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ABSTRACT

Retroreflective structures play an important role in laser-based space applications, serving as navigation aids for
spacecraft docking and enabling precise orbit determination through satellite laser ranging. These structures
must deliver a high return signal over long distances while being durable, and capable of operating in the
challenging conditions of space for extended periods. Flat retroreflective structures such as retroreflective foils
would be beneficial to ensure a seamless integration with various satellites, particularly CubeSats. This study
analyzes the far-field diffraction patterns of various commercially available retroreflective foils, which are
crucial for calculating the optical cross-section. While the retroreflected signal from these foils is notably
weaker than that of conventional corner-cube retroreflectors of equivalent area, it remains several orders
of magnitude stronger than that of a diffusely reflecting surface. Beyond conventional retroreflective foils,
which rely on arrays of microprisms, we explore the potential of flat retroreflective structures based on
metasurfaces. These nanostructures offer intriguing possibilities, such as wavelength-dependent retroreflection,
and may be engineered for compatibility with space environment. In the future, such advanced designs
could enable innovative applications like satellite identification or attitude determination. Moreover, we
theoretically analyze how the changing attitude of the satellite affects the return signal of potentially coherently

retroreflecting arrays.

1. Introduction

The growing number of satellites and space objects necessitates
improved tracking, monitoring, and management systems to ensure the
safety of space operations. These activities, collectively known as Space
Traffic Management (STM), are becoming increasingly critical. Satellite
Laser Ranging (SLR), a well-established technique in space geodesy [11],
has been proposed for use with non-geodetic targets to achieve precise
orbit determination. In scenarios involving close conjunctions between
space objects, SLR-derived orbit data can enhance collision risk assess-
ments, potentially reducing the frequency of costly collision avoidance
maneuvers [2]. Additional applications of laser ranging in space include
precise distance measurements during docking maneuvers and laser-
based 3D positioning, achieved by ranging to multiple retroreflectors
on space objects using scanning LiDAR systems [3,4]. For an effective
exploitation of SLR for space traffic management, it would be highly
advantageous, if an increasing number of space objects were equipped
with retroreflective devices. In a study on “Innovative methods for
trackability and identification improvement of small objects for space
traffic management” ESA currently mentioned the approach of using
retroreflective foils for tracking as ‘an alternative technology, which
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is currently under study’ [5]. And in recent work, retroreflective foils
have also been suggested to be mounted to satellites for SLR and
successful ground-based field tests over a range of 30 km have been
conducted [6]. This motivated the planning of an upcoming space
mission in which a 3U CubeSat will be equipped with retroreflective
foil for ranging with ground based SLR stations [7]. Such retroreflective
foils would not have a very precise invariant point of retroreflection and
are thus not suitable for geodetic, mm-precision SLR, but the achievable
ranging accuracy would still be sufficient for space traffic management.
The idea to use retroreflective foils for ranging over long distances
(e.g. 600 km in a typical low Earth environment) in space brings several
technical challenges and research questions. Particularly, the foil would
be operating in a challenging space environment, which can exhibit
rapid changes of temperature, degradation due to space radiation (pro-
tons, electrons) and UV light, as well as atomic oxygen. Another major
topic that has not yet been adequately discussed in previous work is the
link budget of laser ranging to satellites equipped with retroreflective
foils, which strongly depends on the diffraction of retroreflected light.
Since retroreflective foils consist of multiple small micro-prisms, they
are expected to have a broader far-field diffraction pattern (FFDP)
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compared to a conventional single (larger) retroreflector. In this work
we analyze the FFDP of commercial retroreflective foils and calculate
the resulting optical cross-section. Based on this analysis, we discuss
the feasibility of using retroreflective foils for satellite laser ranging.
In addition to conventional retroreflective foils, we also discuss the
opportunity of using flat retroreflective metasurfaces. Retroreflective
metasurfaces use sub-wavelength structures and have interesting prop-
erties such as a strong dependence of retroreflection on wavelength
and angle. Furthermore, they are manufactured using sub-nanometer
precision lithography processes with few (often inorganic) materials,
which might enable an efficient and space compatible manufactur-
ing. Notably, they already are considered for multiple applications
in space such as solar sails [8], solar reflectors [9], antennas [10]
and space based imaging systems [11]. The sub-wavelength structures
manufactured by high accuracy processes might also enable a coher-
ent return. For free space optical communication first simulations of
returned power of micromachined corner cube retroreflectors (CCRs)
with respect to non-idealities have been performed [12]. However,
for the purpose of SLR with dynamic satellite attitude, additional
implications emerge, which we discuss based on simulations of the
far-field diffraction pattern.

