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Abstract

Radio telescopes are pivotal in receiving radio frequencies from space. These telescopes, typically featuring
parabolic dishes, focus radio waves onto a central receiving point to amplify the incoming signal. The stability
of the telescope’s main reflector’s shape across various orientations is crucial, as deformations can distort the
received signal. This study focuses on the 26-meter radio telescope at the Hartebeesthoek Radio Astronomy
Observatory (HartRAO) in South Africa. A high-end laser scanner is employed to record the surface of the
rotating paraboloid reflector in multiple orientations. The telescope is capable of moving through different
declinations and hour angles requiring to measuring 88 different positions of the telescope, to provide a com-
plete picture of the deformations. Fitting models are applied to estimate the shape of the rotating paraboloid
from the raw data also considering calibration errors of the laser scanner used. First results for deformation
patterns and, therefore, the local deformations of the main reflector are shown.
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1. Motivation

VLBI (very long baseline interferometry) tele-
scopes receive signals from compact extragalactic
nuclei such as quasars in the radio frequency do-
main. By simultaneously observing the same radio
source, baselines between the reference points of ra-
dio telescopes can be established. This information
can then be utilized to monitor plate tectonics and
Earth rotation parameters (Nothnagel et al., 1994).
In addition to terrestrial investigations, VLBI is also
employed to determine the positions and morphol-
ogy of these natural radio sources. These appli-
cations require a level of precision in the millime-
ter range, which in turn necessitates a correspond-
ing stability of the VLBI telescopes (Holst et al.,
2019b).
A prerequisite for optimal signal reception is that

the form of the reflectors closely matches the model
of a perfect shape, even when aligning with differ-
ent radio sources. The main reflectors of radio tele-
scopes often have the shape of a paraboloid of rev-
olution. However, external factors such as tempera-
ture, wind, and, most notably, the telescope’s weight
and the resulting gravitational forces influence the
shape of the main reflector (Clark and Thomson,
1988; Nothnagel, 2009). Changes in the shape di-
rectly relate to signal path variations, which deterio-
rate VLBI observations in a variety of effects (Holst
et al., 2019b). This makes it essential to monitor the
deformations of the telescope and the reflectors in
particular.
Various approaches have been explored to identify
radio telescope deformations, e.g., using terrestrial
laser scanners (Holst et al., 2019a), total stations
(Sarti et al., 2009) or cameras (Lösler et al., 2019,
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2025). E.g., Sarti et al. (2009) used a laser scanner
for deformation analysis and made control measure-
ments with a total station that confirmed the results
of the laser scanner for VLBI telescopes at Medic-
ina and Noto observatories. Similar approaches us-
ing laser scanners have been applied to telescopes
in Onsala (Holst et al., 2017) and Effelsberg (Holst
and Kuhlmann, 2014), with Holst et al. (2017) also
focusing on determining the focal length and local
deformations. They place particular emphasis on
the misalignments of the laser scanner and inves-
tigate different methods to minimize the effects of
systematic errors of the laser scanner.

In addition to laser scanning approaches, there are
also methods based on camera data. For instance,
Lösler et al. (2025) recently conducted a UAV-based
photogrammetry study to investigate the radio tele-
scope in Tasmania, Australia. The study analyzed
the system’s focal length in various positions to
evaluate potential deviations and influencing fac-
tors.

Similar to the aforementioned radio telescopes, the
26-m telescope at Hartebeesthoek Radio Astron-
omy Observatory (HartRAO), close to Johannes-
burg in South Africa, suffers from deformations that
need to be quantified. In contrast to the aforemen-
tioned radio telescopes, this one has an hour-angle-
declination (HA-DEC) mount (Nothnagel, 2009).
HA-DEC mounts possess a primary axis which is
constructed parallel to the Earth rotation axis. The
secondary axis is designed perpendicular to the hour
angle axis and always tilts the main reflector in ce-
lestial declination. This means that the main reflec-
tor encounters gravitational load effects other than
those of standard azimuth-elevation-mounts investi-
gated before, e.g., at Medicina, Onsala, or Effels-
berg. Consequently, the gravitational load effects
are not symmetric for all azimuth angles and do
not only depend on elevation angle but vary for all
pointing positions in the sky.

