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Abstract The realization of the international terrestrial ref-
erence frame (ITRF) is currently based on the data provided
by four space geodetic techniques. The accuracy of the dif-
ferent technique-dependent materializations of the frame
physical parameters (origin and scale) varies according to
the nature of the relevant observables and to the impact
of technique-specific errors. A reliable computation of the
ITRF requires combining the different inputs, so that the
strengths of each technique can compensate for the weak-
nesses of the others. This combination, however, can only
be performed providing some additional information which
allows tying together the independent technique networks.
At present, the links used for that purpose are topometric
surveys (local/terrestrial ties) available at ITRF sites hosting
instruments of different techniques. In principle, a possible
alternative could be offered by spacecrafts accommodating
the positioning payloads of multiple geodetic techniques
realizing their co-location in orbit (space ties). In this paper,
the GNSS–SLR space ties on-board GPS and GLONASS
satellites are thoroughly examined in the framework of global
reference frame computations. The investigation focuses
on the quality of the realized physical frame parameters.
According to the achieved results, the space ties on-board
GNSS satellites cannot, at present, substitute terrestrial ties
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in the computation of the ITRF. The study is completed by a
series of synthetic simulations investigating the impact that
substantial improvements in the volume and quality of SLR
observations to GNSS satellites would have on the precision
of the GNSS frame parameters.
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1 Introduction

The Earth is a complex interconnected system which con-
tinuously evolves over time. Geophysical phenomena span
a wide range of spatial and temporal scales and typically
involve different geospheres. Advances in Earth sciences,
then, necessarily rely on the availability of a unique frame-
work supporting the consistent study of the system as a
whole. Thanks to the efforts and the cooperation of a number
of geodetic institutions and associations, such a framework
is nowadays provided by the international terrestrial refer-
ence system (ITRS) and by its associated materialization, the
international terrestrial reference frame (ITRF). Supplying
“the foundation for nearly all ground-based and space-based
observations” (Minster et al. 2010), the availability of an
accurate and stable ITRF enables amulti-technique approach
in the monitoring of geophysical processes. In addition, it
allows tying together data acquired in successive measur-
ing campaigns (Nerem et al. 2010), which is a fundamental
requirement for the reliable detection of slow movements
and subtle crustal deformations (Blewitt 2015). In 2015, the
General Assembly of the United Nations has recognized
the key role of accessible, accurate and long-term stable
reference frames in sustainable development policymaking
and in the assessment of global change studies (General
Assembly of the United Nations 2015, resolution 69/266).
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Scientific studies focusing on sea level changes, variations in
ice sheet thickness, ground subsidence, hydrological forcing,
pre-seismic strain accumulation and visco-elastic character-
ization of Earth interior from post-seismic deformation pose
the most stringent requirements on the realization of the ref-
erence frame (Blewitt et al. 2010; Blewitt 2015). All these
disciplines critically depend on the accurate materialization
of the ITRF fundamental parameters, namely its origin and
its scale, and of their variations over time. Inaccurate deter-
minations of such quantities, in fact, might mask or bias the
detection of subtle geophysical signals.

The actual computation of the ITRF is based on the data
acquired by four different space geodetic techniques, namely
the Satellite Laser Ranging (SLR), the Very Long Base-
line Interferometry (VLBI), the Global Navigation Satellite
Systems (GNSS) and the Doppler Orbitography Radio-
positioning Integrated by Satellite (DORIS) (Altamimi et al.
2016). When treated independently, each of these tech-
niques realizes its proper frame (i.e., origin and scale). The
quality of the resulting parameters varies according to the
observation principle and to the impact of systematic biases
on the acquired observations. The combination of differ-
ent techniques aims at compensating specific limitations and
drawbacks with the strengths of the other contributions. The
different technique networks are, however, independent from
one another, and their reciprocal spatial distribution has to be
established in order to perform the inter-technique combina-
tion. For such connection to be evaluated, it is necessary that
the different geodetic systems are co-located within a dis-
tance that can be measured with independent high precision
strategies.

At present, the inter-technique link is provided by terres-
trial (or local) ties, which are measurements of the distances
and of the angles between the reference points (RPs) of
different instruments, co-located at some ITRF sites. Accord-
ing to Altamimi et al. (2011), the precision of terrestrial tie
estimates is, in general, not better than 3 mm. Concerning
the accuracy, ITRF2014 results show that the 3D agreement
between terrestrial ties and the corresponding space geodetic
estimates is worse than 2 cm in 20% of the cases. More-
over, differences larger than 5 mm are found for at least
one component for about 70% of the surveyed ties. Such
discrepancies result from calibration issues and systematic
errors potentially affecting all the involved measurements.
Evidences listed in Altamimi et al. (2011), however, suggest
that the major contributors are likely to be the systematic
biases associated with space geodetic estimates. A detailed
discussion of the technical aspects of local surveys and of
their implications for the realization of terrestrial reference
frames can be found in Sarti et al. (2013).

In this context, Thaller et al. (2011) suggested that a com-
plementary validation of terrestrial links could be provided
by the so-called space ties. Some spacecrafts, in fact, accom-

modate positioning payloads of different techniques, and
their orbit can be estimated through the simultaneous adjust-
ment of the different data types. Besides validation purposes,
the co-location in spacewould in principle overcome some of
the most problematic aspects of terrestrial ties, namely their
inhomogeneous spatial distribution and the suboptimal fre-
quency of their updates. Terrestrial ties, in fact, can only be
evaluated at those ITRF sites where instruments of the differ-
ent techniques are co-located and their values are just rarely
revisited because of the costs associated with the required
surveying campaigns. In the space-tie approach, on the con-
trary, all the different observations to a certain satellite can be
gathered in the same adjustment encompassing orbit param-
eters and ITRF products. The inter-technique link is then
realized continuously, and every station of the observing net-
works may contribute in its realization. The reliability of the
link “in orbit,” however, shall be investigated against some
critical aspects related to its actual implementation. First of
all, accurate pre-launch calibrations of the center of mass
(CoM) offsets of the different positioning payloads are lack-
ing for multi-technique spacecrafts, limiting the capability
of achieving a high-quality link. In addition, abundance and
quality of the technique-specific observations play a major
role in the effectiveness of the ties. Sparse and noisy observa-
tions might be insufficient to perform a connection accurate
enough to transfer reference frame information between the
different techniques.

This study aims at answering the question whether the co-
location between the GNSS and SLR techniques on-board
GNSS satellites can replace the use of terrestrial ties in the
computation of the ITRF. The analysis focuses on the char-
acterization of the precision, accuracy and pertinence of the
derived combined frame parameters. The investigation is car-
ried out for both short- and long-term terrestrial frames.

