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A B S T R A C T

Spacecraft positioning plays a crucial role in scientific space mission design, as well as in the further scheduling
of scientific observations for such a mission. We examine the application of global navigation satellite systems
(GNSS) to solve the orbit determination problem in a pure space very long baseline interferometer (VLBI)
project. A network of GPS, GLONASS, Galileo and BeiDou navigation satellites may be a more efficient solution
to determining the position and velocity of space radio telescopes and space interferometer baselines. For such
a project, it is necessary to take into account the special conditions of GNSS observations, as well as the high
accuracy of determining not only position but also velocity. In this paper, we estimate visibility of navigation
satellite systems for Low and Medium orbits of a pure space-VLBI system and simulate GNSS code and phase
measurements. Orbit determination was performed on smoothed code measurements. Phase measurements
simulated with a step of 1 s and combined in Doppler measurements yield average position and velocity errors
of 1.01 m and 8.8 mm/s in Medium Earth orbit. The results showed that GNSS observations are sufficient to
solve the problems of orbit determination of a space-VLBI interferometer both in Low-Earth and Medium Earth
orbits.
1. Introduction

Pure space very long baseline interferometry (Space-VLBI) involves
the simultaneous operation of multiple radio telescopes in different or-
bits. This approach has many advantages. These include higher angular
resolution unattainable with ground instruments and higher frequency
observations limited by the atmosphere on Earth.

Recently, many proposals for a pure space-VLBI instrument have
been developed in response to the success of millimeter and sub-
millimeter VLBI on the ground [1–7]. These interferometers could pro-
vide fundamentally new information about supermassive black holes
(SMBHs) as well as other sources, including binary black hole systems
and the origins of jets.

Most of these concepts utilize near-Earth orbits, providing high
relative motion of space telescopes, which introduces additional re-
quirements for precise orbit determination. One of the recent concepts
focused on the proposal for optimal geometry of a pure space-VLBI
system and discussed the opportunity to utilize prograde and retrograde
circular near-Earth orbits [8]. Combination of retrograde and prograde
orbits leads to relative velocities of ≈14.5 km/s. Thus, accurate orbit
determination becomes challenging for successful observations and
data processing in space VLBI experiments [9]. We describe and analyze
the capabilities of orbit determination using global navigation satellite
systems (GNSS) for the configuration of a space VLBI interferometer
provided in [8].

∗ Corresponding author.
E-mail address: zapevalin@asc.rssi.ru (P.R. Zapevalin).

1.1. Space interferometer configuration

The concept analyzed here, as outlined in [8], consists of four space
telescopes. Each telescope will have an antenna of ≈ 4 m operating
at 690 GHz and the IF bandwidth will be up to 16 GHz. Telescopes
will operate in medium circular near-Earth orbits (MEO) and low-Earth
orbits (LEO) (see Table 1). The concept involves using retrograde orbits
for a pair of telescopes with an inclination of 119◦ and the other pair
will have prograde orbits with an inclination of 61◦.

1.2. Positioning requirements

Precision orbit determination and space radio telescope positioning
are directly related to VLBI data processing peculiarities. Initial VLBI
data processing is performed by a correlation procedure of the signals
recorded at each VLBI radio telescope. In the case of ground VLBI, to
perform successful correlation, it is necessary to know the position of
each VLBI antenna site precisely. Space-VLBI will have certain orbit
determination precision requirements. In other words, it means that to
correlate space-VLBI data and obtain interferometric fringes it is crucial
to know precisely the orbits and the radio signal delay 𝜏, i.e. the time
difference on the reception of the VLBI signal coming from a distant
source [8,10,11].
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Table 1
Parameters of proposed orbits.
Name Altitude, (km) INC, (deg) Orbit period, (hrs) RAAN, (deg) Precession period, (days)

LEO 1 1121 119 ∼1.8 356.4 ∼120
LEO 2 1621 61 ∼2.0 176.4 ∼150
MEO 1 16 621 119 ∼9.6 356.4 ∼6071
MEO 2 16 123 61 ∼9.3 176.4 ∼5621
Table 2
Estimated baseline and its rate uncertainties from [8]. 𝑇𝑖𝑛𝑡 = 100 s, bandwidth
𝛥𝜈 = 4 GHz at 𝜈 = 690 GHz. These values directly set the allowable errors in
determining the position and velocity of the spacecraft.
𝑁𝑐ℎ 𝛥𝐵 (m) 𝛥�̇� (mm/s)

32 1.2 6
64 2.4 14
128 4.8 28
256 9.6 56
1024 38.4 222
2048 76.7 445
4096 153.5 890

Considering the delay 𝜏 as a Taylor series, it is possible to accurately
determine the baseline 𝐵 – the projection of the distance between two
telescopes in the direction of the source – and its rate �̇�, which are
related to the positions of a pair of space radio telescopes and their
velocities. In the correlation procedure, the length of the data interval
in seconds is determined by the number of Fourier transform channels:
𝑇 = 2𝑁𝑐ℎ∕2𝛥𝑓 = 1∕𝑓0, where 𝑓0 is the operational frequency. Limiting
the Taylor series to first-order terms, one has a relation to the estimated
baseline and its rate uncertainties:

