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SUMMARY

Laser communication is seen as the future of high-speed communica-
tion in space and a potential key technology for the future. This is
due to low beam divergence, around three orders of magnitude less
than that of for similarly sized microwave based radio frequency sys-
tems. This allows higher signal-to-noise ratios due to increased signal
power transferred. Additionally, the reduced beam divergence implies
no overlap with other optical links, eliminating cross interference. As a
result, laser communication can leverage larger bandwidths. Neverthe-
less, low beam divergence has also meant that laser communication until
now has been point-to-point, limiting scalability and reducing reliability.
Multi-beam laser communication terminals (MBTs) offer point-to-multi-
point laser communication, implying a scalable solution to bringing this
technology into globally available networks.

However, research on MBTs remains limited compared to single-beam
systems. Critically, no studies have addressed how use cases related
variables (such as user type, application, or altitude) impact design pa-
rameters such as field of view (FoV), angular resolution, and beam count.
Existing works on MBTs often discuss unique designs, with insight and
overview of MBT design choices remaining underexplored. Among steer-
ing technologies, spatial light modulator (SLM)-based systems show sig-
nificant promise, yet their implementation and associated system lay-
outs remain underexplored. Furthermore, no known multi-beam track-
ing algorithms have been developed which can track large numbers of
beams using image detectors within these types of steering systems.

The analysis indicated that the estimated number of terrestrial users
per terminal increased disproportionately (quadratically and tangentially)
with FoV, with the current optical technological restrictions being the
largest limiting factor in wide FoV telescopes. Additionally, the density
of counter terminals, orbital altitude and FoV dwell times were roughly
linearly proportional. The number of potential users across all user types
can be on the order of (tens, hundreds of) millions, however, competing
technologies and adoption rates in combination with the aforementioned
imply this number will initially be lower. It was estimated to be in the
10s-100s. Further analysis on inter-satellite communication in LEO con-
stellations yielded a similar number, between 3-30, depending on the
mission configuration and FoV. Lastly, analysis for space, air, ground and
sea integrated networks (SAGSINs) found that increasing the number of
beams eventually yields saturation in the number of beams used in ad-
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dition to diminished returns of the added value of each beam. From this
study, between 8-64 beams were found to be of use.

With this analysis as well as the available literature, the gaps in the
multi-beam steering literature were identified. These focused primar-
ily on the architecture, steering hardware implementation and multiple
beam tracking.

To investigate potential designs of multi-beam terminals, first an overview
of the per-beam and terminal level functions was created and contrasted
with single beam terminals. It was found that multi-beam terminals re-
quire the same functions, with the additional functions of separation, la-
beling, classification and validation functions of the targets. Multi-beam
terminals, in contrast with single beam terminals, also exist in a contin-
uum, with multiple beams in various stages of acquisition, communica-
tion and termination at the same time. With these functions in mind, an
extensive study was conducted comparing multi-beam designs with de-
signs from the adjacent fields of single-beam terminals, 3D MEMS optical
cross-connects, indoor LiFi terminals and fixed point-to-multi-point termi-
nals. This yielded a design option tree which could be used as a recipe
to determine the high level design of the terminal.

When applied to the aforementioned use cases, the design for the
steering system was selected to be an SLM based steering system. This
was due to its compact form factor and high degree of component shar-
ing between all (incoming and outgoing) beams.

The use of SLMs for multiple beam steering was investigated and demon-
strated. Beam steering using SLMs comes with inherent challenges re-
lated to diffraction and non-modulated beams (NMBs). These cause
beam duplicates and increases tracking complexity taking up resources.
A method using a composite steering phase screen consistent of a phase
ramp and Fresnel lens (PRFL) was proposed and investigated. This method
allows for direct hardware mitigation with little to no computational over-
head. Additionally, this method of steering allows for dynamic allocation
of individually tailored optical systems for each beam. As a result, the
beams can be separated, conditioned and steered to their transceivers
and the emitted beams to the counter terminals. This reduces the layout
complexity and the number of components. The aliasing limitations as-
sociated with SLMs were found to provide a steering range and efficiency
envelope, which helps define the steering system performance. Lastly,
the SLM steering performance with regard to angular resolution was ex-
tensively modeled and an envelope was defined. Theory was compared
to the hardware demonstrations, with the SLM used having a steering
range of 2.25° and resolution of 1 urad.

