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Abstract

This paper explores an optical component of the communication link between CubeSats, which enables
a laser data link between two satellites that are not aligned properly. The goal of this paper is to develop
a stand-alone mirror system that can be attached to a preexisting communication terminal to increase its
range of operation and enable satellites to form an uninterrupted communication network.

First, the technical requirements for the mirror system is defined based on existing low earth orbit (LEO)
constellations. The space environment for LEO is identified and its challenges for electrical components
summarized. With these technical and environmental requirements, multiple mirror systems are compared
to find the best option for the application.

A test set-up was designed in order to be able to test mirror systems and characterize their behavior. All
the components of the test set-up were tested separately, in order to minimize uncertainties in the actual
mirror tests. The position sensitive device, which detects the mirror movements, was not suited for the
required application. Therefore, future tests of different sensors have to be undertaken to find a good
match. At the end, two options for the technical setup of a CubeSat Unit are explored and simulated.
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1 Introduction

The number of satellites in low earth orbit (LEO) have been steadily increasing. Companies are trying
to build 'mega constellations' of communication satellites to provide new kind of low-latency and high-
throughput connectivity. These will cut down the latency from 250 - 300 milliseconds (in the case of
geostationary satellites) to a few tens of milliseconds, enabling entirely new classes of exciting applications
such as low-latency algorithmic trading across distances to dif cult-to-reach locations such as oil rigs [30].
From 2019 to 2021, the number of active and inactive satellites in LEO has increased by over 50%, to over
5,000. SpaceX has plans for 11,000 more satellites for its Starlink network and has led for an additional
30,000 with the with the Federal Communications Commission. OneWeb, TeleSat, and Amazon have
plans to launch their own ‘mega constellations' of communication satellites. [3].

The problem of providing a reliable connection between fast-moving objects in space is extremely com-
plex and many aspects have yet been unsolved. The need for new network protocols and architecture
research, in combination with space certi ed hardware create challenging hurdles [30]. This thesis inves-
tigates a solution for the challenge of laser communication between differently oriented satellites that are
on the same orbit. While the satellite's payload is pointing towards earth, the inter-satellite communica-
tion terminals are not aligned. To safeguard connectivity, a coarse pointing assembly (CPA) redirects the
laser beam towards the next satellite. Its goal is to compensate an angular offset between two satellites
of  10°. The approach, possible hardware components, testing and characterization of that hardware,
and a nal integration into a CubeSat in combination with an inter-satellite communication Terminals (ISL
Terminal) are explored in depth in this thesis. In order to be able to carry out these tests, a test track was
developed, which acts as a stable platform for testing procedures of the hardware for the compact CPA.
The test track's design and functionality are also discussed in detail during this thesis.

1.1 CubeSats

The name CubeSat derives from the words cube and satellite . It re ects the size and shape of this type
of satellite. The CubeSat project was started in 1999 between Prof. Bob Twiggs at Stanford University's
Space Systems Development Laboratory and Prof. Jordi Puig-Suari at California Polytechnic State Uni-
versity (Cal Poly). The goal of the CubeSat project was to increase accessibility to space by reducing
development time and cost, while sustaining frequent launches.

A CubeSat is a class of satellite that adopts a standard size and form factor, whose unit is de ned as
"U'. A 1U CubeSat is a 10 cm cube with a mass of up to 2 kg. These singular units can be put together to
form a satellite of up to 12U. The most common con gurations are 1U, 1.5U, 2U, 3U, 6U, and 12U. How
these con gurations are put together is described in detail in [6]. A schematic of a CubeSat unit is shown
in Figure 1.1.

CubesSat guidelines dictate the physical dimensions of a CubeSat, their secondary objective is to provide
information on CubeSat dispensers and their corresponding interfaces. The goal is to implement good
engineering practice, testing, and veri cation of systems. As a result, every engineer working on CubeSat
satellites plays an active role in ensuring the success and safety of CubeSat missions.

