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Pointing-dependent Variation of a Radio
Telescope Reference Point - First Investigation
at the Onsala Space Observatory

Ausrichtungsabhangige Variation eines Radioteleskopreferenzpunkts -
erste Untersuchung am Onsala Space Observatory

Michael Losler | Cornelia Eschelbach | Ridiger Haas

Summary

The International Terrestrial Reference Frame (ITRF) is a highly
accurate realisation of the International Terrestrial Reference
System (ITRS), an Earth-fixed global geodetic reference system.
It forms the backbone for almost all scientific investigations of
the dynamic system Earth and is realised through the combi-
nation of several space-geodetic techniques. The positions
of geometric reference points of these space-geodetic tech-
niques, such as radio telescopes used for very long baseline
interferometry (VLBI), are the physical realisation of the frame
on Earth. The precision and the reliability of such a reference
frame depend on the spatio-temporal stability of the involved
reference points defining the datum. In this contribution, the
reference point stability of a modern VGOS radio telescope
at the Onsala Space Observatory is investigated. The aim is to
quantify the magnitude of changes, especially when the radio
telescope rotates about the azimuth and elevation axes, and
to identify a suitable location for permanent monitoring in-
strumentation to monitor the spatio-temporal variation of the
reference point position. Based on measurements with a high-
ly precise laser tracker, horizontal and vertical variations were
detected. The horizontal variations of approximately +250 um
indicate a slightly asymmetrical arrangement of the telescope
components. The vertical variations of about £15 um are quite
small and indicate minor deviations in the construction work of
the radio telescope.

Keywords: radio telescope, reference point, monitoring, laser
tracker, VGOS, Onsala Space Observatory

Zusammenfassung

Der Internationale Terrestrische Referenzrahmen (ITRF) ist eine
hochgenaue Realisierung des Internationalen Terrestrischen Refe-
renzsystems (ITRS), ein erdfestes globales geoddtisches Referenz-
system. Es bildet die fundamentale Basis fiir nahezu alle wissen-
schaftlichen Untersuchungen des dynamischen Systems Erde und
wird durch die Kombination mehrerer geoddtischer Raumverfah-
ren gewonnen. Die Positionen der geometrischen Bezugspunkte
dieser Raumverfahren, wie z. B. Radioteleskope, die fiir die Radio-
interferometrie auf langen Basen (VLBI) verwendet werden, bilden
die physische Realisierung des Referenzsystems auf der Erde. Die
Genauigkeit und die Zuverldssigkeit eines solchen Bezugsrah-
mens hdngen von der rdumlichen und zeitlichen Stabilitdt der
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verwendeten Referenzpunkte ab, die das Datum definieren. In
diesem Beitrag wird die Referenzpunktstabilitit eines modernen
VGOS-Radioteleskops am Onsala Space Observatory untersucht.
Ziel dieser Untersuchung ist es, vertikale, aber auch horizontale
Anderungen zu quantifizieren, insbesondere bei Rotation des
Radioteleskops um die Azimut- und Elevationsachse, und einen
geeigneten Standort fiir ein festinstalliertes Messsystem zur
Uberwachung der raum-zeitlichen Variation der Referenzpunkt-
position zu identifizieren. Mit einem hochprézisen Lasertracker
konnten sowohl horizontale als auch vertikale Schwankungen
nachgewiesen werden. Wdhrend die horizontalen Schwankun-
gen von etwa +250 um vermutlich auf eine leicht asymmetrische
Anordnung einzelner Teleskopkomponenten zuriickzufiihren
sind, deuten die geringen vertikalen Schwankungen von etwa
+15 um auf kleine Abweichungen bei der Konstruktion des Radio-
teleskops hin.