This article is structured as follows. The next section explains the
importance of the FFDP for the signal strength of retroreflector arrays
in SLR experiments. Section 3 describes experimental results (FFDPs,
reflectivity and a microscopic characterization) of several commercial
retroreflective foils. These results are then used to compute optical cross
sections (OCS) of retroreflective foils (Section 4). Section 5 describes
opportunities of coherent retroreflective arrays followed by a summary
and conclusions (Section 6).

2. Importance of the far-field diffraction pattern of retroreflector
arrays for SLR experiments

Fig. 1 shows a schematic of a SLR experiment. An SLR station emits
laser pulses towards a satellite which is equipped with a retroreflec-
tor (or an array of retroreflectors). A retroreflector typically consists
of three mutually perpendicular rear faces, which serve as reflective
surfaces. By reflecting the incoming beam at each of those perpendic-
ular surfaces, the velocity vector is reversed across a broad range of
incidence angles (AOI) and thus redirected towards the ground station.
The distance from the ground station to the retroreflector is derived by
measuring the two-way photon travel time of laser pulses. These precise
distances can then be used for orbit refinement.

A prerequisite for successful ranging experiments is a sufficient
photon detection rate of incoming retroreflected laser light. This SLR
return rate (photons per emitted laser pulse) depends on several factors
including the outgoing laser pulse energy and beam divergence, the
size of the receiving telescope and the efficiency of the receiving (often
single photon counting) detector [13]. Of course, another important
factor is the optical cross section o of the retroreflector (array). In
the far-field limit, this optical cross section (in units of square meters)
strongly depends on the beam divergence of light that is reflected from
the retroreflector (array). Therefore, the received intensity in the far-
field is directly proportional to the transmitted intensity and the optical
cross-section, but inversely proportional to the square of the distance
traveled. Methods for calculating the optical cross section have been
developed since the beginning of SLR technology development [14].
A typical approach for the calculation is to approximate each retrore-
flector simply as an aperture. This approximation is based on the fact
that an ideal (perfectly manufactured retroreflector) has identical path
lengths for all retroreflected rays. The peak (on-axis) cross section for
an incidence angle of 0° of a perfect retroreflector with an area A cg
can be written as
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Fig. 1. Schematic of a satellite laser ranging (SLR) experiment. The signal strength of
laser pulses detected after retroreflection strongly depends on the diffraction pattern
(beam divergence) of the retroreflected beam.

where pcc is the reflectivity, and 4 is the SLR wavelength. The reason
that the cross section increases with the square of the retroreflector area
is that a decrease of the aperture size will not only reduce the fraction
of the beam emitted at the SLR station that hits the retroreflector, but
additionally generate a broader beam divergence of retroreflected light.

In this work, we are considering retroreflective foils, which consist
of many small retroreflecting substructures (typically D, < 500 pm
diameter, listed in Table 1) and thus represent an array of retroreflec-
tors.

The diffraction pattern in the observation plane (x’,)’) at z’ for a
single aperture in the aperture plane (x, y) at z in the far-field limit is
given by the Fraunhofer diffraction equation [15] as

eikz/ 7i(xx/+yy/)
iz //Q e * Egperture(X, y) dxdy

where k = 2z/4 is the wavenumber, A the wavelength and E,
electric field distribution in the aperture plane.

Furthermore, we describe the aperture function of an array of N
identical apertures with centers located at (x,, y,) via the sum

E.y,2) = (2)
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where we have introduced a piston phase distortion ¢, for each indi-
vidual aperture. These different phase distortions can either be used to
describe the irradiation of an array at non-normal incidence angle (in
which case the phases would be different due to different path lengths
for the rays before entering and after leaving the different apertures)
or manufacturing errors (which would randomly change the phases).

Retroreflective foils are micro-structured arrays of retroreflectors
with typically hexagonal output apertures [16]. For these technical
products one can assume that the variation of the optical path lengths
inside the different subunits is much larger than the wavelength. In this
case, the far-field diffraction pattern of an array with a large number of
individual retroreflective units would be incoherent and thus identical
to the FFPD of these units and the optical cross section (OCS) of the
array o ., is given by the OGS of the single unit ¢, multiplied with
the number of units » in the array [9].
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Table 1
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Summary of foil analysis, including diffraction angle © and reflectivity p..p for foils with a diameter
of sub-units D,,,. For foil 2-6 it was not possible to unambiguously determine a first minimum and an
associated diffraction angle, however it was apparent that the angle is larger than theoretically estimated

(compare Fig. 3d)).