With this study, we now want to analyze the defor-
mation behavior of the 26-m HartRAO telescope,
again based upon laser scans. Here, as first step of
the complete deformation analysis, we focus on the
following scientific contributions:

1. developing a measurement concept for deriv-
ing the deformation patterns of HA-DEC radio
telescopes,

2. developing a workflow for an efficient and au-

tomatic preprocessing of the laser scans,
3. presenting first concepts for reducing laser

scanner misalignments in the processing steps,
4. discussing preliminary results of deformation

patterns and current challenges.

2. Radio telescope, measurement
concept and preprocessing

The following section describes first the 26-m
HartRAO telescope itself and the measurement con-
cept and shows the preprocessing of the laser scans.

2.1 26-m HartRAO telescope

The 26-m HartRAO telescope in South Africa has
the typical design of a Cassegrain telescope, mean-
ing that the main reflector has the shape of a con-
cave paraboloid, which is an important fact for our
investigations. The given diameter D = 25.9 m and
the focal ratio f/D = 0.424 leads to a nominal focal
length of f = 10.9816 m for the telescope in zenith
position (National Research Fundation, 2025). The
main reflector consists of 255 individual panels ar-
ranged in 7 concentric rings. Figure 1 shows a 3D
model of the telescope, including the HA- and DEC-
axes and two coordinate systems that will be intro-
duced later.

Figure 1. 3D model of the 26-m telescope at the
HartRAO site, illustrating the telescope coordi-
nate system’s Z-axis (red), the scanner coordinate
system’s z-axis (blue), the HA-axis in green and
DEC-axis in orange.
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2.2 Measurement concept

The measurement concept should fulfill some re-
quirements that are necessary for the following pro-
cessing steps. As the HA-DEC mount should be
investigated, it is important that a combination of
various positions of the telescope is captured for the
analysis. Another prerequisite is that the scanner
should scan the main reflector without large occlu-
sions and it should hang always upside-down. The
scans should be recorded in a way that the misalign-
ments of the laser scanner can be modeled and mini-
mized in further steps. To fulfill these requirements,
the measurement concept is designed as follows.

Laser scanner mounting

To ensure that the whole main reflector can be
scanned at each position, a special hinge system
is designed, where the scanner is mounted upside
down beneath the sub-reflector. This system incor-
porates a movable two-axis gimbal mechanism, al-
lowing the scanner to remain oriented horizontally
toward the nadir in any telescope position due to its
weight, shown in Figure 1 and Figure 2.

To ensure stability during scanning, the system has
a mechanical brake that restricts the gimbal’s move-
ment and locks it when the telescope is in the cor-
rect position when activated, preventing unintended
motion during the scanning process. The position
of the scanner and the hinge system ensures that the
whole main reflector is captured in each position ex-
cept shadows of the quadruped legs and the central
cone construction in which various feed horns are
mounted (Figure 4 bottom).

Laser scanner misalignments

To model the misalignments of the laser scanner and
to minimize the resulting systematic errors in the
scans, the scans are taken as two-face scans. There-
fore, each position is scanned in two cycles. In cycle
1, the scanner captures data over a horizontal angle
range of 0◦ to 180◦, while the vertical angle range is
fully covered from 0◦ to 360◦. Cycle 2 repeats the
horizontal angle range from 180◦ to 360◦.

As a result, two complementary scans are produced,
capturing the entire surface of the telescope’s main
reflector, except of the obstructed areas. The point
clouds that consist of m points, with each point in-
dexed by j = 1, . . . ,m, are provided in polar coordi-

Figure 2. Scanner installation at the sub-reflector
with nadir view in the scanner mounting position
(HA: −89◦, DEC: −1.5◦)

nates [r,ϕ,θ ] (range, horizontal angle, vertical an-
gle) with associated intensity values I:

Pj =
{

r j,ϕ j,θ j, I j
}
. (1)

For the point cloud the polar coordinates can be con-
verted in Cartesian coordinates with:x j

y j

z j

=

r j sinθ j sinϕ j

r j sinθ j cosϕ j

r j cosθ j

 . (2)

Measurement plan

For performing the measurements, there are some
time restrictions. Because of the strong reflectiv-
ity of the white main reflector, incoming sunlight
should be avoided. Thus, the measurements can
start only when the sun goes down. However, scan-
ning cannot be performed until the morning be-
cause, at some point, dew forms and the water on
the surface of the main reflector would affect the
measurements.

To capture various positions of the HA-DEC mount
telescope, a schedule is set up, including four scan-
ning tours that can be seen in Figure 3. The four
tours are scanned on four consecutive nights (from
6 pm to 11 pm, April 2024), beginning with the red
one. Each tour consists of 19 to 24 positions that are
defined as a combination of hour angle and declina-
tion.