Schliisselworter: Radioteleskop, Referenzpunkt, Monitoring,
Lasertracker, VGOS, Onsala Space Observatory

1 Introduction

The United Nations General Assembly adopted in Feb-
ruary 2015 the resolution “A Global Geodetic Reference
Framework for Sustainable Development” (A/RES/69/266,
United Nations (2015)) which highlights the importance of
global geodetic measurements for a sustainable develop-
ment of society. The terrestrial part of the Global Geodetic
Reference Framework (GGRF) is realised by the Interna-
tional Terrestrial Reference Frame (ITRF), and the last real-
isation is the ITRF2020 (Altamimi et al. 2023). The ITRF is
based on observations with a multitude of instrumentation
for space-geodetic measurements. One of these techniques
is very long baseline interferometry (VLBI), which makes
use of radio telescopes to observe extragalactic radio sourc-
es in the international celestial reference frame (ICRF)
(e.g. Sovers et al. 1998, Charlot et al. 2020). The VLBI ob-
servations are coordinated internationally in the observing
program of the International VLBI Service for Geodesy and
Astrometry (IVS) (cf. Nothnagel et al. 2017). The terrestrial
reference of VLBI observations are the reference points of
the radio telescopes, which are geometrically defined as the
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orthogonal projection of the secondary axis onto the prima-
ry axis. For the next generation VLBI system, called VLBI
Global Observing System, a requirement for the three-di-
mensional stability of 0.3 mm in a root-mean-square sense
was requested by Petrachenko et al. (2009, p. 25), to reach
the 1 mm accuracy goal in the position on a global scale
aimed by the Global Geodetic Observing System (cf. Gross
et al. 2009). Since for example temperature induced defor-
mations are expected as discussed by Wresnik et al. (2006),
the monitoring of the spatio-temporal reference point sta-
bility with e.g. invar measurement systems was suggested.
Beside vertical variations caused by temperature changes,
any elevation-dependent changes, such as the inclination
of the radio telescope, would also affect the reference point
position and limit the pointing accuracy of the telescope. It
is thus of interest to study how such measurement systems
can be integrated in the modern VGOS radio telescopes,
such as the VGOS twin telescopes at the Onsala Space Ob-
servatory (Haas et al. 2019).

Section 2 deals with the measurement concept per-
formed at the Onsala Space Observatory. A highly precise
laser tracker AT960 observed targets close to the reference
point position. Due to the limited space inside the radio
telescope under investigation, the targets were observed
via a plane mirror. The analysis and the results are dis-
cussed in Section 3. In order to quantify the magnitude
of changes and to identify a suitable location for a perma-
nently installed measurement system to monitor the spa-
tio-temporal variation of the reference point position, the
analysis was separated into the horizontal and the vertical
component. The vertical variation is studied in Section 3.1,
and in Section 3.2 the horizontal variation is investigat-
ed. Additionally performed inclination measurements are
addressed in Section 3.3. Finally, Section 4 concludes this
contribution.

2 Measurement Concept

VLBI radio telescopes observe quasi-stellar objects distrib-
uted in different directions in space and consist of a prima-
ry and a secondary axis of rotation. For an azimuth-eleva-
tion-type radio telescope, the primary and the secondary
axes correspond to the azimuth and the elevation axes. The
arrangement of the axes is similar to that of a theodolite. The
geometric reference point of a VLBI radio telescope results
from the orthogonal projection of the secondary axis onto
the primary axis (e.g. Losler 2009, Ning et al. 2015). The
reference point is geometrically defined and often referred
to as invariant point, because its position is independent
of the pointing direction of the telescope (cf. Losler et al.
2021). However, the reference point is typically not realised
within the radio telescope construction and a direct ob-
servation is impossible. Various indirect approaches have
been developed to determine the position of the reference
point (Losler 2021, p. 63 ff). Almost all approaches require
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observed targets in different telescope orientations. These
targets are mounted at rotatable construction elements of
the radio telescope, and the reference point is derived from
the resulting trajectories of these targets (e.g. Li et al. 2013,
Losler et al. 2013, Guillory et al. 2023). As each target po-
sition uniquely depends on the telescope orientation, these
approaches are almost insensitive to detect pointing-de-
pendent variation of the reference point. Small deviations
are masked by the large number of observations. To detect
these small deviations, specific measurement concepts are
recommended that observe the desired quantity almost di-
rectly. As the reference point is not physically realised, the
challenge is to find a suitable substitute location for a repre-
sentative monitoring of reference point’s variation.