Label Type Dy, [pm] Oheory [mrad] 0,casured [mrad] pecr (0° AOD)
Orafol VC170 Triangular 67 12.65 12.9 0.33
IMOS M120-24 Hexagonal 345 2.46 >2.46 0.39
IMOS F056 Triangular 100 8.47 >8.47 0.38
3M 4090 Full-cube 140 x 100 7.1° >7.1 0.91
IMOS M149-20 Hexagonal 462 1.84 >1.84 0.39
Orafol OR6910 Triangular 100 8.47 >8.47 0.62

2 Estimation with the simplification of computing a hexagonal aperture with an averaged diameter of
120 pm.

Fig. 2. DICM images of different types of retroreflective micro-prisms. (a) triangular
(Orafol VC170), (b) hexagonal (IMOS M120-24), (c) full-cube (diamond-grade) (3M
4090).

In practice, the OCS is diminished due to a reduction in the effective
receiver area, which results from varying incidence angles, as well as
a shift in the relative position of the ground station with respect to the
satellite (velocity aberration). Therefore, a more accurate estimation
of the OCS can be achieved by calculating the mean OCS (for these
computations a maximum angle of 35° was considered). All values are
derived based on John Degnan’s review on millimeter accuracy satellite
laser ranging [13].

3. Characterization of commercial retroreflective foils

Retroreflective foils are widely used and analyzed for ground appli-
cations such as traffic management with short slant ranges [17-19].
For further analysis in the context of SLR, where the slant ranges
are considerably larger, we measured the FFDP of several commer-
cially available retroreflecting foils and compared them to numerical
simulations [20]. Diffraction patterns were measured in a laboratory
setup using a continuous-wave Helium Neon (HeNe) laser operating
at a wavelength of 4 = 632 nm. Experimental details are provided in
Appendix A.

Table 1 provides an overview of results for the reflectivity and
diffraction characteristics of different commercial retroreflective foils.
These foils have different designs of the microstructures that generate
retroreflection and depending on the design the effective aperture of
each subunit can be either triangular, hexagonal or cubic. Fig. 2 shows
images of different retroreflective foils taken via differential inter-
ference contrast microscopy (DICM). Fig. 2(a) depicts the triangular
design, where 1/3 of the area cannot contribute to retroreflection, thus
the effective output aperture is hexagonal. In exchange, this type is
the simplest to manufacture. Fig. 2(b) shows the truncated, hexagonal
design and Fig. 2(c) shows the full-cube design (also known as Diamond
Grade). This full cube-technology uses a clever re-shape to achieve
maximum reflectivity in combination with a maximized fill-factor [21].

We have measured the shape and dimensions of each microstructure
via DICM and results are provided in Table 1. This information was then
used to compute the FFDPs as described in the previous section, as well
as a ‘theoretical diffraction angle’ (provided for the tested wavelength
of 632 nm and given in Table 1), which is the first minimum of the
radial distribution in the FFDP.
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Fig. 3. Diffraction analysis of Orafol ORALITE VC170 (a, b) and of IMOS F056 (c,
d) retroreflective foil. Recorded spatial distribution of normalized intensity (a, ¢) and
radially averaged intensity profile (b, d). Red dashed circle indicates first minimum of
the FFDP (only for (a), since in (c) it was not possible to unambiguously determine a
first minimum).

These calculated diffraction patterns can then be compared to ex-
perimental data. Fig. 3 shows a comparison between measured and
calculated FFDPs of two different retroreflective foils. The top panels
show results for the retroreflective foil Orafol ORALITE VC170, made
for emergency vehicles. The typical ‘star’-shaped FFDP of a hexagonal
output aperture is clearly visible in the logarithmic plot of Fig. 3(a). Fig.
3(b) displays a cross section of the intensity across the pattern (radially
averaged). A distinctive first minimum is observable at approximately
12.9 mrad. This corresponds very well with the theoretical minimum
of hexagonal apertures with an outer diameter of 67 pm (12.65 mrad).
Panels (c) and (d) of Fig. 3 show results for the IMOS F056 foil. Similar
to most other foils, the measured diffraction pattern was significantly
broader than expected from the modeling of the apertures. Moreover,
it was not possible to unambiguously determine a first minimum and
an associated diffraction angle. Both outcomes are presumably due to
manufacturing errors (e.g. dihedral angle offsets, curvature or nonflat-
ness) in the substructures. In any case, the modeling of the diffraction
via the area of the individual micro-prisms in the foils provides a lower
limit for the broadening of the retroreflected beam.
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Overview on mean optical cross section averaged between —35° and +35 assuming a reflectivity of 0.9.
To put this into context of current missions, examples for each CCR diameter were added. Information on
retroreflectors of past and active missions can be found at the International Laser Ranging Service (ILRS)

