correction parameters 
for each epoch. This is expected to improve the capability 
for accessing the geocenter.

DORIS as the third satellite technique is in princi-
ple also sensitive to the CM of the Earth. DORIS ben-
efits from the well-distributed network of stations, but 
trails other geodetic techniques in terms of the quality 
of station coordinates because of the limitation of non-
gravitation perturbing forces modeling and precise orbit 
determination of active satellites equipped with DORIS 
receivers. Moreover, the problems mentioned for GNSS 
also apply to the DORIS system. Yet, SRP modeling error 
on the Jason-type satellites can be identified and miti-
gated without compromising the Z geocenter estimate 
(Couhert et al. 2018).

VLBI in its current application is a purely geometric 
technique, thus, it has no connection to the Earth’s grav-
ity field (including the CM of the Earth). VLBI can cur-
rently be connected to the satellite techniques only via 
the station network and the local ties, and is not able to 
contribute to the geocenter determination. However, 
numerical simulations demonstrated that geodetic VLBI 
is able to observe geocenter motion using observations 
of Galileo satellites (Klopotek et al. 2020), suggesting that 
the GENESIS mission will enable a VLBI-contribution to 
the estimation of geocenter motion.

For the current ITRS, the origin is assumed to be 
aligned to the long-term Earth’s CM. In parallel, the geo-
potential models assume that on average the Earth’s CM 
is at the center of the geodetic network (i.e., zero values 
for degree-1 geopotential coefficients). Thus, the impor-
tance of an accurate geocenter motion cannot be over-
stated. Not accounting properly for the geocenter motion 
affects both satellite altimetry, precise orbit determi-
nation and satellite-derived estimates of the change in 
regional mean sea level. Because of climate change, and 

the need to both measure the change in the ice sheets 
and understand their impact on sea level and global fluid 
mass redistribution, we must explore strategies to better 
observe and model these subtle variations in the Earth’s 
geocenter.

GENESIS is a unique opportunity to properly cali-
brate the space geodetic techniques against each other. 
By this, GENESIS helps to improve our understanding of 
the aforementioned systematic differences between geo-
center solutions derived using independent techniques, 
allowing the best possible accuracy in the recovery of the 
geocenter time series. In addition, the VLBI tracking of 
GENESIS is a unique opportunity to attach also the VLBI 
technique to the CM of the Earth. As a result, the TRF 
determined from the GENESIS measurements will real-
ize the origin located in the CM of the Earth consistently 
for all four space geodetic techniques for the first time.

The same reasoning holds true for another funda-
mental property of the ITRF, i.e., the scale that is cur-
rently determined by means of SLR as well as by VLBI 
data analysis. The scale is defined in such a way that 
there exists no scale factor and no scale factor rate with 
respect to the mean of VLBI and SLR long-term solutions 
as obtained by stacking their respective time series. But 
similar to the problems mentioned related to geocenter, 
SLR and VLBI suffer from systematics also affecting the 
scale, e.g., unknown range biases for SLR stations and 
unknown antenna deformations for VLBI. Due to the 
very limited number of co-located SLR–VLBI stations 
on the Earth’s surface and due to the lack of a common 
satellite, the agreement of the SLR- and VLBI-derived 
scales is difficult to assess, and the two techniques can-
not be well calibrated against each other. In ITRF2020 
the scale discrepancy between SLR and VLBI could be 
significantly reduced, however only selected VLBI ses-
sions until 2013.75 and SLR observations from 1997 until 
2021.0 were used due to trends and jumps with unknown 
nature. GENESIS will probably help to reveal the reasons 
for them and improve the scale realization significantly.

Undisclosed information about the ground calibra-
tions of the satellite antenna Phase Center Offsets (PCO) 
prevented the use of GNSS for the scale determination. 
Thanks to the release of the Galileo phase center calibra-
tions for both the ground (receivers) and space (satellite 
antennas) segment (GSA Website 2017), GNSS became 
a new potential contributor to the realization of the ter-
restrial reference frame scale of the future ITRF releases. 
Villiger et  al. (2020) reported that the Galileo scale dif-
ference w.r.t. ITRF2014 is 1.4 ppb at the epoch of 1st 
January 2018. The information about the satellite phase 
center calibrations, which have been published in 2019 
by CSNO (China Satellite Navigation Office) for the Bei-
Dou satellites, opened up a space for the second GNSS 
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able to provide an independent realization of the terres-
trial reference frame scale (Zajdel et al. 2022). However, 
some results indicate that the scales derived with Bei-
Dou-released and Galileo-released satellite phase center 
calibrations are not consistent, and the bias between both 
reaches 1.8 ppb (Qu et al. 2021).

Studies have already demonstrated that the SLR-based 
scale can be well transferred to the GNSS network, if a 
satellite is used as co-location platform (Thaller et  al. 
2011, 2014). In these studies, the GNSS satellites tracked 
by SLR were employed as co-location platforms, however, 
being limited to GNSS and SLR only. At the moment, 
DORIS is unable to deliver reliable scale information 
due to uncalibrated or not well-calibrated antenna phase 
center locations and variations (for ground stations as 
well as satellites).

GENESIS will enlarge the satellite co-location to all 
four space geodetic techniques allowing cross-calibra-
tion of all techniques to determine a homogeneous scale. 
Thanks to the common platform on board GENESIS, the 
scale will be transferable to all techniques, resulting in 
the best possible materialization of the ITRF.

Unification of reference frames and Earth rotation
Geodetic VLBI uses the emission by extragalactic radio 
sources with well-defined positions in the sky. If it is pos-
sible to transmit a quasar-like signal from an orbiting 
platform with a precise orbit, then we would be able to 
better understand biases between the CRF realized with 
positions of extragalactic radio sources and dynamical 
realizations by satellite orbits.

CRF, TRF, and the Earth Orientation Parameters (EOP) 
that describe the transformation between these two 
frames are fundamental for any kind of positioning on 
the Earth and in space and provide most valuable infor-
mation about the Earth system. The International Celes-
tial Reference System (ICRS) is a quasi-inertial reference 
system defined by extragalactic radio sources, mostly 
quasars, billions of light years away, and is realized as 
International Celestial Reference Frame (ICRF) with a set 
of quasar coordinates with a noise floor of about 30 µ as 
(Charlot et  al. 2020). The positions of a set of globally 
distributed radio telescopes are determined using the dif-
ference in the arrival times of the signals at the different 
telescopes (Sovers et al. 1998).

The VLBI technique provides direct access to the 
ICRS and is the best technique for observing the full 
set of EOP. Specifically, VLBI is the only technique able 
to determine the position of the celestial intermediate 
pole in the ICRF, expressed as celestial pole offsets to a 
conventional precession/nutation model, and the Earth’s 
rotation angle, typically referred to as Universal Time or 

UT1–UTC. Table 1 summarizes the parameter types and 
the space geodetic techniques contributing to their deter-
mination. The table also shows the parameters that can 
be used for a co-location of the techniques, both, on the 
surface of the Earth and in space. Satellite techniques rely 
on measurements between stations on the Earth’s surface 
and satellites, whose orbits are subject to various gravita-
tional and non-gravitational forces (e.g., SRP). As a con-
sequence, SLR, GNSS and DORIS depend on a reference 
frame that is dynamically realized by satellite orbits and 
thus completely different in nature from the kinematic 
realization of the ICRS by VLBI. Presently, the only phys-
ical connection between the VLBI frame and frames of 
SLR, GNSS and DORIS is via the local ties on the ground; 
however, these ties reveal significant discrepancies with 
respect to the terrestrial frames delivered by the individ-
ual space geodetic techniques.

GENESIS will link all the technique frames in space 
(see bold emphasis in Table  1). This concept and its 
realization will represent a breakthrough in improving 
the accuracy and consistency of the reference frame. In 
addition, GENESIS will also directly link the dynami-
cal satellite frame to the quasars using differential VLBI 
observations (D-VLBI), i.e., differencing the radio signal 
emitted by GENESIS with the signals from the fixed radio 
sources, the quasars.

Another issue of the ICRF and ITRF is that the reali-
zations of the frames are independent of one another. 
The ITRF is fixed when computing the ICRF and vice 
versa. The approach leads to inconsistencies that map 
into the EOP that connect the two frames. The IAG 
Resolution 2 at the International Union of Geodesy 
and Geophysics (IUGG) General Assembly in Mel-
bourne (2011) recommends that the highest consist-
ency between the ICRF, the ITRF and the EOP should 
be a primary goal in all future realizations of the ICRS 
(IUGG Website 2022). Although the IUGG recommen-
dation has not yet been fulfilled, research in this direc-
tion has been initiated and simultaneous estimation 
of CRF, TRF, and EOP have been achieved (Seitz et al. 
2014; Kwak et al. 2018). At the international level, this 
topic is being addressed by the ICRF3 Working Group 
of the International Astronomical Union and by Sub-
Commission 1.4 on the Interaction of Celestial and 
Terrestrial Reference Frames of the IAG. The common 
adjustment of the celestial and terrestrial reference 
frames and EOP will strongly benefit from new obser-
vations provided by GENESIS.

In summary, to strengthen the link between VLBI and 
the satellite techniques, it is imperative to use improved 
and better ties than what is currently available, i.e., the 
local ties at the relatively few VLBI/GNSS co-located 
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sites. Initial work with dedicated space tie satellites dem-
onstrated the feasibility of this approach, see simula-
tions by Anderson et al. (2018) or Klopotek et al. (2020) 
and real observations to the APOD-A satellite by Hel-
lerschmied et al. (2018). Dedicated VLBI beacons trans-
mitting at VLBI frequencies on a well-calibrated satellite 
such as GENESIS will enable the observation of satellites 
with VLBI radio telescopes.