In order to quantify the magnitude of pointing-depend-
ent variation as well as to identify a suitable location for a
permanently installed monitoring system inside the Onsala
Twin Telescopes, a measurement campaign was carried out
at the Onsala Space Observatory in 2023. As both radio tel-
escopes are identical in construction, we restrict ourselves
to the results obtained from the south-western radio tele-
scope with DOMES 10402S015. The main reflector diam-
eter is 13.2 m and the height of the elevation axis is about
10.5 m above the ground. The azimuth axis is realised by a
conical hollow tube. The tube is permanently mounted on
the concrete foundation of the radio telescope and, there-
fore, is independent of the pointing direction of the radio
telescope. The length of the tube is about g = 9 m, and
consists of several tapering cylindrical segments. The first
segment at the ground floor has a diameter of about 60 cm.
The diameter of the last segment at the top of the tube is
3.5 cm. The tube is a non-structural component and real-
ises the ground-fixed part of the azimuth encoder, which
is located at the end of the tube. The counterpart of the
encoder is mounted on the co-rotating azimuth cabin. The
end of the tube is the highest position above the ground
level, which is independent of the telescope’s pointing di-
rection and is closest to the reference point. It is intended
for the installation of sensors for an almost direct monitor-
ing of vertical changes of the reference point. Whether this
position is also suitable for monitoring of horizontal varia-
tion is one of the subjects of this investigation. Hereinafter,
this position is denoted by E, and depicted in Fig. 1.

Hexagon’s laser tracker AT960 was used to evaluate the
substitute location for a permanently installed measure-
ment system for monitoring both vertical and horizontal
variations. According to ISO 10360-10 (2021), the manu-
facture specifies the maximum permissible error (MPE)

of a three-dimensional position by 15 um + 6 % As the
MPE of the absolute interferometer is specified by 0.5 %,

the uncertainty of a three-dimensional position is mainly
affected by the angular measurements. For a position at a
distance of 10 m, the MPE is less than 100 pm, which is
sufficient as the requirement for VGOS radio telescopes
strives for an accuracy of 300 pm in the reference point po-
sition (cf. Petrachenko et al. 2009, p. 25).
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Fig. 1: Schematic representation of the realised measurement
configuration. The laser beam of the AT960 laser tracker is
deflected onto the SMR at a plane mirror. The SMR was either
positioned at the end of the tube E, at the support elements
of the cabin S, or at the cabin floor F close to the invariant
point denoted by IP.

Due to the small diameter of the tube’s top segment, a
downwards pointing 1.5” spherically mounted reflector
(SMR) is placed at the end of the tube E. Two further SMR
positions were realised by temporarily mounted drift-nests.
The first one at supporting elements S on the cabin, and the
second one at the cabin floor F. Whereas the position E is
rotational invariant, S and F co-rotate with the radio tele-
scope in azimuth. On the ground floor, the tube has two
side openings, each with a diameter of 35 cm. These open-
ings are designed for the installation of measuring devices
inside the hollow tube. Due to the dimension of the AT960
laser tracker, the instrument could not be positioned in-
side the tube to measure the SMR directly. For that reason,
a plane mirror was placed inside the tube, and the SMR
was observed by the instrument via the mirror. Plane mir-
rors are frequently used in metrology applications to in-
crease the field of view of photogrammetric camera sys-
tems (Hesch et al. 2008). Morse and Welty (2015) included
a plane mirror in a dynamic test procedure to evaluate the
performance of laser trackers. Moreover, plane mirrors
are used for optical alignments in industrial applications
(Burge et al. 2007). In general, plane mirrors extend the
working range of optical instruments and fit the measuring
systems to the available space.

