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Abstract: Today, concepts within the Global Geodetic Observing System (GGOS) aim a Terrestrial
Reference System (TRS) with 1 mm accuracy and long-term stability of 0.1 mm/year. GETRIS
(Geodesy and Time Reference In Space) is a concept that aims to realize a relativistic reference system
based on satellites as an extension to the TRS. This helps with another goal of the GGOS, namely, the
connection of different satellite layers with the TRS. For a valuable contribution to the GGOS’s goals,
we would expect to achieve precise determined satellite orbits at the level of 1–3 mm and satellite
clocks with a picosecond accuracy. The use of increasingly precise links helps to improve the satellite
precise orbit determination (POD) and is necessary to synchronize the clocks in the satellite/station
network. We analyze a complementary use of high-precision optical dual one-way links at the level
of 1 mm precision together with the L-band. In previous studies, we analyzed the benefit for satellite
POD, achieving Medium Earth Orbit (MEO) as well as geosynchronous orbit (GSO) accuracies at the
low-millimeter level. In this work, we analyze the capabilities for clock synchronization. We compare
two different clock types for estimation and prediction. We analyze different satellite constellations
and different combinations of measurement links.

Keywords: GEO; IGSO; MEO; clock estimation; optical two-way link; inter-satellite link

1. Introduction

The aims for the future Terrestrial Reference System (TRS) are driven by the goals
of the Global Geodetic Observing System (GGOS) [1]: 1 mm accuracy and long-term
stability of 0.1 mm/year. The GGOS wants to achieve these goals by the collocated use
of different observation techniques such as GNSS (Global Navigation Satellite System)
measurements, VLBI (Very Long Baseline Interferometry), SLR (Satellite Laser Ranging),
LLR (Lunar Laser Ranging), radar observations, ISL (Inter-Satellite Links) and gravity
acceleration measurements. Furthermore, it is important for the GGOS to closely connect
the different satellite layers from the Low Earth Orbit (LEO), via the Medium Earth Orbit
(MEO), to the geosynchronous orbit (GSO).

The concept of a Geodesy and Time Reference in Space (GETRIS) was first discussed
by [2,3]. The goal of GETRIS is to extend the TRS by a space-based relativistic reference
system to contribute to the GGOS for the connection of the near Earth environment and deep
space—the moon and beyond. With the complementary use of GNSS L-band measurements
and dual one-way high-precision optical links between GSO and MEO satellites, a 1 mm
orbit precision as well as a clock synchronization at the picosecond level shall be achieved.
Dual one-way links are two one-way links that simultaneously measure between two
entities, where both are transmitters and receivers. From a technical perspective, the optical
links are comparable to the European Data Relay System (EDRS; [4,5])’s links, which
are used for data communication with geostationary (GEO) satellites. Due to its high
modulation rate, the EDRS link would technically allow ranging and time transfer with
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high precision. To move toward a GETRIS, such optical links have to be adapted to perform
calibrated ranging and time transfer.

The GENESIS satellite mission [6] has a similar approach as the one we follow with
the GETRIS concept. By a collocated use of geodetic techniques in space—GNSS, SLR, VLBI
and DORIS (Doppler Orbitography and Radiopositioning Integrated by Satellite)—the
time and space reference systems on Earth are aimed to be improved and homogenized.
GENISIS also intends to equip the satellite with a high-stability clock. The goal is to realize
a TRS with accuracy of 1 mm and long-term stability of 0.1 mm/year, which also matches
the GGOS’s [1] goal. A GENESIS-like concept on GNSS satellites would even enhance the
contribution to the GGOS and GETRIS.

The development of high-stability clocks has been rapidly growing in the recent past.
The Cesium atomic clock (frequency stability in the low 10−13 region at one day), the
Rubidium Atomic Frequency Standard (RAFS) (frequency stability in the low 10−14 region
at one day) and the Passive Hydrogen Maser (PHM) (frequency stability in the high
10−15 region at one day) are clock types that are already used in satellites of different
GNSSs. Satellite missions to test clocks with a significantly increased precision are already
in preparation. These high-stability clock concepts are, e.g., clocks based on iodine cells
and using optical frequency standards with a targeted frequency stability in the low
10−15 region for sample intervals between 100 s and 10,000 s [7–9]. The Deep Space Atomic
Clock (DSAC; [10]), a trapped-ion atomic clock developed by the National Aeronautics
and Space Administration (NASA), already demonstrated stability of 2 × 10−15 at 1 day
and 3 × 10−15 at 23 days [10,11]. Along with the ESA mission Atomic Clock Ensemble in
Space (ACES; [12,13]), a new clock concept is tested, which combines an Active Hydrogen
Maser (AHM) and a laser-cooled Cesium clock, called the Project d’Horloge Atomique à
Refroidissement d’Atomes en Orbite (PHARAO) [12–14]. The expected frequency stability
and precision is at the level of 3 × 10−15 at 300 s, 3 × 10−16 at 1 day and 1 × 10−16 at
10 days. The main challenges of such future clock types are still the high costs and the
complex manufacturing to be able to be carried by a satellite. For real-time processing
and, thus, for clock prediction, it is important to have stable clocks. However, with an
epoch-wise clock processing, a more stable clock does not give an improvement for clock
estimation. To achieve improvements in the estimation, a possibility is to optimize the
algorithm for clock modeling.

Optical two-way Inter-Satellite Links (OISL) is one measurement technique to perform
high-precision dual one-way satellite-to-satellite tracking with a laser [8,15–17]. The impact
of different ISL connectivity schemes was simulated in [15,18]. An alternative to OISL is
optical two-way/dual one-way ground-to-satellite links. European Laser Timing (ELT; [19]),
as part of the ACES mission, and T2L2 (Time Transfer by Laser Link; [20]) are two of the
ground-to-satellite ranging and time transfer techniques. BeiDou already involved an
optical measurement technique for two-way ranging, named Laser Time Transfer (LTT; [21]),
and a two-way microwave technique, named Two-way Satellite Time and Frequency
Transfer (TWSTFT; [22]), to achieve accurate time transfer. In [16,23], we introduced the
Optical Two-Way Link (OTWL) measurement concept for a future GNSS MEO satellite
constellation. This concept builds on dual one-way measurements and is the ground-
to-space counterpart of OISL. In [16], we compared the OISL and OTWL measurement
techniques and showed the benefits of synergistically using both techniques with Galileo
L-band measurements for the POD of MEO satellites. In [17], we expanded the MEO
satellite constellation by using inclined geosynchronous orbit (IGSO) and GEO satellites
and analyzed the orbit errors. The resulting orbit errors from [17] showed that combinations
of these measurement techniques also increase the orbit accuracy of IGSO and GEO satellites
to the millimeter level.