𝛥𝐵 = 𝛥𝜏 ⋅ 𝑐 <
𝑁𝑐ℎ ⋅ 𝑐
2𝛥𝑓

, 𝛥�̇� <
𝑁𝑐ℎ ⋅ 𝑐
2𝑇𝑖𝑛𝑡𝑓0

. (1)

Table 2 shows the estimated errors of spacecraft position and veloc-
ity, coming from the estimated values for the baseline and its velocity.
Ground-based surveillance assets are unlikely to achieve such accu-
racy. We can refer to the Radioastron space–ground radio interferom-
eter [12]. This spacecraft was launched in 2011 into a highly elliptical
orbit with an apogee of 300 000 km. The orbit was reconstructed
utilizing ground-based one-way range and range-rate measurements.
The orbit around the L2 Sun–Earth Lagrange point of the next gen-
eration space–ground VLBI mission Millimetron [13,14] is supposed
to be reconstructed in a similar way. For the Radiostron, the position
and velocity errors must not exceed 600 m and 2 cm/s, respectively,
in correlation processing. The project experience showed that not all
VLBI observations of the Radioastron had successful correlations. The
accuracy of orbit determination may play a role here, among other
things. The minimum position error was achieved at 50–150 m [9]
level. Such accuracy was not ensured in all observing sessions and, as
a rule, required taking into account all available types of observations:
range, range-rate, optical, and laser.

2. Orbit determination simulation strategy

2.1. Multi-GNSS signals

Our proposal for improving space radio telescope orbit determina-
tion uses global navigation satellite systems (GNSS). It is a straight-
forward way to meet the space interferometer mission’s scientific re-
quirements. Using GNSS in MEO requires using simultaneously several
systems (multi-GNSS) and their side lobe signals.

Space positioning systems have been developed since the 1960s.
Modern GNSS consists of an orbital constellation of satellites, a ground-
based command and control system, and GNSS consumer equipment.
The principle of its operation is based on measuring the distance from
navigation satellites (NS) to the target, whose coordinates must be
determined. Coordinates of the NS are known accurately and usually
176
Fig. 1. Principle of the space telescope on MEO tracking GNSS signals from the other
side of Earth.

presented in the form of a table called almanac. The almanac is stored in
the GNSS receiver’s memory and periodically updated. Thus, knowing
the exact coordinates of the NS, the target satellite can determine its
position. Additionally, the NS transmits accurate time stamp signals
to measure the time of the propagated radio signal. This is done
by the onboard atomic clock synchronized with time system. After
synchronization, the delay between emitted and received signals is
calculated.

Currently, there are 4 global and 2 local navigation satellite sys-
tems: GPS,1 GLONASS,2 Galileo,3 BeiDou,4 QZSS,5 IRNSS.6 While GPS,
GLONASS and Galileo satellites are on MEO, and QZSS and IRNSS
are on geostationary (GEO) and geosynchronous (GSO), the BeiDou
satellite constellation consists of three orbits: GEO, GSO and MEO. The
first two orbits cover most of the Asian region, while MEO is used for
global observations. Table 3 shows the characteristics of these systems.

GNSS is typically used for spacecraft navigation in low Earth orbits
(LEO). The signal-to-noise (SNR) ratio and the number of available NS
will be maximal in such orbit. Studies regarding GNSS utilization for
navigation in orbits above 2000 km began relatively recently [15–19].
In such orbits, signals are received mainly from satellites located on the
other side of the Earth (Fig. 1). In this case, the signal becomes weaker,
the number of available NS decreases, and their geometry reduces. As
a result, the number of NS with signals coming from the main lobe
becomes smaller. However, NS signals coming from the side lobes could
be used to increase satellite visibility.

1 https://www.gps.gov.
2 https://www.glonass-iac.ru/guide/gnss/glonass.php.
3 https://galileognss.eu.
4 http://en.beidou.gov.cn.
5 https://qzss.go.jp/en/.
6 https://www.isro.gov.in/irnss-programme.

https://www.gps.gov
https://www.glonass-iac.ru/guide/gnss/glonass.php
https://galileognss.eu
http://en.beidou.gov.cn
https://qzss.go.jp/en/
https://www.isro.gov.in/irnss-programme
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Table 3
Characteristics of global navigation satellite systems.
Orbit type GPS GLONASS Galileo BeiDou

MEO MEO MEO MEO GEO GSO

Num. of satellites 31 24 24 27 5 3
Inclination, (◦) 55 64.8 56 55 0 55
Altitude, (103 km) 20.2 19.1 23.2 21.5 35.8 35.8
Orbit period 11 h 58 m 11 h 16 m 14 h 4 m 12 h 53 m 24 h 24 h
Table 4
Earth block angle of different navigation systems with different orbital configurations.
Orbit GPS (MEO) BDS Galileo (MEO) GLONASS (MEO)

MEO IGSO/GEO

Earth Block Angle, (◦) 13.84 13.21 8.70 12.28 14.50
Fig. 2. Radio telescope in MEO orbit. The telescope’s main mirror is directed towards
the source, perpendicular to the orbit plane. The observed navigation satellites are
located in the opposite hemisphere of the telescope.