To capture a whole tour in one night also an appro-
priate scanning resolution should be chosen that is
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Figure 3. Scanning schedule including four scan-
ning tours: red, green, blue and magenta – yellow
represents the zenith position that is captured twice
in each tour

fast but dense enough for the analysis. Therefore a
resolution of 6.3 mm on a range of 10 m is chosen,
what leads to a scanning duration of around 3 min-
utes per scan. Some time has also to be taken into
account for the movement of the telescope, fixing
the brake and set the scan parameters for the hori-
zontal and vertical angle.

2.3 Preprocessing steps

Before estimating the focal lengths and local devia-
tions of the main reflector from the point clouds, the
data must be preprocessed to remove unwanted el-
ements. In addition to the main reflector, the scans
contain background regions and scatter points that
could interfere with the analysis and must, there-
fore, be eliminated. To achieve this, an automated
data-cleaning process in three steps is applied.

In the first step, threshold values are introduced.
The maximum distance Dmax and minimum dis-
tance Dmin of the main reflector to the scanner serve
as filters to exclude all points outside these limits.
The filtering condition is given by:

Dmin ≤ r ≤ Dmax (3)

The second step involves segmenting the remaining
scan into surface patches. These patches are smaller
than a single panel and are defined by discretizing
the horizontal and vertical angles with step sizes ∆φ

and ∆θ . As a result, the entire telescope surface is
divided into surface patches of about 30cm2, which
are analyzed individually in the subsequent step.

In the third step, a planar fit is performed for each
surface patch. Therefore, RANSAC (RANdom
SAmple Consensus) is used. Due to their small
size relative to the overall telescope structure, the
patches can be approximated as planar surfaces,
i.e. planes with parameters A,B,C,D, neglecting the
telescope’s inherent curvature. Using a predefined
threshold, all points Pj deviating beyond a specific
limit ε above or below the estimated plane are clas-
sified as outliers and removed. All the other points
are defined as inlier points Pinlier and build the re-
maining point cloud:

Pinliers = {Pj |
|Ax j +By j +Cz j +D|√

A2 +B2 +C2
≤ ε}. (4)

The final result of preprocessing is a segmentend
point cloud that represents only the surface of the
radio telescope, free from scatter points (Figure 4).

Figure 4. Point cloud with intensity-based coloring
(top: whole point cloud; bottom: cleaned point
cloud after preprocessing)

3. Workflow for quantifying the
reflector deformations

In the following section a workflow is introduced
how the preprocessed point cloud can be used
to quantify deformations of the main reflector.
The laser scan data does not perfectly describe a
paraboloid, as represented by the HartRAO tele-
scope model. A least-squares-adjustment is per-
formed to fit the scan data to the model of the
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telescope. The result of this adjustment is the fo-
cal length as the one parameter that accurately de-
scribes the overall shape of the paraboloid, along
with residuals that also highlight local deformations
on the main reflector’s surface.

These residuals reflect the differences between the
modeled data and a perfect shape. Furthermore,
the adjustment can incorporate a calibration pro-
cess, which allows for the minimization of the sys-
tematic errors caused by the misalignments of the
laser scanner. As an adjustment is performed for
each position, both the focal length variations and
the local surface deformations can be described for
different positions of the telescope. The workflow
for the processing is shown in Figure 5 and will be
explained in the following. It needs to be noted that
we only focus on the local surface deformations in
this publication – focal length variations will be an-
alyzed in future studies.

Figure 5. Workflow for processing the point cloud
in general - adjustment is done either with the sim-
plified or the extended model

Simplified model

The 26-m HartRAO telescope can be described by(
X2

j +Y 2
j

4 f

)
−Z j = 0 (5)

as a paraboloid of revolution. Here the Cartesian
coordinates (X j,Yj,Z j) are represented in the tele-
scope coordinate system. This originates at the ver-
tex of the paraboloid, ensuring that the Z-axis serves
as the axis of symmetry (Figure 1). The focal length
f is the defining parameter of the paraboloid that
uniquely describes its shape (Holst et al., 2017).

A transformation from the scanner coordinate sys-
tem to the telescope coordinate system must be
performed to obtain the coordinates in the tele-
scope reference frame from the raw scanner data.
This involves converting the polar coordinates
(r j,ϕ j,θ j) into the corresponding Cartesian coordi-
nates (x j,y j,z j) as Equation 2 shows.