[22].
Diameter [mm] Mean cross section [m? sr~'] Examples
10 23604 TUBIN
12.7 54800 -
28.2 459 097 Galileo, Glonass
33 573653 Galileo
38 667512 Champ, Grace-FO, Swarm, Apollo
a) 0 b) 0 H 7 7 of 0.6 a reflective area with diameter of ~33 cm is required to match
—— Pri=04,010cm | — Duex=50um.p=06 . e
30.0] = Per=05010cm /| 30,0 I Dpex=2504m, =06 the OCS of the 10 mm single corner cube. For even smaller unit sizes,
----- Proit = 0.6, 10 cm /, / ===== Dpex =400um, p = 0.6 . o} .
W ey i - Dnal 500um, p= 0.6 | the required area is increased drastically.
o “== Proir=09,010cm /7 = ! —- Dhex=750um, p=0.6
NZ 200 T 1ommRe (@0 7 e f 7= fmmRanip=05) 5. Case study for a coherent retroreflective array based on meta-
o, %455 surfaces
= =)
=) o
10.0 . . . . . .
The commercial retroreflective foils analyzed in this work did not
50 show a coherent retroreflection from the different microprisms in the
- i foil and it was also inconceivable for an array of mm to cm sized
000 SO SN0 008 4 02 ‘ o o CCRs in the past. However, this incoherent return results in a high
Dhex [um] Darray [M] ’

Fig. 4. (a) Optical cross section as a function of the size of a single corner cube and
the reflectivity (constant size of foil), (b) OCS as a function of the reflective area and
the size of a single corner cube (constant reflectivity). The OCS of a 10 mm corner
cube serves as a benchmark.

4. Derivation of the optical cross section for retroreflective foils

Based on this knowledge, we can assess the optical cross-section and
leverage these insights to evaluate feasibility and providing valuable
guidelines for design decisions. There are three major parameters which
can be varied or vary depending on the foil. This is the reflectivity,
the size of a single corner cube in a foil (determining the diffraction
behavior) and the size of the foil itself (in this study always outlined as
diameter of a circular area). Triangular foils are by design limited to a
maximum of 67% reflectivity [16], thus hexagonal or full-cube struc-
tures are advantageous in theory. Therefore, the following featured
figures only consider hexagonal structured foils. Our experimental
results show that for the most foils the diffraction angle is much larger
than theoretically expected, however for one foil it matched very well.
Thus, with current technology it seems to be possible to get close to
this limit and the following calculations consider this case.

Fig. 4 represents the results of a parameter study examining the OCS
o with regards to the previously identified key parameters. Fig. 4(a)
shows the variation of the OCS due to an increase of the size Dy, of the
micromachined hexagonal corner cubes in the array and a variation of
the reflectivity (the array’s dimensions are fixed at a diameter of 10 cm,
which corresponds to the available area on a 1U CubeSat). Obviously,
due to the quadratic nature of Eq. (1), an increase of the unit-size has
a significant impact on the OCS. Thus, with typical retroreflective foils
(~400 pm) it is not possible to achieve a comparable OCS as a 10 mm
single CCR (backcoated) on a 1U CubeSat.

The 10 mm single CCR has been chosen as a comparative figure
since it is used for our own CubeSat dedicated developments and also
can be found on CubeSats such as TUBIN of TU Berlin. However, to put
the cross section into a broader context it can be compared to other
CCRs on current missions presented in Table 2.