As mentioned before, in contrast with single beam tracking, multiple
beam tracking needs to detect, separate, label and classify beams from
noise and other beams. Additionally, where single beam tracking can rely
on region-of-interesting to reduce the computational load, multi-beam
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tracking has to consider the whole FoV in order to acquire and track all
the beams. When similar image processing techniques are employed,
computational loads are experienced that scale with the number of pix-
els. An algorithm was proposed based on temporal tracking methods
inspired by multiple target tracking. This method was found to be able
to track 1000 beams with 99% precision at 1 ms per frame for a given
noise level and size of the tracking window of each beam. This was
demonstrated experimentally. Additionally, the performance envelope
with respect to noise was analyzed and derived completely analytically.






SAMENVATTING

Lasercommunicatie wordt gezien als de toekomst van snelle communica-
tie in de ruimte en een potentiéle sleuteltechnologie voor de toekomst.
Dit komt door de lage bundeldivergentie, die ongeveer drie ordes van
grootte lager is dan bij vergelijkbare op microgolven gebaseerde radio-
frequentiesystemen. Hierdoor kunnen hogere signaal-ruisverhoudingen
worden bereikt dankzij het toegenomen overgedragen sighaalvermogen.
Bovendien zorgt de lagere bundeldivergentie ervoor dat er geen overlap
is met andere optische verbindingen, waardoor kruisinterferentie wordt
geélimineerd. Als gevolg hiervan kan lasercommunicatie gebruikmaken
van grotere bandbreedtes. De lage bundeldivergentie heeft er echter
ook toe geleid dat lasercommunicatie tot nu toe punt-naar-punt was, wat
de schaalbaarheid beperkte en de betrouwbaarheid verminderde. Multi-
beam lasercommunicatieterminals (MBT’s) bieden punt-naar-multi-punt
lasercommunicatie, wat een schaalbare oplossing biedt om deze techno-
logie in wereldwijd beschikbare netwerken te integreren.

Onderzoek naar MBT's is echter nog beperkt in vergelijking met syste-
men met één bundel. Kritisch is dat er nog geen onderzoek is gedaan
naar de invloed van gebruiksgerelateerde variabelen (zoals gebruiker-
stype, toepassing of hoogte) op ontwerpparameters zoals field of view
(FoV), hoekresolutie en aantal bundels. Bestaand onderzoek naar MBT's
bespreekt vaak unieke ontwerpen, maar inzicht in en overzicht van de
ontwerpkeuzes voor MBT's blijven onderbelicht. Onder de stuurtechno-
logieén tonen systemen gebaseerd op spatial light modulators (SLM’s)
veelbelovende resultaten, maar de implementatie en bijbehorende sys-
teemconfiguraties zijn nog onvoldoende onderzocht. Bovendien zijn er
nog geen bekende multi-beam tracking-algoritmen ontwikkeld die grote
aantallen bundels kunnen volgen met behulp van beelddetectoren bin-
nen dit type stuursystemen.