The scanner coordinate system is defined as a right-
handed system with its origin at the center of the
laser scanner. The scanner and telescope coordi-
nate systems are shown in Figure 1 for the zenith
position of the telescope. The blue arrow is the z-
axis of the scanner system and points to the nadir,
whereas the red arrow shows the Z-axis of the tele-
scope system, which points upwards from the origin
of the telescope. In both cases, the x- and y-axes are
perpendicular to the z-axis and build a right-handed
system. If the telescope moves to another position,
this constellation will change. The scanner-z-axis
always goes to the nadir. The telescope-Z-axis de-
pends on the telescope’s position.

The transformation from the scanner x j to the tele-
scope system X j can be performed by

X j = (X j,Yj,Z j)
T = Ry(φy)Rx(φx) ·x j +∆X, (6)

which consists of the rotations Rx and Ry, as well as
a translation ∆X (Holst et al., 2017).

By integrating the transformed coordinates from
Equation 6 into Equation 5, object parameters

Pobj = [∆X ,∆Y,∆Z,φx,φy, f ]T (7)

can be estimated using a least squares adjustment in
the form of a Gauss-Helmert model. These object
parameters consist of the translation and rotation in-
volved in transforming the scanner reference frame
to the telescope reference frame and the focal length
of the paraboloid (Holst et al., 2017). Until this step,
we speak about the simplified model.

Extended model

In a further step, the functional model can be ex-
tended to model systematic errors that can be related
to the laser scanner misalignments. In this case, the
parameters are augmented with calibration parame-
ters Pcalib in addition to the object parameters Pobj of
Equation 7:

Pcalib = [x4,x6,x7]
T . (8)
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Here, x4 represents the vertical index offset, x6 de-
notes the mirror tilt, and x7 corresponds to the hor-
izontal axis error. As noted in Holst et al. (2017),
the calibration parameters significantly impact the
results. The calibration parameters are added to the
raw data (rorig,ϕorig,θorig):r j

ϕ j

θ j

=

 rorig j

ϕorig j
+ x7

tan(θ j)
+ 2x6

sin(θ j)

θorig j
+ x4

 . (9)

Transformation in consistent coordinate system

In the next step, the adjusted coordinates are trans-
formed to ensure they are represented in the correct
telescope reference frame where the X-axis repre-
sents the north direction. Since the coordinate sys-
tem, after adjustment, already has its origin at the
vertex of the main reflector and the Z-axis is cor-
rectly oriented, only a rotation around the Z-axis is
necessary to also correctly orient the X- and Y -axes.
This procedure is done for each cycle in each posi-
tion separately. For each position, cycles 1 and 2 are
divided into 255 panels, with the edges removed by
using a defined mask to eliminate potential overlaps
between adjacent panels.

To combine cycle 1 and cycle 2 and to compensate
for any remaining systematic effects caused by laser
scanner misalignments, the residuals from the two
cycles are averaged panel by panel in a final step.
Therefore, points within a panel are grouped into
circles with their nearest neighbors where the circle
has a radius of about 1 cm. Points within one circle
are averaged. Since the edges of the panels were
cut in the previous step and the calculation is done
panel-by-panel, it can be ensured that points of two
different panels are never averaged.

4. Preliminary analysis and dis-
cussion of residuals

This section shows and discusses the results of the
simplified model compared to the extended model,
which includes calibration parameters. We group
this analysis into scans in which misalignments have
been reduced successfully and into scans that con-
tain a large amount of systematic errors even af-
ter the process of calibration using the extended
model. Those overlying systematics with previously
unknown appearance will be explained later. In this

study, since we only analyze first results, we restrict
the further discussion to the red tour only (compare
Figure 3).

4.1 Scans with successful reduction of mis-
alignments

As the residuals are a main part of the deformation
analysis, because they show the local deformations
of a radio telescope’s main reflector, particular at-
tention is put on the reduction of systematic errors
that affect the residuals directly. To show the effects
of modeling the systematic errors as a calibration in-
cluded in the adjustment (i.e., extended model), the
scan data is processed along the workflow in Fig-
ure 5 once with the simplified model and once with
the extended model.