Considering the available area and assuming a high reflectivity,
the unit size needs to be increased to ~870 pm (p = 0.9) or ~920
pm (p = 0.8). However, in this case it is questionable if the flexible
properties of a foil can be preserved. Fig. 4(b) shows the variation of
the OCS if the available area is varied. From this, it can be derived that
for a typical retroreflective foil (~400 pm) and a medium reflectivity
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diffraction angle, which ultimately leads to an increased area required
on the satellite. This of course brings up the question, whether flat
retroreflective devices with a high optical cross section could be man-
ufactured, in which different retroreflecting substructures provide a
high SLR signal strength due to constructive interference. In the last
decades, the invention of metasurfaces, which are artificial, nanostruc-
tured surfaces introduced a novel way to modulate electromagnetic
waves [23]. Due to its nature, the surfaces have to be structured
on the sub-wavelength scale, e.g. by lithographic manufacturing pro-
cesses. Arbabi et al. already created a retroreflective metasurfaces for
a wavelength of 850 nm and minimized the wavefront error of single
cell to <0.005 rad root-mean-square (RMS) wavefront error up to
an AOI of 10° [24]. It also achieves a reflectivity of approximately
78% at its specifically designed wavelength. Enhancing the efficiency
of metasurfaces is currently an active area of research. Nevertheless,
this result already approaches the reflectivity performance of total
internal reflection corner-cube retroreflectors, which typically reach a
reflectivity of about 93%, accounting for losses at the front surface
and within the bulk material. It also comes close to aluminum-back-
coated retroreflectors, which exhibit reflectivities of approximately
85%, although the precise values depends on the wavelength. While the
working principle is totally different compared to classical optics, it is
just another way to create a custom lens and a custom mirror. However,
the published results consistently reflect the reflection of a single cell.
In this case, each hexagonal unit cell is 600 pm in diameter and only
has a thickness of ~500 pm. Thus, this also needs to be modeled as
an array of unit-cells. Indeed, Suo et al. recently created another wide-
angle flat reflector based on a metalens and a flat metallic reflector
which is considerable larger (up to 8 cm in diameter) [25]. However,
this results in a much thicker reflector of 3 cm. So, if the flat and thin
property shall be preserved, an array of retroreflective unit cells is still
inevitable. Nonetheless, the sub-nm precision of lithographic processes
might offer the possibility to manufacture constructively interfering,
flat retroreflective devices in the future. It is also known, that it is
possible to establish workflows for fabricating wafer-scale metalenses
using deep-ultraviolet photolithography [26], which in this case was
demonstrated for an 80 mm aperture metalens telescope.

As stated above, a prerequisite to achieve constructive interference
is a low manufacturing tolerance. Thus, we started by evaluating
the required manufacturing tolerance by simulating the misalignment
of sub-apertures and the resulting FFDP. For this purpose, we have
modeled a specific retroreflector array. The structure of this array is
depicted in Fig. 5, which is constructed out of 91 hexagonal apertures
with an outer radius of 500 pm to optimally fill a 10 mm sized array.
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Fig. 5. Structure of the considered array of hexagonal retroreflective unit cells. The
array itself is shaped hexagonal as well.
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Fig. 6. Far-field diffraction patterns of a hexagonal array consisting of hexagonal sub-
apertures. (a) FFDP of an ideal array, (b) FFDP of an array with misalignment of
the sub-apertures simulated by introducing phase noise of 2z. x and y in the header
specify the tilt around the x-axis respectively the y-axis and ¢ the standard deviation of
a Gaussian distribution in rad. Red dashed circle indicates first minimum of the FFDPs.

Fig. 6 shows the calculated FFDP of this retroreflector array when
irradiated with a laser (at a wavelength of 1064 nm, which is a typical
SLR wavelength [27]) at normal incidence. Panel (a) of Fig. 6 shows
the FFDP assuming a perfectly manufactured array. In this case, con-
structive interference would lead to a very narrow FFDP, where the first
minimum of the diffraction angle occurs at 0.17 mrad (~100 m radius
on the ground for an altitude of 600 km). Of course, this constructive
interference would degrade in case of a phase noise (e.g. introduced
by manufacturing tolerances). Panel (b) of Fig. 6 shows the FFDP of an
array with misalignment of the sub-apertures simulated by introducing
phase noise of 2z (a full wave). In this case, an incoherent return is
obtained. We have analyzed that a manufacturing tolerance (variation
of the position coordinates of the corner positions of hexagons in the
array) on the order of ~90 nm (at a wavelength of 1064 nm) would be
required to achieve a peak intensity of 75% of the ideally manufactured
array. Details on this analysis are provided in Appendix B.

Typically, metasurfaces are manufactured by UV-lithography or
nanoimprint lithography [28]. Deep-UV lithography manufacturing
processes can produce metasurfaces with diffraction-limited behav-
ior [29] and have typical process nodes (typically describes the min-
imum feature size or transistor density achievable) far below 100 nm
and line edge roughness’s of 2.7 nm (30) [30]. For those types of
manufacturing techniques, the mentioned performance indicators are
more frequently used than ‘manufacturing tolerance’, nonetheless a
node size of 100 nm requires a manufacturing tolerance considerably
beneath the defined requirement. Applying nanoimprint lithography
processes is also highly favorable for large-scale manufacturing of
metasurfaces that consist of nanostructures <100 nm [31].

