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Introduction: Apart from discussing general issues related to the application of
freeform telescopes, this work presents a design of ultra-compact high-
resolution freeform telescope dedicated to CubeSat application associated
with Earth surface imaging from Low Earth Orbit (LEO), providing high
resolution (Ground Sampling Distance, GSD <5 m) and 20 km width of the
observed Earth strip.

Methods: The telescope was designed in a three-mirror off-axis configuration
according to the <0.5U volume constraint. Freeform surfaces were described by
shifted polynomial equations. In order to prevent optimization falling into
numerous local minima of multi-variate merit function, the new design
strategy was proposed. The optical design commercial software was
supplemented by add-on responsible for dynamically modifying the set of
variables in the loop during the optimization process.

Results: The designed 250 mm f/4.9 telescope meets the assumed operational
and volumetric criteria. It fits into the volume of 5 × 10 × 10 cm cuboid. It is
diffraction limited across the whole (3o) field of view.

Discussion: Freeform optics design technology was successfully applied to
design a miniature space telescope. The proposed design algorithm proved to
be computationally efficient. It enabled to obtain the excellent imaging of the
designed telescope, which from mathematical perspective becomes a
challenging multi-variable optimization task, unattainable with the standard
optimization procedures included in the commercial optical design software.
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1 Introduction

The current development of satellite technology, for more than 10 years time, is largely
dominated by small satellites called nanosatellites or CubeSats (deLoughery et al., 2024;
Shiroma et al., 2011), with a cubic or cuboid shape, in many cases similar in size to a thermos
for tea. Nanosatellites are dedicated especially to operating in low Earth orbit (400–650 km
above the Earth’s surface), usually moving at a speed of about 8 km/s, which at this altitude
corresponds to a 90-min orbit (14–15 orbits of our planet per day). Their design has been
standardized and the size is defined by a multiple of a unit cube with dimensions of 10 ×
10 × 10 cm referred to as 1U (Figure 1). The weight of nanosatellites corresponds to their
small dimensions and is usually in the range of 1.33 kg–30 kg, which in comparison with
“classic” satellites makes them clearly miniature structures.
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Standardization guarantees the possibility of constructing
nanosatellites from COTS and quickly available base modules,
which significantly reduces production time and costs, and
consequently further accelerates the development of this
technology. In this way, space research is no longer reserved
exclusively for high-budget, multi-million research and military
projects. With funds starting from a few dozen thousand euros, it
is possible to send a small, not very complicated research satellite
into Earth orbit.

In the context of nanosatellite equipment, it is important to
require that no instrument (payload) located on the
nanosatellite protrudes beyond the external outline of the
nanosatellite structure, i.e., fits inside the aforementioned
cubic or cuboid structure (this property is the basic factor
distinguishing nanosatellites from equally small, but not so
standardized, microsatellites). This also results from
unified (and therefore significantly cheaper) procedures for
launching nanosatellites into orbit. However, such a
requirement causes an obvious need to minimize the
dimensions (and also the weight) of instruments dedicated to
use on nanosatellites.

1.1 Miniaturization of optical systems
influence on imaging quality

Despite the requirements for reduced dimensions and mass,
expectations regarding the quality of Earth’s surface images obtained
from miniature satellites remain consistently high or even become
higher, as they result from similar or more demanding operational
needs. Initially, it might seem that the capabilities of modern
technology in the production of miniature precision optical
systems, as well as imaging sensors based on increasingly smaller
pixels, provide the potential for building small telescopes that
provide no worse resolution compared to larger telescopes based
on older solutions. There is a certain paradox here. The size of Point
Spread Function (PSF) results exclusively from f/# of the telescope’s
optical system (ratio of its focal length f to entrance pupil diameter
D). Let us recall that for an optical system with a circular pupil, the
PSF takes the form of an Airy spot with a diameter of 2.44λ(f/#). For
this reason, scaling the optical system to smaller dimensions (and
thus maintaining f/# unchanged) does not increase the PSF size, and
thus seemingly also does not deteriorate the image quality.
Unfortunately, it should be remembered that due to the

FIGURE 1
CubeSats type series concept visualization.