There are certain restrictions on GNSS satellite visibility. First of
all, navigation satellites could be tracked by the receiver within the
observed hemisphere. Secondly, signals can be blocked by the Earth.
It means that the off-boresight angle (the angle between the Earth and
the receiver) must be larger than the Earth block angle. Because of the
satellite’s altitude, the Earth block angle varies between GNSS systems.
Table 4 illustrates the Earth block angles of different GNSS orbits. A
further limitation of this study is that the GNSS antenna must be used
in the opposite hemisphere of the sky from the main mirror boresight.
Without these technical requirements, GNSS signals will be interfered
with by the telescope mirror. Fig. 2 shows the orbit configuration of
the space radio interferometer and the range of visibility for navigation
satellites. In this GNSS configuration, the receiver antenna does not face
the zenith, as usual, but it is perpendicular to the orbital plane. This
could potentially reduce the number of navigation satellites observed
by half. However, as will be shown later, even this configuration can
provide acceptable orbit determination accuracy.

2.2. Observations simulation

To model GNSS observations, it is necessary to develop a correct
observation model. The GNSS code measurement observation model
can be represented as follows [20]:

𝑃 ℎ
𝑙 = 𝜚ℎ𝑙 + 𝑐 ⋅ 𝛿𝑡𝑙 − 𝑐 ⋅ 𝛿𝑡ℎ + 𝑎ℎ + 𝑎𝑙 + 𝑐 ⋅ 𝛿𝑡𝑟𝑒𝑙 + 𝐼𝐹𝐵 + 𝐼𝑆𝐵 + 𝜖, (2)

where 𝑃 ℎ
𝑙 — code measurement (pseudo range), 𝜚ℎ𝑙 — geometrical

distance between navigational satellite on signal transmission time
177
and spacecraft on reception time, 𝑎ℎ, 𝑎𝑙 — phase center offsets, 𝐼
— ionosphere refraction, 𝛿𝑡ℎ, 𝛿𝑡𝑙 — clock offset for the navigational
satellite and receiver, 𝑐 — speed of light, 𝐼𝐹𝐵ℎ — inter-frequency bias,
𝐼𝑆𝐵 — inter-system bias, 𝜖 — simulated code measurement errors.

The influence of the ionosphere on MEO can be neglected, as it
is considered only those measurements where the signal passed at an
altitude of at least 2000 km above the Earth. In LEO, an ionosphere-free
combination of dual-frequency measurements was used to eliminate
ionospheric impact for a first approximation. The troposphere influence
was also excluded, as a minimum angle above the Earth is used, to
exclude these effects. This angle is given in Table 4 for each system
separately.

Geometrical distances for the observation model were calculated
between the NS center of mass and the radio telescope center of mass.
Then we accounted for phase center offsets and attitude. The phase
center offset values and phase center variations of the GNSS satellites
were taken from the IGS14 model [21]. The nominal attitude of GNSS
satellites points at the center of Earth and yaws about this axis to keep
the solar panels perpendicular to the direction of the Sun. The offset of
the phase center of the receiver antenna was assumed to be constant
and was 0.5 m opposite to the main mirror. As mentioned above, the
attitude of the space telescope was assumed to be constant. Its antenna
was always pointed perpendicular to the orbital plane in the opposite
direction from the direction to the distant source. Ephemeris and NS
clock errors were taken from the Center for Orbit Determination in
Europe (CODE) [22]. The radio telescope onboard receiver clock error
was considered zero, as well as the IFB/ISB corrections.

It is critical to note that tracking from MEO the GNSS observations
coming from the side lobes will be noisier than usual observations in
LEO. A simulation of the observations is based on the received signal
power. This is mainly determined by the GNSS transmitter radiation
pattern and receiving antenna gain. The radiation pattern of the NS
antenna (𝐸𝐼𝑅𝑃 ) and the dependence between the receiving antenna
gain and the signal angle (𝐺𝑟) are available in [23]. These two depen-
dencies can be approximated by polynomials of the 17th and 4th orders
respectively (see Appendix).

Received signal quality is expressed as 𝐶∕𝑁0, which is not the same
as SNR. 𝐶∕𝑁0 is the ratio of received signal power to noise density. It
assumes that noise has infinite bandwidth and therefore characterizes
it using a density, that is, the amount of noise power per unit of
bandwidth (W/Hz). 𝐶∕𝑁0 units are expressed as W/(W/Hz) or dB-Hz.
The theoretical value of this value can be estimated as:

𝐶∕𝑁0 = 𝐸𝐼𝑅𝑃 + 𝐺𝑟 + 20 lg
(

𝜆
4𝜋𝑑

)

− 10 lg (𝑇 ⋅ 1.38 ⋅ 10−23), (3)

where 𝐺𝑟 — receiving antenna gain, 𝜆 — wavelength, 𝑑 — transmission
distance, 𝑇 — system noise temperature. The third term is free space
propagation loss, and the fourth term is system noise. Equivalent
isotropic radiated power (EIRP) is the total radiated power from a
transmitter antenna times the numerical directivity of the antenna



Acta Astronautica 223 (2024) 175–183P.R. Zapevalin et al.

w
e
a
h

m
p
s
m
i
p
f
t
D

𝐷

w
a

o
t
l

a

𝐷

in the direction of the receiver. For navigation satellites, this value
decreases as the off-boresight angle increases.