While we only analyzed the orbit errors in [16,17], in this study we focus on the
analysis of the satellite clocks from the simulation scenarios, which are identical to [17].
Our target is to estimate the satellite clocks, with respect to the reference clock, with an
accuracy at the picosecond level. We assumed that all satellites in the constellation each
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carry a PHM. The clocks were estimated epoch-wise using a least-squares adjustment. We
analyzed the results of the clock estimation by the mean error and standard deviation
of the estimated (apparent) clocks as well as the Allan deviation [24]. For comparison,
we performed a further simulation using the ACES clock as an example of a clock with
high stability for the future. Last, we performed the prediction of the estimated clocks
for all scenarios up to one day. We analyzed the influence of the OTWL and/or OISL
measurements being used in addition to the GNSS L-band observations as well as the
expansion of the MEO constellation with either the IGSO or GEO satellites for the clocks’
estimation and prediction. We want to indicate that this work is a simulation study and is
still far from a realistic project study. We take many systematic errors for the observations’
simulation and the orbit modeling into account, but the complexity of physical reality
cannot be fully transported into a simulation environment.

The work is structured as follows. In Section 2, we described the simulation setup and
initialize the simulation and estimation parameters. Section 3 presents the results of the
clock analysis. Our conclusions are given in Section 4.

2. Simulation Setup and Estimation

For this paper, we evaluate the impact of different high-precision observation tech-
niques used by a future GNSS satellite constellation for the estimation of satellite clocks.
The whole simulation and estimation procedure is equal to [17]. For the simulations and
analysis, we used a modified version of Bernese GNSS Software 5.2 [25]. Next, we de-
scribe the satellite constellations used (Section 2.1), the simulated observation techniques
(Section 2.2) and the measurement errors (Section 2.3) as well as the parameters estimated
in the least-squares adjustment (Sections 2.4 and 2.5).

2.1. Satellite Constellations and Ground Station Network

We selected the Galileo MEO satellite constellation—the satellite properties are based
on the first-generation Galileo satellites—as a typical GNSS satellite constellation and
expanded the constellation by either four GEO or IGSO satellites. Analogous to the scheme
of the GETRIS concept, we globally distributed the GSO satellites around the Earth [2,3]. An
overview of the three satellite types used in this work is given in Table 1. We analyzed the
results for the MEO-only, MEO+IGSO and MEO+GEO constellations. As the ground station
network used for the L-band and OTWL measurements consists of 16 ground stations (see
Figure 1), the GSO satellites had a different total number of visible ground stations. This
allowed for an analysis of the necessary ground station visibility as well.

Table 1. Simulated satellite types.

Satellite Types MEO IGSO GEO

Number of satellites in constellations 24 4 4

Constellation details Walker constellation
(56◦: 24/3/1).

Equatorial passes of the
IGSOs at the geographical

longitudes 10◦, 100◦, 190◦ and
280◦ to obtain a homogeneous
distribution around the Earth;
inclination 52◦. With respect
to the Earth-centered inertial
frame, all IGSO satellites are

on the same orbital plane.

Placed at the geographical
longitudes 10◦, 100◦, 190◦

and 280◦ to obtain a
homogeneous distribution

around the Earth. With
respect to the Earth-centered

inertial frame, all GEO
satellites are on the same

orbital plane.

Attitude mode Nominal
yaw-steering attitude. Nominal yaw-steering attitude. Orbit normal attitude mode.

Force models Earth gravity field up to degree and order 12; ocean and solid Earth tides; direct tides from
third bodies (Sun, Moon, Venus, Mars and Jupiter).

Solar radiation pressure Box-wing model according to [26].
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Our analysis was based on a period of 10 days, the Galileo MEO repeat cycle. We
processed 24 h observations, and the results were taken from one-day arcs. All satellites
were each equipped with one clock, to which all the observations types refer to. For the
first analysis, we emulated a PHM clock on each satellite. The PHM clocks were simulated
with white frequency noise at the level of 1 × 10−12 and random walk at the level of
3.9 × 10−16 when integrating over one second. A quadratic phase drift was not simulated.
For comparison, we performed further simulations with the ACES clocks, carried by all
satellites in the constellation, representing a high-stability clock. We simulated the AHM
of the ACES clock with flicker phase noise at the level of 1.4 × 10−13, white frequency
noise at the level of 3 × 10−14 and flicker frequency noise at the level of 1.35 × 10−15, when
integrating over one second. PHARAO was simulated with white frequency noise at the
level of 1 × 10−13 when integrating over one second. The ACES clock noise is composed in
such a way that the lowest noise always dominates. As PHARAO is a frequency standard,
the ACES clock is expected to have no quadratic phase drift. We are aware that high-
stability clock types such as the ACES clock will not be used as a standard GNSS satellite
clock in the near future. Nevertheless, in this work we want to analyze the benefit when
using the ACES clocks for GSO and MEO satellites.

2.2. Simulated Obervation Techniques

The simulated observation types for the study are the common GNSS L-band as well
as optical ranging and time transfer measurements: OISL, as a dual one-way satellite-
to-satellite measurement concept, and OTWL, as the dual one-way ground-to satellite
counterpart. An overview of the different links and their simulation procedures is given in
Table 2.
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Table 2. Simulated measurement techniques.

Measurement Techniques L-Band OTWL OISL

Simulation
Two-frequency code and

phase measurements in E1
and E5a.

Dual one-way range measurements and clock
differences’ observations.

Simulation details Ionosphere free
linear combination.

Scheduling according to [16]:
one OTWL terminal per

satellite; a ground station
can connect to one satellite

per epoch; long distance
telescope movements for the
ground stations are avoided
when switching to the next

satellite; minimum
observation elevation is 30◦,
seen from ground stations.

Scheduling adapted from the
connectivity scheme by [27].
Any-to-any scenario with

bidirectional links. One OISL
terminal per satellite.