Moreover, GENESIS will not only combine GNSS and 
VLBI, but also SLR and DORIS. Table  1 illustrates that 
a rigorous combination of all the observation techniques 
and of as many of the common parameters as possi-
ble should be envisaged to overcome the weaknesses of 
the individual space geodetic techniques. GENESIS is a 
crucial element for improving the relationship between 
the reference frames of VLBI and the satellite-based 
techniques.

The time variations of Earth rotation parameters con-
tain subtle information about the mass transport in the 
system made up of the solid Earth, the external fluid lay-
ers, and the outer and inner core. An accurate determi-
nation of EOP has long been at the origin of challenging 
studies related to the Earth’s interior: e.g., insights into 
the coupling mechanisms at core–mantle and core–inner 
core boundaries by inversion of nutation data (Dehant 

et  al. 2017) and to climate: e.g., mechanisms of angular 
momentum exchange between the solid Earth and the 
atmosphere–ocean system, link with climate change 
(Dickey et al. 2011). In addition, the improvement of the 
VLBI CRF (Charlot et al. 2020) contrasted with the opti-
cal data from the ESA’s Gaia astrometry mission (Gaia 
Collaboration et al. 2018) will allow to shed a new light 
on the physics of active galactic nuclei and quasars that 
will benefit from an improved stability of the radio frame 
currently limited to 0.03 mas.

Given that GENESIS will provide a direct link between 
the kinematic (VLBI, quasar-based) and dynamic (sat-
ellite-based) reference frames and is expected, thus, to 
improve the consistency of the TRF, CRF, and EOP reali-
zations, all the above scientific domains will be positively 
impacted, extending thus the challenges of GENESIS well 
beyond its first scope.

The continuous tracking of the GENESIS satellite and 
the connection to GNSS satellites will allow for mitiga-
tion of some technique-specific systematic effects cur-
rently observed in the GNSS-derived Earth rotation 
parameters. These errors come from constellation repeat-
ability and orbital resonances between Earth rotation and 
satellite revolution period, as well as draconitic errors 
due to the limitations in the precise orbit determination 

Table 1 Classification of estimated parameters derived from space geodetic techniques

Co-location in space with GENESIS is marked in bold (adapted from Männel 2016)

Classification Type Parameter VLBI GNSS SLR DORIS LLR

Common, global Satellite orbits GNSS orbits (�) � (�)

LEO orbit � � �

LEO clock corrections � (�)

GENESIS orbit � � � �

GENESIS clock corr. � � � �

EOP Pole coordinates � � � � (�)

UT1 � (�)

LoD � � � � (�)

Nutation � (�)

Nutation rates � � � � (�)

Gravity field Earth center of mass (�) � (�)

Low degree coefficients � � � (�)

TRF Scale � (�) � (�) (�)

Common, local Atmosphere Ionosphere parameters � � �

Troposphere parameters � � (�) �

TRF Station positions � � � � (�)

Station velocities � � � � (�)

Time–frequency Station clock corrections � � (�) � (�)

Technique‑specific CRF Quasar positions �

Moon orbit �

Instrumental GNSS clock corrections �

Range biases � �
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(POD) of GNSS satellites (Zajdel et  al. 2020). The inte-
grated adjustment of low-orbiting GENESIS and GNSS 
constellations could allow for the mitigation of tech-
nique-specific systematic effects observed in the polar 
motion and length-of-day variations, and thus, improve 
the quality of EOPs.

The sub-daily Earth rotation can be monitored using 
space geodetic techniques. However, the current empiri-
cal sub-daily EOP models derived from GNSS or VLBI 
differ from the geophysical models derived from ocean 
tides (Zajdel et  al. 2021). The sub-daily changes of the 
pole position are mainly caused by ocean tides, and to a 
smaller extent, by the atmosphere. However, GNSS can-
not provide suitable values of some tidal constituents 
equal to half and one sidereal day due to the similar revo-
lution period of the satellites.

GENESIS, with its completely different orbit character-
istics than the GNSS satellites, will introduce an ever big-
ger step in this direction. Therefore, the sub-daily polar 
motion, libration terms, or sub-daily length-of-day vari-
ations will be better understood. Due to the continuous 
tracking of GENESIS, the derivation of sub-daily varia-
tions will be possible based on integrated observational 
techniques. Moreover, GENESIS will help in deriving 
sub-daily variations of the pole caused by the mass redis-
tribution in the atmosphere, which are currently affected 
by large determination errors. Therefore, GENESIS will 
pave new opportunities for better understanding the sub-
daily Earth rotation and relate their causes to the geo-
physical processes.

Benefits for Earth sciences
Long‑wavelength gravity field
Changes in the Earth’s gravity field provide information 
about the redistribution of mass within the Earth sys-
tem. These changes are measured with exquisite preci-
sion by dedicated gravity satellites such as GRACE-FO. 
Historically, geodetic tracking data (primarily SLR data, 
but also DORIS and GNSS) has also been used to pro-
vide information about the long-wavelength (low-degree) 
time-variable gravity field (e.g., Cheng and Ries 2018; 
Cerri et al. 2013; Richter et al. 2021; Sośnica et al. 2015; 
Bloßfeld et  al. 2018). Due to issues with the accelerom-
eters and possibly with tidal aliasing the C20 and C30 
solutions from GRACE and GRACE-FO so far have been 
supplied by SLR (Loomis et  al. 2019, 2020). Because of 
these accelerometer issues, it remains important to mon-
itor and inter-compare GRACE and GRACE-FO based 
solutions with independent solutions (e.g., Chen et  al. 
2021), where that is possible at the longest wavelengths.

GENESIS can provide independent estimates of the 
low-degree Stokes coefficients based on all geodetic tech-
niques. SLR studies and simulations showed that adding 

one satellite to a solution based on five SLR satellites may 
significantly improve the determination of the low-degree 
spherical harmonics of the Earth gravity field (Bloßfeld 
et  al. 2018; Kehm et  al. 2018). The main improvements 
were seen in C10, C20, and C40, the standard deviations 
of which are improved up to 30 %. Also, observations of 
GENESIS with VLBI would strengthen the integration 
of the Earth geometry, rotation and gravitational field. 
The Stokes coefficients are common parameters to all 
techniques such as a subgroup of the EOP, namely the 
terrestrial pole coordinates and its first derivatives (see 
Table 1).

Moreover, GENESIS will be of benefit in the refinement 
of the Earth GM, which helps to define the scale of the 
TRF. The current value of 3.986004415 × 1014 m3 s −2 was 
determined by Ries et al. (1992) and has an uncertainty of 
the order 2 ppb, corresponding to ±2 cm in the absolute 
radial position of high-orbiting GNSS satellites. Some 
recent work has suggested possible solutions closer to 
3.986004418 × 1014 m3 s −2 (Couhert et al. 2020a).

An exciting prospect is that the precise tracking on 
GENESIS by multiple geodetic techniques, together with 
SLR tracking to the satellites LARES and LARES-2 could 
lead to improve Earth GM determination with a much 
lower uncertainty.

Altimetry and sea level rise
Measurements of sea level rise over the last century (and 
more) have been derived from observations of sea level 
change as recorded by a global distribution of tide gauges. 
Tide gauge observations are relative observations, i.e., the 
changes in sea level are provided relative to the land to 
which they are attached. But processes such as glacial 
isostatic adjustment and tectonics cause the land to move 
in the vertical direction. To measure sea level change in 
a global reference frame, the tide gauges are geodetically 
tied to the TRF using co-located GNSS stations. Thus, the 
ability to observe contemporary sea level rise at global or 
local scales is limited by the stability of the TRF, i.e., the 
metrological basis for the determination of the vertical 
motions of stations on the Earth’s surface. The reference 
frame stability is one of the major error sources in the 
determination of global and regional sea level rise (Beck-
ley et al. 2007; Blewitt et al. 2010; Blazquez and Meyssig-
nac 2022), as illustrated in Fig. 4.

As recognized by GGOS, sea level poses the most 
stringent requirements on the accuracy and stability 
of the TRF. In addition to the tide gauge problem out-
lined above, precise satellite orbits in a highly stable and 
accurate TRF are crucial to observe sea level using sat-
ellite radar altimetry. Since the launch of the TOPEX/
Poseidon satellite in 1992, followed later by the Jason 
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and Sentinel series of altimetry satellites, sea level vari-
ations have been routinely observed from space while 
tide gauges are also required to detect drifts in satel-
lite radar altimetry data (International Altimetry Team 
2021). Moreover, it is acknowledged that the continuous 
improvement of satellite POD, through the precision 
and quality of the tracking systems, reference frame, 
Earth Rotation Parameters, and static and time-vari-
able geopotential models are crucial in order to reach 
the specifications of altimetry missions (International 
Altimetry Team 2021).

To be useful in long-term sea level studies, sea level and 
the vertical land motion should be measured in a refer-
ence frame at least one order of magnitude more accu-
rate than the contemporary climate change signals of 
1 mm/year to 3 mm/year observed on average in sea level 
records, either from tide gauges or satellite radar altim-
etry, leading to the GGOS accuracy and stability goals. 

The GGOS stability goal of 0.1 mm/year of global and 
regional sea level variations over several decades can only 
be achieved by more accurate and more stable reference 
frame realizations, which is the primary goal of the GEN-
ESIS mission.

Determination of ice mass loss
Direct local observations and space geodetic techniques 
including gravimetry, radar and laser altimetry, optical 
and synthetic aperture radar imagery and GNSS, have 
provided clear evidence for large changes in the world’s 
glaciers and ice sheets, in response to present climate 
change (e.g., Shepherd et  al. 2018, 2020; Millan et  al. 
2022; Fox-Kemper et  al. 2022). However, despite the 
extensive literature on the subject, the ice mass balances 
over the different ice sheets and smaller glacier regions 
are associated with large uncertainties (e.g., Cazenave 
et al. 2018; Métivier et al. 2010; Khan et al. 2015). In par-
ticular, the question of possible local accelerations of ice 

Fig. 4 Total uncertainty in the global mean sea level (GMSL) trend and individual contributions (Blazquez and Meyssignac 2022). The uncertainty 
coming from the International Terrestrial Reference Frame (ITRF) is clearly the major contribution, which implies a total uncertainty currently well 
over the Intergovernmental Panel on Climate Change (IPCC) requirement. Adapted from Ablain et al. (2019)
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mass loss in Greenland is still open (e.g., Velicogna and 
Wahr 2013; Velicogna et al. 2014, 2020).