FIGURE 2
Examples of TMA telescope configurations (from left: +– +, ++–, – –+).

Advanced Optical Technologies frontiersin.org02

Wojtanowski 10.3389/aot.2025.1568420

https://www.frontiersin.org/journals/advanced-optical-technologies
https://www.frontiersin.org
https://doi.org/10.3389/aot.2025.1568420


reduction of the system focal length (which is the case when scaling),
the image size is also scaled down. By recalling the fundamental
mechanism of incoherent imaging, as the convolution of the PSF
function with an ideal image, we come to the crux. Namely, although
the PSF size remains unchanged, the convolution of this PSF with a
geometrically reduced image produces a net effect showing the
deterioration of the image quality. We therefore conclude that
rescaling the optical system (reducing its dimensions), even while
maintaining f/#, negatively affects the image quality. A similar
conclusion can be reached based solely on the Rayleigh
resolution criterion, which defines the maximum resolution of

the telescope by means of the minimum angular size in the
object that the telescope is able to transfer to the image. Let us
remind that this angle depends on the telescope wavelength-to-
diameter ratio (1.22λ/D), and when scaling the telescope to a smaller
size, this diameter is reduced. As a result, the telescope resolution
also decreases. Therefore, two mutually opposing issues can be
identified - on the one hand, the pursuit of miniaturization of
satellite optics, and on the other hand - the laws of optics that
prevent the indiscriminate reduction of optical systems if the
priority is to ensure sufficiently high image quality. When
referring to telescopic structures dedicated to applications on
nanosatellites, one should therefore be guided by a compromise
between size and image quality. Achieving this compromise can be
difficult, however. This is due to the fact that high image quality
requires effective aberration correction, which in turn can result in a
large number of required optical elements. However, this is
associated with the increasing size of the optical system. In an
effort to maintain a compact optical system by eliminating the need
for many optical elements, classic spherical elements are being
replaced with more sophisticated aspherical elements, or even
freeform elements.

1.2 From axisymmetric through off-axis to
freeform telescopes

Traditional axisymmetric designs of reflecting telescopes,
i.e., those based on spherical or aspherical mirrors, generate two
fundamental limitations in terms of the achievable imaging quality
and the dimensions of the structure: central obscuration and limited
number of degrees of freedom. Central obscuration, which
corresponds to the partial blocking of light reaching the primary
mirror by the secondary mirror or other components in the optical
path (Bentley and Olson, 2013a), such as those associated with the
secondary mirror mount (so-called “spider”). This situation occurs
in all axisymmetric reflecting telescopes. This leads to a decrease in
image quality and a decrease in its resolution due to the
phenomenon of additional diffraction on the central obscuring
components. In order to eliminate the central obscuring effect, it
is also possible to design so-called off-axis structures based on
axisymmetric elements, in which the secondary mirror does not
occur at all or is located outside the outline of the primary mirror
(Bentley and Olson, 2013b; Fischer et al., 2008). The disadvantage of
such solutions, however, is the need to produce large-sized optical
elements, from which the off-axis sector is then cut out, and the
remainder contributes to a production waste. Additionally, due to
the work “away from the optical axis”, the requirements for
mechanical precision of such a solution increase - minimal
adjustment errors lead to significant optical aberrations and
image deterioration. Nevertheless, in satellite imaging
techniques, off-axis structures (without central obscuration)
play a significant role. However, these are not telescopes based
on a single mirror, but three-mirror ones. In most cases, these are
aplanatic, anastigmatic and zero-field-curvature systems, most
often called TMA (Three Mirror Anastigmat). There are many
configurations of TMA telescopes, differing in the distribution of
optical power between the three component mirrors (examples
shown in Figure 2).