Sampling rate in seconds 60 60 60

Number of used satellites 24 MEO satellites, optionally 4 additional IGSO or GEO satellites.

Number of used ground stations 16 16 -

Number of simulated
measurements per day:
MEO-only constellation

408,740, in code and phase. 43,400 32,290

Number of simulated
measurements per day:

MEO+IGSO/GEO constellation

482,830/478,900,
in code and phase. 45,040/44,950 33,900/33,890

In our simulations, it is assumed that each satellite is equipped with one terminal
to perform OTWL measurements in the L-band+OTWL scenario. For OTWL, a ground
station can, thus, connect with one satellite per epoch. In the following epoch, the ground
station tracks the nearest available satellite by its elevation and azimuth to avoid long-
distance telescope movements. The OTWL scheduling algorithm is optimized to avoid a
ground station connecting with the same satellite in consecutive epochs. The minimum
OTWL measurement elevation, as seen from the ground stations, is 30◦. A more detailed
description of the OTWL scheduling algorithm is given in [16].

Furthermore, we assumed that each satellite is equipped with one terminal to perform
OISL measurements in the L-band+OISL scenario. The scheduling was an any-to-any
scenario. The connectivity scheme was adapted from [27]. In the case of MEO+IGSO and
MEO+GEO constellations, the IGSO or GEO satellites were integrated alongside the MEO
satellites in the any-to-any link connectivity scheme, such that no GSO satellite connects to
another GSO satellite in successive epochs.

For the L-band+OTWL+OISL scenario, the satellites were assumed to be equipped
with two optical terminals: one to exclusively perform OISL measurements and the other
to exclusively perform OTWL measurements.

In this study, we combined the three observation techniques in several ways, such
as the L-band+OTWL, L-band+OISL and L-band+OTWL+OISL scenarios, and compared
the results to the L-band-only scenario. We also performed the optical-only measurement
technique scenario OTWL+OISL; however, in this scenario the clocks are singular [17].
Therefore, we do not consider the OTWL+OISL scenario in this work. Furthermore, we
neglect relativistic effects on the clocks. No full recovery of the relativistic influences of the
orbit may further disturb clock synchronization.
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2.3. Simulated Measurement Errors

The simulated measurement errors for the L-band are collected in Table 3 and for the
optical links in Table 4. A more detailed description of the simulation of the measurement
techniques and the measurement errors is given in [15,17]. For the L-band, we only
simulated white noise, while for the optical measurement types, we also accounted for
other noise types. Furthermore, we used different troposphere models in the simulation
and the further analysis. In the case of the L-band, we simulated Phase Center Variations
(PCV) as an elevation-dependent error. Tables 3 and 4 show that we separated the inter-
technique bias into a phase bias contribution and an optical bias contribution. Hence,
for our simulations we assumed that these biases remain from the calibration with the
optical links.

Table 3. Simulated L-band measurement errors.

L-Band Measurement Errors Description/Remark

Measurement noise White noise of 15 cm for code and 1.5 mm for phase measurements for each frequency.

Troposphere
modeling errors

Simulation Gridded VMF1 [28] model as an accurate model.

Solution GMF model [29] as a less accurate model.

Phase Center Variations (PCV)
A different pattern for each of the 16 ground stations and satellites, for transmitter and
receiver. Multiplication by factor 50 for receiver and transmitter code measurements
represents the worst-case scenario. The signatures are with resemblance to the multipath.

Constant phase bias A different phase bias per satellite, randomly distributed up to 5 mm. This represents
hardware delays in the phase.

Variation with once
per revolution

A different variation in the phase bias per satellite, randomly distributed up to 5 mm;
represents a temperature-dependent inter-technique bias per satellite.

Table 4. Simulated OTWL and OISL measurement errors. A detailed description of the different
errors is given in [15].

Optical Link Measurement Errors Description/Remark

Measurement noise

Flicker-phase noise Induced by various effects (e.g., trapping of charge carriers in semiconductors)
and occurs in all electronic devices. Selected noise level up to 0.5 mm.

Jitter of the Phase
Locked Loop (PLL)

A ranging distance-dependent error. Noise when varying between minimum and
maximum ranging distance:

- OTWL: 1.2–1.4 mm (MEO) and 1.7–1.9 mm (GSO).
- OISL: 0.1–1.5 mm.

Troposphere offset
(for OTWL only)

Simulated error: half the difference between the models of [30,31].

- Air pressure and temperature information from GPT [32].
- Relative humidity was set individually per ground station: min. 75%,

max. 90%. Varies randomly per station and epoch, each up to around ±6%.
- Max. error at 30◦ elevation 5 mm; min. error at 90◦ elevation 0.4 mm.

Bias due to the repeatability
of the link Uniformly distributed for each transmitter–receiver pair within ±0.5 mm.

Bias related to the equipment
calibration quality

Bias per transmitter and receiver, randomly distributed between −0.5 and 0.5 mm;
represents an inter-system bias, which affects the clock and the range.

2.4. Estimated Parameters

An overview of the estimated parameters, with respect to each measurement technique,
is given in Table 5. The estimated Solar Radiation Pressure (SRP) parameters are discussed
in more detail in Section 2.5. Furthermore, we estimated station-specific tropospheric wet
zenith delays for the L-band (two-hour sampling), but we did not estimate troposphere
parameters with respect to the OTWL measurements. We did not estimate ground station
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coordinates. Satellite and ground station clock parameters were estimated epoch-wise. For
the optical measurements, we estimated a daily range and clock synchronization bias for
each transmitter and receiver. As we also simulated variable biases for the optical links, the
estimation of daily biases did not fully represent the model. The simulated inter-technique
bias also had a phase bias contribution, but for the L-band we did not estimate range and
clock synchronization biases. We estimated phase ambiguities (float) for the L-band. The
phase biases are absorbed by the ambiguity estimation to a great extent.

Table 5. Estimated parameters with respect to each observation technique.

Estimated Parameters L-Band OTWL OISL

Station specific tropospheric
zenith delays Yes, every two hours. No. -

Ground station coordinates No. No. -

Satellite initial state vectors and solar radiation
pressure parameters Yes. Yes. Yes.

Phase ambiguities (float) Yes. - -

Epoch-wise satellite and ground
station clock parameters

Yes. Yes. Yes.
One clock for each satellite and each ground station.