Fig. 1 depicts the performed measurement configura-
tion, when the laser tracker was placed outside the tube.
A plane mirror inside the tube deflects the AT960 laser
beam onto the SMR. In order to optimally align the laser
beam onto the SMR, the tiltable plane mirror was mount-
ed on a cross slide, as shown in Fig. 2. The tilting axis of
the plane mirror was perpendicular to the laser beam of
the AT960. The SMR was either positioned at the end of
the tube E, at the supporting elements on the cabin S, or
at the cabin floor F. All SMR positions were close to the
azimuth axis, and were observable in a unified frame with-
out changing the configuration of the instrument and the
mirror. Therefore, stationing uncertainties do not occur.
Due to the high-precision distance measurement, the con-
figuration is particularly sensitive to detect vertical varia-
tion. However, the uncertainty of the horizontal variation is
mainly limited by the angle measurements. The dimension
of the tube limits the deviation between the deflected laser
beam and the azimuth axis. The maximum misalignment is
0 = 2°. A true displacement of 1 mm in the spatial position
would cause an error of about hg(1 - cos()) = 0.5 um.
This error is negligible if the plane mirror and the deflected
laser beam are almost centred in the tube. The meteorolog-
ical environmental parameters were assumed to be stable
because the radio telescope is equipped with an air con-
ditioning system. Temperature, air pressure, and humidity
were measured by an external meteorological station, and
corrections were applied to the observed distances. The in-
struments were switched on and warmed up for about 12 h,
to avoid measurement drifts caused for instance by heating
effects of instrument components (cf. Gassner and Ruland
2011, Pérez Munoz et al. 2016).

The radio telescope was rotated in predefined azimuth
and elevation positions to observe pointing-dependent var-
iation. Specific experiments were performed within the full
working range between -90° and 540° in azimuth, using an
azimuth step-size of Aa = 15°. These azimuth-dependent
experiments were carried out using elevation angles € of 5°,
45° and 90°. Verification measurements were restricted to

Fig. 2: Laser tracker AT960 in front of the side opening of the
tube. An SMR is observed via a plane mirror located centrally
inside the tube. The plane mirror is mounted on a cross slide
and shown in detail.
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the range between 0° and 360°. In order to evaluate ele-
vation-depended variation, the radio telescope was rotated
about the elevation axis in steps of Ae = 10° from 10° to 90°
as well as 5°. These elevation-dependent experiments were
repeated at 0°, 90°, 180° and 270° in azimuth. The meas-
urement time for a single position, including the rotation
of the radio telescope, took about 30 s, resulting in a total
measurement time of an experiment of less than 20 min.
Even though the measurement time was quite short and
the radio telescope is equipped with an air conditioning
system, a temperature-induced expansion of the monu-
ment during the experiment cannot be completely exclud-
ed, and a trend in the series must be considered during the
data analysis as proposed by Foppe and Neitzel (2014).

3 Analysis and Results

The analysis of the data and the obtained results are de-
scribed in detail in the following subsections. The aim of
this investigation is to quantify the magnitude of changes,
especially when the radio telescope rotates about the azi-
muth and elevation axes, and to identify a suitable location
for permanent monitoring instrumentation to monitor the
spatio-temporal variation of the reference point position.
Whereas vertical variation is investigated in Section 3.1,
Section 3.2 deals with the analysis of the horizontal vari-
ation. In order to verify the detected changes, additional
inclination measurements were performed. The analysis
and the results are discussed in Section 3.3.

3.1 Vertical Variation
As shown in Fig. 1, the measured distances s of the AT960

correspond to the z-component and a change in the dis-
tance relates to a change of the height, i.e.,

The vertical variation Az; observed at the end of the tube E
while the radio telescope was rotated about the azimuth
axis is depicted in Fig. 3a for the three elevation angles 5°,
45° and 90°. The vertical variation is quite small and lies
in a range of about +15 um. The pattern is independent of
the elevation angle under investigation and is confirmed
by the elevation-dependent experiments. The correlation
coefficients are greater than 96 % and illustrate the strong
dependencies between the three series. The cyclical signal
is overlaid by a slight drift, which indicates a small thermal
expansion of the radio telescope during the measurements.