FIGURE 3
RapidEye satellite imagery as an example of HRSI - GSD = 5 m
(RapidEye Overview - Earth Online, 2024).

FIGURE 4
Pleiades satellite imagery as an example of VHRSI - GSD = 0.5 m
[Pléiades | Very High-Resolution (50 cm) AIRBUS, 2024].
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Most classic TMA telescopes are based on axisymmetric
elements - aspherical mirrors (paraboloid, hyperboloid or
ellipsoidal), by cutting out an off-axis section from them. The use
of freeform mirrors in this place allows for larger fields of view and
lower f/# of telescope, while maintaining the current or even reduced
dimensions.

In addition to the above discussed central obscuration, the
second effect limiting the high-quality imaging in a wide field of
view, is the rotational symmetry of conventional optical elements,
which is formally associated with a small number of so-called
degrees of freedom, i.e., parameters necessary to define the shape
of their surface. In optical design methods, there is a simple rule that
the more degrees of freedom a designer has at their disposal, the
greater the possibilities of achieving a system free of aberrations
(diffraction limited system). Therefore, when designing a system
based on elements (surfaces) with a small number of degrees of
freedom, achieving a greater number of degrees of freedom is
possible only by using many such components. For this reason,
traditional telescope designs often result in solutions with large
dimensions and significant mass. In many applications, this is not of
great importance, but in the case of telescopes dedicated to work on
nanosatellites, this issue is crucial.

The above limitations associated with a small number of degrees
of freedom can be largely eliminated by using freeform surfaces
(Fang et al., 2013; Rolland et al., 2021), i.e., surfaces with shape not

limited by any symmetry constraints. Such a surface can have an
infinite number of degrees of freedom (Broemel et al., 2017a), and
above all it does not have to have any symmetry constraints. As a
result, firstly it is possible to get rid of central obscuration by
designing telescopes in an off-axis configuration, and secondly to
achieve excellent aberration correction thanks to a large number of
degrees of freedom. Due to the lack of a fixed axis of symmetry, it is
possible to obtain diverse and complex shapes, which traditional
surfaces with an imposed axis of symmetry do not allow to obtain.
The complete freedom of shape defines a breakthrough in the field of
possibilities of optical systems, breaking the classical paradigms of
rotational symmetry, which lead to numerous imaging and non-
imaging applications (Broemel et al., 2017a; Broemel et al., 2017b;
Geyl et al., 2019; Liu et al., 2021; Peschel et al., 2017; Talpur and
Herkommer, 2016; Zhang et al., 2021). These paradigms have been
functioning for centuries due to the possibilities of producing only
surfaces with rotational symmetry in the past. Freeform surfaces
have existed in the minds of researchers for a long time, and the first
reports of such optical solutions date back to the beginning of the
20th century, but the possibilities of producing such surfaces with
optical accuracy on an industrial scale have appeared in the last
decades (Kumar et al., 2022). Freeform optics finds its raison d’être
when there are requirements for an optical system where
conventional (rotational symmetry) components do not provide
optimal results. For example, for off-axis systems, where the
components are intentionally tilted and positioned away from the
central optical axis, conventional symmetric surfaces generate
significant off-axis aberrations that exhibit complex field
dependencies and are difficult to compensate for (Figoski, 1986;
Shack and Thompson, 1980). In short, using an axisymmetric
element in an asymmetric configuration is somewhat contrary to
its geometry. Freeform optics does not have any symmetry
constraints, so the geometry of this type of optical element can
be tailored to the specific task. There are no limitations here,
obviously apart from fundamental issues related to the physics of
light (e.g., the diffraction limit). By allowing asymmetry, freeform

FIGURE 5
The assumed volumetric constrains for the designed telescope.

TABLE 1 Requirements for the designed telescope.