Daily range and clock synchronization biases No.

Yes. Yes.
One transmitter and one receiver bias per entity,

each for OTWL and OISL
(also in scenarios with L-band+OTWL+OISL).

Overall, the estimation of the biases leads to a rank-deficient normal equation matrix
in our simulations. Therefore, we introduced constraints for the bias estimation in different
scenarios: constraints within the range of the expected precision of the optical links (1 mm)
and a solution with five times looser constraints.

2.5. Estimated SRP Parameters

SRP is the largest non-gravitational force disturbing the orbits of MEO and GSO
satellites [33–35]. To include an SRP error in the procedure, we used the box-wing (BW)
model from [26] when generating the orbits for the simulation. For the GNSS solutions,
we used empirical SRP parameters in the least-squares adjustment. No BW parameters
were estimated. ECOM2 [36], with a total of nine SRP parameters, was selected as the basic
empirical SRP model. The model was defined in the DYB coordinate system: D points from
the satellite to the Sun, Y is the direction along the solar panels and B completes the right-
handed orthogonal system. The ECOM2 (Equation (1)) SRP parameters were estimated as
constant as well as periodic sine and cosine terms, including a once per revolution term in
B as well as two and four times per revolution terms in D. ∆u is the argument of latitude
with respect to the Sun. In the further context, the constant parameters had a subscript 0.
A subscript s was used for the sine parameter and a c for the cosine parameter. The per
revolution term was numbered following the corresponding directions: D, Y or B.

As discussed in [16], it is possible to estimate up to 13 SRP parameters in a POD
process when using measurements of two or more different observation techniques. The
L-band-only measurement scenario could not benefit from estimating more than nine SRP
parameters. Therefore, for the results shown in this work, we used ECOM2 (Equation (1))
for scenarios only using the L-band.

D = D0 + D2c cos(2∆u) + D2s sin(2∆u) + D4c cos(4∆u) + D4s sin(4∆u),
Y = Y0,
B = B0 + B1c cos(∆u) + B1s sin(∆u),

(1)
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For scenarios using combinations of measurement techniques, we used an extended
SRP model containing more than nine parameters. While the estimated parameters for
D and Y stay the same, we extended further, per the revolution terms, for B. First, we
extended the ECOM2 by the B3 parameter (sine and cosine (Equation (2)).

B = B0 + B1c cos(∆u) + B1s sin(∆u) + B3c cos(3∆u) + B3s sin(3∆u), (2)

Second, we extended Equation (2) by the B5 parameters (sine and cosine (Equation (3)).
Again, the D and Y parameters are identical to ECOM2 (see Equation (1)) when using this
SRP modeling.

B = B0 + B1c cos(∆u) + B1s sin(∆u) + B3c cos(3∆u) + B3s sin(3∆u) + B5c cos(5∆u) +
B5s sin(5∆u),

(3)

For each simulation scenario, we used the SRP modeling that is the best in the solution.
The DYB coordinate system is optimized for MEO and IGSO satellites but not for GEO

satellites. As in orbit-normal mode, the orientation of the solar panel is not perpendicular
to the Sun-satellite direction, so we used a different DYB orientation for the GEO satellites,
named DYB. In this frame, Y is perpendicular to the orbital plane, B is perpendicular to
Y and the Sun-satellite direction, and D completes the right-handed orthogonal system.
In [17], we analyzed the modeling error introduced by the parameter differences of the true
and mismodeled BW parameters for the GEO satellites. The result was a further optimized
model, as shown in Equation (4). The maximum number of parameters is still 13.

D = D0 + D1s sin(∆u) + D2c cos(2∆u) + D3s sin(3∆u) + D4c cos(4∆u),
Y = Y0 + Y1s sin(∆u) + Y2c cos(2∆u),
B = B0 + B1c cos(∆u) + B2s sin(2∆u) + B3c cos(3∆u) + B4s sin(4∆u),

(4)

3. Results

We discuss the results of this simulation study by analyzing the clock error (true—
estimated clocks) for MEO satellites as well as IGSO and GEO satellites in the constellation.
While we used PHM satellite clocks for the simulations performed in [17], all scenarios in
this work are completed for two different clock types—the PHM and ACES clocks—carried
by all satellites in the constellation. We analyze the clock error for the estimated period
and discuss the clock prediction possibilities for the different scenarios. For each scenario,
we select the SRP modeling according to the overall best solution—Equations (1)–(3) in
the case of MEO and IGSO satellites and Equation (4) in the case of GEO satellites. The
weights between the different observation techniques are shown in Table 6 and are selected
in terms of the best orbit accuracies that could be achieved with a certain weighting. A
variance component estimation was analyzed in [37].

Table 6. Weighting of OTWL and OISL observations with respect to L-band measurements
σ2

L-band/σ2
OTWL/OISL.

MEO-Only Constellation MEO+IGSO Constellation MEO+GEO Constellation

SRP Modeling
According to

L-Band+
OTWL

L-Band+
OISL

L-Band+
OTWL+

OISL

L-Band+
OTWL

L-Band+
OISL

L-Band+
OTWL+

OISL

L-Band+
OTWL

L-Band+
OISL

L-Band+
OTWL+

OISL

Equation (1) 25 2.5 2.5 25 2.5 2.5 - - -

Equation (2) 25 25 25 25 25 25 - - -

Equation (3) 25 25 25 25 25 25 - - -

Equation (4) - - - - - - 100 100 10
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In the following, we first analyze the constraining of the clock synchronization biases
in the case of OTWL measurements (Section 3.1), as this gives the constraining we use
for all further analyses of the clock errors in this study. Then, we analyze the clock errors
(Section 3.2) by a separate detailed analysis of the mean error (Section 3.2.1) and the standard
deviation of the estimated clocks (Section 3.2.2) for the different scenarios. An analysis
of the Allan deviation is given in Section 3.3. All the listed analysis steps are completed
for the estimated period. Last, we analyze the possibilities of the clocks’ prediction for all
the simulated scenarios (Section 3.4). The results for the clock errors are mostly given in
centimeters to relate to the positioning error that is analyzed in this work.