The data selected for this study are presented in Sect. 2,
while the devised analysis strategies are detailed in Sect. 3.
The procedures adopted for treating GNSS and SLR obser-
vations, as well as the inter-technique combination scheme,
are illustrated in separate subsections. The achieved results
are presented and discussed in Sect. 4, where the out-
comes of the short- and long-term computations are shown.
A fifth section reports the findings of a synthetic study
investigating the effects of improvements in SLR tracking
performances. Finally, all the relevant conclusions are sum-
marized in Sect. 6.

2 Input data

Three different types of data were taken into account for
this study: GNSSmeasurements acquired by ground stations
and SLR observations to the LAGEOS and to the GNSS
(GPS and GLONASS) satellites. The first two groups are
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Fig. 1 Selected ground network. All active SLR sites (green squares) were included together with their co-located GNSS antennas (red dots). The
GNSS network was completed by a set of stations homogeneously distributed over the globe

long-established inputs for the ITRF computation, while the
last one is needed to actually enable the combination fol-
lowing the space-tie approach. The investigated link was
mainly realized by GLONASS satellites, and all equipped
with Laser Retroreflector Arrays (LRA) and therefore track-
able by SLR ground stations; for the GPS constellation only
two spacecrafts (GPS-35 and GPS-36) provided a contri-
bution. Concerning microwave data, on the other hand, the
observations from all GPS and GLONASS satellites were
included in the solution.

The processing focused on a 4-year interval starting in
2011, when the Russian GLONASS constellation was fully
restored. The selected network is reported in Fig. 1; it encom-
passes 104 GNSS antennas and 39 SLR stations, part of the
International GNSS Service (IGS) and of the International
Laser Ranging Service (ILRS) networks, respectively (Dow
et al. 2009; Pearlman et al. 2002). All SLR sites active in the
course of the years from2011 to 2014were included, together
with their co-located GNSS instruments. During the inves-
tigated period, only 5 ITRF sites hosting an SLR telescope
were not equipped with an operative GNSS antenna. As the
spatial distribution of SLR stations was highly inhomoge-
neous, a set of complementary GNSS stations was added
in order to improve the global coverage provided by that

technique. In the site selection process, priority was given
to stations that observed continuously over the chosen time
period and to GLONASS capable stations. The number of
stations which could track GLONASS satellites increased
from about 50 to 80 % of the total network size between the
beginning of 2011 and the end of 2014.

3 Methodology

All measurements described in Sect. 2 were processed with
the same software package, Bernese GNSS software v5.2
(Dach et al. 2015), ensuring the highest possible consis-
tency in data treatment. For each group of observations,
normal equation systems (NEQs) were derived indepen-
dently to serve as basis for the subsequent reference frame
computations. In order to access the full reference frame
information inherent in the available observations, it is nec-
essary to simultaneously set up all the parameters fromwhich
the technique-specific observable depends. If some of these
quantities are kept fixed to their a priori values, in fact, the
external reference frame in which they are expressed will be
aliased, to some extent, in the new realization. Thus, for each
group of observations, the data adjustment encompassed sta-
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tion coordinates, satellite orbit parameters, Earth orientation
parameters (EOPs) and technique-specific corrective terms
absorbing systematic errors and the effects of mismodeling
issues. Among these nuisance parameters, the most rele-
vant elements for the study at hand are the Laser Ranging
Array (LRA) offsets and the phase center offsets (PCOs)
of GNSS satellites. Such quantities express the eccentricity
vectors of the different positioning payloads with respect to
the satellite center of mass (CoM), to which orbital elements
are referred. The vectorial sum of LRA and PCO consti-
tutes the properly said “space tie” (Thaller et al. 2011), as
these quantities connect, via the satellite CoM, the reference
points of the different geodetic systems on-board the same
platform. In addition, for the SLR technique, it was nec-
essary to account for range biases (RBs), which represent
the station- and satellite-dependent difference between the
theoretical and the measured range (Thaller 2008). Finally,
the analysis accounted for delays introduced by the signal
propagation through the atmosphere. According to the rec-
ommendations of the relevant services of the International
Association ofGeodesy (IAG), namely the IGSand the ILRS,
such delays were estimated as explicit parameters for GNSS
data, but modeled with an appropriate mapping function for
SLR observations.

The analysis of GNSS data and SLR observations to
LAGEOS satellites followed protocols and recommenda-
tions issued in the framework of the ITRF2014 repro-
cessing campaigns (IGS repro2 campaign guidelines can
be found at http://acc.igs.org/reprocess2.html; ILRS pre-
scriptions are listed in the minutes of the Analysis Work-
ing Group (AWG) meetings, http://ilrs.gsfc.nasa.gov/about/
reports/meeting_reports.html of the years 2013–2014). As
indicated in the ITRF2014 call for participation, such solu-
tions must conform to the International Earth Rotation and
Reference System Service (IERS) Conventions 2010 (Petit
and Luzum 2010), including updates posted at the relevant
Web site (IERS Conventions Center 2015).

The analysis procedure adopted for each group of obser-
vations is detailed in the next subsections, together with an
assessment of the quality of the technique-specific results. A
synthetic overview of the parameters setup in the NEQ sys-
tems of each group of observations is presented in Table 1.

3.1 GNSS analysis and validation

GNSS observations were processed in double-difference
modeusing the quasi-ionosphere-free linear combination and
setting a cutoff elevation of 3◦. Baselines were formed maxi-
mizing the number of simultaneous observations recorded by
the associated stations. For the sake of consistency, GPS and
GLONASS data were processed jointly. The pre-processing
phase was carried out on the basis of the analysis strategy

developed by the Center for Orbit Determination in Europe
(CODE), which is an IGS official Analysis Center (AC)
running an operational, fully consistent GPS/GLONASS
solution since 2002 (Hugentobler et al. 2006). For both
constellations, an attempt was made to fix initial phase ambi-
guities, following different resolution strategies according to
the baseline length, seeDach et al. (2015, chap. 8) for relevant
details. This procedure fixed about 80% of GPS ambigui-
ties, but only 40% of the GLONASS ones. The asymmetry
in the achieved performances is explained by the Frequency
DivisionMultiple Access (FDMA) protocol implemented by
the GLONASS system to identify the broadcasting satellite.
Unresolved ambiguities were estimated in the final adjust-
ment as float parameters.

Phase center offsets and direction-dependent phase center
variations (PCVs) for both satellite and ground antennaswere
modeled according to the IGS08 ANTEX file (Schmid et al.
2016); satellite z-PCOs were actually set up for each space-
craft and tightly constrained to the a priori values. Antenna
radome calibrations and GLONASS-specific models were
also accounted for. Concerning atmospheric parameters,
second- and higher-order ionospheric terms were modeled
according to the strategy of CODE operational solutions;
tropospheric zenith path delays, instead, were estimated as
a piece-wise linear function sampled every 2h. In addition,
daily horizontal north–south and east–west tropospheric gra-
dients were set up. Orbits were parameterized according to
the setting adopted by the CODEAC in the framework of the
repro2 campaign, which constitutes the official IGS contri-
bution to the computation of the ITRF2014.