In order to verify the vertical variation observed at
the end of the tube, the experiments were repeated using
the SMR position F at the cabin floor and partially at the
support elements S, cf. Fig. 1. Fig. 3b depicts the vertical
variation Az; observed at the cabin floor and confirms the
measurements at the end of the tube. The small deviations
between the measurement series in Fig. 3a and Fig. 3b in-
dicate a small component-specific variation, such as a mi-
nor structural deformation of the cabin floor. Nevertheless,
the striking cyclical signal is clearly recognisable at both
positions. The experiment at SMR position S was restrict-
ed to the azimuth range from 0° to 360° as well as ¢ = 90°,
because the cyclical pattern has already been confirmed by
this series, cf. Fig. 3c.

The observed vertical variation appears to be independ-
ent of elevation position. For that reason, the variation
cannot be explained by changing load cases caused by dif-
ferent pointing directions. More likely is an unevenness of
the gear rim realising the circular azimuth track, which is
mounted on the top of the concrete monument. Track un-
evenness was also detected by inclination measurements at
large radio telescopes such as the 100 m Qi Tai Telescope
(Li et al. 2022) and the 25 m Nanshan Radio Telescope (Xu
et al. 2023), and leads to a deterioration of the antenna’s
pointing accuracy (Gawronski et al. 2000, Li et al. 2017).
However, regardless of the reason, the vertical variation
is repeatable, systematic, and correctable. According to
Foppe and Neitzel (2014), a suitable function reads

Az, = As,. (1)
2rj
Az(a):ni+mia+2ajcos(—]a+bj , 2)
jed T
20 20 20
—A—90°
10 10 10}
g g g
3 3 3
g 0 g0 g 0
N B3 B3
< < <
-10+ -10 “10F
_20 1 1 1 1 1 1 1 _20 1 1 1 1 1 1 1 _20 L L L L L L L
90°  0°  90° 180° 270° 360°  450° 90°  0°  90°  180° 270° 360°  450° 90°  0°  90° 180° 270° 360° 450°
Azimuth Azimuth Azimuth

(a) Position E (b) Position F (c) Position S

Fig. 3: Vertical variation observed at different SMR positions: (a) the end of the tube, (b) at the cabin floor and (c) at the support
elements on the cabin, while the radio telescope was rotated about the azimuth axis in fixed elevations. Yellow squares, red
circles, and blue triangles relate to the measurement series in elevation 5°, 45° and 90°. Please note, the verification position S
was only observed between 0° and 90° in azimuth, while E and F were observed from -90° to 450°.
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Tab. 1: Estimated coefficients and related standard deviations
of the derived correction model

j ain um 0, in pm bin® 0pin °
1 2.5 0.4 70.9 7.8
2 32 0.3 163.5 6.1
4 4.6 0.3 =989 4.0

where J is an index set of the dominant series terms, which
are derived by e.g. an amplitude spectrum of a Fourier se-
ries (e.g. Heunecke et al. 2013). The second term in (2)
parameterises the cyclic part of the series and is known as
amplitude-phase form. The amplitude is a;, the phase angle
is b, and T := 360° denotes the period. To reduce a drift in
the i-th series, the expression is extended by the first term,
which represents the linear function of a straight line with
parameters »; and m;. By considering only the dominant
series terms in 7, the unknown coefficients n;, m;, aj, bj are
obtained by means of parameter estimation (Losler et al.
2010).

Based on the amplitude spectrum, the dominant se-
ries terms 7 = {1,2,4} were derived and introduced to the
least-squares adjustment. Tab. 1 summarises the estimat-
ed parameters as well as the related standard deviations.
The coefficients of the linear part are omitted because
only the cyclic part is required for a correction model.
The resulting correction function is depicted in Fig. 4. The
thermal expansion of the radio telescope is already com-
pensated in VLBI data analysis (Wresnik et al. 2006) or in
the framework of reference point determination (Losler
et al. 2016). As the observed variation acts similar to the
vertical component of the reference point, the derived cor-
rection model can easily be applied in existing software
packages to reduce the impact of the systematic vertical
variation.