3.1. Analysis of the Constraining of the Clock Synchronization Biases

In different scenarios regarding OTWL observations, the clock synchronization biases
are either hardly (at the level of the ranging precision of 1 mm) or loosely (five times looser
constraints) constrained by introducing pseudo-observations. Scenarios without OTWL
observations are not affected by the constraints’ variations. In the following sections, we
perform a separate detailed analysis on the mean error (see Section 3.2.1) as well as the
standard deviation of the estimated clocks (see Section 3.2.2), but overall the different
constraining types do not affect the standard deviation of the estimated clocks. Therefore,
to analyze the effect of the constraining of the clock synchronization biases, we compute the
mean error of the estimated clocks per satellite and per day of the simulation period. This
leads to a total of 240 realizations for the MEO-only constellation and up to 280 realizations
for the MEO+GSO constellation. These realizations are arranged in ascending order and
the minimum, the 5%, the mean (average), the 95% and the maximum absolute values are
extracted per scenario. Figure 2 shows the mean error of the estimated clocks as a function
of the L-band+OTWL and L-band+OTWL+OISL scenarios as well as hard (left plot) or
loose (right plot) constraining.
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Figure 2. Analysis of the constraining of the clock synchronization biases in the case of OTWL obser-
vations. The plots show the mean error of the estimated clocks as a function of the type of observables
used, and hard (left plot) or loose (right plot) constraining. The minimum, mean (average) and
maximum values as well as the values bounding the 5% or 95% of the results are reported.

For the L-band+OTWL scenario, a large discrepancy between the minimum and
maximum value is generally noticeable. The L-band+OTWL scenario with hard constraints
gives a factor of about 10 lower mean errors than we obtain from the scenario with five times
looser constraints. For the L-band+OTWL+OISL scenario, much lower maximum values as
well as a much smaller discrepancy between the minimum and maximum values can be
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achieved. This is due to the additional use of OISL observations. With the hard constraints,
the mean error of the estimated clocks is on average at a factor of about 7.5 smaller than in
the scenario with looser constraints. The same behavior can be found for results regarding
the MEO+IGSO and MEO+GEO constellations. For our specific simulations, this leads us
to use the hard constraints for all the further results presented in this work. Our goal is to
realize a time and ranging reference. Therefore, hard constraining is needed, and for the
optical link it is assumed that it is calibrated as good as possible.

3.2. Results of the Estimated Clocks

In this section, we analyze the results of the estimated clocks (true—estimated).
Figure 3 shows the clock errors for different scenarios and 10 days of the simulation period
from the MEO-only constellation. A similar behavior for the total error of the estimated
clocks is achieved for the MEO+IGSO and MEO+GEO constellations. Referring to Figure 3,
we provide a separate detailed analysis on the mean error and the standard deviation of
the estimated clocks in the following subsections.
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3.2.1. Mean Error of the Estimated Clocks

In this section, we analyze the mean error of the estimated clocks (true—estimated) for
the different scenarios. The results shown in this section refer to simulations with the PHM
clocks, but almost the same results are achieved for the ACES clocks. This is expected when
estimating clocks epoch-wise. The advantage of a more stable clock is then only exploited
in the prediction.

For the L-band-only scenario, a substantial mean error of the estimated clocks is
noticeable (see Figure 3). Due to the epoch-wise clock estimation, errors from other sources—
e.g., remaining orbit errors, errors due to a wrong bias estimation and dominant troposphere
errors—are shifted to the clock. The optical observations support the L-band and prevent
these errors from going into the clock. OISL does not allow for errors to be put into
individual satellite clocks, as all satellite clocks are strongly connected. This is the huge
benefit of OISL, as all satellites are synchronized with each other. The results for the clock
errors are mostly given in centimeters to relate to the positioning error, which is analyzed in
this work. Hence, the scenarios including OISL show the same mean error of the estimated
clocks for all satellites for each daily solution, but the mean errors are still substantial. The
reason is that OISL has no direct relation to the reference station on the ground, which
only allows to uniformly distribute the clock synchronization biases for an average error.
For the L-band-only or L-band+OTWL scenarios, the mean error of the estimated clocks
varies for each satellite. However, for the scenarios including OTWL measurements, the
estimated clock synchronization bias compensates for the systematic errors to a great extent.
The reason is that OTWL has a direct relation to the reference station, and OTWL forces
the solution toward the optical troposphere error—no model parameters are estimated
for the optical troposphere delays, which are at the level of some millimeters. In the
L-band+OTWL+OISL scenario, both the arguments of OISL and OTWL apply together.
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Analogous to Section 3.1, we compute the mean error of the estimated clocks per
satellite and per day of the simulation period, arranging the realizations in ascending order
and extract the minimum, the 5%, the mean (average), the 95% and the maximum absolute
values of all realizations. Figure 4 compares the mean error of the estimated clocks for
the L-band-only, L-band+OTWL, L-band+OISL and L-band+OTWL+OISL scenarios in the
MEO-only constellation. On average, the L-band-only scenario achieves a mean error of
the estimated clocks of around 21 cm. The scatter of the mean error of the estimated clocks
for the different realizations is substantial. For the L-band+OISL scenario, the average error
reduces to around 18 cm. The minimum error is at 15 cm, and the maximum error is at
around 21 cm. The scatter is from the daily variation in the estimated clock synchronization
biases, as all satellites achieve an almost identical mean error of the estimated clocks per
daily solution (see Figure 3). The L-band+OTWL scenario achieves an average error of
0.8 cm and 3.8 cm at the maximum. The L-band+OTWL+OISL scenario achieves the best
results with an average error of 0.3 cm and a maximum error of 0.7 cm.
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Figure 4. Analysis of the mean error of the estimated clocks, averaged for the 24 MEO satellites in the
MEO-only constellation. The plot shows the mean error of the estimated clocks as a function of the
type of observables used. The minimum, mean (average) and maximum values as well as the values
bounding the 5% or 95% of the results are reported.

For additional IGSO satellites in the constellation, no significant changes in the mean
errors of the estimated clocks are noticeable for the MEO satellites for all the scenarios
compared to the MEO-only constellation.