The quality of the derived solutions was assessed through
7-parameter similarity comparisons with the official IGS
repro2 combined products (Rebischung et al. 2016). The
WRMSs of the resulting residuals are displayed in Fig. 2.
As it can be seen, if 1-day orbital arcs are set up in the
analysis, as recommended by the IGS, the WRMSs of the
station position residuals are typically in the order of 2–4
mm for the horizontal components and of 5–7 mm for the
vertical. Such values are considerably higher than those typ-
ically observed for the official IGS ACs over the same time
span, usually less than 2 and 5mm for the horizontal and ver-
tical components, respectively (Rebischung et al. 2016). For
the interpretation of these results, it is important to mention
that the presented solution relies on a rather sparse net-
work and encompasses a large amount ofGLONASS capable
stations in order to strengthen the GNSS–SLR connection
via the space-tie approach. Processing GLONASS obser-
vations is complicated by the shortcomings of the selected
orbital model (Rodriguez-Solano et al. 2014) for highly non-
spherical satellites and by limitations in the application of
the available algorithms for ambiguity resolution under the
FDMA protocol. These issues are long known to affect the
quality of the derived products (Meindl 2011), especially in
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Table 1 List of estimated parameters, parameterization choices and applied constraints adopted in the analysis of GNSS measurements (upper
block), SLR observations to the LAGEOS satellites (middle block) and SLR observations to GNSS satellites (lower block)

Estimated parameters Parameterization Constraints

GNSS-only solutions (9 days)

Station coordinates 1 set of 3D coordinates over 9 days NNR w.r.t. a priori coordinates
over GNSS reference stations

EOPs Estimated daily as offset + drift:

– X-, Y-pole coordinates

– UT1-UTC Offset heavily constrained to C04
time series aligned to ITRF08
(1.E-6ms)

Satellite orbits 3 non-overlapping orbital arcs of 3 days. No
connection imposed at the arc boundaries.

Each arc was parameterized as:

6 Keplerian elements at the beginning of the orbital
arc;

5 empirical acceleration parameters (ECOModela):

– Constants in D-, Y- and X-directions

– Periodic 1 per rev. terms in X-direction;

Velocity breaks every 12h:

– Radial 1.E-6 m/s

– Along track 1.E-5 m/s

– Out of plane 1.E-8 m/s

Tropospheric correction Zenith wet delays: Loose relative constraints of 1m

– estimated for each station every 2h

– piece-wise linear parameterization

– mapping function: wet VMF1b

Tropospheric gradients:

– N–S and E–W pairs estimated daily for each station

– piece-wise linear parameterization

– mapping function from Chen and Herring (1997)

Ambiguity Resolved in a baseline-by-baseline mode. According
to the baseline length L, the following strategy has
been followed:

L < 6000 km Melbourne–Wubbena approach

L < 2000 km Quasi-ionosphere-free (QIF) approach

L < 200 km Phase-based widelane/narrowlane
method

L < 20 km Direct L1/L2 method

Remaining unresolved ambiguities are resolved as
floats in the final data adjustment

PCOs Setup for each individual satellite Standard solution: 1E-5 m w.r.t.
igs08.atx

Solutions computed for Fig. 7,
Tables 4, and 5: free zPCO
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Table 1 continued

Estimated parameters Parameterization Constraints

SLR to LAGEOS (7 days)

Station coordinates 1 set of 3D coordinates over 7 days Loose constraints of 1m w.r.t. a
priori coordinates (applied in the
derivation of the reference
LAGEOS-only solution)

EOPs Estimated daily:

– X-, Y-pole offset

– UT1-UTC offset + drift Offset heavily constrained to C04
time series aligned to ITRF08
(1.E-6ms)

Satellite orbit parameters 1 orbital arc of 7 days parameterized as follows:

6 Keplerian elements at the beginning of the orbital
arc;

5 empirical acceleration parameters:

– Constant in along-track direction

– Periodic 1 per rev. terms in cross- and along-track
direction;

Tropospheric parameters Not estimated: Mendes–Pavlis zenith delay model
and mapping function applied

Range bias According to ILRS data handling file

SLR to GNSSc

Station coordinates 3D coordinates of SLR stations—stacking
performed at the level C-1 of Fig. 5

EOPs Same parameterization adopted for the SLR to
LAGEOS solution—stacking performed at the
level A-1 (with GNSS NEQ) and at the level C-1
(with SLR to LAGEOS NEQ) of Fig. 5

Satellite orbit parameters Same parameterization adopted for the GNSS-only
solution—stacking performed at the level A-1 of
Fig. 5

Tropospheric parameters Not estimated: Mendes–Pavlis zenith delay model
and mapping function applied

Range bias Solution RBilrs: RBs setup for the stations indicated
in the ILRS data handling file for the analysis of
LAGEOS data

Solution RBall: RBs setup for all SLR stations

The parameterization indicated in the SLR to GNSSc block is designed for the combination with GNSS data and SLR observations to LAGEOS
satellites; in the entries referred to common parameters, it is made reference to next Fig. 5 in order to specify at which stage of the combination the
relevant stacking is performed. The references for the models cited in the table can be found in:
aECOModel, Springer (1999); Beutler et al. (1994); Arnold et al. (2015)
bVienna mapping function VMF1, Boehm et al. (2006)

case of poor spatial coverage. In addition, it shall be pointed
out that most of the ACs contributing to the IGS repro2
campaign did not include GLONASS data in their analy-
sis (Rebischung et al. 2016), or, as in the case of CODE,
processed much denser networks. In order to cope with these
issues, the original daily solutions were turned into 3-day
adjustments characterizedby the estimationof a single orbital
arc and a unique set of station positions. Since the procedure
led to a satisfactory reduction of the WRMSs, Fig. 2—red
line, 3-day arcs have been adopted for modeling the orbits

of GNSS satellites throughout this study, despite the IGS
recommendation to process GNSS data daily. This choice
impacted the search for a homogeneous sampling of the time
series derived from the different types of observations. Since
ILRS guidelines prescribe to process LAGEOS data on a
weekly basis, it was decided to down-sample the GNSS time
series by stacking three consecutive non-overlapping 3-day
solutions centered on the ILRS week. As orbit parameters
were not included in this step, and the final 9-day solutions
were still relying on 3-day orbital arcs.
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Fig. 2 WRMSs of station position residuals resulting from 7-
parameter similarity comparisons between our daily (blue line) and
3-day (red line) GNSS solutions and the IGS repro2 combined results.
The horizontal black lines indicate the upper limit of the general agree-
ment shown by the solutions provided by the official IGS ACs

Adopting 3-day orbital arcs entails smoothing and over-
constraining orbital parameters with reference to official IGS
products. As shown in Fig. 2, this approach allows reducing
the noise in station positions, implying that the errors affect-
ing the daily POD must have been pushed somewhere else.
In recent years, the 3-day arc approach has been investigated
by Lutz et al. (2016), who concluded that long-arc computa-
tions improve also geocenter and EOPs estimates. In the light
of their results and of the correlations existing between the
different parameters, errors are then likely to be absorbed by
atmospheric delays, clock offsets and/or float ambiguities.
However, further investigations are needed in order to draw
conclusive remarks.