However, compared with the thermal expansion of the
radio telescope as a result of daily or seasonal temper-
ature changes, the observed vertical variation is only a
second-order effect. Fig. 5 depicts the multi-day vertical
variation and the corresponding monument temperature.
Although the radio telescope is equipped with an air con-
ditioning system, changes of about 100 um can be observed
within a single day. The correlation coefficient between the
temperature and the vertical variation is 96 %. Moreover,
seasonal vertical changes are an order of magnitude great-
er. For instance, Elgered and Carlsson (1995) observed var-
iation between the summer and the winter of 3 mm for the
radome-enclosed 20 m VLBI radio telescope at the Onsala
Space Observatory. Similar results were also reported by
Zernecke (1999) and Mihler et al. (2019) for VLBI radio
telescopes at the Geodetic Observatory Wettzell.

Nevertheless, the measurement series at the end of the
tube are almost identical with the series obtained at the
co-rotating cabin. The position at the end of the tube is
sensitive to systematic vertical variation caused by minor

-90° 0° 90° 180°  270°  360°  450°
Azimuth

Fig. 4: Derived correction model (red) and averaged sampling
points of the three series (black crosses).

2.1
121.0

2 2.0t
= O
g 120.5 °
k= k=
N e, E!

191
<19 120.0

1.8 L L L

Aug 25 Aug 26 Aug 27
2023

Fig. 5: Multi-day monitoring of the SMR position E using the
laser tracker AT960. The vertical variation is shown in red, and
the corresponding monument temperature is shown in black.

deviations in the telescope’s structure and by temperature
changes. Therefore, the position is recommended for a
permanently installed measurement system for monitoring
vertical changes.

3.2 Horizontal Variation

In contrast to the vertical variation, which directly results
from the distance measurement, the horizontal variation
mainly relates to the angle measurements. For a straightfor-
ward interpretation of the results, a Cartesian representa-
tion is advisable. Due to the measurement configuration,
changes in the x-component directly relate to the vertical
angle & and are readily obtained from

Ax; =—s, sin(Aé‘i ) (3)
Here, s; denotes the slope distance, and A&, =&, —& is the
change of the vertical angle ; w.r.t. the series average &.
A change in the y-component corresponds to the direc-
tion 7 via

Ay, = —siH sin(A T, ) , (4)
where s =5, sin(é) is the horizontal distance, and
At, =7,—7 is the change in the direction measurement 7;

w.r.t. the series average 7. As only small angular changes
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are to be expected, the horizontal changes Ax and Ay can
be sufficiently approximated by the arc length formula, i.e.,

Ax; = —=s A&, (5)
Ay, ~—s'At,, (6)

where A¢; and At; are the central angles, respectively.
Elevation-dependent deformation at the receiving unit
of the radio telescope caused by different loading cases was
reported by Losler et al. (2019). The commonly applied de-
lay model requires a stable reference point, which is not
affected by gravity-induced deformation (Nothnagel et al.
2019). Due to the mass of the receiving unit, deformation
at the reference point cannot be excluded. A horizontal dis-
placement A of the reference point position corresponds to

a signal path variation SPV = Acos(é‘) , where ¢, denotes
c
the speed of light. 0

However, the analysis of the elevation-dependent exper-
iments does not confirm this assumption. Fig. 6 depicts the
observed horizontal variations Ax and Ay while the radio
telescope was kept fixed in azimuth « = 90° and rotated
up- and downwards about the elevation axis. Due to the
higher uncertainty of the angle measurements, the noise of
the derived Ax and Ay components are greater than for the
vertical component Az. Both series vary in a range of about
25 pm, which corresponds to a maximum signal path vari-
ation of less than 0.1 ps. However, the horizontal variations
do not indicate a systematic behaviour that justifies a cor-
rection.