GSD <5 m

Swath, dSwath >20 km

Orbit altitude, horb 400 km

Sensor:
- pixel size
- physical dimensions

3 µm
16 mm × 16 mm

Wavelengths, λ 400–700 nm
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optics enables the construction of highly complex optical systems
while maintaining impressive space savings. This property is of great
importance in critical areas such as space exploration, where
precision, dimensions, mass and reliability are key (Geyl et al.,
2019). An effective strategy during the design of an optical
system can be to replace two or even several classical mirrors
with a single freeform mirror, which simplifies the telescope’s
mechano-optical design and reduces its susceptibility to potential
misalignment due to vibrations or thermal issues. This issue is
particularly important in the case of miniature telescopes
dedicated to work on a nanosatellite. Example of such design is
described in this publication.

There are many alternative methods of mathematical
description of freeform surfaces (Forbes, 2012; Rolland et al.,
2021; Takaki et al., 2018; Ye et al., 2017). Due to the lack of

rotational symmetry axis, it is not enough to define a profile z(r),
based on which the surface is constructed by rotation operation
around the 0z-axis. Here, it is required to define the complete
function z (x,y) defined for the 2-dimensional argument space.
The most commonly used mathematical constructions used to
describe freeform surfaces are based on:

- analytic functions,
- functional series,
- discrete representations (point matrix),
- combination of the above.

As for analytic expressions (and related series), orthogonal
functions (Zernike, Chebyshev, Forbes, Legendre, Broemel) are
most often used, as well as non-orthogonal functions (xy

FIGURE 6
The proposed design algorithm logic.
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polynomials, NURBS (Non-Uniform Rational B-Splines), RBF
(Radial Basis Function)). As for discrete representations, they are
most often obtained as a result of numerical solving of differential
equations. It is worth mentioning here the Monge-Ampere equation
or the SMS (Simultaneous Multiple Surface) method (Benitez et al.,
2013). In the design described in this publication, the author used a
description in the form of a shifted polynomial series defined
as follows:

zfreeform z, y( ) � ( x − a( )2 + y − b( )2)/R
1 +

������������������
1 − 1 + k( ) x−a( )2+ y−b( )2

R2

√
+∑Aij x − a( )i y − b( )j

where the coefficients R, k, a, b and Aij are the parameters of the
surface shape and define the number of degrees of freedom. In the
above expression, it is also easy to see an analogy to the description of
an axisymmetric aspherical surface. The fundamental difference lies in
the vertex shift (a, b) and polynomial expansion, which differentiates
the coordinates x and y, and actually breaks the axial symmetry.

FIGURE 7
The designed telescope 3D visualisation.

FIGURE 8
The designed telescope cross section and representations of M1 – M3 mirrors geometry.
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The problem of designing various setups of freeform telescopes
is separately discussed in literature. For example, in Ji et al. (2016)
andWang et al. (2019) the authors propose the method dedicated to
design three-mirror systems with extremely wide field of view. In
Jahn et al. (2017) and Liu et al. (2024) it is described how to merge
freeform telescope design with the technology of curved sensors
fabrication. Also, deep learning has recently been involved to
facilitate the design process (Chen et al., 2021). Fabrication and
mounting of freeform telescopes is another problem discussed in
literature (Tünnermann et al., 2015). Nevertheless, there is still a

large gap in the field concerning ready-to-use step by step
optimization procedures of freeform telescopes design.

2Materials andmethods (optical design
of 0.5U telescope - case study)

This article presents a project of such an imaging instrument
that meets the compromise discussed in the previous paragraphs - a
miniature telescope dedicated to a nanosatellite, orbiting at LEO

FIGURE 9
The field points used for the optimization process of the telescope–left, the corresponding ray spot diagrams - right (black ellipse - the
diffraction limit).

FIGURE 10
MTF curves of the designed telescope (black curve–diffraction limit).
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(Low Earth Orbit), acquiring images of the Earth’s surface in the
high resolution HRSI (High Resolution Satellite Imagery) standard,
thus providing GSD (Ground Sampled Distance) and GRD (Ground
Resolved Distance) at the level of 1–5 m. An example of an image
with a resolution of 5 m is shown in Figure 3.