3.2 SLR analysis and validation

As previously mentioned, both SLR observations to the two
LAGEOS satellites and toGPS/GLONASS vehicles carrying
on-board retroreflector arrays were analyzed in this study.
For the first group of data, the ILRS has long-established
analysis standards that were followed in the derivation of
the presented results; for the second group, instead, no offi-
cial guidelines have ever been issued. The strategy selected
for this project results from a mixture of references to the
available literature, e.g., Thaller et al. (2011, 2014), and inde-
pendent choices which will be detailed in the following.

According to ILRS guidelines, SLR measurements to
the LAGEOS satellites were processed in weekly batches,
including all stations that acquired at least 10 normal points
(NPs). Range biases and CoM corrections were set up by
following the recommendations of the ILRS Analysis Work-
ing Group (AWG) (Mueller and Vei 2016; Otsubo and
Appleby 2003). Tropospheric delays were modeled accord-
ing to Mendes et al. (2002) and Mendes and Pavlis (2004).

Fig. 3 WRMSs of station position residuals resulting from 7-
parameter similarity comparisons between our weekly LAGEOS solu-
tion and the ILRS official contribution to the computation of the
ITRF2014. Results obtained considering either all the available SLR
stations or just the core sites are indicated in blue and red, respectively

The orbit parameterization encompassed 6 initial osculating
elements, a constant acceleration in the along-track direction,
and two once-per-revolution accelerations in the along-track
and cross-track directions. A single arc was set up over the
entire week.

Similarly to the procedure followed for GNSS estimates,
the LAGEOS solution computed for this study was validated
against the official ILRS contribution to ITRF2014. The two
solution series were compared on a weekly basis, through
7-parameter similarity transformations; the WRMSs of the
resulting station position residuals are reported in Fig. 3.
Over the investigated 4-year period, such WRMSs are in
the order of 4–6 mm for each component. If the computa-
tion is restricted to core stations only, the WRMS decreases
by a factor of 2, as a consequence of the significantly better
tracking performances achieved by these sites both in terms
of data quality and yield. The presented results are compara-
ble to the analogous computations carried out by the official
ILRSACs. It should be pointed out that, contrary to the ILRS
official contribution to ITRF2014, SLR data to ETALON
satellites have not been included in the study at hand. Even
at present, however, observations to these satellites are still
largely outnumbered by LAGEOS ones, and their contribu-
tion to the official ILRS solution is still marginal (Luceri and
Pavlis 2016).

Finally, SLR observations to GPS-35, GPS-36 and all
GLONASS satellites were taken into account in order to tie
the two techniques via the selected co-location in space. As
explained by Thaller et al. (2011), the actual link is real-
ized by the common estimation of orbital parameters with
the contribution of both observation types. The same orbit
parameterization and the same a priori values adopted for
GNSS data were used in the derivation of the normal equa-
tion systems. For SLR-specific parameters, on the other hand,
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Fig. 4 WRMSs of station position residuals resulting from 7-
parameter similarity comparisons between 9-day estimates based on
SLR observations to GNSS satellites and the weekly ILRS official con-
tribution to the computation of the ITRF2014

dedicated choices were required. In particular, two different
solutions were computed: in CASE RBilrs, range biases to
GNSS satellites were set up following the ILRS guidelines
issued in the framework of the analysis of LAGEOS data;
in CASE RBall, they were estimated for all stations. Follow-
ing the findings of Thaller et al. (2011), RBs were set up
in the form of one offset per station and group of satellites.
This means that only two RBs were introduced for each SLR
site, one for the two GPS spacecrafts, and one for all the
GLONASS. Even if, in principle, a satellite-specific depen-
dency could be observed, some of the adjustments performed
for this study are carried out at the weekly level and esti-
mating range biases over such short periods considerably
increases the noise of the solution, especially for poorly per-
forming stations. It is therefore not convenient to set up one
parameter per satellite–station pair, if empirical evidences
suggest that this is not strictly necessary. In both analysis
types, LRA offsets were kept fixed to the ILRS official val-
ues and so possible errors in the tabulated information might
bemapped into the range bias parameters. The characteristics
of the laser arraysmounted on the differentGNSS spacecrafts
are available at the ILRS Web site; for a synthetic summary,
the reader can refer to Sośnica et al. 2015—Table 3.

Also the solutions based on SLR observations to GNSS
satellites were compared to the ILRS official contribution to
ITRF2014 through a 7-parameter transformation. It should
be pointed out, however, that the SLR tracking of GNSS
satellites does not provide enough observations to (reliably)
estimate all the parameters on which the observable depends.
Therefore, for the purpose of the comparison, a dedicated trial
solution was computed estimating only station positions and
RBs while fixing GNSS satellite orbits to the a priori values,
i.e., to the precise orbits computed by CODE in the frame-
work of the repro2 campaign. The WRMSs of the resulting
residuals are presented in Fig. 4. The average agreement is

found at the 2-cm level, which is 5 times higher than the case
of SLR solutions to LAGEOS satellites when all the active
SLR stations are considered.

3.3 Inter-technique combination

The inter-technique combination encompassed a series of
successive stages, as summarized in Fig. 5. In a first step,
all the available information concurring to the estimation of
GNSS satellite orbits was merged, maintaining the model
detailed in Sect. 3.1 for the GNSS-only solution. The daily
NEQ systems set up independently for GNSS data and SLR
observations to GNSS satellites for three consecutive days
were stacked (Dach et al. 2007, Eq. 9.12) into a unique NEQ
system relying on a single orbital arc. The resulting time
series was then down-sampled in order to allow the final
stage of the combination with the LAGEOS solution. Con-
sidering the necessary constraints on the length of the orbital
arc, 9-day normal equations centered on the ILRS week
were derived from the stacking of three consecutive non-
overlapping 3-day systems. Finally, the overall combination
with the LAGEOS information was performed by stack-
ing the normal equations referred to the same mean epoch.
As a result, a time series of quasi-instantaneous reference
frames was obtained relying exclusively on the technique
co-location on-board GNSS satellites.