Yet, the guidelines set forth in [6] are not enforced. The developer of a CubeSat must only meet the
requirements given by the launch provider. The CubeSat Program's requirements are meant for preliminary
design purposes only and provide suf cient freedom to comply with any launch vehicle.



Figure 1.1 1U CubeSat Design Speci cation Rev.14 [6]

1.2 Motivation

Not only does the small size of a CubeSat limit the possible payloads that can be integrated into a satellite,
but the small size also limits the power budget and the possibility of high power intensive operations. For
communication and observation satellites, it is especially important that a satellite's payloads are always
pointed towards the target area. Any further body pointing costs energy and, more importantly, can inter-
rupt the satellite's mission. Inter-satellite communication enables the establishment of stable communica-
tion within satellite networks, without all satellites having to be connected to a ground station. Accordingly,
it is of high importance to develop concepts that increase inter-satellite utilization and connectivity. A CPA
is one of these concepts.

Laser communication between satellites allows very high data rates to be exchanged over long dis-
tances while consuming less energy compared to standard radio communications. This is due to the more
targeted nature of laser communication in relation the dispersion of radio waves. However, its targeted
nature also requires great accuracy when aligning communication satellites. The laser beams cannot be
redirected through the communication terminal. Accordingly, the satellites must align themselves in order
to be able to hit each other with their lasers. However, when two satellites align with each other, they
cannot communicate with the next satellite in orbit because they can only align with one satellite at a time.
This means that a continuous communication network between several satellites cannot be established.

A CPA uses motorized mirror actuators to redirect the laser beam from the communication terminal
towards the next satellite. The movement range of the actuators de ne the angle a CPA can compensate.
There already exist a large CPA that has 180° hemispherical coverage. However, due to its size and power
draw, it is not always possible to integrate it into a CubeSat. Most communication links also do not require
such large angular offsets compensations. As a result, this large CPA would not be the right system for
most CubeSat applications.

This thesis examines the concept of a compact CPA. Its purpose is to be installed in the use cases,
where the large 180 hemispherical CPA is over tted. It is designed for the communication between
satellites that are on the same orbital path. As a result, the required angular compensation decreases and
the footprint of the CPA can be shrunk. With it, the required power draw and mass also decreases. As



a result, a system is developed, that is optimized for a speci ¢ window of angular offset compensation.
Nevertheless, due to the planned orbital arrangement of mega constellations, this particular angle window
will be applicable in many situations. Accordingly, the advantages that one gets from such a system are
justi ed by the development effort. This thesis is the rst step in the development of this compact CPA.

1.3 German Aerospace Center

The German Aerospace Center (Deutsches Zentrum fir Luft- und Raumfahrt (DLR)) is the Federal Re-
public of Germany's research center for aeronautics and space. It conducts research and development
activities in the elds of energy, transportation, security, aeronautics, space, and digitization. With over
10,000 employees at 30 locations in 5 countries, DLR serves as an umbrella organization for one of Ger-
many's largest project management agencies [9].

Its space branch deals with research about topics ranging between earth observation, space explo-
ration, communication, navigation, and quantum technologies. The communication institute concentrates
its research and development on satellite-based processes and systems that enable widespread, compre-
hensive, independent and secure access to communications and navigation services [8]. In cooperation
with the telecommunications company Tesat-Spacecom (TESAT), DLR has developed a communications
terminal, known as OSIRIS4CubeSat, that enables data transmission up to 100 times faster than conven-
tional radio links. Its biggest advantage to conventional systems is its size factor. With dimensions of just
10 x 10 x 3 cm, it ts perfectly onto small satellites. In combination with its minimal power draw, it is the
rst laser communication terminal that can be placed onto a CubeSat [10]. Through a combination of this
terminal, named CubeLCT by TESAT, and the compact CPA from this thesis, it will become possible to
establish effective inter satellite connections.