Direct observations of glaciers and ice sheets are local 
and only partially resolved in time, while space observa-
tions provide insights into the cryosphere evolution at 
global scale and at regular timescales. Space altimetry 
(e.g., ICESat, ICESat-2, CryoSat-2 missions; e.g., Felik-
son et al. 2017; Sørensen et al. 2018) gives high resolution 
observations of the ice surface elevation, with a relatively 
poor time resolution. These techniques, unfortunately, 
cannot provide directly ice mass balances because the 
mean density of the ice column is not known and may 
largely vary locally due to compaction processes within 
the firn layers of ice sheets (Medley et  al. 2020). Addi-
tional information is therefore mandatory, generally 
based on compaction assumptions and climate models 
(Huss 2013; Kuipers Munneke et  al. 2015; Medley et  al. 
2020). Space gravimetry from GRACE and GRACE-FO 
missions provides direct information on mass variations, 
on a monthly basis, but with a spatial resolution of a few 
hundred kilometers (Tapley et  al. 2004; Landerer et  al. 
2020). However, the various contributions from the solid 
Earth and the surface layers cannot be separated with 
space gravimetry data alone. These other signals have to 
be removed before glacier and ice sheet signals can be 
retrieved, specially in the regions where these signals are 
of the same order of magnitude or even higher (Wouters 
et al. 2019). Removing these signals implies adding new 
information from models as for the GIA or observations 
and adding new sources of uncertainty. In particular, the 
separation between the recent ice melting signals and the 
GIA induced by the last glacial period (e.g., Whitehouse 
et  al. 2021; Peltier et  al. 2015; Lambeck et  al. 2014), or 
by the little ice age (Kjeldsen et al. 2015), is also a com-
plex issue. However, GIA modeling approaches today 
depend also on space geodetic observations (e.g., Argus 
et  al. 2021; Khan et  al. 2016) and therefore would ben-
efit from a better estimation of ITRF parameters. Of par-
ticular interest is the uncertainty associated with the GIA 
in Antarctica, responsible for 20 % of the uncertainty in 
the Antarctica mass change for the period 2005–2015 
(Blazquez et al. 2018).

Space geodetic techniques, in particular GNSS, provide 
also useful information on ice sheets and glaciers evo-
lution, by showing the ground deformation at geodetic 
stations induced by local ice mass changes (e.g., Khan 
et  al. 2016; Whitehouse et  al. 2019). However, GNSS-
based velocities are sensitive to very local changes in the 
ice sheets, which make it difficult to confront with more 
global approaches, such as space altimetry and gravim-
etry (e.g., Khan et  al. 2010). Other techniques are also 
promising for monitoring ice caps evolutions, such as 
radar interferometry. A combination of all techniques 

is today the best way for monitoring ice sheet changes, 
however discrepancies are clearly evidenced (Shepherd 
et al. 2018, 2020).

All space geodetic techniques rely on the availability 
of a precise and stable terrestrial reference frame such as 
ITRF2014 and ITRF2020 (see section  Present status of 
the terrestrial reference frame realization; Altamimi et al. 
2016). The stability over time of such a frame may inevi-
tably impact all kind of geophysical interpretations that 
are deduced from geodetic observations. It was shown 
that it is not possible to ensure consistency between 
the ITRF2008 origin and the mean CM at a level better 
than 0.5 mm/year (Wu et al. 2011). These inconsistencies 
remain in ITRF2014 and cannot be properly explained 
by geophysical models (Riddell et  al. 2017). Moreover, 
CM motions are today more than ever difficult to esti-
mate with precision and stability, because they are also 
impacted by climate change. It has been shown that the 
global ice sheet melting may induce today an accelerated 
CM motion, possibly up to ∼ 1 mm/year with respect to 
the CF, towards south pole along the Earth’s rotational 
axis (e.g., Métivier et al. 2010, 2011, 2020).

An error of a few tenths of mm/year in the frame origin 
stability estimation is well known to have a large impact 
on the orbit calculations of satellites and in the water 
mass redistribution on the surface (see Table 2). Nowa-
days uncertainty in the long-term trends in the geocenter 
motion of ±0.3 mm/year leads to uncertainties in the 
Antarctica mass change of 18 Gt/year (Wu et  al. 2012; 
Blazquez et al. 2018).

As mentioned before, we expect that GENESIS will 
improve the determination of the reference frame. Such a 
stable ITRF should drastically reduce the frame depend-
ency of ice mass balance estimations.

Table 2 Uncertainty in the water mass change induced by 
an uncertainty of 1 mm in each axis of the geocenter motion. 
Note that cubic kilometers (km3 ), gigatons (Gt) and mm Sea 
Level Equivalent (mm SLE) are common units used to describe 
an amount of water mass, usually assuming the density of the 
water as the density of freshwater: 1 km3  ∼= 1 Gt 1 × 10

12  
kg ∼ 1/360 mm SLE

Updated from Blazquez et al. (2018)

Ocean mass Greenland Antarctica
mm SLE Gt Gt

X 0.5 <1 < 1

Y 0.3 <1 7

Z 0.6 11 68
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Geodynamics, geophysics, natural hazards
Post-glacial rebound, also known as GIA, is the delayed 
viscoelastic response of the solid Earth to unloading 
caused by the melting of ice after the last glacial maxi-
mum ( ∼ 13,000 years ago). The induced vertical uplift 
can reach more than 1 cm/year in North America and 
Fennoscandia, where the ice thickness was the largest. 
This long-term deformation depends on the ice cover-
age (both extent and thickness), the melt history, and the 
viscoelastic properties of the Earth’s mantle. GIA mod-
els currently are built using various observations, from 
moraines to relative sea level variations, Earth’s oblate-
ness variations, length-of-day variations, etc. Vertical 
rebound velocities from GNSS permanent stations pro-
vide an independent but also absolute observation of the 
GIA in high latitudes (where there is no ice today), and 
improve our knowledge of the Earth’s rheology at long 
timescales. Improving GIA models (Earth’s rheology and 
ice history) requires better estimates of uplift rates which 
can only be achieved with a more precise and stable ref-
erence frame (see, e.g., Métivier et al. 2020).

On shorter timescales, GNSS stations also record 
Earth’s elastic response to surface mass redistribution 
within the climatic system (mainly continental water 
storage, atmosphere and ocean). Dense networks of per-
manent GNSS stations can now be used to derive soil 
and snow water content at seasonal timescales, but has 
also provided evidence for extreme droughts, especially 
in California (see, e.g., Argus et  al. 2014; Fu et  al. 2015; 
Jiang et al. 2022). GNSS time series from dense networks 
can be used to refine the information provided by space 
gravimetry missions (GRACE and GRACE-FO) at longer 
spatial wavelengths (see section Long-wavelength gravity 
field). Amplitude and spatial extent of surface water mass 
variations can be inferred from both vertical and hori-
zontal deformation measurements. In particular, hori-
zontal displacements help to refine the determination of 
the location and the spatial extent of the load. This elastic 
Earth’s response to surface loads has to be separated from 
a longer-term deformation, which can only be obtained 
with a more accurate and stable reference frame as pro-
posed by the GENESIS project.

Observed ground movements at the Earth surface are 
manifold and related to a whole set of processes. Com-
mon and essential to all these movements are detection 
and monitoring to execute and develop risk assessment 
strategies. Natural hazards, such as earthquakes, volcanic 
hazards or landslides may be preceded by small displace-
ments of the Earth’s surface. Dense networks of GNSS 
stations in Japan, the western United States, and South 
America have been installed to monitor these surface 
displacements, related to the seismic cycle. In particular, 
pre-earthquake surface deformation can be related to the 

stress and the state of stress in the lithosphere. Surface 
displacements from increasing stress in the lithosphere 
may have small amplitudes. Therefore, a very stable and 
precise reference frame is required to be able to inter-
pret these observations as reliable prediction tools for 
the onset of hazards versus errors in the techniques 
themselves.

Top of atmosphere radiation budget and Earth energy 
imbalance
The radiative imbalance at the Top Of the Atmosphere 
(TOA) is the most fundamental metric to estimate the 
status of climate change. At equilibrium, the climate sys-
tem receives as much visible energy from the sun as it 
emits infrared radiation towards space. Over the last dec-
ades, greenhouse gases and aerosol concentrations have 
been increasing in the atmosphere, blocking longwave 
radiation and leading to an imbalance at TOA between 
the incoming solar radiation and the outgoing longwave 
radiation (Hansen et  al. 2011; Trenberth 2014). This 
imbalance, known as the Earth Energy Imbalance (EEI), 
is about 0.5 W m−2 to 1 W m−2 (e. g.  Loeb et al. 2018). It 
characterizes the general heat uptake of the climate sys-
tem that is responsible for current climate change. It is 
particularly challenging to estimate the EEI from TOA 
radiation fluxes since it is 2 orders of magnitude smaller 
than the mean incoming solar radiation and the mean 
outgoing longwave radiation ( ∼ 340 W m −2 ) (L’Ecuyer 
et  al. 2015). The Clouds and the Earth’s Radiant Energy 
System (CERES) project has been measuring the Earth 
radiative budget at TOA for several decades now (Loeb 
et  al. 2018). The measurements are difficult, involving 
the incoming solar radiation, the scanning of outgoing 
radiation both visible and infrared, cloud cover, aerosols, 
and instrumental problems. The precision of the meas-
urement is evaluated at the order of 0.17  W  m−2 (90% 
confidence level) at interannual time scales but because 
of a potential bias of about ±2  W  m−2 , the accuracy is 
above ±2  W  m−2 . The precision of CERES is sufficient 
to evaluate small changes in time of the EEI that are 
induced by natural or anthropogenic forcing (Loeb and 
Doelling 2020; Raghuraman et  al. 2021). But the accu-
racy is not sufficient to estimate the mean EEI generated 
over the past decades by anthropogenic greenhouse gases 
emissions.