Images of this quality enable operational assessment of the
terrain in terms of the number and size of buildings, roads,
movement of groups of vehicles, ships, etc. From the point of
view of military operations, this information is crucial. Imaging
in the very high resolution standard VHRSI (Very High Resolution
Satellite Imagery) enables obtaining even more detailed image of the
earth’s surface (for comparison shown in Figure 4), but it is
associated with the need to use significantly larger telescopic
structures, not suitable for implementation on nanosatellites,
which does not result from contemporary technological
possibilities, but from the laws of physics discussed earlier.

The assumption of the project was to achieve dimensions small
enough to fit the entire telescope (optical system and electronics) in
half the volume of an elementary 1U nanosatellite cube (Figure 5).

The required parameters of the telescope result from its planned
application, and are therefore determined primarily by the orbit
altitude, the width of the imaged strip of the Earth’s surface (swath)
and the selected sensor (Table 1).

The telescope’s operational parameters clearly define the
requirements for its basic paraxial optical parameters. First,
achieving GSD below 5 m requires meeting the following
relationship:

dpix

f
horb < 5

This means that the telescope’s focal length, f, should reach at
least 24 cm for the selected sensor and orbit. Taking into account the
GRD criterion, the following inequality must be met:

1.22λ
D

horb < 5

This means that the diameter of the telescope’s entrance pupil,
D, should exceed 4.9 cm. Finally, the swath width determines the

required field of view θfov, which can be estimated using the
following relationship:

θfov >
dSwath

horb

This means that the required field of view of the designed
telescope must exceed 2.8o. Analysing the required optical
parameters of the telescope determined above, we conclude
that the project poses a significant challenge due to the
relatively large aperture of f/4.9, a significant field of view at
the level of 3o (or more) and a focal length value significantly
exceeding the dimensions of the telescope and the dimensions of
the 1U cube. In such a situation, also taking into account the wide
spectral band, in the context of potential optical configurations of
telescopes, it was reasonable to consider off-axis “folded” mirror
systems, i.e., using the allocated geometric space to the
maximum. Simultaneous fulfilment of all the optical
requirements discussed above is not possible for conventional
spherical or even aspherical optics. This is why the proposed
solution is based on freeform mirrors.

Based on the above mentioned assumptions, a telescope model
was constructed in Optic Studio environment. Three freeform
mirrors were implemented, the surface of which was
parameterized by a shifted polynomial equation presented before,
with the highest order of coefficients being 30. The geometry of the
mirrors’ location was selected adequately to the maximum allowable
volume defined by the 0.5U cuboid (Figure 5). The error function
(merit function, MF) was determined using geometric ray tracing,
which allowed for the calculation of the size of the PSF focus spot
(initial optimization phases) and the OPD wavefront error (final
optimization phases).

The default approach, often used in the design of simple optical
systems with a small number of degrees of freedom, in which all
coefficients were varied, turned out to be ineffective. This resulted
from the multidimensionality of the merit function, and
consequently, the optimization algorithm achieved only local
minima, which in turn were not globally optimal. For this
reason, a different approach was used in this work, in which the

FIGURE 11
Visualisation of the designed telescope with respect to 1U cube dimensions.
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number of variables was progressively increased during the
optimization process. Thus, initially, attempts were made to
optimize mirrors parameterized only by the basic radius of
curvature. This did not give satisfactory results, however, the
values of these radii were saved and in the next step the
coefficients k were varied, which was associated with
obtaining mirrors with conical surfaces. In this case, the
obtained imaging quality was also significantly below the
level of the diffraction limitation. In the next stages, the
algorithm continued the optimization calculations by
introducing the coefficients Aij of the freeform polynomial,
so the mirrors took on a real freeform shapes. In each step,
in addition to the error function itself, the numerical value of its
derivative with respect to the iteration loop number was also
calculated. The discussed design methodology is presented
below (Figure 6).