Receiver tracking thresholds vary from 20–30 dB-Hz. The lower the
received signal power, the larger the measurement error. We took this
dependence from [19] and approximated it with a power-law expres-
sion. The error of the simulated GNSS observations can be calculated
using the following expression:

𝜖 = 175.72 ⋅ (𝐶∕𝑁0)−1.048 ⋅ 𝐴𝑊𝐺𝑁, (4)

here 𝐴𝑊𝐺𝑁 — additive white Gaussian noise with variance 1. This
xpression is valid for code measurements. Phase measurements are
pproximately 1000 times more accurate than code measurements, but
ave negative effects such as cycle slips and integer ambiguities.

Despite this, they can be used to determine spacecraft velocity
ore precisely. In GNSS measurements, velocity accuracy depends on
seudorange-based position accuracy and can be several cm/s. But for
pace-VLBI this may not be enough. Therefore, it is possible to apply the
ethod of processing successive phase observations differences [24]. It

s possible to achieve several mm/s of spacecraft velocity accuracy by
rocessing the time difference of phase observations, since the noise
rom phase observations is usually only a few millimeters. To do this,
he following combination of measurements is used to calculate the
oppler frequency shift:

=
𝐿(𝑡𝑖+1) − 𝐿(𝑡𝑖−1)

2𝛥𝑡
, (5)

here 𝑡𝑖 — epoch of velocity estimation, 𝛥𝑡 — measurement data rate,
nd 𝐿 is the measured carrier phase (in cycles).

It is worth noting that it is possible to use the so-called raw Doppler
bservations obtained by some types of GNSS receivers. However,
heir accuracy is insufficient because of jitter in the receiver’s tracking
oop [24], which can be several cm/s.

The observation model for the Doppler shift can be calculated
ccording to the following expression:

=
𝑓
𝑐

(

(𝐯ℎ − 𝐯𝑙) ⋅
(𝐫ℎ − 𝐫𝑙)
|𝐫ℎ − 𝐫𝑙|

)

, (6)

where (⋅) means the dot product, 𝑐 is the speed of light, and (𝐫ℎ,
𝐯ℎ) and (𝐫𝑙, 𝐯𝑙) are position and velocity vectors of NS and receiver,
respectively.

This approach provides the receiver with instantaneous velocity
only theoretically because the averaged carrier phase rate across two or
more sampling intervals yields an average Doppler shift. To deal with
this, higher data rates can be used, which reduces 𝛥𝑡.

3. Results

To determine the orbit of a pure space-VLBI interferometer, we
applied the LOIS software [25]. This software determines orbits using
GNSS measurements. It is based on the Extended Kalman filter [26],
which is a differential orbit determination method. In this method,
GNSS measurements are input to a sequential filter. Based on an a
priori estimate of the spacecraft state vector, an observation model is
compiled. A posterior estimate of the state vector is then calculated
depending on the mismatch signal between the observations and the
model. This estimate is used as an a priori for the next GNSS measure-
ment epoch. This cycle is repeated until all observations are completed.
In this way, the Kalman filter gradually calculates the most accurate
orbit estimate. Its key advantage is that the estimation is updated with
each new measurement. This allows us to avoid monotonic divergence
between the reference orbit and the estimated one, like the least squares
method. The Kalman filter also reduces influence of force model errors.
In addition, it is ideal for applications in high-dynamic navigation,
since the influence of various spacecraft maneuvers on the process
convergence is reduced.

We applied the force model presented in Table 5. Observations
were generated for the LEO1 and MEO2 orbits (see Table 1). The
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GNSS measurements and accompanying data were simulated in the
Bernese GNSS Software v5.4 (BSW) software package. High-precision
BSW software has been developed at the Astronomical Institute of the
University of Bern for GNSS observations post-processing in scientific
research. It has developed a Data Simulation Tool module, which is
designed to generate synthetic GNSS (GPS and GLONASS) codes and
phase observations for both ground stations and low-orbit satellites.
It is possible to include (or not include) the influence of multiple
factors in synthetic observations. To estimate the errors of solutions
with synthetic observations, random noise can be introduced into the
simulated observations for the code and phase observations at both
frequencies. However, in this work, we used noise according to Eq. (4).