Another approach to estimate the EEI consists in esti-
mating the excess of energy that is stored in the climate 
system in response to the TOA radiative imbalance. With 
its high thermal inertia and its large volume, the ocean 
accumulates, in the form of heat, more than 90 % of the 
excess of energy that is stored by the climate system (von 
Schuckmann et  al. 2020). The other climate reservoirs 
(i.e., atmosphere, land, and cryosphere) play a minor role 
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in the energy storage at seasonal and longer timescales 
(von Schuckmann et al. 2020). As a result, the ocean heat 
uptake (OHU) is a precise proxy of the EEI and estimat-
ing the OHU is an efficient approach to estimate the EEI.

The OHU can be estimated with an accuracy of a few 
tenths of W m−2 and thus provides an approach to esti-
mate the mean EEI generated over the past decades by 
anthropogenic greenhouse gases emissions. This is pos-
sible with 2 approaches: (1) from direct in situ measure-
ments of temperature–salinity profiles mainly derived 
from the Argo float network; (2) from the thermal 
expansion of the ocean derived from a space geodetic 
approach (Meyssignac et  al. 2019). These methods are 
complementary, with their own advantages and limita-
tions. The direct measurement approach relies on in situ 
measurements from Argo which are unevenly spatially 
distributed with poor sampling of the deep ocean (below 
2000  m depth), marginal seas, and below seasonal sea 
ice. The space geodetic approach measures the sea level 
changes due to the thermal expansion and saline con-
traction of the ocean (also called sterodynamic sea level 
changes) derived from the differences between the total 
sea level change derived from satellite altimetry measure-
ments and the barystatic sea level changes from satellite 
gravity measurements. This approach offers consistent 
spatial and temporal sampling of the ocean through time, 
with a nearly global coverage of the oceans, except for 
the polar regions (above 82◦ ). It also provides OHU esti-
mates from the entire ocean water column. But it does 
not provide the vertical structure of the OHU unlike the 
Argo approach. It is crucial to develop both the geodetic 
approach and the in situ approach to derive EEI estimates 
that are cross validated and thus reliable.

The EEI shows time variations in response to anthropo-
genic emissions and natural variability like ocean–atmos-
phere interactions or volcanic eruptions. The coupled 
natural variability of the ocean and of the atmosphere 
leads to monthly to interannual variations of the order 
of a few W m−2 (Loeb et al. 2018). Decadal and longer-
term variations of the order of a few tenths of W m−2 are 
associated with the anthropogenic and the natural forc-
ing of the climate system (Loeb and Doelling 2020). On 
decadal time scales the EEI shows trends of the order 
of a few cents of W  m−2 year−1 in response to changes 
in the external forcing either natural or anthropogenic 
(Loeb and Doelling 2020; Raghuraman et  al. 2021). To 
evaluate these variations and particularly the small dec-
adal and longer-term response of EEI to anthropogenic 
or natural forcing, EEI should be estimated with an 
accuracy better than ±0.1  W  m−2 and a stability better 
than ±0.02  W  m−2/year. This is particularly challeng-
ing, and it requires a fine characterization of the errors 
associated with the EEI estimates. In the case of the EEI 

derived from the geodetic approach the limiting factors 
at decadal time scales come from the uncertainty in the 
GIA correction and in the ITRF realization (see Blazquez 
et  al. 2018; Meyssignac et  al. 2019). In particular, the 
uncertainty on the Z motion of the geocenter of the ITRF 
which affects both the satellite altimetry estimate of the 
sea level changes at mid to high latitudes and the gravim-
etry estimate of the ocean mass changes is a primary 
source of uncertainty on the EEI at decadal and longer 
time scales (see Marti et  al. 2022; Blazquez et  al. 2018) 
(see also Guérou et al. in preparation).

To reach an accuracy of ±0.1  W  m−2 and a stability 
of ±0.02  W  m−2/year in EEI on decadal time scales an 
accuracy of ±0.25 mm and a stability of ±0.05 mm/year 
is necessary on sea level and ocean mass rates estimates 
at decadal time scales. This is achievable only with more 
accurate and more stable reference frame realizations, 
which is the primary goal of the GENESIS mission.

Ionospheric and plasmaspheric density
The Earth’s ionosphere is defined as the atmospheric 
layer, typically between 80  km and 1000  km altitude, 
where the electron density is sufficient to significantly 
influence the propagation of electromagnetic waves that 
travel into it (Davies 1990). Its main effect is the modi-
fication of the wave propagation velocity, which is pro-
portional to the integrated electron density along the 
wave propagation direction, called total electron content 
(TEC). Secondary effects are a modification of the wave 
amplitude and a bending of the propagation vector, with 
respect to the generally assumed straight line.

The electron density profile is characterized by a Chap-
man-profile shape, with a peak at an altitude typically 
ranging from 200  km to 350  km. At mid- and low-lati-
tudes, above the ionosphere is the plasmasphere, con-
stituting a reservoir of cold particles (mainly electrons, 
protons and helium ions) that fills during the day and 
drains at night (Russel et  al. 2016). Its location, as well 
as the particle motion, is controlled by the geomagnetic 
field whose dipolar nature confines the plasma. The main 
control of these ionized mediums is the solar activity 
that drives extreme ultraviolet radiation (hence the pri-
mary source for ionization) and that modifies the solar 
wind which constantly interacts with the geomagnetic 
field. Besides this variability “from above” many irregu-
larities arise “from below”, i.e., for which the origin is 
located in the lower atmospheric layers or at the ground 
level (Fuller-Rowell et al. 2017). One of the most impor-
tant ionospheric variability sources lies in the equato-
rial region and is known as the “fountain effect”: a rapid 
change in the neutral wind creates an important �E × �B 
(where �E is the electric field and �B the magnetic field) 
vertical drift that lifts the plasma up to 1000 km altitude 
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(Kelley 2009). The plasma plumes are then redistributed 
on the either side of the magnetic equator to form the 
so-called “ionization anomaly crests”, being two regions 
of local maximum electron density. To that are associated 
small-scale irregularities called equatorial plasma bub-
bles, which appear during post-sunset hours at low-lati-
tudes and produce plasma depletions that disturb radio 
communications and GNSS services (Kintner et al. 2007). 
More precisely, they are responsible for signal scattering 
that fades out the signal amplitude, leading to fluctuating 
signal-to-noise ratio that prevents optimal GNSS satellite 
tracking, or even worst, interrupts it.

During the last two decades, an important number of 
GNSS receivers has been included on board LEO satel-
lites orbiting at various altitudes, besides an extensive 
network of ground-based receivers. They continuously 
receive the signal broadcasted by GNSS satellites offer-
ing an excellent time and space coverage and allowing 
to reliably monitor the TEC above a given LEO satel-
lite (Wautelet et al. 2017). In the latter methodology, the 
retrieved TEC is the by-product of the differential code 
biases computation performed using only LEO-based 
observation (i.e., no ground station) to minimize the 
impact of the ionospheric peak in the differential code 
biases adjustment. Depending on the orbit altitude and 
the geomagnetic latitude, the TEC above the spacecraft 
would mostly express the ionization crests or the plas-
maspheric contribution.

In the framework of a circular orbit at an altitude of 
6000 km, as planned for the GENESIS mission (see sec-
tion  CDF study output), the plasmaspheric TEC would 
be very small, and even negligible. The LEO-DCB (dif-
ferential code biases) computation software should be 
able to quantify this contribution and provide, if plasmas-
pheric TEC contribution is actually negligible, accurate 
and reliable DCB values for GNSS satellites and onboard 
receiver.

In addition to the zenith GNSS antenna, a nadir-
pointing GNSS antenna would enable the observation of 
radio-occultation profiles of GNSS satellites, as the same 
manner as for dedicated missions COSMIC and COS-
MIC-2. Using appropriate inversion methods on such 
observations will provide additional electron density pro-
files that will benefit the ionosphere/plasmasphere com-
munity. Moreover, the high inclination of the GENESIS 
orbit will provide occultations above polar and sub-polar 
regions, which are not geographically covered by the 
dedicated missions COSMIC and COSMIC-2. By provid-
ing electron density profiles at polar regions, GENESIS 
will improve the observability and the understanding of 
the dynamics in this region where the ionosphere meets 
the solar environment.

Benefits for navigation sciences and metrology
Improvement in global positioning
The positioning of stations in a GNSS network relies on 
global solutions of complete satellite constellations and 
on the simultaneous adjustment of station coordinates. 
These solutions involve a large number of parameters 
that will degrade the observability of the station coor-
dinates, and may also introduce biases in the solutions: 
tropospheric propagation models, empirical solar radia-
tion pressure parameters of the satellites, antenna char-
acteristics such as PCO, phase variations (PV), which 
may or may not be adjusted.

In a global GNSS solution, the clock biases of the trans-
mitters and receivers must be managed. Regardless of the 
strategy used (estimation or differentiation), the resulting 
information for the geometry is the same. The result is 
a significant reduction in the observability of the Earth’s 
center of mass, i.e., the origin of the reference frame 
(Rebischung et al. 2014; Meindl et al. 2013). This includes 
the motion of the geocenter whose north–south motion 
is not well observed by GNSS constellations and is cor-
rupted by draconitic signals from orbit solutions (see sec-
tion Improvements in the ITRF geocenter and scale).