Large horizontal variation was unexpectedly observed
when the radio telescope was rotated about the azimuth
axis while the elevation axis remained fixed. As shown in
Fig. 7, the position E varies by about +250 um. This var-
iation is elevation-independent and reproducible at the
elevation angles 5°, 45° and 90°. As shown in Fig. 1 and
already mentioned, the SMR position E at end of the tube
is ground-fixed and does not co-rotate about the azimuth
axis. Instead of a gravity-induced deformation, it is more

50 +

251

0F

A in pm

25+

50 - -

0° 15° 30° 45° 60° 75° 90°
Elevation
Fig. 6: Horizontal variation observed at the end of the tube E
when the radio telescope was rotated up- and downwards
about the elevation axis while the azimuth axis remains fixed
at a = 90°. Yellow squares and red circles relate to Ax and Ay,
respectively.
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-125 0 125 250
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Fig. 7: Horizontal variation observed at the end of the tube E
while the radio telescope was rotated about the azimuth

axis in fixed elevations. Yellow squares, red circles, and blue
triangles relate to the measurement series in elevation 5°, 45°
and 90°.

likely that the end of the tube is forced by some asymmetri-
cally arranged telescope components (cf. Eschelbach et al.
2025). During the rotation of the radio telescope, an az-
imuth-dependent load acts transversely to the tube. The
bending of the tube leads to horizontal variation.

3.3 Tilt verification

For an independent verification of the results and to en-
sure that the cabin remains unaffected by the horizontal
variation, inclination measurements were performed using
an inclination sensor Nivel210 (Leica). The instrument is

specified with a standard deviation of 50 % in a working

m
range of +3 %

The inclination sensor was positioned in place of the
SMR at the end of the tube. Inclinations were observed in
the fixed elevation position € = 90° while the radio tele-
scope rotated about the azimuth axis from 0° to 360°. Fig. 8
depicts the observed inclinations. The data fit well with a
circle having a radius of about 750 um. The estimated re-
siduals are quite small and scatter randomly. The observed
inclination confirms the bending of the tube.

In order to compare the inclination measurement with
the result of the laser tracker, the order of magnitude of
the bending was estimated. In engineering mechanics, the
bending B of an elastic structure such as a rod, which is
unilateral clamped and subjected to a transversal load F, is
readily derived from a third-degree polynomial, i.e.,

Lo z_l 3
B(L):A[;L 6LJ. (7)
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F
Here, A =E— is the ratio between the acting load F and

the bending stiffness (E - I), and L, is the length of the rod
(Burgetal. 2011, p. 115). Assuming a transversal load at the
end of the tube yields

3B(L,)

= (8)

L
The tilt § of the rod results from the slope of the tangent,
ie,

tan(5(L))=B'(L).

Based on blueprints of the radio telescope structure,
the tube consists of several conical segments, which are
screwed together. The length of the top segment of the
tube is Ly = 50 cm. The bending of the tube is taken from
Fig. 7 and reads B(L) = 250 um. According to (9), the tilt is

(9)

o (LO) =83022 The remaining deviations of about 80 pm
m

between the observed inclinations and the estimated tilt §
result from the model assumption used during the evalua-
tion of (9). Nevertheless, the assumed bending of the tube
and the order of magnitude are confirmed.

In order to evaluate whether the inclinations of the end
of the tube can be transferred to the co-rotating azimuth
cabin, which contains the reference point, inclination
measurements were performed on the cabin floor. As the
sensor co-rotated with the cabin, the observed changes in
inclination Ax;" and Ay were converted to a ground-fixed
frame using the corresponding azimuth angle ; via

) &)

o) )

(10)

Ay in pm/m

30
15
0 Fig. 8:
® Observed inclinations when
-15 the radio telescope was
rotated about the azimuth
'3930 15 0 15 30 axis while the elevation

remains fixed. Inclinations
observed at the end of the
tube E are shown in blue and
were observed in e = 90°.
Inclinations observed on the

Az in pm/m

A E:90° cabin floor F are coloured
o F:5° yellow and red and refer to
e F: 45° e£=5%and ¢ = 45° respective-

ly. A detailed plot depicts the
series observed at F.

