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Abstract

The design and qualification of a retroreflector specifically designed for a CubeSat (CustL) is described. The CubeSat will be
launched to space in 2019 and demonstrate the latest generation of the optical space infrared downlink system developed by
the German Aerospace Center together with the industrial partner Tesat-Spacecom. The retroreflector is optimized to allow
for a coarse verification of the satellites attitude control system. By analyzing the returning photon count during satellite
laser ranging (SLR) when the satellite is operated in station pointing mode attitude information is obtained. To achieve this
goal, the entrance face of the retroreflector is recessed by a circular tube-shaped aperture. Due to this recession, the signal
reflected from the retroreflector falls off rapidly when the retroreflector is tilted away from the SLR station. From measure-
ments of the retroreflectors far-field diffraction pattern and calculations, we believe that it should be possible to determine
the orientation accuracy of the satellite to within +2°. The proposed method is an effective and cheap way for coarse attitude

control, e.g., for satellites of mega-constellations with any existing satellite laser ranging ground station.
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1 Introduction

The German Aerospace Center (DLR) is working on the
development of compact laser communication payloads for
low-earth orbit (LEO) satellites [1]. Within the optical space
infrared downlink system (OSIRIS) program two prototypes
(OSIRISV1 on Flying Laptop [2] and OSIRISv2 on BiROS)
of laser communication terminals have been tested on Earth
observation satellites. A third generation (OSIRISv3) with
a strongly increased rate of data transfer (up to 10 Gbit/s) is
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foreseen on the Bartolomeo platform (Airbus) onboard the
International Space Station in 2019.

In parallel to this development line targeting for high
data rates, a miniaturized OSIRIS version called OSIRIS-
4CubeSat [1] is under development, which is planned to be
launched to space on the 3U CubeSat CuBeL in spring 2019.
The goal of this mission is to demonstrate a downlink data
rate of 100 Mbit/s under the restrictions (size, power con-
sumption and weight) imposed by the CubeSat technology.
To access the growing CubeSat market, the system is based
on commercial of the shelf (COTS) technology, uses 8 W of
electrical power only and is integrated in a compact design
(0.3 U) of low mass (350 g).

A major technological challenge in optical downlink laser
communication is that the data transmitting laser on the satellite
needs to be pointing accurately towards the receiving ground
station during data transfer. The required precision depends on
the divergence of the laser used for data transfer, which is in
the order of 200 urad with OSIRISv2. To achieve this goal,
OSIRIS4CubeSat will use a combination of body pointing and
active beam steering. The goal of the satellites attitude control
system (ACS) is to provide a pointing accuracy of +1°, and the
remaining accuracy comes from a fine pointing unit integrated
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Fig. 1 Concept of a recessed retroreflector and the effect of the angu-
lar dependence on the reflectivity. Left: a CCR with an entrance face
of diameter of 2r, is recessed by an aperture of length R. This leads
to a shielding of incoming laser radiation at high incidence angles 6;.

in OSIRIS4CubeSat. The control of this fine pointing unit is
based on a tracking algorithm that scans for the ground sta-
tion beacon laser (which is simultaneously the uplink laser) and
tracks the ground station during the overflight.

A prerequisite for the functioning of this closed-loop opti-
cal tracking system is that the ACS is properly working and
allows for a station pointing mode to within + 1°. To indepen-
dently verify this pointing accuracy, the CUBEL satellite fea-
tures a specially designed cubed corner retroreflector (CCR).
The CCR is equipped with an additional field stop. This is
achieved by placing the CCR inside a circular tube (holder)
which shields the entrance face of the CCR from laser radia-
tion coming at high-incidence angles (see Fig. 1). Thus, we
reduce the field of view (FOV) from + 20° (FWHM) to + 5°
(FWHM). Of course, the FOV could be chosen even smaller
by increasing the length of the circular tube.

The concept of using recessed retroreflectors has been
used previously, e.g., on WESTPAC (NORAD ID 25398)
and GFZ-1. Following this work, we describe the design
and testing of the recessed retroreflector for the CUBEL sat-
ellite. Furthermore, we discuss the feasibility of attitude
verification in an experiment with the SLR ranging station
(Uhlandshohe Research Observatory of the DLR in Stutt-
gart, Germany) [3, 4].