Some improvements could be achieved if the GEN-
ESIS onboard oscillator can be modeled with sufficient 
accuracy over long periods (typically one day), allow-
ing a drastic reduction in the impact of receiver-related 
clock parameters. A comparison of the onboard USO 
to ground atomic clocks could be achieved thanks to an 
A-LRR (see section Passive and active laser retro-reflec-
tor). For example, a model of the USO on board Jason-2 
satellite was developed thanks to the Time Transfer by 
Laser Link (T2L2) instrument (Belli et al. 2016).

The frame scale factor is also directly connected to 
the transmitters’ and receivers’ PCO/PV characteris-
tics. For the ground receivers, independent calibration 
methods are used by the International GNSS Service. 
For the transmitters, only Galileo provides calibrations 
performed on ground before launch. It has been shown 
that this has an important impact on the observed scale 
factor. The GENESIS satellite, carrying a GNSS receiver, 
can provide a lot of information about the scale and the 
motion of the geocenter (see section  Improvements in 
the ITRF geocenter and scale for more details). There-
fore, careful design of the GENESIS platform is required 
to minimize the sensitivity of the dynamic modeling 
to external effects such as direct and reflected solar 
radiation pressure. For the measurement of long-term 
variations of these accelerations, the currently used accel-
erometer technology, which requires a posteriori calibra-
tion, is not suitable.

Contributions to the performance of GNSS by GEN-
ESIS will include the following: 
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1 The well-calibrated satellite platform will provide 
local tie vectors in space between physical antenna 
phase centers allowing for a high-precision linking 
of GNSS observations with the other space geodetic 
techniques, referencing GNSS positioning results to 
a well-defined reference frame (see section  Impor-
tance of reference frames and section Present status 
of the terrestrial reference frame realization).

2 The satellite antenna provides a clean absolute ref-
erence for accurate and consistent calibration of the 
transmitting antennas of all GNSS satellites, without 
atmospheric propagation errors. In the case of Gali-
leo, the antenna phase maps measured on the ground 
will allow a better validation of these calibrations 
(see section GNSS antenna phase center calibration). 
Pseudo-range biases will also be observed with much 
better accuracy due to the reduction of ionospheric 
pseudo-range errors (see section  Ionospheric and 
plasmaspheric density).

3 The specific observability in the radial direction of 
the satellite orbit allows GNSS to independently con-
tribute to the realization of the scale and origin of the 
Earth reference frame (see section Improvements in 
the ITRF geocenter and scale).

As a proof of concept the capability of calibrating Global 
Positioning System (GPS) transmit antennas using receiv-
ers on board LEO satellites without relying on an external 
scale was demonstrated by Haines et al. (2015) using GPS 
tracking data from GRACE-B and TOPEX/Poseidon.

GNSS antenna phase center calibration
Conventionally a mechanical reference point is defined 
for each GNSS antenna while the actual transmitting or 
receiving point might differ by up to few centimeters. 
For the receiving antenna these PCOs and direction-
dependent phase variations have been discussed since 
the early 1990s leading to sophisticated calibration meth-
ods (Rothacher et  al. 1995; Elosegui et  al. 1995; Mader 
1999; Wübbena et  al. 2000). Compared deviations for 
the GNSS satellites became apparent with the evolution 
of the GPS constellation in the early 2000s (Zhu et  al. 
2003; Ge et al. 2005; Cardellach et al. 2007). The problem 
was partially solved by estimating the GNSS transmit-
ter antenna patterns in the adjustment process (Schmid 
and Rothacher 2003; Bar-Sever 1998; Schmid et al. 2005; 
Dilßner 2010; Steigenberger et  al. 2016). This approach 
suffers from considerable limitations. The major restric-
tion is the correlation between the terrestrial scale, the 
satellite clock, and the satellite antenna offsets resulting 
from the observation geometry. As one consequence, the 
scale information is transferred from VLBI and SLR net-
works to the GNSS network (Schmid et al. 2007) which 

prevents GNSS from providing an independent scale. The 
second limit is given by the fact that the absolute antenna 
phase patterns of ground tracking sites are contaminated 
by local environmental effects such as time-variable mul-
tipath. A third limitation is given by the required estima-
tion of tropospheric delays for each ground station. In 
2016, Galileo released precise calibrations for antenna 
phase center and phase variations. Applying them in 
the GNSS estimation, differences between GPS- and 
Galileo-based coordinates become visible  (Villiger et al. 
2018). By fixing the Galileo PCOs to the calibrated val-
ues, a Galileo-based scale is realized and the GPS PCOs 
were estimated simultaneously in an integrated process-
ing  (Villiger et al. 2020).

A totally independent method to estimate scale-free 
GNSS PCOs is given via the usage of space-based GNSS 
observations and the gravitational constraints from 
the orbital dynamics of the corresponding low Earth 
orbiter (Huang et al. 2022). The high consistency between 
the LEO-based and the Galileo-based approaches has 
been shown by Huang et  al. (2021). Despite the larger 
constellation of Galileo than that of LEOs (24 versus 10+ 
in 2022), the LEO-based approach has advantages in sev-
eral important aspects. The additional geometry due to 
the fast movement and the altitudes of the LEOs both 
benefit the de-correlation of the GPS PCOs and the scale. 
The altitudes of the LEOs also lead to negligible impact 
of troposphere delay on the space-based observations. 
Moreover, the long-term available data of historical and 
operating LEOs can be used for the estimation of the 
GPS PCOs backwards in time. Recent studies by Glaser 
et al. (2020) and Huang et al. (2022) confirmed a one-mil-
limeter accuracy requirement for the receiver PCO posi-
tion on board the LEOs.

As the antennas of GENESIS will be fully calibrated 
together with the entire satellite structure, this mission 
offers a pure absolute reference for a precise and con-
sistent calibration of the transmit antennas of all GNSS 
satellites, including Galileo and BeiDou. The orbiting 
geodetic observatory thus offers the possibility to deter-
mine consistent GNSS transmit phase patterns without 
relying on a scale from external sources, thus providing 
GNSS with the capability to contribute independently 
to the realization of the scale of the terrestrial reference 
frame (Bar-Sever et  al. 2009; Haines et  al. 2015; Huang 
et  al. 2022). Additionally, the geometry between GEN-
ESIS and a GNSS satellite allows scanning the transmit-
ting antenna pattern within a short time and up to nadir 
angles of 30◦ . Thus, it is possible to reduce additional cor-
relations between the phase center offsets and the space-
craft orientation. The extension of nadir angles to 30◦ for 
transmitting antenna calibrations leads to a significant 
improvement in the GNSS-based orbit determination for 
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other scientific Earth observation missions. Therefore, 
GENESIS will allow improving products of such mis-
sions, especially, orbit dependent altimeter data.

Positioning of satellites and space probes
GENESIS will provide a breakthrough in space geodesy 
and by this will contribute to improving the accuracy of 
many satellite orbits, and consequently, the accuracy of 
the parameters that these satellites observe. POD is an 
integral part of analyzing the data of numerous Earth 
science missions and of inter-planetary space probes. 
Prominent examples of past, present and future mis-
sions devoted to Earth observation are radar altimetry 
missions such as TOPEX/Poseidon, Jason-1, -2, -3, Sen-
tinel-3, and Sentinel-6A, laser altimetry missions such 
as ICESat-1 and -2, gravity missions such as CHAMP, 
GRACE, GOCE, and GRACE-FO, and many other mis-
sions such as the SAR/InSAR missions TerraSAR-X, 
TanDEM-X, and Sentinel-1, the magnetic field mis-
sion Swarm or further satellites of the Copernicus Earth 
observation program of the European Union.

All above mentioned missions significantly rely on 
POD, some of them even critically, as the quality of the 
science products may directly depend on the accuracy 
of the orbit determination, e.g., requiring a radial orbit 
accuracy of 15 mm with a goal of 10 mm for the science 
products of Sentinel-6A (Donlon et  al. 2021) or a 3-D 
orbit accuracy of 5 cm for the Sentinel-1 mission (GMES 
Sentinel-1 Team 2004). This holds for all gravity missions 
and in particular for altimetry missions, where the radial 
component is of primary interest (Cerri et al. 2010). Sea 
level measurements from radar altimetry, e.g., are directly 
related to this component (International Altimetry Team 
2021). For missions providing long-term climatological 
data records, it is therefore essential to perform the most 
accurate POD in a reference frame which is consistent 
across many years for the data analysis of many different 
spacecraft. In addition to a stable reference frame, which 
is crucial to not contaminate sea level rise measurements 
with reference frame drifts (Altamimi and Collilieux 
2013), the highly accurate modeling of non-gravitational 
(e.g., Flohrer et  al. 2011; Mao et  al. 2021) and gravita-
tional forces, e.g., the proper modeling of temporal grav-
ity variations across many years (Couhert et  al. 2015; 
Peter et al. 2022), as well as a full exploitation of multiple 
tracking techniques (Luthcke et al. 2003; Choi et al. 2004) 
is mandatory for the most accurate POD.

Similar to the orbit determination of the GENESIS 
spacecraft, POD of any other Earth science spacecraft 
refers to the positioning of the satellite CoM in a TRF. 
POD thereby occurs across a range of timescales: near-
real-time, intermediate latency, and longer latency for 
mission science products and climate data records. 

Missions with stringent accuracy requirements on POD 
usually employ multiple and independent POD pay-
loads for this purpose. Onboard GNSS receivers, DORIS 
receivers, and SLR reflectors are used to improve the 
quality and robustness of the orbit determination and to 
enable cross calibrations (e.g., Montenbruck et al. 2021).