Fig. 8 depicts the performed inclination measurements at
€ =5°and € = 45° in yellow and red, respectively. Unfortu-
nately, the measurements at an elevation angle of 90° could
not be analysed due to a registration error. The observed in-
clinations on the cabin floor are quite small compared to the
inclinations measured at the end of the tube. As shown in

the detailed plot, the series vary in a range of about +15 %

and, therefore, are less than the specified standard devia-
tion of the sensor. In contrast to the tube, the cabin is not
affected by a lateral load, and remains stable when the ra-
dio telescope rotates. For that reason, pointing errors of the
radio telescope caused by a lateral load are unverifiable.
However, the position at the end of the tube is unsuitable
for a permanently installed measurement system for moni-
toring horizontal changes.

4 Conclusion

The backbone of almost all scientific investigation of the
dynamic System Earth is a consistent global geodetic ref-
erence frame. Reference points realise the datum of such a
global geodetic reference frame. Unstable reference points
restrict the achievable accuracy and reliability and lead
to misinterpretations. Woppelmann and Marcos (2016)
showed that the precision of currently established terres-
trial reference frames limits our understanding of how sea
level has changed in recent years and how future sea level
might affect our lives. In order to meet further require-
ments, the Global Geodetic Observing System aims for
a reference frame with an accuracy of 1 mm on a global
scale (Blewitt et al. 2010). Investigation into the receiving
unit of VLBI radio telescopes w.r.t. the pointing direction
of the telescope indicates gravity-induced deformation.
This deformation acts systematically but is correctable.
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However, the commonly used delay model presumes a sta-
ble reference point (cf. Nothnagel et al. 2019). The reference
points of VLBI radio telescopes are geometrically defined
as the orthogonal projection of the secondary axis onto the
primary axis. In order to determine the reference point,
indirect approaches are required because the point is gen-
erally not physically realised. These approaches are almost
insensitive to detect pointing-dependent variations and
imply that the reference point is unaffected by load changes
(e.g. Dawson et al. 2007, Losler 2009, Bae and Hong 2022).
Although almost all applications require an invariant posi-
tion, detailed investigation on the pointing-dependent var-
iation of the reference point does not exists so far.

In this contribution, the south-western VGOS radio
telescope at the Onsala Space Observatory was studied in
detail. The scope was to find a suitable substitute location,
which allows a representative monitoring of the reference
point’s variation. Moreover, the magnitude of occurring
deformation, in particular the pointing-dependent varia-
tion, should be examined in order to specify the required
accuracy of the permanently installed measurement sys-
tem. The geometric azimuth axis of the radio telescope un-
der investigation runs through a hollow tube. This tube re-
alises the ground-fixed part of the azimuth encoder, which
is located at the end of the tube 10 m above the ground. The
end of the tube is the closest position to the reference point
in a ground-fixed frame, and is assumed to be a substitute
location for a permanently installed measurement system.
In order to monitor this position, a spherically mounted
reflector was placed at the end of the tube and observed
by a high-precise laser tracker AT960 via a plane mirror.
Whereas elevation-dependent variation could not be de-
tected, horizontal and vertical variations were observed
while the radio telescope rotates about the azimuth axis.
A large horizontal variation of about 250 um was detected
by the laser tracker, which results from a bending of the
tube, caused by asymmetrically arranged telescope compo-
nents. The bending was verified by additionally performed
inclination measurements. In contrast to the tube, it was
proven that the cabin is not tilted by a lateral load and re-
mains stable. The position at the end of the tube is unsuit-
able for a permanently installed measurement system for
monitoring horizontal changes. An azimuth-dependent
vertical variation of about £15 um was detected at the end
of the tube. This variation was confirmed by additional
measurements at the support elements at the cabin and
the cabin floor. One possible reason could be the uneven-
ness of the gear rim realising the circular azimuth track,
which is mounted on the top of the concrete monument.
Furthermore, the end point of the tube was proven to be
suitable to monitor the thermal expansion of the radio tel-
escope. Compared with the thermal expansion as a result
of daily or seasonal temperature changes, the observed
vertical variation caused by the rim is quite small and only
a second-order effect. Independently of the reason for the
vertical variation, the end of the tube is suitable for a per-
manently installed measurement system for monitoring
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vertical changes. In order to reliably resolve the daily verti-
cal variation a measurement accuracy of < 100 pum is rec-
ommended for an installed monitoring system.
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