From this perspective it might be in the realm of possibility to real-
ize coherently retroreflective surfaces using this technology. However,
it is known that e.g. phased radar arrays or coherent coupled lasers
exhibit effects such as beam steering [32]. The term ‘beam steering’
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typically refers to the controlled redirection of a laser beam e.g. by
a phased array using constructive and destructive interference. An
unintentional phased array due to a tilt of the satellite might thus lead
to a displacement of the beam and adversely impact SLR. Thus, we used
the model to assess the implications. And unfortunately, as described in
more detail in Appendix C, a tilt of the retroreflector array irradiated
on a 600 km distance LEO satellite would indeed induce a maximal
displacement of the beam on Earth of ~650 m. To put the impact of
potential beam steering into context, it can be compared to another
phenomenon which causes a displacement of the beam during SLR,
which is the velocity aberration. This term describes the displacement
due to the relative movement of the satellite relative to the incoming
laser beam during SLR. For a satellite with an altitude of 600 km
and a station latitude of 48.78° (location of miniSLR® in Stuttgart,
Germany) this causes a velocity aberration of approximately 10 arcsec
which corresponds to ~30 m (further depending the zenith angle of
observation) [33]. Thus, the impact of beam steering is an order of
magnitude larger than the velocity aberration and would thus have a
detrimental effect, since the signal cannot always be received at the
station. Therefore, a coherent retroreflective array would only provide
a significantly improved signal strength in SLR, if the array was fine
pointed with high precision (on the order of ~100 arcsec) with respect
to the ground station. By now modern attitude and orbital control
systems (AOCS) enable outstanding pointing accuracy and pointing
stability. For example, the AOCS of the Euclid satellite (part of ESA
Cosmic Vision program) achieves a relative pointing error of less than
25 milliarcseconds (1¢) over 700 s [34]. Also satellites which are con-
sidered as rather low-budget such as the ‘Flying Laptop’ of University
of Stuttgart (150 arcsec) can almost fulfill these requirements [35]. For
CubeSats it can be referred to DLR’s Optical Communication Terminals
for CubeSats, which use a 4-Quadrant Diode to measure the angular
error of the pointing and apply this information to readjust a fast
steering mirror [36]. These terminals have a pointing accuracy of at
least +0.1° (360 arcsec) and thus already come close to the required
pointing accuracy for the mitigation of beam steering on a CubeSat
platform. The signal of this technique could also be used to control an
actuator to readjust the pointing of such an array.

While this analysis especially discussed the impact on a LEO satel-
lite with an altitude of 600 km, it is worth briefly considering the
implications of these findings for other scenarios. From a theoretical
view, the central maximum of the FFDP and the beam steering are
both characterized by an angle originating from the same source (the
retroreflecting array). Thus, the ratio of their overlapping area to the
total area remains independent of distance. This means, that the beam
steering problem is independent of the orbital height, or in other words,
the ratio of scenarios where a signal can be received to the ones where
the beam is steered out of the receiving area remains independent of
distance, at least as long as the far-field requirement is fulfilled.

6. Summary and conclusions

In general, commercial of-the-shelf (COTS) retroreflective foils and
microprisms show diffraction angles worse than the ideal incoherent
case suggesting further non-idealities such as dihedral angle offsets,
curvature or nonflatness. However, one of the tested foils achieved
results close to the diffraction limit of the incoherent case. In addition,
all foils have a rather low reflectivity around 40% with the exception
of full-cube foils (91%). The provided parameter study shows which
set of parameters is required to achieve a certain required optical cross
section. From this, the performance of COTS foils could be derived, but
it also serves as a tool to identify requirements or targets for potential
SLR dedicated developments. For example, a slightly higher diameter
of a single unit might be advantageous especially in the context of
SLR, but has to be balanced out with further requirements such as
flexibility. To make the rather complex results more accessible, Fig.
7 breaks down the results to one exemplary key result. It illustrates
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Fig. 7. Descriptive comparison of required reflective areas (circular areas with a
diameter D) of single corner cube retroreflectors (backcoated), retroreflective foils and
diffusively reflecting surfaces to achieve an identical optical cross section.

how large the reflective areas need to be in order to achieve a similar
OCS for each approach. The 10 mm single CCR serves as a benchmark
since it can still be observed using the miniSLR® (operated at DLR in
Stuttgart) [27]. To achieve the same OCS, a COTS foil with an almost
ideal diffraction behavior would require a circular area with a diameter
of at least 40 cm, while a diffusively reflecting surface would require
a diameter of 128 m. Considering those results an average COTS foil
might require a reflective area which might not be suitable for most
applications, but still represents a massive improvement compared to a
diffusively reflecting surface.