Usually GNSS data provide one of the strongest POD 
contributions due to the almost continuous tracking of 
all-in-view GNSS satellites. As the quality of GNSS-based 
POD critically depends on a proper modeling of system-
atic errors, e.g., phase center variations of the GNSS 
receiver and transmitter antennas (see Jäggi et  al. 2009; 
Schmid et  al. 2016, section GNSS antenna phase center 
calibration), the improved calibrations of the GNSS 
transmitter antennas, that will be provided by GENESIS, 
will further improve the performance of GNSS-based 
POD. This is of particular relevance for GNSS measure-
ments collected at low elevation angles (or large nadir 
angles as seen from the GNSS), where altimetry missions 
collect a large amount of data and where GNSS transmit-
ter calibrations are still poorly determined today (Schmid 
et  al. 2016). The further reduction of systematic errors 
will pave the way towards mm-accurate GNSS orbit 
determination of Earth science spacecraft, when exploit-
ing the integer nature of GNSS carrier phase ambiguities 
(Jäggi et al. 2007; Bertiger et al. 2010; Montenbruck et al. 
2018).

GENESIS will also benefit the DORIS, SLR and VLBI 
techniques. For DORIS, the limiting error source at pre-
sent is the USO sensitivity to radiation-induced pertur-
bations, particularly while traversing the South Atlantic 
Anomaly (Štěpánek et  al. 2020). The possibility to syn-
chronize the USO to atomic clocks on the ground thanks 
to an A-LRR on board the GENESIS satellite would 
remove this source of error from the satellite segment. 
For SLR, the data from the Jason-2/T2L2 experiment 
made it possible for the first time to globally calibrate the 
time biases in the stations of the SLR network (Exertier 
et  al. 2017). The time-transfer experiment incorporated 
onto the GENESIS mission would be crucial to continue 
such a global calibration and will thus benefit global 
geodesy, and indirectly POD by helping to improve the 
SLR technique. Finally, the VLBI transmitter (VT, see 
section  VLBI transmitter) on board GENESIS will pro-
vide the spacecraft position in the CRF.

The GENESIS spacecraft will provide an additional 
platform to isolate residual biases in the ranging systems 
of SLR stations (e.g., Luceri et  al. 2019). These residual 
range errors are extremely challenging to isolate, because 
they are dependent on ranging equipment and technique, 
the retro-reflector target response, the data sampling 
and editing when creating the SLR normal points. GEN-
ESIS will provide a platform in a MEO where the other 
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tracking data (GNSS, DORIS, VLBI) will help to isolate 
residual bias effects (e.g., Arnold et al. 2019).

Provided that the locations of the spacecraft CoM 
and of the individual POD sensors are all known in the 
respective satellite body-fixed frame with sufficient accu-
racy from pre-launch assessments, it will, therefore, be 
possible to translate the high precision of the GNSS, 
DORIS, and SLR data collected by Earth science space-
craft into mm-accurate satellite positions expressed in 
the highly accurate and long-term stable reference frame 
provided by GENESIS.

Relativistic geodesy and time and frequency transfer
The International Astronomical Union recommended to 
introduce the General Theory of Relativity as the theo-
retical background for the definition of space–time ref-
erence systems (Soffel et al. 2003). Applying the General 
Theory of Relativity is indispensable to meet the required 
geodetic accuracy and stability of a TRF—i.e., 1 mm for 
positions and 0.1  mm/year for velocities—for detect-
ing smallest variations in the Earth system components. 
GENESIS will prove the consistent use of the General 
theory of Relativity in space geodesy and the involved ref-
erence systems at an unprecedented accuracy level.

The direct integration of gravimetric and geometric 
reference frames is an open issue, where time and fre-
quency measurements will play a central role. For the 
realization of a dynamical reference such as a physi-
cal height system and the related equipotential sur-
face, called the geoid, gravity field measurements are 
required. Today, such an equipotential surface is only 
known at the centimeter to decimeter level if compar-
ing point values on larger scales. To overcome this 
shortcoming, highly precise optical clocks connected 
by dedicated ground or space links can be used. This 
novel technique has reached an accuracy that allows 
the precise measurement of differences of the gravity 
potential exploiting the gravitational redshift (Müller 
et al. 2018; Delva et al. 2019). Optical frequency stand-
ards at the leading national metrology institutes today 
show relative frequency inaccuracies in the 10−18 range 
(corresponding to 1 cm in height) and beyond (Brewer 
et  al. 2019; Bothwell et  al. 2019; Beloy et  al. 2021). 
Long-distance optical frequency transfer using phase-
stabilized optical fibers has been demonstrated with a 
relative frequency inaccuracy at the 10−19 level (Lisdat 
et  al. 2016), and even 10−21 on shorter distances (Xu 
et al. 2019). Free-space laser links already realized com-
mon view time transfer over thousands of kilometers 
at the picosecond level (e.g., with T2L2, see Exertier 
et al. 2017), and reach on shorter distances the femto-
second level for time transfer (Sinclair et al. 2019) and 
10−21 level for frequency transfer (Gozzard et al. 2022). 

It is thus possible, with optical standards and frequency 
transfer techniques, to consistently unify height sys-
tems and to improve the accuracy of physical height 
reference frames and the geoid, to the cm level or bet-
ter that is of prime interest in the context of GGOS 
and, especially, for monitoring sea level change. GEN-
ESIS could enable a proof of principle for comparing 
physical heights (derived from time and frequency dif-
ferences) over large distances if an A-LRR will be pre-
sent on board the satellite.

Mission design and instruments
CDF study output
Using well-established ESA CDF assessment, the GEN-
ESIS Mission feasibility has been assessed during March/
April 2022, with the contribution of over 50 ESA experts 
covering all necessary mission feasibility expertise 
profiles.

The GENESIS high-level Mission Objectives have been 
defined as follows:

• Obj-1: Improve ITRF accuracy and stability by pro-
viding in-orbit co-location and necessary combined 
processing of the four space geodetic techniques 
that contribute to its realization, namely GNSS, SLR, 
DORIS and VLBI, on a highly calibrated and stable 
platform. The goal is to contribute to the achieve-
ment of the GGOS objectives for the ITRF realiza-
tion, aiming for a parameter accuracy of 1 mm and 
a stability of 0.1 mm/year to the GGOS, in order to 
provide significant scientific benefits in Earth mod-
eling.

• Obj-2: To improve, compared to the current state-of-
the-art, the operational time and frequency transfer 
and synchronization globally. Target performance 
10 ps in time transfer and 10−18 for relative frequency 
transfer.

Thanks to the onboard VLBI, which is the only geodetic 
technique allowing access to the ICRF, GENESIS shall 
also allow obtaining a direct link between the ITRF and 
the ICRF (differencing the radio signal emitted by GENE-
SIS with the signals from the fixed quasar radio sources).

The CDF study identified initial high-level mission 
requirements, given in Table 3. From these, the following 
key technical drivers are identified: 

(1) The need of a very precise onboard metrology 
(calibrated ties): the offset between each payload 
and the satellite CoM shall be known with accura-
cies < 1mm . Offset stability shall remain within 
1 mm-level during the whole duration of the mis-
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sion (requiring adequate thermoelastic materials; 
extremely accurate on-ground calibration tests; 
etc.).

(2) A common time reference for all onboard instru-
ments shall be ensured (all geodetic instruments 
shall be referenced and synchronized to each 
other).

(3) Highly accurate precise orbit determination: GEN-
ESIS shall be able to determine the orbit with accu-
racies at mm level ( < 1 cm ) (excellent GNSS POD, 
requiring high success rate integer ambiguity reso-

lution and a very accurate radiation pressure model 
of the GENESIS satellite).

(4) Simultaneous operation of geodetic techniques, 
guaranteeing the maximum contemporary use of 
the 4 onboard geodetic techniques (and at least 2 at 
all times) with best possible performances.

As a result of the different optimizations performed at 
the CDF, it has been concluded that a suitable compro-
mise in terms of POD and contribution of each technique 
results to be a 6000  km circular orbit with quasi-polar 

Table 3 First estimation of high‑level mission requirements for GENESIS

Req. ID Statement

001 The GENESIS mission shall be designed to achieve the main mission objective Obj‑1, through the co‑location in space of the following 4 
geodetic techniques: GNSS, VLBI, SLR, DORIS

002 The GENESIS mission should be designed to achieve the main mission objective Obj‑2, for operational time and frequency transfer and 
synchronization

003 The mission shall comply with the space debris mitigation regulations

004 The casualty risk for the mission shall not exceed 1 in 10000 for any re‑entry event (controlled or uncontrolled). If the predicted casualty risk 
for an uncontrolled re‑entry exceeds this value, an uncontrolled re‑entry is not allowed and a targeted controlled re‑entry shall be performed 
in order not to exceed a risk level of 1 in 10000

005 The mission shall comply with the space debris mitigation requirements in the nominal and also in the failure case

006 The mission operational lifetime shall be at least 3 years, as a minimum, excluding LEOP, commissioning and disposal

007 The GENESIS mission should be designed for a development time of 3 to 4 years

008 The GENESIS mission should target a launch date in 2027

009 Use of high‑technical readiness level, demonstrated instruments and payloads shall be preferred, whenever possible

010 Maximum re‑use of existing facilities at ESA and ESA Member States

011 The satellite should be launched into an orbit capable to fulfill the mission and payload requirements

012 A small satellite platform should be targeted

013 The satellite platform shall be able to accommodate all the GENESIS payloads associated to the geodetic techniques. Additionally, the plat‑
form should host the other enabling subsystems, as needed (and optional payloads as appropriate)

014 The platform nominal lifetime shall be at least 4 years

015 The offset between each payload and the satellite CoM shall be known with accuracy of 1 mm. Offset stability shall remain within 1 mm level 
during the whole duration of the mission

016 The CoM position should be known with 1 mm accuracy in the satellite reference frame

017 The satellite shall have a Nadir‑pointing face for the whole mission duration, with a pointing accuracy less than 1 degree and a pointing stabil‑
ity of 0.1 degree along the whole orbit

018 The satellite platform shall be able to operate at the least 2 geodetic techniques in parallel at all times

019 Attitude determination shall be maintained at all times with accuracy below 0.1 degree

020 The POD will have to be able to determine the orbit with an accuracy better than 1 cm. POD is also affected by optical and thermal material 
properties (absorption, reflection and such) of the satellite outer surfaces to make an accurate radiation pressure model of the satellite. This 
has to be taken into account in CDF in particular with respect to impact on costs

021 The S/C shall be able to download a volume of science data as follows: GNSS tracking data (1 Hz) 0.2 GB/day; DORIS tracking data (0.1 Hz) 
0.04 GB/day; Active SLR (SLR related, for synchronization between a ground clock linked to a laser station and a clock on board the satellite) 
0.05 GB/day; accelerometer 0.002 GB/day

022 To provide the link with current ITRF realizations, the selected orbit shall be accessible by the established global tracking networks of the dif‑
ferent techniques

023 VLBI shall be visible for 20 % time from at the least 2 VLBI stations separated by 10000 km

024 The GENESIS Payloads are: GNSS receiver, VLBI transmitter, a DORIS Receiver and a SLR retro‑reflector

025 A common time reference for all onboard instruments

026 An accelerometer for measuring the non‑gravitational accelerations, contributing to POD should be included
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inclination. This is selected as baseline orbit for GENESIS 
(requirement 011 from Table 3).