Generating synthetic observations for LEO satellites was performed
using dynamic orbits, GNSS satellite clock corrections, and attitude
information from the LEO satellite. Here, dynamic orbits obtained from
the final ephemeris and 5 s GNSS satellite clock corrections provided
by the CODE center were used. No additional noise beyond what
Eq. (4) calculates has been introduced. For the science objectives of
this mission, the final GNSS ephemeris can be used, since urgent data
processing is not necessary. However, it should be noted that even the
final orbits have an inaccuracy of about 1–2.5 cm, according to the
International GNSS Service.

To generate synthetic observations for medium-orbit satellites, BSW
software has been upgraded and recompiled. In the software module
for generating code and phase pseudo-ranges, the maximum values
of the receiver antenna angle were increased, which made it possible
to receive signals from any direction. In addition, a cutoff angle was
introduced to exclude from the modeling navigation satellites obscured
by the Earth, as well as satellites located in the hemisphere of the
main mirror of the space telescope. The modules for recording synthetic
observations in the Bernese format and the RINEX format were also
changed. This made it possible to increase the maximum number of
observed satellites to 120 for 4 GNSS (GPS, GLONASS, Galileo, Beidou).
The Phase Center Variations (PCV) files have also been modified. These
files simulate antenna radiation patterns. After modifying these files, it
became possible to use navigation satellite antenna side lobe radiation
patterns.

The measurements of four major global navigation satellite systems
(GREC) were simulated: GPS (G), GLONASS (R), Galileo (E), BeiDou
(C). Also for comparison, results using only GPS and GLONASS (GR)
systems are shown.

3.1. Multi-GNSS visibility

To clarify the system geometry, we show a sky view of the LEO
and MEO onboard antennas in Fig. 3. The zero azimuth of the antenna
points along the space telescope velocity and 90◦ is the Earth direction.
This sky view coverage occurs within 24 h. For LEO, the visible antenna
hemisphere coverage is quite comprehensive (Fig. 3(a)). Only regions
where observations on the other side of the Earth are impossible are ex-
cluded. In a MEO orbit, there are very few observations in the main lobe
(Fig. 3(b)). Basically, these observations happen on satellites whose
angle is wider than the Earth block angle, but still in the main lobe.
Rare measurements occur when the Earth and a navigation satellite are
in opposition. At this moment, the receiver and satellite may be located
only 4000 km from each other, causing mutual visibility intervals to
decrease. Moreover, such observations are concentrated in the low
elevation area. Fig. 3(b) illustrates navigation satellites whose signal
comes from the side lobes. It can be seen that there are significantly
more satellites in the area close to Earth (azimuth equal to 90◦), and
at high elevations the GEO and GSO satellites of the BeiDou system are
visible.

We also estimated navigation satellites visibility and the 𝐶∕𝑁0 ratio
for LEO1 and MEO2 orbits from Table 1. The average number of
GPS/GLONASS/Galileo/BeiDou satellites observed per epoch in LEO is
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Table 5
Summary of orbit determination strategy.
Item Description

Gravitational field EGM2008, up to degree and order 100
N-body JPL DE433
Solid and pole tides IERS2010
Ocean tide IERS2010, FES2004
Ocean pole tide IERS2010, Desai

Relativity IERS2010,
General Relativity, Lense–Thirring effect, de Sitter precession

Solar radiation pressure Spherical model of spacecraft, taking into account the shadow from the Earth
Numerical integration Everhart method with changing step size
Conventional inertial reference frame GCRF
Receiver clock Zero constant

Basic Observations Zero-differenced code observations,
Phase-smoothed code observations,
Phase time-differenced observations (Doppler observations) of L1 frequency

Sampling interval 30 s, 5 s, 1 s
Tropospheric and ionospheric delay Precluded by the limitations of observations modeling
Arc length 1 day
Cutoff elevation of the receiver antenna 0◦

Off-boresight transmit angle limit 90◦

GNSS antenna phase center IGS14
GNSS orbit and clock CODE final orbit and 5-s clock products
Estimating method Extended Kalman filter
Estimating parameters Position and velocity vectors
Fig. 3. Sky view of GNSS satellites for the onboard receiver at 24-h interval: (a) LEO, (b) MEO. Green indicates the trajectories of satellites radiating in the Main lobe and brown
in the Side lobes. The center of the plot is the zenith of the receiver antenna, and zero elevation is its horizon. The azimuth of 0◦ is the direction along the track, and the azimuth
of 90◦ is the direction around the Earth.
10.5/7.3/9.4/12.3 respectively. Considering satellite visibility distri-
bution for the MEO orbit, the average number of satellites per epoch
was 12.4/7.6/11.1/12.4. The maximum off-boresight transmission an-
gle has been set to 90◦ to include all possible navigation satellites. It is
also worth noting that in the MEO orbit the visibility time intervals
are about 4–6 times larger than in the LEO orbit. Therefore, in the
MEO orbit it is more likely that phase ambiguities parameters can be
correctly estimated. However, this remains beyond the scope of this
study.