For IGSO satellites, the mean errors of the estimated clocks behave similarly overall
to the MEO satellites. However, due to the varying number of visible ground stations for
each of the four IGSO satellites and, hence, the varying numbers of L-band observations,
the scatter between the minimum and maximum values of the mean error of the estimated
clock is much larger in the L-band-only scenario than for the MEO satellites. For L-band-
only the best realization is at around 2 cm and the worst at around 70 cm. Although
the number of OTWL observations varies with the number of visible ground stations for
each IGSO, no significant degradation of the mean error of the estimated clocks shows
up for the L-band+OTWL scenario, when analyzing the different realizations, compared
to the results achieved for the MEO satellites. The same behavior is noticeable for the
L-band+OISL scenario. However, the L-band+OTWL+OISL scenario shows about 1 cm
worse mean errors of the estimated clocks for some realizations for the IGSO satellites.
When averaging the mean errors of the estimated clocks per satellite over 10 days (see
Figure 5), it is noticeable for the L-band+OTWL and L-band+OTWL+OISL scenarios that
one IGSO satellite has a larger mean error of the estimated clock than the other IGSO
satellite or all the MEO satellites.
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For the MEO+GEO constellation, the L-band-only scenario achieves worse mean errors
of the estimated clocks for the MEO satellites, compared to the MEO-only constellation. The
degradation in the L-band-only scenario is at around 3 cm for the mean and the 95% values
and 9 cm for the maximum value. For the scenarios with combinations of observation
techniques, the mean errors of the estimated clocks are similar to the results from the
MEO-only constellation.

For the GEO satellites, the coverage by the ground stations largely affects the results
of the L-band-only and L-band+OTWL scenarios. While each IGSO satellite has visibility
of at least four ground stations, some GEO satellites see less: GEO-1 sees two stations,
GEO-2 sees five stations, GEO-3 sees one station, and GEO-4 sees three stations. Due to
this, the normal equation matrix in the estimation is singular for some GEO satellites in
the L-band-only and L-band+OTWL scenarios, as we estimate the orbit parameters in
parallel to the clock parameters. Therefore, we have to exclude GEO-1, -3 and -4 from the
L-band-only analysis. Due to the additional two-way observations in the L-band+OTWL
scenario, the clocks can be synchronized with only three ground stations when estimating
the orbit and clock parameters in parallel. Hence, we only exclude GEO-1 and -3 for the
L-band+OTWL scenario. The mean clock errors of the estimated clocks, averaged over
10 days, are shown in Figure 6. For the GEO satellites, similar mean errors of the estimated
clocks can be achieved compared to the MEO satellites, for all scenarios.

For MEO, IGSO and GEO satellites, the main outcome is that the OISL measurements
homogenize the mean errors of the estimated clocks for all satellites, which is especially
noticeable when averaging the results per satellite over several days. This is expected
from OISL and underlines the advantage of having steady clock synchronizations between
satellites at different altitudes. Although the OTWL observations in addition to the L-band
measurements cannot synchronize satellite clocks to each other, the overall mean error of
the estimated clocks is much smaller compared to the L-band+OISL scenario, as OTWL has
a direct relation to the reference clock and, hence, helps to reduce the L-band’s systematic
errors. The L-band+OTWL+OISL scenario combines the advantages of OISL and OTWL.
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per day and then averaging over the 10 days of the simulation period per satellite. Each blue bar is
related to one of the 24 MEO; the red bars relate to the GEO satellites in the MEO+GEO constellation.

3.2.2. Standard Deviation of the Estimated Clocks

In this section, we analyze the standard deviation of the estimated clocks. The results
shown in this section refer to the simulations with the PHM clocks but are analogous to
the mean errors of the estimated clocks; the estimation results are similar when using the
ACES clocks.

For the MEO satellites, the standard deviations of the estimated clocks are similar for
the MEO-only and MEO+IGSO constellations. The results according to 240 realizations
is shown in Figure 7 as an example for the MEO+IGSO constellation. The L-band-only
scenario still has cm level standard deviations and a remarkable discrepancy between
the minimum (around 2.7 cm) and maximum (around 18 cm) values. On the other hand,
the standard deviations of the estimated clocks are at the mm level for the scenarios that
include optical links (see also Figure 3). In addition, when the daily standard deviations
per satellite are averaged over 10 days, the scatter of the results between the satellites is
negligibly small with mean values of around 4–7 mm. The L-band-only scenario has a
maximum scatter of about 4 cm and a mean of around 8 cm.
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Figure 7. Analysis of the standard deviation of the estimated clocks for the 24 MEO satellites in the
MEO+IGSO constellation. The plot shows the standard deviation of the estimated clocks as a function
of the type of observables used. The minimum, mean (average) and maximum values as well as the
values bounding the 5% or 95% of the results are reported.
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For the MEO satellites in the MEO+GEO constellation, the daily results for the standard
deviation of the estimated clocks are similar to the results of the MEO-only and MEO+IGSO
constellations for the scenarios that include optical links. The L-band-only scenario shows
worse results. Compared to the MEO-only and MEO+IGSO constellations, the degradation
factor is around 1.8 for the mean value and around 2.7 for the 95% and the maximum value.
The reason for the degradation in the L-band-only scenario is the correlation between the
troposphere (visible in the estimated parameters of the tropospheric wet zenith delay) and
clock parameters, as the final MEO orbit errors are rather smaller when adding the GEO
satellites to the constellation (compare [17]).

Analyzing the scenarios with GSO satellites in the constellation, in the L-band-only
scenario the best realization (minimum value) for the IGSO satellites is at around 5.7 cm,
while the worst (maximum value) is at around 44 cm. Averaged over 10 days, the best
IGSO achieves a standard deviation of the estimated clocks of around 15 cm and around
32 cm for the worst. The GEO satellite with good ground station coverage achieves around
26 cm for the best realization and around 114 cm for the worst. Averaged over 10 days,
the standard deviation is at around 58 cm. Hence, the IGSO satellites achieve smaller
standard deviations of the estimated clocks than the GEO satellites when having only
L-band measurements. However, this can be traced back to the total number of visible
ground stations.

For the scenarios with optical links included, the standard deviations of the estimated
clocks for all IGSO satellites in the MEO+IGSO constellation as well as for all GEO satellites
in the MEO+GEO constellation are at a similar level as for the MEO satellites. Hence, the
optical links stabilize the clock errors of the MEO as well as the GSO satellites overall, to a
great extent.