Constructive interference of substructures in a flat retroreflective
array manufactured with high precision, might be a way to further
increase the SLR signal strength.

This means, that an ideal coherently reflecting array with minimized
spacing would approximately generate the diffraction angle of a single
conventional back coated retroreflector of the same size. The reason
is that in that case, both, an ideal coherently reflecting array and an
ideal back coated corner cube reflector would be diffraction limited
by their outer diameter (this is different for TIR retroreflectors). Thus,
the potential of a coherently reflecting array is to achieve the same
narrow diffraction angle, while the aperture diameter is geometrically
decoupled of the height. Unfortunately, at the cost of beam steering.
The manufacturing of such arrays might be possible in the future
(e.g. using metamaterials manufactured via lithography), but would
require fine pointing of the array towards the SLR ground station to
avoid unwanted effects of beam steering. Such pointing stability can be
achieved with today’s attitude and orbital control systems (AOCS) [34],
though this requires an active satellite, which prevents coherent SLR
for passive or in-active satellites. Therefore, this might be of interest
for applications which comprise of an active component or have access
to the pointing of the satellite. Of course, the impact of further non-
idealities, temperature effects and atmospheric disturbances has to be
considered in further analyses and eventually a proof of feasibility has
to be provided experimentally. Especially atmospheric turbulences can
impact the wavefront phase and link budget of SLR [37].

Another important consideration is the question of how flat retrore-
flective structures (e.g. foils) can become space compatible. In addition
to rapid changes in temperature, degradation due to atomic oxygen
and UV light, a major challenge is space radiation. Space radiation can
reduce the transmission or change the refractive index of optical ma-
terials, since intrinsic radiation defects may absorb light [38,39]. The
effect of space radiation on several polymers is even more detrimental,
where exposure may result in modification of the chemical, thermal,
optical and other surface properties [40]. In addition, the careful
selection of optical coatings is important for long-term application of
optical devices in space. For example, metal oxide materials such as
Zr0,, TaOs, HfO, or SiO, have very large band gaps and thus a high
transmission for short to near-UV radiation and are therefore much less
susceptible to damage from ionization and UV radiation [41].

From this point of view, metasurfaces might be interesting as well,
since they can be manufactured from a wide choice of materials in-
cluding metals (Au), several dielectrics (e.g TiO,, SiO,), as well as
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semiconductors (GaN) [28]. Another interesting property of retroreflec-
tors based on metamaterials is that they have a strong dependence of
their optical parameters (e.g. the reflectivity) on the wavelength and
laser polarization. Moreover, an electrically switchable, compact meta-
surface is currently under investigation [42]. This might for example
be used for the identification [43,44] and attitude determination [45]
of satellites, which is an important emerging topic in space science and
typically require the differentiation of signal coming from individual
retroreflector units.
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Appendix A

A laser-based (HeNe i 632 nm, continuous-wave, Spectra
Physics®) test setup was used to measure the FFDP (see Fig. 8). A
20x Galilean beam expander expands the beam to illuminate an area
of 20 mm diameter. This ensures that a multitude of single apertures
is covered and contribute to the FFDP. It is important to ensure
a collimated beam since a considerable beam divergence adversely
affects the measurement of the diffraction angle. The retroreflected
light is then projected on the screen in a distance d = 4.32 m. This
approach fulfills the Fraunhofer condition (Dfub /(A4 -d) < 1), which
ensures that the far-field approximation is valid. In addition, reflectivity
is measured by placing a power detector directly behind the beam
splitter and measuring the reflected intensity at 0° AOL

A.1. Calibration and error margins

The reflectivity measurement is calibrated by measuring the re-
flected intensity I..; of an optics with known reflectivity R . For this
purpose, we used an uncoated total internal reflection (TIR) corner
cube reflector (Thorlabs, reflectivity at 633 nm R, = 0.92). The
unknown reflectivities of foils and microprisms were then determined
using the ratio described by Eq. (5).