In addition, Fig. 4 shows the time-dependent distribution of the
number of observed navigation satellites for GPS/GLONASS (GR) and
GPS/GLONASS/Galileo/BeiDou (GREC). The distribution is plotted for
179
two cases of transmission angle limit value: 45◦ and 90◦. For the
first case, using only GPS/GLONASS satellites, the average number of
observed satellites in LEO orbit is 16, growing to 34 with the addition
of Galileo and BeiDou satellites. Similar estimates for the MEO orbit
are 14 and 32. The 45-degree angle limits the first side lobe of the
navigation satellite antenna pattern. In the other side lobes the signal is
much weaker. Nevertheless, as can be seen in Fig. 4, increasing limiting
angle to 90 degrees increases the visibility of the MEO orbit for GREC
constellations by 25% and by 29% for GR constellations. In this case,
the average number of observed satellites in MEO orbit are 18 and 40
for the GR and GREC respectively.
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Fig. 4. Satellite visibility for LEO and MEO space telescopes considering side lobe signals for the transmit off-boresight angle limit: (a) — 45◦, (b) — 90◦. The 𝐶∕𝑁0 minimum
threshold was set at 20 dB-Hz.
Geometric dilution of precision (GDOP) is a term used in satellite
navigation to specify error propagation as the mathematical effect
of navigation satellite geometry on positional measurement precision.
This is a fairly critical indicator that allows you to analyze the relation-
ship of navigation satellite geometric location in space. It also gives a
rough indication of the expected relative accuracy of the spacecraft’s
orbit determination. If the GNSS satellites are located too close to each
other when viewed from the satellite, this geometry is called weak. This
corresponds to a high DOP value. If the satellites are sufficiently distant
from each other, the geometry is strong, and the DOP value is small.
Ideal accuracy is obtained with a value of DOP ≤ 1, but with a value
of DOP > 6 problems with high-precision positioning may arise. With
DOP > 9 the measurements can only be used for a rough estimate of
the location. To calculate the GDOP coefficient, you need to create a
special covariance matrix:

𝑄 = (𝐻𝑇𝐻)−1, (7)

where 𝐻 is a matrix of normal equations, corresponding to the deriva-
tives with respect to three coordinates and the receiver clock error.
Then the geometric dilution of precision is equal to:

𝐺𝐷𝑂𝑃 =
√

𝑡𝑟(𝑄) =
√

𝑄11 +𝑄22 +𝑄33 +𝑄44, (8)

In Fig. 5 shows the time distribution of GDOP for LEO and MEO
orbits for two cases of the transmission angle limit. For low orbits,
the average GDOP is 1.4 in GPS/GLONASS and 0.9 when combined
with the Galileo and BeiDou systems, which leads to better satellite
geometry. Such strong geometry is explained by the large number
of visible satellites and their efficient distribution over the observed
hemisphere of the sky. In the case of MEO, similar estimates are equal
to 3.1 and 1.6 in the case of 45◦ off-boresight angle limit. Using
only GPS/GLONASS satellites is not always sufficient to create better
satellite geometry, since a small number of side lobe signals could be
received, leading to a limited number of visible satellites. However, a
constellation of four navigation systems can create acceptable geometry
even for MEO. It is worth noting here that this approach would not be
suitable for highly elliptical orbits (HEOs), since at the apocenter of
such an orbit, the constellation of navigation satellites would become
an extremely small point in the observed hemisphere, resulting in poor
GDOP. In the case of the full side lobe, when the transmit angle limit is
90◦, the average values of GDOP are 2.0 and 1.1 for the GR and GREC
respectively. So it greatly helps to create a strong system geometry and
get GDOP values closer to LEO values.

To model the noise of GNSS observations, Eq. (3) and (4) were
used. The system noise temperature was set at 263 K [27]. In the orbit
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determination experiment, the receiver sensitivity threshold was set at
20 dB-Hz. We analyzed the value of 𝐶∕𝑁0 and obtained that in the LEO
orbit, the average 𝐶∕𝑁0 ratio per day is 49.7. While in the MEO orbit
it is equal to 27.2. This is because most GNSS signals received in MEO
orbit are emitted by the side lobes of the navigation satellite’s antenna.
In addition, the decrease in the 𝐶∕𝑁0 ratio is also affected by the
increased range of navigation satellites. In Fig. 6 shows how navigation
satellites are distributed in relation to 𝐶∕𝑁0 for each navigation system.
Colored dots mark navigation satellites, and the pink area indicates
their number for a given value 𝐶∕𝑁0. For low orbit, the medians of
this distribution for the GPS, GLONASS, Galileo, BeiDou systems are
49.7, 49.7, 50.4, 49.1 dB-Hz respectively. For the middle orbit these
values are equal to 32.7, 32.4, 34.4, 35.9 dB-Hz for satellites of Main
Lobe and 26.2, 25.8, 26.7, 26.4 dB-Hz for satellites of Side Lobe.
Although a small fraction of satellites visible in MEO orbit are in the
Main Lobe, their 𝐶∕𝑁0 is reduced due to the large distance between
the satellite and the receiver. These satellites are observed mainly on
the Earth’s side, when the radiation angle exceeds the block angle from
the Table 4, but still lie in the region of the main lobe of the satellite
antenna pattern.