When applying the simplified model, the residuals
clearly reveal the influence of systematic errors as a

Figure 6. Residuals of the deformation analysis
without calibration parameters r23 (HA: −35◦,
DEC: −64◦ - red line separates face 1 and 2 (top:
cycle 1; bottom: cycle 2)
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visible line shown as a red line between face 1 and
face 2 (Figure 6). This can be observed for both
cycles 1 and 2. Since cycle 1 covers a horizontal
angle range from 0◦ to 180◦ and cycle 2 from 180◦

to 360◦, the regions corresponding to face 1 and face
2 and further the systematic effects are interchanged
between the two cycles.

Applying the extended model including the calibra-
tion parameters leads to a significant improvement,
as the systematic effects are minimized (Figure 7).
However, a closer inspection of cycles 1 and 2 in
Figure 7 reveals smaller but persistent discontinu-
ities in the residuals along the face changes that hint
at remaining systematic instrumental effects. To
deal with this issue, a panel-wise averaging of cy-
cles 1 and 2 is done to build the mean of face 1 and
face 2.

Figure 7. Residuals of the deformation analysis
with calibration parameters r23 (HA: −35◦, DEC:
−64◦ - red line separates face 1 and 2 (top: cycle 1;
bottom: cycle 2)

The results of this averaging method including cali-
bration are shown in Figure 8. Significantly fewer
systematic effects are visible. The residuals rep-
resent local deformations or deviations of the tele-
scope from a perfect paraboloid, potentially indicat-
ing tilted, dented or even wholly shifted panels. The
region around the right quadruped leg shows panels
below the paraboloid’s perfect shape. Also, three
panels below the top quadruped leg show the same
behavior and are tilted.

Figure 8. Mean residuals of the deformation anal-
ysis for r23 (HA: −35◦, DEC: −64◦) with calibra-
tion

4.2 Scans with overlaying systematics

For most of the scans, the residuals and therefore
the local deformations look quite similar after anal-
ysis including calibration and building the mean of
the two cycles. However, some scans show a com-
pletely different behavior in the residuals that does
not fit the local deformations and is not related to
two-face-sensitive systematic errors. This abnormal
behavior can be found in four of the 46 scans, al-
ways in the first of the two cycles. Figure 9 shows
one of the affected scans. These effects appear ei-
ther in the last or in the first quarter of the scan.

A clear line is visible in the residuals as a clear con-
trast between blue and yellow. On the one hand, the
systematic influences of the laser scanner, which are
two-face sensitive, are distinctly visible in Figure 9
shown with the solid red line. This line is along the
horizontal angle of 0◦. On the other hand, abnormal
effects can be observed within the black dotted line
along one random horizontal angle.
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For the four detected abnormal scans, there is not
yet a relation or systematic found for the position of
the effects. With a closer look at the raw data, these
effects can also be detected as a shift perpendicular
to the telescope’s surface along one horizontal angle
value. However, since these abnormalities occur at
different locations in only four scans, it can be en-
sured that they do not represent actual deformations
on the main reflector’s surface.

The exact cause of this influence remains unclear.
Still, these anomalies consistently occur in the first
cycle of the examined scans. This observation sug-
gests that the brake may not have been fully en-
gaged or that the telescope had not yet completely
settled after moving into position. This could have
caused a momentary impulsive shift, which mani-
fests along the line of a specific horizontal angle.
Since these scans are affected by erroneous influ-
ences, they should not be used for further evaluation
and therefore be excluded from the subsequent anal-
ysis or even the affected parts have to be cut out of
the point clouds.

Figure 9. Residuals with abnormal effects of point
cloud in position r5 (HA: 35◦, DEC: −25.89◦)
cycle 1 - red line separates the systematic errors,
black line the abnormal effects

5. Conclusion

For the preliminary results, it can be summarized
that a sophisticated measurement concept was de-
signed enabling to analyze the deformation behav-
ior of the HartRAO 26-m radio telescope in its full
working range. Furthermore, we set up a workflow
that segments the scan data in an almost automatic

way. It is shown that an included calibration in the
adjustment improves the quality of the adjusted data
a lot as the systematic errors are almost eliminated.
In most of the cases, these effects can be modeled
in a reliable way. Anyway, there are some scans in
which unknown systematic effects appear that can-
not yet be explained or modeled.

In further steps, we will focus on modeling also the
unknown systematic effects and also analyze the re-
sulting focal length variations. By combining the re-
sults of all 88 scans measured in four distinct tours,
we will gain a parametric model for all gravitational
surface deformations of the main reflector.
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