During the combination, each of the three groups of con-
tributing observations was weighted on the basis of the noise
level of the specific adjustments. In particular, weights were
computed as the product between the a priori σ of unit
weight, σ0, selected in raw data analysis, and the mean of
the a posteriori variance factors estimated for the relevant
9-day/weekly solutions. The σ0 values were set to 1, 10, and
50 mm for GNSS data and SLR observations to LAGEOS
and GNSS satellites, respectively. The corresponding aver-
age a posteriori variance factors resulted 1.96, 0.95, and 1.42.
It should be pointed out that for SLR observations to GNSS
satellites, themean a posteriori variance factorwas evaluated
from the inversion of the trial solution with reduced param-
eterization. As a consequence, the derived weight might be
optimistic.

3.4 Long-term solutions

The computations described in Sects. 3.1–3.3 produced four
different time series:

(1) GNSS-only 9-day time series
(2) LAGEOS-only weekly time series
(3) Quasi-instantaneous 9-day frames derived from the com-

bination of GNSS data and SLR observations to GNSS
and to LAGEOS satellites; in this case, two different time
series were computed according to the strategy selected
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Fig. 5 Flowchart of the inter-technique combination. Branch A: (1)
The daily NEQ systems set up independently for GNSS data and SLR
observations to GNSS satellites for three consecutive days were stacked
bymeans of the common parameters into a long-arc pre-combined solu-
tion; (2) the obtained time series was resampled to weekly comparable

time intervals (centered on the SLR week). Branch B: (1) A weekly
analysis of SLR observations to LAGEOS satellites was performed
according to ILRS recommendations. Branch C: (1) The overall combi-
nation was performed stacking A-2 and B-1 normal equations referred
to the same mean epoch

for estimatingSLR range biases toGNSS satellites, either
case RBilrs or case RBall.

In order to investigate the efficiency of the link provided
by the selected space ties on a long-term basis, all these time
series have been stacked into long-term solutions accord-
ing to the model implemented in the CATREF software
(Altamimi et al. 2007, 2016). The list of station disconti-
nuities and the post-seismic deformation models applied in
the realization of the ITRF2014were used. The origin and the
scale of the cumulated solutions were defined using internal
constraints (IC) (Altamimi et al. 2007), while the orientation
was specified byminimum constraints (MC) (Altamimi et al.
2008) with reference to ITRF2014.

The long-term stacking of (3) provided the secular realiza-
tion of the combined reference frame based on the space-tie
approach. The stacking of (1) and (2), on the other hand,
served as base for a traditional frame computation where ter-
restrial local ties are needed.

In summary, we formed the following long-term (LT) sec-
ular frames:

(LT-1) GNSS-only, constructed by accumulating the cor-
responding time series
(LT-2) LAGEOS-only, constructed by accumulating the
corresponding time series
(LT-3) GNSS-only + LAGEOS-only, constructed by
combining the two long-term solutions (LT-1) and (LT-2)

together with terrestrial ties. This is, in fact, a traditional
ITRF-like combination. In (LT-3), the subset of terrestrial
ties used for the realization of ITRF2014 and valid in the
interval 2011–2014 was applied. In addition, complying
with the ITRF computation strategy, the more reliable
origin and scale information realized by LAGEOS obser-
vations (Altamimi et al. 2007, 2011) was transferred
to the fully combined frame. From the technical point
of view, this was realized by setting up transformation
offsets and relative rates between the combined solu-
tion (which inherits the origin and scale of the SLR to
LAGEOS frame) and the input GNSS-only long-term
solution.
(LT-4) Fully combined secular frame based on space ties,
constructed by accumulating the time series of 9-day
frames derived from the combination of GNSS data and
SLR observations to GNSS and to LAGEOS satellites.
Two variants of long-term solutions were generated: (LT-
4a) using RBilrs option and (LT-4b) using RBall option.

The two combination approaches (LT-3 and LT-4 summa-
rized above) realized in this study reflect different philoso-
phies for the reference frame definition.When implementing
the space-tie approach, in fact, all the available observa-
tions are taken into account for the realization of the frame
defining parameters. In the ITRF-like process, instead, the
realization of origin and scale relies exclusively on LAGEOS
data.
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Fig. 6 Translation (a,b,c) and
scale (d) offsets estimated
between the 9-day GNSS-only
solutions and the GNSS
subnetwork within the fully
combined short-term frames

4 Results

The linking efficiency of the space ties on-board GNSS satel-
lites was assessed comparing the frame information (origin
and scale) realized by each technique-specific solution and
the overall combined products. The results of the quasi-
instantaneous and of the long-term analyses are presented
separately in the following subsections.

4.1 Quasi-instantaneous approach

The figures presented in this section show the translation
and scale offsets resulting from the comparison of the fully
combined short-term frame realizations with the correspond-
ing technique-specific solutions. Figures 6 and 7 refer to the
GNSS subnetwork, while Figs. 8 and 9 refer to the SLR
one.

Results presented in Fig. 6 show that the frame realized
by the GNSS subnetwork in the combined solution is equiv-
alent to the one computed with GNSS data only, at the level
of a few tenths of mm. According to the implemented anal-
ysis strategy, space ties are, therefore, not conveying any
LAGEOS-derived information to the GNSS frame in the
combined solution.

Concerning translation offsets, these results aim at com-
plementing previous studies where the space ties on-board

Fig. 7 Scale differences between fully combined short-term frames
and GNSS-only 9-day solutions both estimated with free z-PCOs

GNSS satellites were used to combine GNSS and SLR data.
In these works, geocenter coordinates were typically esti-
mated as explicit parameters and then discussed in the light of
the different scenarios adopted in data analysis. Thaller et al.
(2014), for example, explored different constraining options
for a subset of orbital parameters, while Thaller et al. (2013)
investigated the results of choosing different core networks
for the application of no net translation (NNT) constraints.
Our study, on the other hand, is concernedwith an assessment
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Fig. 8 Translation (a,b,c) and
scale (d) offsets estimated
between the weekly
LAGEOS-only solutions and the
SLR subnetwork of the fully
combined short-term
frames—CASE RBall

Fig. 9 Translation (a,b,c) and
scale (d) offsets estimated
between the weekly
LAGEOS-only solutions and the
SLR subnetwork of the fully
combined short-term
frames—CASE RBilrs
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of the homogeneity of the combined frame, i.e., on establish-
ing whether the implemented combination approach realizes
a solution in which all the technique-specific subnetworks
share the same origin and scale.