2 Layout of the recessed retroreflector

Figure 2 shows the layout of the recessed retroreflector
assembly. The central part of the design is a commercially
available retroreflector (Edmund Optics #45-202) with
a diameter of 12.7 mm. Technical details on the CCR are
summarized in Table 1. We tested the far-field diffraction
pattern (FFDP) of eight of these retroreflectors and selected
one with a symmetrical FFDP for use in the flight module
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Right: Reflectivity of recessed and unrecessed retroreflectors when
illuminated by a large laser beam with a homogeneous intensity dis-
tribution

(see Appendix B for details). We decided to use a silver
coated retroreflector as this allows for SLR at different laser
wavelengths, which does not impose a wavelength require-
ment on SLR stations (as opposed to a CCR with a single
wavelength dielectric coating).

The assembly will be attached to the wall of the CUBEL
satellite close to the star tracker, pointing in the same direc-
tion as OSIRIS4CubeSat. The CCR is clamped between
a mount and a retaining ring. The retaining ring does not
only hold the retroreflector into place but also shadows the
CCR’s front face at oblique angles of incidence. The length
of the shadowing cavity is R = 14 mm and has a diameter of
2r,, = 10 mm (see panel b of Fig. 2).

Both the mount and the retaining ring are made from
titanium' and can be screwed together. To secure that this
connection cannot loosen up due to vibrations, the assembly
was additionally glued using space-qualified adhesives (Nor-
land Products Inc., NOA 81 and MAP, MAPSIL QS 1123).
The recessed retroreflector was assembled in a clean-room
environment at DLR in Stuttgart. A qualification model of
the assembly was vibration tested at DLR Bremen.

To obtain a small FOV (which requires a long recessing
tube in front of the CCR) while at the same time maintain-
ing a sufficient photon count in SLR (see Sect. 4), the CCR
holder is partly placed within the satellite structure. The
holder is attached to the satellite wall via three screws (see
panel d of Fig. 2). This way, the holder only sticks out of the
satellite by 12 mm and fits into the orbital CubeSat deployer
(the CubeSat is ejected via a spring mechanism).

! Titanium was chosen because of its light weight and because
the linear thermal expansion coefficient at room temperature of
a(Ti) = 8.6 X 107/K closely matches the thermal expansion of
N-BK7 of «(N - BK7) = 7.1 x 107 /K.
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Fig.2 Design of the recessed retroreflector. a, b Sectional views and contain information on the dimensions (all given in the unit of mm). ¢ A

sectional view of the design and d a photo of the finished assembly

Table 1 Specifications of the retroreflector

Specifications of the retroreflector

Manufacturer Edmund optics #45-202

Diameter 12.7 mm

Substrate N-BK7

Coating Front facet: uncoated
Back facets: protected Ag

Height (=1) 10.16 mm

Surface accuracy A8

Beam-angle tolerance 5 arcsec

3 Retroreflector characterization

The mathematics for calculating the optical cross section
of retroreflectors and retroreflector-arrays has been greatly
advanced by Arnold [5].

3.1 SLR geometry

Throughout this article, we will use the same mathematical
symbols as introduced by Stephenson [6], see Fig. 3. For most

Zenith Retroreflectorv
o,
¢ e,
{3
Tx Rx

Fig.3 Diagram illustrating the angles defined for the satellite laser
ranging geometry. For generality, the transmitter (Tx) and receiver
are shown in separate positions, but are collocated in our and most
other SLR experiments. However, the velocity component v’ of the
satellite (normal to the position vector r) leads to a rotation of the
reflected beam by the angle 6, = a, where « is the velocity aberration.
The figure is adapted from Ref. [6]
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Fig.4 Left: demonstration of how to calculate the effective aperture
shape 2 and area Aif of the recessed retroreflector. Input (red dashed
line) and output apertures (black dashed line) as drawn as seen by a
laser beam incident on the recessed retroreflector. The apertures have
the apparent shapes of an ellipse, which have a semi-major axes of
r,. along & and a contracted semi-minor axis along 7 of cos ), - 7.