3.3. Allan Deviation

In this section, we analyze the frequency stability of the estimated clocks for the
different scenarios. The frequency stability is defined as the variation in the frequency
between two consecutive periods. Computing an Allan variance, the frequency stability is
shown in the time spectrum. The square root of the Allan variance gives the Allan deviation.
With the simulation period of 10 days, it is possible to determine the Allan deviation up to
about 1 day.

Figure 8 (left) shows the Allan deviation for the estimated PHM clocks with respect to
the true clocks for the L-band-only, L-band+OTWL, L-band+OISL and L-band+OTWL+OISL
scenarios. The given results apply to the MEO satellite, as an example. The estimated
clock from the L-band-only scenario does not reach the stability of the true clocks for the
interval up to one day. On the other hand, the estimated clocks from the L-band+OISL,
L-band+OTWL and L-band+OTWL+OISL scenarios are close to each other and reach the
stability of the PHM for time intervals larger than about 1000 s. This indicates that the
PHM is still limiting the potential of the combination of observation techniques. With a
much more stable clock, the real potential of the combination of observation techniques
can be investigated. The ACES clock is such a clock, which we use as an alternative clock
in this work. While the L-band-only scenario mainly shows white noise, the downward
slope of the L-band+OISL, L-band+OTWL and L-band+OTWL+OISL scenarios is larger for
time intervals up to around 500 s. This is quantization noise, as the current International
GNSS Service (IGS) clock’s Receiver INdependent EXchange (RINEX) file—the file type
we use to load our simulated clocks into the Bernese software—is primarily developed
for GNSS, and, hence, the file accuracy is not quite sufficient for combinations of the
observation techniques.
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Figure 8 (right) shows the Allan deviation of the estimated clocks when using the
ACES clocks in the simulation. For the L-band-only scenario, no improvement in frequency
stability can be achieved compared to the use of the PHM clocks. In the L-band+OISL
scenario, the frequency stability of the estimated clocks further improves but does not
reach the frequency stability of the true clocks. The L-band+OTWL scenario behaves
similarly to the L-band+OISL scenario up to intervals of 5000 s but achieves a minimal
better frequency stability. For larger intervals, the L-band+OTWL scenario can gain from
the long-term stability of the ACES clock. The L-band+OTWL+OISL scenario now achieves
a far higher frequency stability compared to the estimated clocks from the L-band+OISL and
L-band+OTWL scenarios. The estimated clocks even reach the stability of the true ACES
clocks for intervals larger than about 20,000 s. This means that the L-band+OTWL+OISL
scenario can completely benefit from the long-term stability of the ACES clock. On the
other hand, there might still be potential for further improvements in the long-term stability
when using even more stable clocks.

3.4. Clock Prediction

In this section, we analyze the possibilities for the prediction of clocks when using the
different combinations of observation techniques. The prediction is performed for up to one
day. The PHM clocks we use in this work are simulated from the noise taken from an Allan
deviation (see the true clocks shown in Figure 8). We did not simulate a quadratic phase
drift for the PHM clocks. We are aware that in reality the PHM also shows a quadratic
phase drift, but for short prediction periods of up to about one day the effect of a quadratic
phase drift is barely noticeable, as tested in a pre-analysis using the true clocks. On the
other hand, the ACES clock is expected to have no quadratic phase drift, as PHARAO is a
frequency standard. Hence, our clock prediction model reduces to a linear fitting model of
the estimation interval of one day. We optimize the fit length for each scenario to achieve
the overall best prediction results. For each scenario, we compute the 95the percentile from
all realizations at different prediction times. As a comparative value, we also include the
prediction results related to the true clocks. This value can also be seen as the best possible
clock prediction value.

Figure 9 shows the 95% prediction values for the MEO satellites in the MEO-only
constellation when using the PHM clocks in the simulation. Similar results can be achieved
for the MEO satellites in the MEO+IGSO or MEO+GEO constellations. For the L-band-
only scenario, a fit length of 12 h gives the best results, while the scenarios including
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optical observation techniques as well as the true clocks achieved the best results for a fit
length of 6 h.
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After 20 min of prediction, the values are mainly dominated by the remaining mean
errors of the estimated clocks. With the L-band+OISL scenario, around 51–55% of im-
provement was noticeable compared to the L-band-only scenario. The L-band+OTWL and
L-band+OTWL+OISL scenarios achieve the best results by far, with an improvement of
around 93–94% with respect to the L-band-only scenario and of around 84–88% in relation
to the L-band+OISL scenario. The L-band+OTWL+OISL scenario is almost at the level
of the true clock prediction errors. This is noticeable for all the prediction times shown
and again underlines that the PHM is limiting the potential of the L-band+OTWL and
L-band+OTWL+OISL scenarios for the clocks’ prediction.

For longer prediction times, the percentage discrepancy between the different scenarios
decreases. After a prediction of 8–12 h, the linear fitting starts to dominate the clock
prediction errors. At a prediction time of one day, the L-band-only scenario achieves
around 124 cm. The improvement when using the L-band+OISL scenario is at around
15% in relation to the L-band-only scenario. With a clock error of around 97 cm, the
L-band+OTWL and L-band+OTWL+OISL scenarios improve by 22% compared to the
L-band-only scenario.

For GSO satellites, the results concerning the L-band-only and L-band+OTWL sce-
narios are highly dependent on the number of ground stations each of the satellites can
see. For the L-band-only scenario, the results are statistically not reliable. Furthermore,
in the case of the L-band+OTWL scenario, there is a huge spread in the clock error of the
prediction that does not give a reliable analysis foundation. Therefore, we only analyze the
scenarios including OISL measurements, as those deliver more balanced prediction errors
for the clocks and a better statistic. Almost the same results for the clock prediction are
obtained for the IGSO and GEO satellites. The results are also quite similar to those of the
MEO satellites for short prediction times. For long prediction times of around 12 h to one
day, the clock error does not increase as much as for the MEO satellites, resulting in around
a 22–27% lower clock error.