Uit analyses die zijn uitgevoerd om het potentiéle en geschatte aan-
tal aardse gebruikers per terminal te bepalen, bleek dat dit aantal one-
venredig (kwadratisch en tangentieel) afhankelijk is van het FoV, waarbij
de huidige optische technologische beperkingen de grootste beperkende
factor vormen voor telescopen met een breed FoV. Daarnaast waren de
dichtheid van tegenterminals, de orbitale hoogte en de FoV-verblijftijden
ruwweg lineair evenredig. Het aantal potentiéle gebruikers van alle ty-
pen kan in de orde van (tientallen, honderden) miljoenen liggen, maar
concurrerende technologieén en adoptiesnelheden in combinatie met de
bovengenoemde factoren impliceren dat dit aantal aanvankelijk lager zal
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liggen. Het werd geschat op enkele tientallen tot honderden. Verdere
analyse van inter-satellietcommunicatie in LEO-constellaties leverde een
vergelijkbaar aantal op, tussen de 3 en 30, afhankelijk van de missie-
configuratie en het FoV. Ten slotte bleek uit analyse van geintegreerde
netwerken voor ruimte, lucht, land en zee (SAGSIN’s) dat een toename
van het aantal bundels uiteindelijk leidt tot verzadiging van het aantal
gebruikte bundels, naast een afnemende meerwaarde van elke afzon-
derlijke bundel. Uit dit onderzoek bleek dat tussen de 8 en 64 bundels
bruikbaar zijn.

Met deze analyse en de beschikbare literatuur werden de lacunes in de
literatuur over multi-beam sturing geidentificeerd. Deze lacunes richtten
zich voornamelijk op de architectuur, de implementatie van de stuur-
hardware en het volgen van meerdere bundels.

Om potentiéle ontwerpen van multi-beam terminals te onderzoeken,
werd eerst een overzicht gemaakt van de functies op individuele bun-
del en terminalniveau en vergeleken met single-beam terminals. Hieruit
bleek dat multi-beam terminals dezelfde functies vereisen, aangevuld
met functies voor scheiding, labeling, classificatie en validatie van de
doelen. Multi-beam terminals bestaan, in tegenstelling tot single beam
terminals, ook in een continulim, waarbij meerdere bundels zich tegelij-
kertijd in verschillende stadia van acquisitie, communicatie en beéindi-
ging bevinden. Met deze functies in gedachten is een uitgebreide studie
uitgevoerd waarin multi-beam ontwerpen werden vergeleken met ont-
werpen uit aanverwante gebieden als single beam terminals, 3D MEMS
optical cross connects, indoor LiFi terminals en vaste point-to-multi-point-
terminals. Dit resulteerde in een ontwerpoptieboom die als leidraad kan
dienen voor het bepalen van het ruwe ontwerp van de terminal.

Toegepast op de bovengenoemde gebruiksscenario’s werd gekozen
voor een SLM-gebaseerd stuursysteem. Deze keuze werd gemaakt van-
wege de compacte vormfactor en de hoge mate van componentdeling
tussen alle (inkomende en uitgaande) bundels.

Het gebruik van SLM’s voor het sturen van meerdere bundels werd
onderzocht en gedemonstreerd. Straalsturing met behulp van SLM’s
brengt inherente uitdagingen met zich mee met betrekking tot diffrac-
tie en niet-gemoduleerde bundels (NMB’s). Deze veroorzaken straaldu-
plicatie en verhogen de complexiteit van de tracking, waardoor ze meer
middelen in beslag nemen. Er is een methode voorgesteld en onderzocht
die gebruikmaakt van een samengesteld stuurfasescherm bestaande uit
een faseramp en een Frensel lens (PRFL). Deze methode maakt directe
hardwarematige mitigatie mogelijk met minimale tot geen rekenkundige
overhead. Bovendien maakt deze stuurmethode dynamische toewijzing
van individueel aangepaste optische systemen voor elke bundel moge-
lijk. Hierdoor kunnen de bundels worden gescheiden, geconditioneerd en
naar hun zendontvangers worden gestuurd en de uitgezonden bundels
naar de tegenterminal. Dit vermindert de complexiteit van de lay-out en
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het aantal componenten. Van de aliasingbeperkingen die gepaard gaan
met SLM werd vastgesteld dat ze een stuurbereik en efficiéntiebereik
bieden, wat helpt bij het definiéren van de prestaties van het stuursys-
teem. Ten slotte werd de stuurprestatie van de SLM met betrekking tot
de hoekresolutie uitgebreid gemodelleerd en een bereik gedefinieerd.
De theorie werd vergeleken met de hardwaredemonstraties, waarbij de
gebruikte SLM een stuurbereik van 2,25 graden en een resolutie van 1
urad had.