SLR stations, transmitter and receiver are located at the same
position on earth. However, due to the velocity aberration the
apparent receiver angle 6, takes the value 6, = a, where a is the
velocity aberration, which depends on the satellite’s velocity.
We further define the zenith angle of the satellite as ¢, and the
incidence angle of the retroreflector as 6;.

3.2 Calculation of the effective area

As described in Sect. 2, the retroreflector has a circular
entrance face with the visible radius r,. and thus the effec-
tive area of the retroreflector at normal incidence (6; = 0) is
given by

_ 2
A, =rxm- Voo

(1)

In this case, the shape of this aperture in Cartesian pupil-
plane coordinates” (,7) is simply a circle, which can be
described as:

E@) = £ F(),

F(ﬁ)|9i=0 =1/ "CZC - ’_72-

For light rays at non-normal incidence the effective area
as function of the incidence angle 6; can be derived from

where |7]| < 7.,

(@)

2 We follow the convention of Ref. [6] that E and # are Cartesian
coordinates on the aperture of the retroreflector. Diffraction from this
aperture leads to an intensity distribution at distance d (distance from
the CCR to the SLR station) which is described by the coordinates X
and y, where the £-axes is parallel to the x-axes.
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The overlap between the two apertures is the effective area Azf (gray
colored area). The example is for an incidence angle of 6, = 10°, a
recession of R =14 mm and a CCR radius of r,, = 5 mm. Right:
effective apertures for different incidence angles between 6; =0° and
10° as indicated in the figure

calculating the overlap of “input” and “output” apertures as
introduced in detail in Sect. 2.6 of Ref. [6].

A rotation of the retroreflector by the angle 6, along one
axis (without loss of generality we choose a rotation along
the £-axis) will contract the apparent width of input and
output apertures along the other direction by a factor of cos 6,
. This effectively turns the shape of the aperture as seen by
the laser beam into the shape of intersecting ellipses (see left
panel of Fig. 4). Note that the ellipses in Fig. 4 almost look
like circles because the incidence angle 6; in the example is
quite small (6; = 10°).

Furthermore, input and output apertures of a recessed
CCR are laterally displaced [5] by a distance D given by

D =2(Rtan6; + [tan0)), 3)

which depends on the CCR’s length /, as well as the reces-
sion R of the retroreflector.

Here, 6! is the propagation angle inside the solid (n-BK7)
retroreflector, which is related to the refractive index »n and
the incidence angle §; via Snell’s law:

0; = sin~! < )

The shape of input and output apertures with these modi-
fications are given by

F(if) = cos 6, - [J_r(l~tan6i'+R~tan9i’)$ \/rcc—ﬁz], 7| < i,

&)

sin 6,

“

n

where ji is given by
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Fig.5 Measure, normalized reflectivity of the unmounted (blue dots), as well as the mounted, recessed CCR (yellow dots) as function of the

incidence angle ;. The solid lines represent the results of calculations

/7=rcc'\/1—(l-tan9i’+R-tan9i’)2. (6)

Finally, the effective aperture area Agf of the retroreflec-
tor is obtained by evaluating the overlap of input and output
apertures (right panel of Fig. 4) via the integration:

H
A = / E(idip =4 - / F(ipydi. €
fi=—p 0

3.3 Retroreflector reflectivity

When a laser with a homogeneous intensity distribution over
the range of the aperture is incident on the retroreflector at
an angle 6;, the reflected power should be proportional to the
CCR’s effective area as calculated in Eq. (7).

In fact we built a simple optical setup to test the CCR’s
normalized reflectivity as function of the incidence angle.
Experimental details are given in Appendix A. For com-
parison, we did not only test the angular dependence of the
recessed retroreflector (r,.=5 mm, R=14 mm), but also for
the unmounted CCR (r,.=6.35 mm, R=0 mm).