The adoption of the circular orbit is compatible with 
requirement 018 from Table 3 and enables also the con-
temporary use of the 4 geodetic techniques at the same 
time and long baseline VLBI observations (with more 
than 6500 km) over 75 % of the time.

To reach this orbit two concepts have been conceived, 
within the program boundaries:

• Satellite launched with VEGA-C in a sun-synchro-
nous orbit in a piggyback configuration and the satel-
lite being raised to the 6000 km using electrical pro-
pulsion;

• Direct injection into 6000  km orbit using a direct 
dedicated launch with several potential options being 
considered (e.g., Rocket Factory launcher, ISAR Aer-

ospace launcher, a combined launch with Ariane 62/
Galileo).

Depending on the launch option two different solutions 
have been defined with resulting satellite masses (wet) 
around 375 kg (electrical propulsion option) and 218 kg 
(direct injection option).

The study has been instantiated for a generic platform, 
based on the PROBA-V concept, although it is concluded 
that several other platform options may be considered, 
resulting in the satellite dimensions shown in Figs.  5 
and  6.

The current realization of the ITRF is based on a 
multi-technique approach that suitably combines dif-
ferent observing methods taking advantage of their 
peculiar strengths. In particular, the frame origin is 
materialized by means of SLR observations; the frame 
scale is based on the average contribution of SLR and 

Fig. 5 Satellite dimensions

Fig. 6 Solar panel dimensions
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VLBI; DORIS disseminates the frame information to 
radar altimetry missions; and finally GNSS participates 
in a large number of ground ties, contributes to estab-
lishing and maintaining the conventional frame orien-
tation and is essential to distribute the frame to a large 
community of users (see section  Reference frames for 
more details). Therefore, GENESIS will carry on board 
the payloads of all these space geodetic techniques, 
exploiting their co-location on a highly calibrated plat-
form to further improve the ITRF accuracy and stabil-
ity. The first ever co-location of VLBI with all satellite 
geodetic techniques will also strengthen the integration 
of Earth geometry and rotation.

GENESIS will be equipped with an array of passive 
SLR retro-reflectors (P-LRR), a VLBI transmitter, one 
DORIS and a GNSS receiver (baseline configuration 
accounts for 2 GNSS Rx in cold redundancy connected 
to 2 sets of antennas on the nadir and zenith faces). The 
DORIS instrument and GNSS Rx will require specific 
adaptations to fly on a 6000  km orbit. The additional 
installation of an active laser retro-reflector (A-LRR) 
device is also examined to allow accurate time transfer 
between SLR ground stations. At this stage, the A-LRR 
is considered as an optional payload, but it is consid-
ered highly desirable and easy to be integrated as part 
of the baseline given its reduce mass/power require-
ments ( < 1 kg ; < 1W ). All active payloads will rely on 
a single time standard, realized by a USO connected 
to a time distribution unit. An additional optional 
payload considered for GENESIS mission is the inte-
gration of an onboard accelerometer, to further sup-
port high-precision orbit determination, the modeling 
of non-conservative forces and allowing also in-orbit 
determination of the satellite CoM (with several exist-
ing and under evolution instruments being identified in 
Europe).

The design of the satellite and instruments integration 
is shown in Figs. 7 and 8.

In the framework of a potential international collabora-
tion with NASA, an assessment has also been made on 
the possible integration of the NASA Geodetic Reference 
Instrument Transponder for Small Satellites (GRITTS) 
instrument. This instrument combines a GPS receiver 
and VLBI transmitter. The GRITSS concept is to upcon-
vert the received GNSS signal and transponding it to 
VLBI stations (1-way biased range). This approach does 
not require the satellite to have a view of more than one 
VLBI station at a time, allowing it to be in LEO but could 
be adapted to MEO orbit as well. If agreed to be included, 
it would increase the redundancy of geodetic payloads, 
and would support the simultaneous testing of different 
approaches for satellite VLBI.

The CDF GENESIS feasibility assessment has cov-
ered all GENESIS mission technical and programmatic 
aspects, including: system analysis; orbit options; mis-
sion analysis; chemical propulsion; electrical propulsion; 
AOCS; communications; data handling; power; thermal; 
structures; radiation; risks and programmatics; costs.

Fig. 7 GENESIS instruments and requirements

Fig. 8 GENESIS instruments



Page 24 of 33Delva et al. Earth, Planets and Space            (2023) 75:5 

A detailed CDF GENESIS Report is currently under 
conclusion. A public version of this CDF Report will also 
be available.

As a main result of the ESA CDF assessment, the GEN-
ESIS Mission has been confirmed to be feasible within 
the ESA FutureNAV defined program boundaries, with 
a target launch date in 2027 (assuming the program is 
started in Q1 2023).

Passive and active laser retro‑reflector
The SLR observable is the round-trip time of flight of 
a laser pulse between a ground station and a target 
equipped with a laser retro-reflector. Timing and time 
transfer techniques are at the heart of this activity. This 
technique makes a fundamental contribution to the 
establishment of the ITRF, thanks to a network of obser-
vatories spread over a large part of the globe, the Inter-
national Laser Ranging Satellite Network (Pearlman et al. 
2019) Reference frames. The majority of satellites tracked 
by the International Laser Ranging Service (ILRS) carry 
P-LRR. The size, the number and the arrangement of 
Corner Cube laser retro-reflector are a compromise 
between the link budget at the given satellite altitude, the 
orbit eccentricity and the metrological performances.

Corner Cube laser retro-reflector can be arranged 
spherically, e.g., in LAGEOS, LAGEOS-2 and LARES-2 
(which are premiere geodetic satellites of the ILRS) or 
as a flat panel as for the Galileo satellites (ILRS Web-
site 2018). Spherical arrays give the best accuracies. For 
example, LARES-2 (40 cm diameter, ∼ 300 kg mass) is 
a P-LRR delivered by the Italian Space Agency designed 
to achieve a SLR accuracy of 1  mm (compared to the 5 
mm of LAGEOS) (Ciufolini et al. 2017). It was launched 
successfully by ESA on July 13, 2022, with the qualifica-
tion flight of the Vega C and it was successfully tracked 
by the ILRS SLR network from July 14. Another spherical 
P-LRR of significantly reduced size ( ∼ 10 cm ) and mass 
(kg level) compared to LARES-2 has been designed to 
achieve a SLR accuracy of 2 mm for LEO satellites to be 
launched from 2024.

Alternatively, an A-LRR can synchronize ground-based 
atomic clocks at intercontinental distances using stand-
ard satellite laser ranging techniques. An A-LRR allows 
the precise determination of the onboard clock and the 
monitoring of its behavior in the space environment 
(gravity field, radiation, temperature) as a supplement 
to the POD provided by the conventional SLR. Such 
an idea has been demonstrated by SLR ground stations 
with the T2L2 instrument on board the Jason-2 satellite 
(Belli et al. 2016). This project highlighted the wide dis-
parity between laser stations in local time management. 
This demonstration of time transfer by laser link is also 
expected for the European Laser Timing instrument of 

the Atomic Clock Ensemble in Space (ACES) experiment 
on board the International Space Station, which should 
be launched in 2024 (Cacciapuoti et al. 2020).

An A-LRR on board GENESIS would allow:

• to benefit from a modern retro-reflector designed 
to achieve millimeter accuracy and metrologically 
attached to the other space geodetic instruments;

• be able to perform ground-to-space and ground-
to-ground frequency and time transfers with an 
extended common view compared to T2L2 and 
ACES missions by taking advantage of the higher 
altitude of the satellite;

• to compare GNSS and laser time transfer techniques 
with an uncertainty below 100 ps;

• to be able to accurately monitor the behavior of the 
onboard clock for precise orbitography.

The P-LRR is typically less expensive than an A-LRR 
counterpart. Being completely passive, is does not use 
any resources on board GENESIS (except its mass and 
volume envelope). A combination of both a P-LRR and 
A-LRR would provide all combined benefits, as well as 
the sum of the resources and mass/volume envelopes 
needed on board GENESIS.

VLBI transmitter
Observations to distant radio sources, such as quasars, 
with the VLBI technique enable the determination of a 
space-fixed celestial reference frame like the ICRF with 
its current realization ICRF3 (Charlot et al. 2020) and the 
Earth Orientation Parameters (EOP). VLBI is the only 
technique that provides the full set of EOP (polar motion, 
UT1, celestial pole offsets), contributes to the ITRF scale, 
and uniquely realizes ICRF, as opposed to the satellite-
based techniques (see section Improvements in the ITRF 
geocenter and scale). The connection of the ITRF to the 
ICRF through VLBI enables the study of the dynamics 
of the interior of the Earth through the wandering of the 
motion of the poles with respect to the celestial frame, as 
well as studying tidal dissipation and seasonal or interan-
nual effects in the geophysical fluids on the solid Earth 
through measurements of the rotation rate of the Earth 
(see section  Unification of reference frames and Earth 
rotation).