3.2. Navigation solution

Our analysis demonstrated that, with side lobe signals included,
suitable GNSS satellite geometry could be provided for the MEO space
telescopes. In this section, we focus on navigation performance. The
spacecraft’s position was derived from a sequential estimation algo-
rithm — the Extended Kalman filter. The spacecraft positions used in
the simulation were considered true positions. The differences between
estimated and true 3D positions and velocities were calculated. Differ-
ences are listed in the Table 6. The maximum off-boresight transmission
angle has been set to 90◦.

The estimated position errors for the LEO orbit were 2.45 m us-
ing GR systems and 1.78 m for the GREC systems. The error values
correspond to code-only undifferenced observations for space-borne
LEO receivers. 3D position errors for MEO orbit are increasing by
40% and 30% for GR and GREC. Velocity error values are also sig-
nificant for space radio interferometer. For the LEO orbit they were
17.4/15.5 mm/s for the GR and GREC respectively, and for the MEO
they are 21.8/18.9 mm/s. Based on Table 2, to detect the correlation
of the space radio interferometer signal with this position and velocity
tolerance, 128 Fourier transform channels must be used.

This result could be improved if multi-GNSS phase measurements

were also used. However, it is difficult to use them directly because
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Fig. 5. GDOP (Geometric dilution of precision) of LEO and MEO spacecrafts for transmit off-boresight angle limit: (a) — 45◦, (b) — 90◦.
Fig. 6. Distribution of the number of satellites of each navigation system by 𝐶∕𝑁0 for LEO and MEO orbits.
Table 6
Navigation solution based on unsmoothed and smoothed multi-GNSS code mea-
surements. The mean error for one day and its standard deviation are
given.

MEO GREC MEO GR LEO GREC LEO GR

Position error, m

Before smoothing 2.32 ± 1.05 3.41 ± 1.61 1.78 ± 0.80 2.45 ± 1.08
After smoothing 2.12 ± 0.98 2.73 ± 1.27 1.7 ± 0.77 2.24 ± 1.00

Velocity error, mm/s

Before smoothing 18.9 ± 8.1 21.8 ± 9.3 15.5 ± 6.6 17.4 ± 7.3
After smoothing 17.3 ± 7.4 17.3 ± 7.5 14.9 ± 6.4 16.1 ± 6.8

of the uncertainty of the integer phase ambiguities. Therefore, in this
paper they were applied only for smoothing the code measurements for
continuous data arcs. For code smoothing the code observations in an
observation arc are actually replaced by the phase observations shifted
by the mean difference code minus phase in the arc. The smoothed code
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may then be written as:

𝑃 𝑠𝑚
1 (𝑡) = 𝐿1(𝑡) + 𝑃 𝑎𝑣

1 − 𝐿𝑎𝑣
1 + 2

𝑓 2
2

𝑓 2
1 − 𝑓 2

2

(𝐿1(𝑡) − 𝐿𝑎𝑣
1 − 𝐿2(𝑡) + 𝐿𝑎𝑣

2 ), (9)

where 𝑃 𝑠𝑚
1 (𝑡) — smoothed code observation on frequency 𝑓1 at epoch

𝑡, 𝑃 𝑎𝑣, 𝐿𝑎𝑣 — average values of code and phase measurements on
the continuous arc. Due to the fact that the integer ambiguity is kept
constant over the entire arc of visibility, and this formula uses the
differences between measurements of the same arc, we can use phase
measurements to smooth the code. Smoothing the code measurements
reduces their noise. Table 6 shows that the position and velocity error
is reduced by 8% for the MEO GREC and LEO GR cases and by 4% for
the LEO GREC case. In the case of MEO GR the error drops by 20%,
which is a significant improvement.

Despite the improved results after the smoothing procedure, the
velocity error still prevents the use of 64 channels to find signal
correlation. Therefore, we decided to add Doppler measurements to
the orbit determination procedures. For this purpose, ground stations
are not necessary, but we can use multi-GNSS phase measurements.
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Table 7
Orbit determination error and its standard deviation from a combination of code and
Doppler measurements with different time steps for the MEO GR case.

Sampling interval Position error, m Velocity error, mm/s

30 s 3.29 ± 1.73 24.9 ± 10.2
5 s 1.28 ± 0.69 11.8 ± 4.2
1 s 1.01 ± 0.39 8.8 ± 2.9

Fig. 7. Dependence of the MEO orbit position error for the GREC systems on
the limiting angle of navigation signal transmission and receiver power sensitivity
threshold.

According to formula (5), Doppler measurements can be composed of
the difference combination of two phase measurements.

We have found that the measurement interval of 30 s, which we
used for observations simulation, does not allow us to model Doppler
observations with the required accuracy. Therefore, we also modeled
observations with 5 s and 1 s intervals. Table 7 presents the average
errors in 3D position and velocity from additional Doppler observa-
tions with different signal acquisition frequencies. These results are
presented for the GR system and the MEO orbit. It can be seen that
at small time steps Doppler measurements contribute to improving the
accuracy of spacecraft orbit and velocity determination. Using a 1 s
time step, the position error was 1.01 m and the velocity error was
8.8 mm/s.