Compared to the unmounted retroreflector, the reflectiv-
ity of the recessed CCR drops more rapidly when the CCR
is tilted away from the normal incidence (the reflectivity of
the unmounted CCR drops to 50% at 6; ~ +20°, whereas the
reflectivity of the recessed CCR drops to 50% at 0, = + 5°).

Although the calculated and experimental reflectivity
in Fig. 5 follow the same trends for both the blank and the
recessed retroreflector, the agreement is not quite perfect. In
particular, the measured reflectivity for the blank retroreflector

drops almost to zero at §; ~ 35°, whereas there should still be
around 10% reflectivity according to our calculations. This
might be caused by a combination of a slightly non-uniform
beam profile (we used the center part of Gaussian HeNe laser
expanded with a 20 X beam expander, see Fig. 12), imperfec-
tions in the CCR manufacturing and possibly a slight offset in
the orientation of the CCR along the axis perpendicular to ;.

3.4 Far-field diffraction pattern

In order to estimate the intensity distribution reflected from the
CCR to the earth, it is necessary to calculate and measure the
FFDP of the recessed retroreflector.

As shown in Ref. [6] the optical cross section of a retrore-
flector illuminated by a uniform, coherent light ray across its
aperture is given by

o =4nd’p - U*X,9), 8)
where d is the distance of the satellite from the SLR station,
pis the CCR’s reflectivity at normal incidence and U(x, ¥) is
the electric field amplitude distribution from the retroreflec-
tor on a plane with coordinates (X, y) at the distance d.

As the distance d is much larger than the retroreflector
aperture, the FFDP can be calculated with the Fraunhofer
approximation:

- 1 .k o
UR,y) = T exp{zﬁ[2d2 + (7 +y2)]}

o a ©
[ eol-itie )| azan
Q
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Fig.6 Calculated FFDP for the recessed retroreflector (R =14 mm, / =10.16 mm, ., =5 mm) for a wavelength of A =1064 nm and four differ-

ent incidence angles 6; between 0° and 8° as indicated above each panel

where k is the propagation number given by k = 27” and Q1is
the effective aperture, which strongly depends on the inci-
dence angle 6, (see Fig. 4).

The diffraction integral can be solved numerically as
described in the Appendix of Ref. [6]. Furthermore, we con-
vert the FFDP from (X, y) into a function of the receiver angles
6,6 via
(0™,0)) = (tan™' (x/d), tan™' (3/d)). (10)

Figure 6 shows the FFDP for the recessed retroreflec-
tor for different incidence angles 6, between 0° and 7°. For

comparison, Fig. 7 provides experimental data for the FFDP
obtained from measurements.

@ Springer

In accordance with the experimental results and the cal-
culations, the FFDP at ; = 0° takes the shape of an Airy
disk pattern, as expected for the diffraction from a circu-
lar aperture. When the retroreflector is tilted away from the
normal, the overall reflected intensity drops (note that the
different panels in the displayed FFDP have a different color
scale) and the FFDP is broadened along the Qix) axes (the ret-
roreflector was tilted around an axes parallel to the y-axes).

The positive agreement between calculated and experi-
mental FFDP patterns also shows that the manufacturing
tolerance (especially the dihedral angles between the reflect-
ing back faces of the retroreflector) is sufficient for the SLR
experiment.
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Fig.7 Measured FFDP of the flight module (recessed retroreflector). The FFDP was measured at 632 nm, but the axes are scaled to match a
wavelength of A =1064 nm. The different panels show data with the same incidence angles as those in Fig. 6

3.5 Velocity aberration

To obtain the retroreflector cross section as function of the
incidence angle (Sect. 3.5) it is necessary to discuss the
effect of the velocity aberration as the velocity aberration
determines the apparent angles Gfx) and ny ) of the SLR sta-
tion and thus the intensity reflected in that direction.