The results presented in Fig. 6a–c are in line with the
conclusions of Rebischung et al. (2014), who linked the
GNSS weak sensitivity to geocenter motion to the neces-
sary simultaneous estimation of satellite clock parameters
and atmospheric delays in GNSS analyses. SLR observa-
tions to GNSS satellites do not depend directly from any of
these quantities and, therefore, do not provide any additional
information to their estimates. A limited improvement could
have been expected for Tz, because of its partial correlation
with a subset of the selected orbit parameters (Rebischung
2014). In operational conditions, however, GNSS data are
so much more abundant and precise than SLR observations
to GNSS satellites that they dominate the orbit estimation
process and no detectable effects are found on Tz.

For what concerns Fig. 6d, no differences are visible
because, in both solutions, GNSS satellite PCOs were kept
fixed to the official IGS08 values, so that the scale of the
GNSS network was conventionally defined in both cases.
Another computation has then been carried out adding the
radial (z) components of the satellite PCOs to the standard
parameterization. The estimation of these additional param-
eters introduces an almost perfect correlation with the scale
of theGNSS network. GNSS-only solutions can nevertheless
be obtained because the relevant NEQ systems are almost,
but not exactly singular, see Rebischung (2014, Fig. 4.3). The
realized scale is, however, rather meaningless in this case, as
it becomes highly contaminated by modeling errors. In the
fully combined solution, it could have been expected that this
near-singularity would be overcome by the scale information
provided by SLR observations. This would have been the
case if the co-location on-board GNSS satellites could offer
an efficient link between the two techniques. The scale differ-
ences between the fully combined short-term frames and the
GNSS-only 9-day solutions with free z-PCOs are presented
in Fig. 7. It can be seen that no significant scale differences
actually exist between the two solutions. According to the
results of our analysis, the selected space ties are not trans-
ferring any SLR-based scale information to the GNSS frame,
even when GNSS satellite z-PCOs are freely estimated. If
the combined solution with free zPCOs is compared to the
GNSS-only solutionwith fixed zPCOs, an average bias of 0.7
ppb is retrieved, in agreement with the findings of Thaller
et al. (2015). We suggest, however, that such offset comes
from releasing the constraints on zPCOs rather than from the
contribution of LAGEOS data.

No relevant origin or scale discrepancies are observed
also when focusing on the SLR subnetwork, as shown in
Figs. 8 and 9, referring to CASE RBall and CASE RBilrs
solutions, respectively. The time series are considerably nois-

Fig. 10 1D-sketch representation of inter-technique combinations
with/without applying effective tying constraints. a Physical situation:
Two stations are located at a certain distance x from the center ofmass.b
In each system-specific frame, station coordinates depend on the inher-
ent realization of the frame origin and scale. c When the employed ties
fail to actually link the two frames, stations keep positioning according
to their own intrinsic frame realization even in the “combined” solu-
tion. d In properly combined frames, instead, all subnetworks adopt the
same origin and scale and the spatial co-location of the two stations is
restored

ier than in theGNSS case, mainly because of the contribution
of SLR observations to GNSS satellites, but no signifi-
cant mean offsets are observed. It can be noted, however,
that discrepancies in Tz and in the scale are less stable
when range biases to GNSS satellites are not routinely
estimated for all sites (CASE RBilrs). This is reasonable
considering that such parameters absorb modeling errors
and inconsistencies which otherwise map into station coor-
dinates.

The presented plots show that, in the combined solution,
each technique-specific subnetwork keeps its own inde-
pendent frame realization. According to the results of the
performed analysis, the selected space ties are not pro-
viding any actual link, and the two realizations coexist
autonomously within the “combined” solution.

A simple one-dimensional sketch is illustrated in Fig. 10 to
assist the interpretation of the achieved results. Let us assume
that a GNSS and an SLR station are installed at the same dis-
tance x from the geocenter, Fig. 10a. In general, different
(biased) realizations of the center of mass and of the scale
are materialized in each technique-specific frame. Therefore,
the coordinates of the two points in each relevant systemmay
differ from one another even if the stations are physically
co-located in the same point, Fig. 10b. The application of
effective ties during the combination leads to a unified frame
in which all subnetworks rely on the same frame parame-
ters. Due to systematic errors and modeling deficiencies, the
materialized origin and scale will still be biased, but the rel-
ative positioning of the stations will be correctly reproduced
at the expenses of rigid transformations and/or deformations
of the original technique-specific networks, Fig. 10d. On the
contrary, when the employed ties fail to actually link the two
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Table 2 Transformation parameters estimated at epoch 2010:001 from the GNSS-only long-term solution (LT-1) to the GNSS subnetwork within
the different realizations of the combined frames

Long-term (LT) frame Tx (mm) Ty (mm) Tz (mm) D (ppb) Rx (mas) Ry (mas) Rz (mas)

LT-3 relying on
terrestrial ties

6.3 (0.0) − 2.0 (0.0) − 0.2 (0.0) − 0.55 (0.00) 0.000 (0.000) − 0.000 (0.000) − 0.000 (0.000)

LT-4a relying on
space ties (case
RBilrs)

− 0.2 (0.0) − 0.2 (0.0) 0.1 (0.1) − 0.01 (0.00) 0.000 (0.001) 0.000 (0.001) 0.000 (0.001)

LT-4b relying on
space ties (case
RBall)

− 0.4 (0.1) − 0.3 (0.1) 0.0 (0.1) − 0.01 (0.00) 0.000 (0.001) 0.000 (0.001) 0.000 (0.001)

Uncertainties are indicated within brackets; when uncertainties are reported as equal to 0, it means that they are smaller than the last displayed digit

Table 3 Transformation parameter rates estimated from the GNSS-only long-term solution (LT-1) to the GNSS subnetwork within the different
realizations of the combined frames

Long-term (LT) frame T’x (mm/y) T’y (mm/y) T’z (mm/y) D’ (ppb/y) R’x (mas/y) R’y (mas/y) R’z (mas/y)

LT-3 relying on
terrestrial ties

− 0.1 (0.0) 0.1 (0.0) 0.6 (0.0) − 0.02 (0.00) 0.004 (0.000) 0.020 (0.000) − 0.006 (0.000)

LT-4a relying on
space ties (case
RBilrs)

0.0 (0.0) 0.1 (0.0) 0.0 (0.0) 0.00 (0.00) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)

LT-4b relying on
space ties (case
RBall)

− 0.1 (0.0) 0.1 (0.0) 0.0 (0.0) 0.00 (0.00) 0.000 (0.000) 0.000 (0.000) 0.000 (0.000)

Uncertainties are indicated within brackets; when uncertainties are reported as equal to 0, it means that they are smaller than the last displayed digit

frames, the origin and scale information of the individual
contributions is not homogenized and, even within the final
“combined” solution, stations keep positioning according to
their own intrinsic frame realization, Fig. 10c. According to
the results shown in Figs. 6, 7, 8, and 9, this is the case for
the space ties on-board GNSS satellites.