This algorithm was implemented in a computer ecosystem, with
the cooperation of MATLAB and ZPL (Zemax Programming
Language) software.

3 Results

The presented algorithm was used to design the discussed
telescope (result shown in Figure 7). The iterative loop stopped
at the lap which corresponded to achieving satisfactory optical
quality (full-field diffraction limit). The entire process took 8 min
(Windows 11, AMDRyzen 7 5800X 8-Core Processor, 32 GB RAM).

The mirror surfaces of the designed telescope, as expected, do
not have an axial symmetry (freeform mirrors). The figure below
(Figure 8) presents the shapes of the surfaces of individual mirrors in
the form of a distribution of the deviation from the closest sphere. It

FIGURE 12
Ray spot diagrams showing the contributions of individual mirrors unintentional tilts to degradation of the designed telescope imaging quality.
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can be seen that these deviations are significant, especially for the
M3 mirror, where the value of 1 mm is exceeded.

Below (Figure 9) the imaging quality of the designed telescope is
presented. It can be seen that the size of the spot diagram is in each
case smaller than the diffraction limit ellipse. This confirms the high
imaging quality of the designed telescope, which, given such a large
field of view and high telephoto-ratio, deserves to be emphasized.

Such conclusions are also confirmed by the MTF function
(Figure 10). The level of 30% is achieved in this case for a spatial
frequency of about 165 cycles/mm for the centre of the field of view
and about 150 cycles/mm for the edge of the field of view. These
values correspond to the optimal pixel size of 3 μm, which is in line
with the design assumptions.

The dimensions of the designed telescope allow, according to the
assumptions, to fit in half of the elementary 1U nanosatellite cube
(Figure 11). It is therefore an extremely compact optical design,
while providing satisfactory imaging quality.

Mechanical mountings of the designed mirrors are a separate
technological problem, posing a major challenge in terms of thermal
stability and resistance to vibration and overload. This topic deserves
a separate publication.

Nevertheless, in order to verify the resistance of the designed optical
system (in terms of maintaining high imaging quality) to its
misalignment resulting from the potential relative shift of the
mirrors and/or their mutual tilt, the so-called tolerance analysis was
carried out. Tolerance calculation is an indispensable stage in the design
of each optical system. This results from the fact that both the

production of optical elements and the assembly of the entire
optical system are always burdened with certain errors. As a
result, the finally constructed optical system is not exactly the
same as that which was designed. The purpose of the tolerance
calculation is, among other things, to determine how large
manufacturing/assembly errors we can afford to keep the
satisfactory imaging quality of the optical system. This is
particularly important for optical systems dedicated to space
applications, due to their exposure to large mechanical overloads
and thermal effects, which can lead to changes in the geometry of
the optical system. For the purposes of the tolerance analysis,
certain maximum values of deviations (errors) are assumed in
relation to the position of the optical elements, their tilt,
manufacturing accuracy, etc. These assumptions correspond to
the implementation possibilities and potential consequences of
external factors (temperature, shocks). Then, a simulation of
many configurations of the designed optical system is carried out,
with each such configuration characterized by randomly selected
errors (Monte Carlo method) from the adopted ranges. As a
result, it is possible to estimate how much of a decrease in
imaging quality we can expect, for the assumed deviation
values. In addition, the optical system parameters that are
particularly sensitive to the deviation are identified.

In case of the designed telescope, the detailed tolerance analysis
was performed in relation to potential shifts and tilts of mirrors. It
turned out, that assuming standard achievable values of maximum
deviations at the level of 0.01 mm and 0.02o, an increase in PSF size

FIGURE 13
Ray spot diagrams showing the contributions of individual mirrors unintentional decentrations to degradation of the designed telescope
imaging quality.
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of about 1 µm can be expected. It should be considered a satisfactory
result–the designed telescope shows a high resistance to potential
misalignments (shifts of the mirrors and/or their mutual tilts). Such
immunity, among other things, results from the low absolute optical
power of the individual mirrors and the asymmetry of the mirror
freeform geometry naturally adapted to the optical task. It can be
seen that classic mechanical tolerances are sufficient to maintain the
telescope’s imaging quality at a high level.