The velocity aberration is given by [6, 7]

alhg, b, @) = am(hs)\/ cos? w + I (hg, p)sin‘w, (11)
where the maximum value a, is given by
2 | Rg
hg) = =4/ ———. 12
n(hs) c | R, +hg (12)

The contribution I" 2(hs , ¢) can be written as [6]:

I(hs, ) =1~ <M>2 (13)
5 R.+hg )’

where ¢ is the zenith angle (see Fig. 3), R, & 6371km is the

radius of the earth, g ~ 9.81 m/s? is the acceleration due to

gravity, hg is the height of the satellite above sea level and ¢

is the speed of light.

The angle w depends on the satellite’s movement with
respect to the SLR station and is calculated from the unit
vectors § (direction from the center of the earth to the satel-
lite), # (direction from the SLR station to the satellite) and §
(direction of the satellites movement in space) [6]:
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w = cos” [ x8) - D]. (14)

Thus, for a given height hg and zenith angle ¢, the veloc-
ity aberration can take values in the range of

amax(hs) = a(th ¢, 0=0)= am(hs)
Upin(hg, @) = alhy, b, 0 = w/2) = a,,(hg) I (hg, P),

where a,,,(hg) and a,, (hg, ¢) are the maximum and mini-
mum values for the velocity aberration, respectively.

If we furthermore account for the rotation of the earth,
these limits are slightly shifted to

s)

2%
amax(hs) = am(hS) + ?v

2% (16)
amin(hS’ d)) = am(hs)r(hS5 d)) - ?’
where v is the velocity of the SLR station:
_ 2mR cosg
Ve 17
Tgay a7

which depends on the stations latitude (¢), and the duration
of 1 day (Ti,y).

Figure 8 shows these limits for the velocity aberration as
function of the zenith angle ¢ as calculated for a satellite on
a circular orbit of height hg=600 km (estimated height of
the CuBtL satellite) when ranged with the DLR SLR station
(¢ ~ 48.78°). The maximum velocity aberration is 10.81
arcsec independent of the zenith angle, while the minimum
velocity aberration varies from 9.97 arcsec at ¢p=0° (satellite
is in zenith over the SLR station) to 7.01 arcsec at ¢p="70°.

3.6 Retroreflector cross section as function
of incidence angle and velocity aberration

Figure 9 shows the normalized retroreflector cross section as
function of the incidence angle 6, and the velocity abberation
a for a wavelength of 1064 nm (as used by the DLR SLR
station at the Uhlandshdhe).

If the retroreflector is tilted along an axis perpendicular
to the projected relative satellite velocity:

v =[v— (-, (18)
the direction of the SLR station is given by the apparent
angles of 6% = 0 and 6’ =a (compare Fig. 6). This situa-
tion in presented in panel a of Fig. 9. In the plotted range,
the maximum cross section (shown as red line) for a given
velocity aberration is always found at §,=0°. At higher inci-
dence angles the cross section drops rapidly, see panel b.
Panels c and d of Fig. 9 describe the situation when the
retroreflector is tilted in the direction of the relative satellite
velocity (6% = « and 6%’ =0). Here, we also find that the
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Fig.8 Calculation of minimum (blue solid line) and maximum (yel-
low solid line) values for the velocity aberration as function of the
zenith angle ¢ for a circular satellite orbit at a height of 600 km above
sea level and a station latitude of 48.78° (Uhlandshohe Research
Observatory). At each zenith angle the exact value of the velocity
aberration depends on the satellites orbit, but can only take values
from the gray area in-between these limits

cross section peaks at 8;=0° for velocity aberrations in the
range of 7.01 to 10.81 arcsec and then rapidly falls off with
a full width at half maximum smaller than 8;==+5°. This is
very beneficial for verifying the satellites attitude via satel-
lite laser ranging. In this situation the relative signal strength
returned from the CCR is directly correlated to the error of
the satellites attitude control operating in station pointing
mode targeting the SLR station.

It is important to note that the CCR cross section as a
function of the incidence angle depends on the laser wave-
length. In fact, most other SLR stations operate at 532 nm. In
this case, the broadening due to diffraction is weaker and the
cross section as function of the incidence angle can also fea-
ture two distinct maxima, see bottom right panel of Fig. 10.