4.2 Long-term approach

The performance of the GNSS-SLR space ties on-board
GNSS satellites has been further tested on the basis of
the computation of secular reference frames. The quality
of the tying approach was assessed evaluating the similar-
ity between the combined frame with the technique-specific
long-term solutions. In particular, the investigation aimed at
identifying whether, under the different tying approaches,
the origin and the scale of the GNSS subnetwork within
the combined frames benefited from the contribution of the
SLR observations to LAGEOS satellites. For this purpose,
the transformation parameters and rates estimated between
the combined frames and the long-term GNSS-only solution
are shown in Tables 2 and 3, respectively.

These results reflect theweakness of the investigated space
link. In general, in fact, independent solutions can be adjusted
in a combined product only at the expenses of a certain defor-
mation of the input contributions (see Fig. 10d). When the

space-tie approach is followed in the combination, however,
the GNSS subframe does not show any significant difference
with respect to its original input contribution.Values reported
in Tables 2 and 3 show that, when the space-tie approach is
followed, SLR observations to LAGEOS satellites do not
provide any contribution to the origin and scale materialized
by the GNSS subnetwork within the combined solution. The
origin and scale differences retrieved between the compared
solutions are, in fact, at the submillimeter level, confirming
that the GNSS-only subnetwork keeps its own frame realiza-
tion within the combined solution.

When the terrestrial tie approach is followed, on the other
hand, discrepancies arise in both the origin and the scale
realization. Per se, this is not a conclusive indication that
a perfectly homogeneous reference frame is realized by the
application of terrestrial ties, but it provides an evidence that
some origin and scale information is transferred from one
subnetwork to the other. It can be noted that the stable scale
offset of − 0.55 ppb is consistent with the official ITRF2014
realization (Altamimi et al. 2016, Fig. 9), where the scale
is computed as the average of the SLR and VLBI contribu-
tions. According to Appleby et al. (2016), such offset shall
be attributed to the estimation of RBs to LAGEOS satellites
only for a limited subset of stations and is likely to be con-
siderably reduced by estimating RBs for the whole tracking
network.
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Table 4 Transformation parameters estimated at epoch 2010:001 from the GNSS-only long-term solution (LT-1, with free zPCOs) to the GNSS
subnetwork within the combined frame implementing the space-tie approach (case RBilrs) when, in both solutions, GNSS zPCOs were set free

Long-term (LT) frame Tx (mm) Ty (mm) Tz (mm) D (ppb) Rx (mas) Ry (mas) Rz (mas)

LT-4a relying on
space ties free
GNSS zPCOs

− 0.1 (0.1) − 0.1 (0.1) 0.0 (0.2) − 0.00 (0.09) 0.002 (0.009) − 0.002 (0.009) 0.002 (0.008)

Uncertainties are indicated within brackets

Table 5 Transformation parameter rates estimated from the GNSS-only long-term solution (LT-1, with free zPCOs) to the GNSS subnetwork
within the combined frame implementing the space-tie approach (case RBilrs) when, in both solutions, GNSS zPCOs were set free

Long-term (LT) frame T’x (mm/y) T’y (mm/y) T’z (mm/y) D’ (ppb/y) R’x (mas/y) R’y (mas/y) R’z (mas/y)

LT-4a relying on space ties free GNSS zPCOs 0.0 (0.0) 0.0 (0.0) 0.0 (0.1) 0.00 (0.00) 0.000 (0.001) 0.001 (0.001) − 0.001 (0.001)

Uncertainties are indicated within brackets; when uncertainties are reported as equal to 0, it means that they are smaller than the last displayed digit

Table 6 Characteristics of the
different simulated cases ID N of SLR stations σSLR to LAG

0 (mm) σSLR to GNSS
0 (mm)

A25 25 10 50

A49 49 10 50

B25 25 10 10

B49 49 10 10

C25 25 1 5

C49 49 1 5

D25 25 1 1

D49 49 1 1

The presented results do not depend on the estimation of
RBs to GNSS satellites, even if SLR observations to these
satellites are likely to be biased for virtually all the stations
(Otsubo et al. 2001; Thaller et al. 2011). In this context, the
performed long-term stacking allowed estimating multi-year
values for the range biases. For most of the stations, however,
the resulting RBs to the GNSS satellites were not statistically
significant, as the associated uncertainties were of the same
magnitude as the biases themselves. For this reason, the esti-
mated RBs were considered of too poor quality to be back
substituted in the original NEQ systems. The values retrieved
for the RBs to LAGEOS satellites, on the other hand, were
consistent with the average of the yearly results presented in
Appleby et al. (2016) over the period 2011–2014. It must be
noted, however, that RBs to LAGEOS satellites were set up
in this study following the current ILRSs prescriptions and
that Appleby et al. (2016) presented only the results achieved
for the best performing stations. Therefore, the comparison
was limited to 4 sites only: 7403, 7810, 8834, and 7249 for
which RB estimates resulted 14(4), 8.0(0.8),− 5(2), and 0(6)
mm, respectively.

Finally, the proposed comparison has been performed
for the solutions with free zPCOs introduced in Sect. 4.1.
The resulting transformation parameters and their rates are
reported in Tables 4 and 5, respectively. Also in that case,
however, the selected space ties did not transfer any frame,

and particularly any scale, information to the GNSS subnet-
work.

5 Simulations

Results presented in Sect. 4 show that, at present, the imple-
mented combination strategy is insufficient to replace the
use of terrestrial ties. The investigated co-locations in orbit
are, however, particularly appealing for the computation of
the ITRF, as they directly link two of the four contribut-
ing systems. In principle, the proposed tying approach might
even support the investigation of technique-specific biases,
improving the accuracy of the derived results. For these
reasons, multiple simulations were run in order to estab-
lish whether improvements in tracking performances might
strengthen the provided connection and eventually realize a
reliable inter-technique bond.

For that purpose, we simulated different daily sets of
GNSS and SLR observations, in which the abundance and
quality of the SLRdatawere progressively increased. A com-
bined normal matrix was built for each simulated scenario,
following the same parameterization as in our standard anal-
ysis, except that GNSS phase ambiguities were all assumed
to be fixed. Each normal matrix was then inverted under
appropriateminimal constraints, so as to obtain the variance–
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Fig. 11 Relative reduction of the formal errors of the origin and scale
of the GNSS network within the combined solution with respect to the
GNSS-only reference simulation. The characteristics of the displayed
cases are detailed in Table 6

covariance matrix of the estimated parameters derived from
each observation set. In the following, we will only focus on
the uncertainties (formal errors) thus obtained for the origin
and the scale of the GNSS network in the different scenarios.
A GNSS-only simulation was also performed to serve as a
reference.