The tolerance analysis also gave an insight into the different
sensitivities of individual mirrors M1 – M3 to misalignment. It was
examined, how imaging quality degrades due to the separate
tolerancing of each mirror with respect to tilts (Figure 12) and
decentrations (Figure 13). It turned out that the M2 is the most
critical component in terms of the requiredmechanical stability with
respect to tilt around x- and y-axis, while the M3 mirror is the most
sensitive to tilts around z-axis. Concerning mechanically related
decentrations, the M2 mirror again revealed the highest sensitivity
for mounting errors. What is worth to be noticed is that the most
dramatic imaging quality degradation caused by M2 (0.02o tilt
around x-axis and 0.01 mm y-direction decentration) is
associated with misalignment-induced astigmatism. These two
tolerances will therefore be the subject of special care when
fabricating the mechanical system of the designed telescope.

The designed telescope is plane-symmetric. It results from the
fact that all three mirrors and the sensor have been positioned in
such a way, that they share a common plane of symmetry. This sub-
type of freeform optics geometry have been extensively studied
(Reshidko and Sasian, 2018). When designing plane symmetric

systems, one can limit the degrees of freedom (optimization
coefficients). It makes the optimization faster and more robust.
Nevertheless, it should be underlined, that the proposed algorithm is
not limited to this class of systems. In order to show this capability,
the algorithm was used to design the modified version of the
presented telescope, where the plane symmetry is broken by
placing the sensor on the side of the main structure (Figure 14).

The excellent imaging quality (diffraction limit) was also
achieved in this configuration, however it required to increase
the number of degrees of freedom by about 30% and the
algorithm’s calculation time increased approximately by the same
amount. It can be observed, that the freeform mirrors efficiently
adopted to this new, asymmetric geometry.

4 Discussion

The paper discusses the capabilities offered by the geometry of
freeform surfaces in the aspect of space telescopes construction. Due
to the lack of symmetry constraints, it is possible to obtain off-axis
structures (without central obscuration) characterized by compact
dimensions, excellent optical quality, wide field of view and high
resistance to mechanical or thermal misalignment.

The paper presents a step-by-step method of designing a specific
freeform telescope, dedicated to Earth imaging from LEO, in high
resolution (GSD <5 m) and offering 20 km width of the observed
strip. The aim of the project was to obtain the above parameters from a
miniature system, fitting in half of an elementary 1U nanosatellite cube.

FIGURE 14
The designed telescope visualisation (left) and its imaging performance (right) in non-plane-symmetric configuration (sensor placed on one side of
the structure).
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To implement the above task, an off-axis 3-mirror structure was
proposed. In order to meet the imposed operational requirements,
25 cm focal length, f/4.9 aperture and at least 3o field of view had to be
achieved. The spatial distribution of the three freeformmirrors takes full
advantage of the available volume. The above parameters seemed to be
unattainable for classic telescopes based on axisymmetric surfaces (tilted
or off-axis sectioned). For this reason, the freeform mirror surfaces,
described by multi-parameter series, were implemented. Due to the
large number of variables, the use of standard optimization tools
available in commercial optical software did not give positive results,
because the multidimensional merit function featured a complicated
structure, marked by many local minima, in which the optimization
algorithm was stuck. For this reason, a dedicated algorithm was
proposed to support this process. In the proposed methodology, the
number of variables increases gradually during the optimization
process. Also, the density of grid corresponding to variables
sampling is increased upon approaching the merit function
minimum. The proposed method enabled the design of an
extremely compact freeform telescope with excellent optical imaging
properties (diffraction limit across the full field of view). In addition,
high resistance (low sensitivity of the obtained design) to potential
misalignments was confirmed byMonte Carlo tolerance analysis, which
is of particular importance in case of space applications.
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