The fundamental VLBI measurements are signal delay 
observations of the incoming radio signals between 
pairs of tracking stations. Over time, and using multi-
ple distant radio sources, these measurements enable 
the determination of the baseline vectors between pairs 
of stations. The orientation of these vectors in the CRF 
defines the Earth orientation in that frame. The lengths 
of these vectors, known to millimeter accuracy, critically 
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contribute to the determination of the scale of the ITRF 
(Altamimi et al. 2016). The VLBI observation campaigns 
and data processing are coordinated by the International 
VLBI Service for Geodesy and Astrometry (Nothnagel 
et al. 2017; IVS Website 2021).

One of the unique features of GENESIS is the VLBI 
transmitter (VT) that will accurately connect geodetic 
VLBI stations through a space-tie to the other geodetic 
techniques. The VT instrument will transmit signals in 
different frequency bands in order to eliminate the iono-
spheric dispersive delay along the paths to each observing 
VLBI station, and comply with the evolving observa-
tions procedures at all VLBI stations. The signals can be 
observed by all geodetic VLBI stations, including the new 
VLBI Global Observing System (VGOS) fast slewing sta-
tions that are coming online, in their standard geodetic 
receiver setups. The VT will exploit the full extent of the 
frequency bands allocated on a worldwide co-primary 
basis to the Earth exploration satellite service through the 
International Telecommunications Union Radio-com-
munication Sector. The ultra-low-power density signals 
of the VT will be well below the applicable coordination 
thresholds, ensuring easy compatibility with ITU rules. 
Using the conventional VLBI technique of correlating 
received signals across baselines it will be possible not 
only to determine the baseline vectors, as in conventional 
VLBI, but also the absolute geocentric position of the 
receiving sites. VLBI observations of GENESIS will there-
fore enable these stations to be accurately located within 
the GENESIS TRF consistently with the other geodetic 
techniques, enable a frame tie between the celestial frame 
and the dynamic reference frames of satellite orbits as 
well as a frame tie between the GENESIS TRF and the 
extremely accurate and stable inertial celestial frame.

A European VT, compatible with the accommodation 
constraints on board the Galileo satellite, performance 
of the receiving stations as well as with the ITU regula-
tions in all transmission frequency bands is currently 
under development for consideration of Galileo second 
generation satellites (H2020 HSNAV Website 2020). 
The VT is currently designed to transmit at different 
frequencies between 2 GHz to 14 GHz, but also higher 
frequency bands can be considered. The present setup 
for regular VGOS observations use four 1-GHz-wide 
bands within the S, C, and X frequency bands. Discus-
sions of including higher frequencies in Ka band is ongo-
ing in order to maximize the covered signal bandwidth 
since the VLBI estimates of group delay is approximated 
by the reciprocal of the observed bandwidth. It may be 
possible to investigate linking the ICRF across frequency 
bands using the GENESIS satellite as a well-calibrated 
multi-frequency target. The VT is designed to transmit 

both pseudo-noise and random noise. The random noise 
signal mimics the broader-band noise emitted by quasar 
radio sources routinely observed by VLBI, hence can be 
processed by essentially the usual station software. The 
required and projected precision of phase measurement 
supported by the VT are 0.1 mm and 0.01 mm, respec-
tively, for 1 s observable.

The feasibility of a dedicated VLBI transmitter on 
board future Galileo satellites and the assessment of the 
impact of quality and quantity of satellite observations 
on the derived geodetic parameters were studied recently 
by various authors (see Jaradat et al. 2021, Klopotek et al. 
2020, Sert et  al. 2022 and references therein). The con-
cept of measurement and equipment choices were dis-
cussed in Jaradat et al. (2021) and the signals designed to 
mimic the quasars’ radiation as observed and recorded 
by ground-based telescopes were simulated. The output 
signal of this chain using 2 Hz to 11 GHz for VGOS, was 
also tested using a VLBI baseband data simulator, then 
correlated and fringe-fitted for validation. It was shown 
that the combination of quasar and satellite observations 
could allow theoretically for simultaneous estimation of 
Earth rotation parameters (polar motion and UT1–UTC) 
along with geocenter offsets, VLBI station positions 
and satellite orbits (Klopotek et al. 2020). In the case of 
carefully selected satellite observations and optimized 
scheduling with the VGOS-type network, detection of 
geocenter motion could be feasible. The use of VT on 
GNSS satellites and observation assessment including the 
UT1–UTC transfer quality for Galileo orbits was demon-
strated in Sert et al. (2022). These recent studies confirm 
the significance of dedicated onboard transmitters and 
the potential of geodetic VLBI as another space geodetic 
technique.

Observations of quasars and GENESIS satellite within 
the same sessions will provide the geodetic community 
with a great opportunity for directly linking the dynami-
cal reference frame of satellite orbits to the quasi-inertial 
reference frame of extragalactic radio sources and rede-
fining the role of VLBI in space geodesy.

Conclusion
The first objective of the GENESIS mission is to contrib-
ute to the achievement of the GGOS accuracy and sta-
bility goals concerning the ITRS realization, aiming for 
1 mm and 0.1 mm/year, respectively. To this aim, GEN-
ESIS will provide in-orbit co-location of the four space 
geodetic techniques: GNSS, SLR, DORIS, and VLBI, on a 
highly calibrated and stable platform.

We have shown in this article the primary and criti-
cal importance of the International Terrestrial Reference 
Frame (ITRF) and associated geodetic infrastructure 
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and products for many scientific applications in Earth 
and navigation sciences. This is illustrated in Fig.  9. In 
particular, the accuracy and stability of the ITRF is very 
important in the context of climate change to measure 
sea level rise, improve estimates of ice mass balance, 
and determine Earth’s energy imbalance—which are 
all observables that are critical in climate change stud-
ies. Moreover, the ITRF improvements can affect and 
improve many geodetic and geophysical observables as 
well as precise navigation and positioning.

In addition, the ITRF improvements strengthen the 
geodetic infrastructure, including the Galileo constel-
lation, by reducing biases and errors between differ-
ent techniques. GENESIS will be complementary and 
enhance the products of several other missions such 
as gravimetry and altimetry satellites. The addition of 
optional payloads such as an active laser retro-reflec-
tor (A-LRR) and an accelerometer can pave the way for 
very interesting and complementary objectives in navi-
gation and time/frequency metrology.

The crucial necessity of an accurate and stable real-
ization of ITRS is endorsed by a large community of 
scientists and industries as well as various authorities, 
including the IAG and the UN. Finally, a study by the 
CDF of ESA has demonstrated the feasibility of the 
GENESIS mission within the ESA FutureNAV defined 
program boundaries, with a targeted launch date in 
2027.

Abbreviations
ACES  Atomic Clock Ensemble in Space
A‑LRR  Active laser retro‑reflector
CDF  Concurrent Design Facility
CERES  Clouds and the Earth’s Radiant Energy System
CF  Center of figure (of the Earth)
CM  Center of mass (of the Earth)
CoM  Center of mass (of the satellite)
CRF  Celestial Reference Frame
DGFI‑TUM  Deutsches Geodätisches Forschungsinstitut at Technische Uni‑

versität München
DORIS  Doppler Orbitography and Radiopositioning Integrated by 

Satellite
EEI  Earth energy imbalance
EOP  Earth Orientation Parameters
ESA  European Space Agency
GGOS  Global Geodetic Observing System
GGRF  Global Geodetic Reference Frame
GIA  Glacial Isostatic Adjustment
GMSL  Global mean sea level
GNSS  Global Navigation Satellite System
GPS  Global Positioning System
GRACE  Gravity Recovery and Climate Experiment
GRACE‑FO  Gravity Recovery and Climate Experiment Follow On
IAG  International Association of Geodesy
ICESat  Ice, Cloud, and land Elevation Satellite
ICESat‑2  Ice, Cloud, and land Elevation Satellite 2
ICRF  International Celestial Reference Frame
ICRS  International Celestial Reference System
IERS  International Earth Rotation and Reference Systems Service
IGN  Institut national de l’information géographique et forestière
ILRS  International Laser Ranging Service
IPCC  Intergovernmental Panel on Climate Change
ITRF  International Terrestrial Reference Frame
ITRS  International Terrestrial Reference System
IUGG   International Union of Geodesy and Geophysics
JPL  Jet Propulsion Laboratory

Fig. 9 Illustration of how the geodetic infrastructure is linked to enabled scientific applications (National Academies of Sciences, Engineering, and 
Medicine 2020)
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LAGEOS  LAser GEOdynamics Satellites
LARES  LAser RElativity Satellite
LEO  Low‑Earth Orbit
LLR  Lunar Laser Ranging
MEO  Medium‑Earth Orbit
OHU  Ocean heat uptake
PCO  Phase Center Offsets
PV  Phase variations
P‑LRR  Passive laser retro‑reflector
POD  Precise orbit determination
SLR  Satellite Laser Ranging
SRP  Solar Radiation Pressure
SDGs  Sustainable Development Goals
T2L2  Time Transfer by Laser Link
TEC  Total electron content
TOA  Top Of the Atmosphere
TRF  Terrestrial Reference Frame
TRS  Terrestrial Reference System
UN  United Nations
UN‑GGIM  United Nations Committee of Experts on Global Geospatial Infor‑

mation Management
USO  Ultra‑stable oscillator
VGOS  VLBI Global Observing System
VLBI  Very Long Baseline Interferometry
VT  VLBI transmitter
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