2 Optical System

The main component of the optical steering system is a motorized movable mirror. Its purpose is to de ect
the outgoing and incoming laser beams in such a way, that they most effectively hit the other satellite or the
communication terminal respectively. The communication terminal used in this thesis is the Inter-Satellite
Terminal (ISL Terminal), and is pictured in Figure 2.1 and described in detail in [24]. It is a modi ed version
of the CubeLCT Terminal designed for TESAT. It consists of three main components: the optical subsystem
with the attached data receiver in the middle, the optical ampli er at the top, and the data handling unit at
the bottom of the 1U ISL Terminal. The aperture of the telescope element on the ISL Terminal is 20 mm
and has a compression ratio of 20mm=7:289[24]. The telescope is on the left side of the optical subsystem
of the setup in Figure 2.1. Its 20 mm aperture needs to be completely radiated by the incoming laser beam
to be able to establish a stable connection. This is the task of the compact CPA: ensuring the irradiation
of the telescope during movements of the satellite. A fast steering mirror (FSM) inside the ISL Terminal
redirects and controls the laser beam onto and within the sensors. The bi- directional data transmission
between satellites is enabled through a transmission and receiving laser beam, which are separated by
wavelength. Both wavelengths, 1536.6 nm and 1553.3 nm, are in the C-band and operate through the
same terminal. As a result, only one ISL Terminal is needed to establish a bi- directional communication
link between two satellites.

The motorized movable mirror for the compact CPA must meet certain requirements in order to perform
the intended tasks. In this chapter, the requirements for such a mirror system are derived and described
and multiple systems from ve different companies are compared.

2.1 Requirements

2.1.1 Re ective Surface

The 20 mm aperture of the ISL Terminal needs to be completely irradiated by the befalling laser beam so
that suf cient energy reaches the sensor system. Therefore, the mirror of the compact CPA needs to have
a re ective surface of at least 20 mm. However, due to the angular offset of the CPA mirror to the laser
beam axis, the actual redirected diameter of the beam is smaller than the diameter of the mirror. This is
due to the relationship

Figure 2.1 1U ISL Terminal [24]



dpeam = Omirror ~ SIN( ): (2.1)

As aresult, the nal re ective diameter needs to be larger than 20 mm. The larger the angle of incidence,
the wider the diameter of the re ective surface needs to be. This is a dependent on how the mirror
system is incorporated into the 1U CubeSat and how the laser beam is redirected to the aperture of the
ISL Terminal. Therefore, the mirror diameter is required to be of at least 20 mm.

Another important aspect of the re ective surface is its surface quality, which impacts the amount of
energy carried by the re ected beam. Flatness, has been proposed as a practical criterion for assessing
the quality of an optical instrument by J. W. Strutt [14]. In the case where a beam re ects off a single mirror,
the surface atness will be equal to the wavefront distortion or the re ected wavefront error. Surface
atness typically is reported in units of fringes or waves and, as such, the surface atness of a mirror
is reported as a positive real fraction of the wavelength of light being used with the mirror [16]. The
fraction =N , being the beam wavelength, represents the wavefront distortion and therefore describes
the atness of the surface. The larger N is, the atter the surface is.

A noticeably distorted image occurs when the wavefront aberration exceeds =4 [14]. Therefore, the
quality needs to be greater than = 4. For their optics in communication systems, the DLR uses hardware
that has a surface quality of = 10. This ensures minimal wavefront distortions.

Coatings help decrease the loss of energy through re ection and further minimize distortion errors. The
correct re ective coating for a speci c wavelength needs to be chosen. The coating also needs to be able
to withstand the harsh space environment, in order to retain its re ective properties. Since ISL Terminal
operates in the infrared spectrum, the mirror coating needs to be able to re ect this type of wavelength
well. Generally, silver and gold coatings are used in the infrared range. At the speci c wavelength of
1540 nm, a gold coating has a greater percentage of re ectance of 98.9%, while a silver coating's percent
of re ectance is 98:2% [7]. As a result, the mirror is speci ed with a gold coating.