For the ACES clocks in the simulation, the fitting of a constant bias gives the best
prediction results up to one day overall, as shown in Figure 10. The clock error barely
decreases for the different combinations of observation techniques. Hence, all scenarios can
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benefit from the high stability of the ACES clock. For the 20 min prediction, the clock errors
from the different scenarios improve by about 1 cm compared to the scenarios with the
PHM clocks. This is expected as, for short prediction times, the results are still dominated
by the mean errors of the estimated clocks, which are similar to the ones from the scenarios
with the PHM clocks in the simulation (see Section 3.2.1). For comparisons, the clock
prediction errors at 20 min are at the low mm level for the true ACES clocks. After one day,
the L-band-only scenario improves by a factor of around 2.4, and the L-band+OISL scenario
improves by a factor of around 4–5, compared to the scenarios using the PHM clock.
While the clock errors decrease by only a few millimeters for the different combinations
of observation techniques, the true clock prediction error at one day is at around 1.7 cm.
The L-band+OTWL scenario achieves a clock prediction error of 3.5 cm at one day. This
is an improvement by a factor of about 28 compared to the scenario with the PHM clock.
The L-band+OTWL+OISL scenario, which gives the best results, is at around 2.1 cm. This
indicates that for this prediction interval, the L-band+OTWL+OISL scenario is approaching
the stability of the ACES clock. Analogous to the PHM analysis, for the ACES clocks we
only analyze the L-band+OISL and L-band+OTWL+OISL scenarios for the GSO satellites.
Here, the IGSO and GEO satellites achieve almost the same clock prediction errors as the
MEO satellites throughout the analyzed prediction interval.
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For today’s procedures, performing clock synchronization from ground to space, the
prediction results can be reduced by the mean, which is known from the last epoch of the
estimated clocks. The mean clock error is still present when comparing the MEO system
time with external time systems, but it cancels within the MEO system time and, hence,
is irrelevant for the user. This leads to 35% lower clock prediction errors for the L-band-
only scenario for short prediction times. The L-band+OTWL scenario only improves by
about 13%. This indicates that the mean clock errors are already well-determined from the
collocated use of the L-band and OTWL measurements. The L-band+OISL scenario achieves
about the same results as the L-band+OTWL+OISL scenario. In the case of the PHM clocks,
both scenarios reach the true clock prediction errors. For the ACES clocks, the L-band+OISL
scenario’s clock prediction errors are at around 10 mm, and the L-band+OTWL+OISL
scenario’s clock prediction errors are at around 6 mm, for short prediction times. Hence,
the additional OTWL measurements help with further improvement, compared to the
L-band+OISL scenario, when having the ACES clocks.
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However, when a time system should be realized in space instead of on the Earth’s
surface, then the mean does not cancel, so having a small mean error of the estimated clocks
is important.

4. Conclusions

In this simulation study, we analyzed the impact of optical dual one-way measure-
ments—Optical Inter-Satellite Links (OISL) and ground–space-oriented Optical Two-Way
Links (OTWL)—in addition to L-band measurements for clock estimation. We analyzed the
capabilities for a pure Medium Earth Orbit (MEO) constellation as well as the MEO+IGSO
(Inclined Geosynchronous Orbits) and MEO+GEO (Geostationary Orbit) constellations by
the mean error of the estimated clocks, the standard deviation and the Allan deviation.
Furthermore, we predicted the estimated clocks and analyzed the capabilities for predic-
tions up to one day. All scenarios were computed for two different clock types: Passive
Hydrogen Maser (PHM) and Atomic Clock Ensemble in Space (ACES). While the PHM
clock represents a current standard clock type, the ACES clock is an example of a future
high-stability clock.

We want to indicate that this work is a simulation study. Generally, the complexity
of physical reality cannot be fully emulated in a simulation environment. Therefore, all
the results discussed in this study are to be regarded as indicative and are not absolute
performance results. With real data in the future, the presented results may be confirmed
or need further tuning.

As we estimated a range bias and a clock synchronization bias for each transmitter
and receiver, which led to a rank-deficient normal equation matrix, we had to introduce
constraints in the case of the OTWL observations. In the analysis, we had to use hard
constraints for the clock synchronization biases at the level of measurement precision of
1 mm. This allowed to achieve the clock error of the estimated clocks that need a time and
ranging reference in space to be implemented. Five times looser constraints already led to
7–10 times worse clock errors.

In the case of the L-band+OISL scenario, the clock error is mainly dominated by the
remaining mean errors of the estimated clocks. A collocated use of the L-band and OTWL
in scenarios showed that the mean error of the estimated clocks can be estimated to a great
extent. The L-band+OTWL scenario shows a smaller mean error of the estimated clocks on
average than the L-band+OISL scenario by far. This is due to the direct relation of OTWL
to the reference station, which allows for reducing the systematic effects from the L-band
measurements. While the L-band-only and L-band+OTWL scenarios show a variation
in the mean error for the different satellites, scenarios including the OISL measurements
help to compensate for this discrepancy. This is the benefit of OISL: not only do all MEO
satellites achieve about the same mean errors of the estimated clocks but also IGSO or
GEO satellites do when included in the constellation. Achieving around 3 mm of the mean
error of the estimated clocks on average, the L-band+OTWL+OISL scenario gives the best
results by far, combining the advantages of OTWL and OISL. We could show that the
L-band, OTWL and OISL are complementary. Moreover, all scenarios that include optical
observations achieve the standard deviations of the estimated clocks at the mm level for
the MEO, IGSO and GEO satellites.

Hence, concerning positioning accuracy, the clock error from the L-band+OTWL+OISL
scenario is at a similar level as the orbit error, with 1–3 mm being achievable for the L-
band+OTWL+OISL scenario (compare with [17]). The use of a high-stability clock does not
give an improvement for the clock estimation as long as the clocks are estimated epoch-wise.
Clock modeling in the estimation procedure helps to gain from a higher frequency stability,
but this is not shown in this work. Furthermore, a common troposphere estimation for the
L-band and OTWL might improve the results.

As the Allan deviation analysis shows, the potential of clock estimation is limited by
the use of the PHM clocks for the scenarios using combinations of observation techniques.
The use of the ACES clocks offers the possibility of the further improvement of the frequency
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stability of the estimated clocks. The clocks’ prediction profits as well. After one day of
prediction, the clock error is at around 2.1 cm for the L-band+OTWL+OISL scenario when
using the ACES clocks—compared to around 1.7 cm when using the true ACES clocks.
With the PHM clocks, the clock prediction error worsens to around 97 cm—about the same
as is achievable with the true clocks. This underlines the huge capability and potential of
the combination of observation techniques with high-precision links in connection to a high-
stability clock, as foreseen by the GETRIS (Geodesy and Time Reference In Space) concept.
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