4 Feasibility of testing the attitude control
system Via SLR

To estimate the number of detected photo electrons per sent
laser pulse 77, during satellite laser ranging with the DLR
SLR station “Uhlandshohe Research Observatory” the radar
link equation is employed given by [6, 8]

_ ETA GT oy o

np__

22
he e ade gy T T a9

Assuming a circular satellite orbit with a height of
hg=600 km, the distance from the satellite to the SLR sta-
tion d (neglecting the station height above sea level) is cor-
related to the zenith angle ¢ via
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Fig.9 Normalized retroreflector cross section as function of the inci-
dence angle 6, and velocity aberration « for SLR at a wavelength of
1064 nm. The different panels are described in the text. The CCR
cross section peaks at §; =0° for all relevant velocity aberrations,
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which is beneficial for an attitude verification via SLR. The red lines
in a and ¢ show the angle 6; with a maximum reflected intensity for
each velocity aberration a
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Fig. 10 Same as Fig. 9, but for a wavelength of 532 nm. The CCR cross section peaks at 8, # 0°, depending on the velocity aberration, which
makes an attitude verification via SLR more complicated
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Table 2 Parameters used for photon budget calculations with the radar link equation

Parameter Value Information
Er; 20 Laser pulse energy (in front of the transmitter)
A 1064 nm Wavelength
#, 0.25 Efficiency of transmitter (using an optical fiber)
Gr 8 exp [_2< 12 )] — Transmitter gain for a Gaussian beam, where
0 0, 1.2 x 10¥/rad? 0, is the beam divergence (half angle between the beam center and the
1/exp(1)? intensity point) estimated to 200 prad
0 is the beam pointing error estimated to half the beam divergence
o _
(£=0s)
oy 04_72‘( P réc) =5.48 X 10* m? CCR cross section at normal incidence and without velocity aberration,
4 0 =0.8 (reflectivity of retroreflector)
ree =5 mm (radius of retroreflector aperture)
o/o, value between 0..1 Correction factor accounting for the CCR cross section as function of
incidence angle and velocity aberration (see Fig. 9)
A, 7 x(02m)?=0.13 m? Area of receiving optics
n, 0.5 Efficiency of receiving optics
g 0.3 Efficiency of detector (photo multiplier tube)
T, 0.8 Atmospheric transmission (estimated)
T, 0.8 Cirrus-cloud transmission (estimated)
range(satellite — SLR station) d (km) L. .
600 700 800 1000 1200 incidence angle of 6, ==+ 5°, see Fig. 9). For these cases, the
0.100 calculated return rates are presented as yellow and green
R . lines, respectively. The detection limit, which allows for a
o ° TN ~ . . .
83 0/00=0.5 o o reliable tracking of the satellite, depends on the laser pulse
L 9 Ss = .. . .
c 3 R repetition rate. With the current design, a number of detected
S5 ag/0p=0.2 Sy .
£ 3 — S5 photo electrons per sent laser pulse of #,=0.05 is a con-
= 80010 Sy . . o P
&€ F—— ~— R servative estimate for this limit (red, dashed line in Fig. 11).
etection limi S . ..
g5 S e e Sl We find that for a satellite pointing to the DLR SLR sta-
c & . . . . .
5 A tion, ranging of CusBeL should be possible at zenith angles
Q . .
o ¢ smaller than 55°. For ¢p < 40° it should be possible to
0.001 track the satellite even at an incidence angle of §,==+ 5°. In
0 10 20 30 40 50 60 70

Zenith angle ¢ (degree)

Fig. 11 Calculated return rate 7, for SLR of the recessed CCR for a
satellite on a circular orbit at a height of 600 km as function of the
incidence angle ¢ as explained in the text. The calculation was per-
formed for the SLR station Uhlandshohe Research Observatory

d = \[R2 cos? ¢ + 2R.hs + I — R, cos . (20)

All other parameters used for the photon budget calcula-
tions are summarized in Table 2.