Finally, we investigated the dependence of position error on the
limiting signal transmission angle and the receiver sensitivity threshold.
The results for MEO GREC are presented in Fig. 7. The lower the re-
ceiver sensitivity threshold is set, the more navigation satellites can be
observed, and therefore the position error will be smaller. At the same
time, the position error increases with the reduction of the transmission
angle limit to 60 degrees. This is due to the fact that there are very few
navigation satellites whose signal comes from angles from 60◦ to 90◦,
and their signal has a high noise level and does not contribute to orbit
determination.

4. Conclusions

In this work, multi-GNSS measurements were simulated for low-
Earth orbit and medium-Earth orbit of the pure space-VLBI interfer-
ometric project. Based on the known pattern of the GNSS antenna
and GNSS receiver, the 𝐶∕𝑁0 ratio was calculated for each GNSS
satellite. The ratio of received signal power to noise density made
it possible to establish which satellites could theoretically be visible
to the receiver. The off-boresight angle of the satellite and receiver
antennas was limited to 90◦. In this way, signals from GNSS satellites
were considered in all side lobes of their antenna radiation pattern. An
analysis of satellite visibility showed that 100% of satellites for the LEO
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orbit are observed in the Main Lobe. For the MEO orbit, this value is
only 5.7%. The results also showed that the use of newer GNSS systems
like BeiDou and Galileo in addition to GPS and GLONASS increases
the number of observed satellites (and reduces the GDOP coefficient)
by approximately 2 times. For the LEO orbit, the number of satellites
increased from 16 to 34, and for the MEO orbit — from 18 to 40. GNSS
systems determine low-Earth satellite orbits. It has also been shown that
they can be used for a mid-orbit space radio telescope with a special
position for the receiving antenna. The average 𝐶∕𝑁0 ratio for the MEO
orbit is equal to 27.2, which slightly exceeds the modern GNSS receiver
sensitivity threshold.

The accuracy of orbit determination using multi-GNSS and Extended
Kalman filter was assessed. We estimated the 3D deviation of the radio
telescope’s estimated location from its true (simulated) position. We
obtained estimates of position and velocity errors for unsmoothed and
smoothed code measurements, as well as for a joint set of code and
Doppler measurements (a linear combination of phase GNSS measure-
ments). This work demonstrated that GNSS observations are sufficient
to solve the problems of a space-VLBI interferometer in both Low and
Medium Earth orbits. Using all four global navigation satellite systems
and applying a smoothing algorithm for code measurements, we can ob-
tain an average position error of 1.7 m for LEO and 2.1 m for MEO. The
corresponding values for velocity error are 14.9 mm/s and 17.3 mm/s.
A feature of this project is the need for accurate knowledge of not
only the radio telescope’s position, but also its velocity vector. The
work showed that for this purpose it is possible to attract GNSS phase
measurements, making a special linear combination of them, which is a
Doppler measurement of the spacecraft radial velocity. Obtaining such
measurements with a time resolution of 1 s allowed a position and
velocity error of 1 m and 8.8 mm/s for the middle orbit using only
the GPS and GLONASS systems. In the absence of such observations
with a frequency of at least 0.2–1 Hz, we will have to involve ground-
based measurements. For the longest visibility intervals it may be
possible to resolve integer ambiguities in phase measurements. This will
significantly increase the accuracy of determining the radio telescope’s
position and its velocity vector. However, the results presented in this
work and based on code and artificial Doppler GNSS measurements
demonstrate the possibility of full ballistic support for the project using
only multi-GNSS systems.

In conclusion, it is worth noting that this work did not take into
account various propagation effects in the environment, which may
affect some measurements, as well as the characteristics of various
types of transmitting and receiving GNSS antennas, on which the noise
level and signal sensitivity threshold will largely depend. The final
stage of the pure space-VLBI project design should therefore involve
more detailed studies.
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Appendix

Coefficients for 𝐸𝐼𝑅𝑃 polynomial approximation.

𝑖 𝐶𝑖

1 2.76652306394832000E+01
2 2.39976214858634000E+00
3 −1.13467623186675000E+00
4 2.12356212103845000E−01
5 −1.83572308290734000E−02
6 7.77262224717380000E−04
7 −1.38324520731218000E−05
8 −9.00055978123837000E−08
9 8.12918889481506000E−09
10 −1.10552899887137000E−10
11 −6.71222553909291000E−13
12 4.33604072991988000E−14
13 −7.97763199690756000E−16
14 1.06294677655121000E−17
15 −1.13148516509746000E−19
16 8.46928872591899000E−22
17 −3.71403766747517000E−24
18 7.02503723161846000E−27

Coefficients for 𝐺𝑟 polynomial approximation.

𝑖 𝐶𝑖

1 5.73846134469565000E+00
2 5.04418020335756000E−02
3 −1.17850703852951000E−03
4 −3.83357228027283000E−05
5 2.83993240020809000E−07
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