The simulations encompassed the three groups of data
considered throughout this study: GNSS measurements and
SLR observations to LAGEOS and GNSS satellites. For all
spacecrafts, nominal orbit specifications were adopted. All
GNSS vehicles were considered equipped with SLR retrore-
flectors. A perfectly homogeneous distribution of the ground
networks was implemented for both techniques, ignoring the
actual partitioning between oceans and inland areas. The
GNSSnetworkwas composed of 100 stations, the SLRone of
either 25 or 49depending on the simulated scenario.Notwith-
standing the acquired data type, the same observation rate
of 5 min was adopted for all stations. This assumption is far
from being realistic for SLR, especially concerning day-time
acquisitions and/or high targets such as GNSS satellites, but
it guarantees a wealth of information even on a daily basis.
The precision of GNSS observations was kept fixed to 1 mm
level, while the different possibilities explored for SLR are
listed in Table 6. Starting values of σ SLRtoLAG

0 = 1 cm and
σ SLRtoGNSS
0 = 5 cmwere gradually reduced until a very opti-

mistic scenario where all SLR observations were considered
as precise as the GNSS measurements. For each simulation,
Fig. 11 shows the reduction of the formal errors of the origin
and scale realized by the GNSS subnetwork within the com-
bined solution relatively to the GNSS-only reference case.

Apart from the z-component of the geocenter, the for-
mal errors of the GNSS frame parameters are barely affected
by the addition of SLR data. In the most optimistic inves-
tigated scenario, i.e., when the same precision is assumed

for all data types, the improvement in Tz is about 15%. This
component, however, is the least well determined by GNSS
measurements (Rebischung et al. 2014), and the observed
improvement only partially copes for the gap observed
between the precision of Tz and that of Tx and Ty in the
GNSS-only simulation (about 20%). Focusing on the cases
referred to the state-of-the-art precision (A25 and A49),
Fig. 11 shows that no significant effect is observed even con-
sidering a large network of highly performing stations. In
this context, it should be pointed out that the minimum SLR
network dimension selected in these simulations, 25 stations,
can be considered as an upper limit for the number of sites
currently included in the weekly adjustments of LAGEOS
observations (Sośnica et al. 2014, Fig. 2). In real conditions,
however, the network distribution is strongly inhomogeneous
and only a limited subnetwork of about 10–15 sites reaches
high tracking performances.

An additional set of simulations was performed freeing
z-PCOs. Also in this case, the highest impact was observed
for Tz when assuming a 1-mm precision for all data types.
No effects were observed for the other frame parameters and
most notably for the scale.

The modest improvements observed are consistent with
the evidence that the GNSSweak ability to sense the geocen-
ter (and the scale) depends primarily on collinearity issues
related to the simultaneous estimation of tropospheric and
clock parameters (and z-PCOs). None of these quantities,
however, is included in the SLR observation equation, which
means that SLR measurements do not provide any direct
information to their determination. On the other hand, the
partial correlation of Tz with orbit parameters explains why
this component is the one for which the greatest effects are
observed.

6 Conclusions

The co-location of different geodetic techniques on-board
orbiting satellites offers the attractive opportunity to link their
independent networks while overcoming some of the most
problematic aspects of the terrestrial ties currently used for
the computation of the ITRF, namely their spatial distribution
and the frequency of their updates. Nevertheless, the actual
strength of the provided link has to be thoroughly investigated
in order to characterize the precision and the accuracy of the
combined frame parameters. In this work, the co-location
of the GNSS and SLR techniques on-board GNSS satellites
has been investigated at different timescales, revealing that,
at present, this linking approach is not suitable to replace
terrestrial ties in the derivation of homogeneous combined
reference frames. According to our results, the provided link
is, in fact, unable to transfer any scale or origin information
from one subnetwork to the other.

123



398 S. Bruni et al.

At the weekly level, it has been shown that the indepen-
dent subnetworks maintain their technique-specific origin
and scale realization within the solution resulting from the
investigated combination approach. In particular, the GNSS
origin and scale do not benefit from the combination with
LAGEOS observations which provide a more accurate mate-
rialization of the frame parameters. Even when z-PCOs are
freed, bringing the estimation of the GNSS scale on the verge
of instability, the two technique frames remain distinct and
just coexist within the merged solution. A theoretical jus-
tification of this behavior can be found in the mechanism
that drives the GNSS materialization of the frame physi-
cal parameters. The GNSS limited sensitivity to geocenter
motion (and scale) depends on the simultaneous estimation of
clock parameters, atmospheric delays (and satellite PCOs),
none of which is directly impacted by SLR observations.
These results were also confirmed by our long-term analy-
sis that showed that the GNSS frame realization within the
combined solution did not benefit from the combination with
SLR observations to LAGEOS data.

It must be stressed that the actual realization of the
space-tie approach investigated in this study reckons on
SLR observations to GNSS satellites. Since such data are
currently limited in number and considerably noisier than
GNSS data and SLR observations to LAGEOS satellites, it
was additionally studied whether significant improvements
in the availability and quality of laser ranges to GNSS
satellites would have an impact on the effectiveness of the
investigated space-tie approach. A simulation study was run
in order to retrieve the formal errors associated with the
GNSS frame parameters under different observing scenarios.
The simulations assumed a perfectly distributed network of
high performing SLR stations acquiring a valid return every
5min during each satellite flyover. Under the best investi-
gated conditions, i.e., when the same tracking precision was
implemented for all the involved groups of observations, a
precision improvement of about 15%was found for Tz, while
the other frame parameters were basically not impacted. The
observed effects are rather modest especially considering the
technological and infrastructural gap between the state-of-
the-art tracking conditions and the implemented scenarios.

In the light of the achieved results, the presented com-
bination strategy relying on the co-location of the GNSS
and SLR techniques on-board GNSS satellites does not pro-
vide, at present, a viable tying approach for the realization of
a homogeneous combined terrestrial reference frame. Even
improvements in the quality and abundance of the SLR track-
ing of GNSS satellites are likely to have just a limited impact
in the near future. The most relevant contribution of SLR
measurements to GNSS vehicles remains the microwave-
independent orbit validation process.

In a broader context, this study highlights the impor-
tance of a deep understanding of the mechanisms driving

the sensitivity of each geodetic technique to the reference
frame parameters. Concerning the investigated link, in fact,
SLR observations cannot directly sense any of the quanti-
ties controlling the GNSS sensitivity to the physical frame
parameters, thus severely limiting the efficiency of the inves-
tigated co-location in orbit.
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