6))

A PD300-UV silicon photodiode sensor was used to measure the inten-
sity. The error of this sensor is specified with +3% of the reading value.
For the calibration of the FFDP measurements we prepared an image
with vertical dark lines with a fixed distance of 2.5 mm in between.
After recording calibration images, the distance between the centers
of the lines were computed in pixels. The resulting pixel resolution
was determined to be (0.0962 + 0.0034) mm [20]. Consequently, the
relative error is +3.5%. We used the Fujifilm XE-2 camera with an
image resolution of 4.896 x 3.264 pixels.
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Appendix B Fig.
man

After substituting the aperture term in Eq. (2) with Eq. (3) and fur- whe
ther transforming the formula the full equation for far-field diffraction

of an array is obtained (Eq. (6)). This equation is evaluated for the

simulation results provided in this study. 2)
ik N ) ik , ,
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For a better overview this can be subdivided in a term reflecting
the array Egy (Eq. (7)), a term reflecting the diffraction of a single
aperture E,;,,..,, (Eq. (8)) and a constant prefactor describing the wave

propagation
< i —i(x X' +y,y)
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Considering this, Eq. (6) can be written as
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Manufacturing tolerances are considered by applying Gaussian noise
to the piston phase. The noise or rather the standard deviation of
the gauss distribution is increased stepwise up to 2z rad. For each
emerging FFDP the maximum intensity is evaluated and plotted over
the Gaussian standard deviation (see Fig. 9). Thus, this graph shows
how the maximum return signal decreases due to degradation of co-
herence resulting from phase inconsistencies. Since this is a numerical
evaluation, the resulting graph is subject to Gaussian noise as well and
overlays the trend of decreasing maximum return signal. If a criterion

for a minimum signal increase is created, a maximum manufacturing
tolerance can be derived. For example, to achieve at least 75% signal
strength of the coherent case, a maximum phase distortion of 0.55 rad
can be tolerated. Considering the wavelength of the ground station (in

this case 1064 nm), this corresponds to 93 nm.

Appendix C

The term ‘beam steering’ typically refers to the controlled redirec-
tion of a laser beam e.g. by a phased array using constructive and
destructive interference. However, in this case an unintentional phased
array emerges due to a tilt of the satellite, causing a deviation in the
diffraction pattern.

Fig. 10(a)-(d) shows FFDPs for a tilt along the x-axis. For very
small angles the central maximum is steered off-center along the y-
axis (see Fig. 10(a), (b)). With an increasing angle two additional peaks
develop as a result of constructive interference at the opposite edge of

9. Loss of peak intensity due to phase distortions induced by misalignment or
ufacturing tolerances. The numerical data is fitted with a Gaussian distribution,
re u is the mean, o the standard deviation and c an offset in y-direction.
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Fig. 10. Far-field diffraction patterns of an ideal tilted hexagonal array consisting of
hexagonal sub-apertures. (a) FFDP at 0.0125° tilt, (b) FFDP at 0.025° tilt, (c) FFDP at
0.0375¢ tilt, (d) FFDP at 0.05° tilt. x and y in the header specify the tilt around the
x-axis respectively the y-axis and ¢ the standard deviation of a Gaussian distribution

in rad.
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Fig. 11. Beam steering during SLR for a coherent retroreflective array (10 mm
diameter, 500 pm radius of sub-aperture). (a) Angular displacement in an angle range
of +1°, (b) Actual beam displacement at the ground station of a satellite at 600 km
altitude. The dashed line indicates the footprint of the beam on the ground.

752



M. Vogel et al.

the minimum of a single unit (or incoherent case) (See Fig. 10(c)). As
the angle increases further, the initial central maximum shifts towards
the edge and eventually fades out after the full gradient of 2z has been
traversed. Subsequently, increasing the angle periodically produces the
same result, causing the described phenomenon to repeat. Additional
changes (not observable in the featured figures) appear for high angles
since the effective apertures become oval in shape. Since, the full
gradient is achieved when the edge is shifted in the z-direction by the
length of a wavelength, these effects are highly sensitive to the slightest
tilt (ultimately depending of the size of the array). This can also be
seen in Fig. 11(a), which shows that in this case, it is already repeated
several times between —1° and +1°. Fig. 10(b) shows an extract of
the first full gradient which emerges between 0 and 250 arcsec. For
better comprehensibility, this shows that the beam is steered up to
approximately 650 m of the ground station, while the maxima only has
a footprint of 200 m in diameter (marked as dashed line in Fig. 11(b)).
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