2.1.2 Movement Range

The range of mirror movement is the most important technical value of the CPA. It de nes the mission
window, in which a CPA can compensate the angular offsets between communication terminals. The
compact nature of the proposed CPA leads to a very restricted application window. It is de ned by the
limited space and opening of the CubeSat unit and the narrow mechanical movement range of the mirror
system installed within the unit. The nal angular offset is de ned through the orbit data as well as the

orientation of the satellite and the position of the communication partner.

To get an insight into the possible occurring angles, the mega constellations of the companies OneWeb,
SpaceX Starlink, and TeleSat were examined. Plotting these constellations gives a sense of the chal-
lenge involved and the precision required to operate many consecutive satellites by linking them with laser
beams. Figure 2.2 shows these constellations and their orbital planes.

Carizzo et al. [5] calculated the requirements for the beam pointing and beam slew rate of these three
constellations, which are shown in Figure 2.3. All the calculations are based on a fully deployed network.
The intra-plane links are established with the satellites directly in front and behind within the same orbital
plane, while the inter-plane links are established with the satellites moving in the same direction in parallel
orbital planes.

The topology of the OneWeb orbits requires beam pointing angles smaller than 10° in elevation, and
between 50° and +50° in azimuth. The maximum elevation angle to have a Line of Sight (LOS) between
two satellites, before the curvature of the Earth comes in the way, is approximately 30°. Due to SpaceX's
multiple orbital heights, the values differ slightly for each orbit. This can be seen in the multiple lines in
Figure 2.3b. Overall, the required beam pointing angles have a maximum elevation range of 28°, and 85%°
in azimuth. The maximum elevation angle to have a LOS between two satellites is approximately 34°.
Due to the lower number of orbital planes and satellites per plane, Telesat requires beam pointing angles
with a maximum elevation range of 48° and 80° in azimuth. Here as well, the maximum elevation angle
to have a LOS between two satellites is approximately 32°.



Figure 2.2 Satellite constellation of OneWeb (left), SpaceX Starlink (center), and Telesat (right) [5]

The DLR has already developed a CPA that moves in a hemispherical mode. So it can cover the large
angles required for the inter-plane satellite links. The size constraints of the proposed compact CPA limit its
use to the intra-plane communication links. As a result, the azimuth angles are about 0° and the elevation
angles are in the low, single digit range. Telesat's elevation angles are an outlier due to their sparsely
populated and higher orbits.

Through this comparison and discussions with manufacturers, the optical movement range requirement
was set at 4°,

2.1.3 Speed

For the speed requirement, Carizzo and al. [5] calculations for the beam slew rate were used to get
indications of the minimal required movement speeds of the mirror systems. These are shown in Figure
2.4. The values show the radial movement speed of the mirror movement necessary to keep up with the
orbital change in orientation.

The slew rate needed in OneWeb's constellation is lower than 0:12° per second [°=s] and is mainly
de ned by the azimuth beam pointing. Due to the different inclined orbits and their heights, SpaceX and
Telesat have multiple lines in their graphs. The maximum values are being considered. SpaceX's maximum
required beam pointing slew rate needed is 0:27°=s in azimuth and 0:03°=s in elevation. Lastly, Telesat
requires a maximum beam pointing slew rate of 0:19°=sin azimuth and 0:07°=sin elevation. As discussed
in the section above, the intra-plane values are mainly of interest. As a result, the required movement
speeds of the mirrors are quite low.

A faster movement speed is preferred, however, as it relieves the system to not always operate at its
maximum capabilities and it gives the possibility to use patterns to acquire communication links. As a

(a) Oneweb (b) SpaceX Starlink (c) Telesat

Figure 2.3 Requirements for beam pointing angles for OneWeb, SpaceX, and Telesat, based on calculations from

(5]
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