Figure 11 shows the calculated number of detected photo
electrons per sent laser pulse 7, as function of the zenith
angle ¢. The return rate depends on the normalized ret-
roreflector cross section (¢/6). For the CCR design and
A=1064 nm, 6/0, takes values between >0.5 at normal
incidence (6,=0°) and ~ 0.2 for a tilted retroreflector (at an

this regime it should also be possible to test the CubeSat’s
attitude control by commanding the CubeSat to change its
attitude with respect to 6, while simultaneously observing
the signal strength in satellite laser ranging. As the signal
drops off sharply with 6,, it is reasonable to assume, that
the pointing accuracy of the satellite can be determined to
within +2°.

The exact design of such an experiment needs to be
developed in future work. A first guess would be to repeat-
edly rotate the satellite in such a way that 8, (deviation from
station pointing mode) changes at a rate of ~1°/s around a
range of +5°. This would mean that a “peak” return sig-
nal (corresponding to #; = 0° for SLR at 1064 nm) for the
rotation around one axis could be found within 10 s. This
time is fortunately much shorter than the expected link dura-
tion, which is estimated to be in the order of several minutes
(depending on the exact orbit over the SLR station).
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5 Conclusion and outlook

We designed a recessed retroreflector which will be launched
to space on the CubeSat CuseL. The design is based on a com-
mercially available, 12.7 mm diameter CCR mounted into a
specifically designed titanium holder that recesses the CCR’s
entrance face. In order to select a CCR with a high optical
and manufacturing quality, FFDPs of eight retroreflectors were
measured and the best retroreflector was selected as a flight
module. We believe that the recessed CCR assembly, which is
a lightweight and small design optimized for use on a CubeSat,
should allow for a coarse verification of the attitude control to
within +2°.

The retroreflector was designed for a specific CubeSat mis-
sion with the goal of advancing laser communication tech-
nology. Nonetheless, we hope that the detailed discussion of
the experimental and mathematical effort involved in the pro-
ject and described in this publication will enhance the use of
recessed CCRs’ in the largely growing CubeSat market.
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Appendix A: Experimental details
for the measurement of the CCR reflectivity
and far field diffraction pattern

Figure 12 shows a schematic of the experimental setup
used to measure the FFDP and the CCR reflectivity at
DLR Stuttgart. A helium neon laser (Polytec GmbH)
is expanded by a factor of 20 with a combination of
f=-25mm and f = 500 mm lenses. To avoid unwanted
reflections, the beam is cropped by an aperture (not shown
in Fig. 12) with a diameter of 16 mm to provide a laser
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Fig. 12 Schematic of the measurement of the CCR reflectivity far-
field diffraction pattern

beam with a diameter larger than the entrance face of the
retroreflector (2r,, = 10 mm).

The beam then passes through a 50% transmission beam
splitter and illuminates the CCR. During the experiment,
the CCR can be either mounted as a blank retroreflector or
together with its recessing mount. Furthermore the CCR
is can be rotated by an arbitrary angle ;. Retro-reflected
light from the CCR then encounters the beam splitter for a
second time and is focused by an f = 500 mm lens. At the
position of the focus, the reflected power can be measured
with an energy detector. Alternatively, the beam profile in
the focus (which corresponds to the far-field image) can be
imaged on a CCD camera with an f = 50 mm lens.

To convert pixels in the FFDP’s to scattering angles
(in arcsec) the CCR was replaced by a circular aperture
(3.1 mm in diameter) in front of a reflective mirror. This
generates an Airy disk and the intensity minima can be
used for calibration.

Appendix B: Experimental details
for the measurement of the far-field
diffraction pattern at GFZ Potsdam

Measurements of the PPDP and the selection of the best ret-
roreflector for use as a flight module on the CubeL satellite
were done at GFZ Potsdam and the experimental setup has
been described previously [9]. The CCR #7 (FFDP high-
lighted with a red frame in (Fig. 13) was selected as flight
retro, because of its symmetric FFDP.
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Fig. 13 Logarithmic plot of the FFDP of several CCR’s of the same batch as measured at a wavelength of A=532 nm at normal incidence. The
CCR #7 (FFDP highlighted with a red frame) was selected as flight retro and will be send to space as part of the CUBEL satellite
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