Zoals eerder vermeld, vereist het volgen van meerdere lichtbundels, in
tegenstelling tot het volgen van één lichtbundel, het detecteren, schei-
den, labelen en classificeren van lichtbundels van ruis en andere licht-
bundels. Bovendien, waar het volgen van één lichtbundel kan vertrou-
wen op region-of-interesting om de rekenlast te verminderen, moet bij
het volgen van meerdere lichtbundels het hele FoV worden overwogen
om alle lichtbundels te detecteren en te volgen. Wanneer vergelijkbare
beeldverwerkingstechnieken worden gebruikt, treedt een rekenlast op
die schaalt met het aantal pixels. Er is een algoritme voorgesteld op
basis van een temporele tracking methodes, geinspireerd op het volgen
van meerdere bundels. Uit experimenten is gebleken dat deze methode
1000 lichtbundels met 99% precisie kan volgen bij een frametijd van 1
ms, voor een gegeven ruisniveau en formaat van het trackingvenster
van elke bundel. Daarnaast is de prestatiecurve ten opzichte van ruis
geanalyseerd en volledig analytisch afgeleid.






INTRODUCTION

5,4, 3, 2, 1! Thunderbirds are go!
Jeff Tracy (Thunderbirds)

Ever increasing data and connectivity demands require ever increasing
data link capacities. Radio communication has been the go-to technology
to fulfill wireless connectivity demand, however, interference has caused
spectrum congestion. Laser communication promises high bandwidth
and secure communication thanks to low beam divergence through opti-
cal wavelengths. However, the low beam divergence has also relegated
laser communication to point-to-point applications, limiting scalability.
Additionally, links using optical wavelengths can be easily blocked by ob-
stacles such as clouds or loss of line of sight, making links fragile. To
mitigate these challenges, multi-beam laser communication terminals
(MBTs) offer point-to-multi-point optical communication through multiple
beams from one terminal. This chapter will introduce the background of
MBTs and identify the challenges and gaps. These will form the basis of
goals and research questions. After this, an outline of this dissertation
as well as the methodologies will be presented.



2 1. Introduction

1.]1. BACKGROUND AND MOTIVATION

The well known Moore’s Law, first articulated by Gordon Moore in 1965,
posits that the number of transistors on a microchip (and by extension
computational power) doubles approximately every two years.[1, 2] In
the same way, multiple laws for data connectivity and networks have
been proposed. Nielsen’s Law of Internet Bandwidth, for example, ob-
serves that user bandwidth demand grows by 50% annually, reflecting
the insatiable appetite for data-intensive applications.[3] Edholm’s Law
further underscores this growth, in its turn observing that the bandwidth
of telecommunication networks, including internet access, doubles every
18 months. Additionally, it states that data rates across various com-
munication mediums converge toward this trend.[4] Hence, all forms of
communication must relentlessly increase their communication capac-
ity in the future in an effort to both grow and match other mediums.
Motivation for more expansive, faster and reliable communication net-
works is strong. In fact, Metcalfe’s Law highlights that the compounding
economic value of networks scales with the square of the number of con-
nected users, incentivizing further connectivity.[5]

These laws, and the fact that they more or less hold true to this day,
highlight an important trajectory of the human species.[3, 4, 5] Namely,
the trajectory of human progress has been inexorably tied to the digi-
tization and interconnection of society over the current and preceding
century. These trends will almost certainly accelerate into the future.[6,
7] This progress is in fact clear enough to make it quantifiable, as cap-
tured by these empirical laws.

However, this growth is not automatic. Maintaining these trends has
been the result of strong sustained efforts by researchers and engineers
around the world. These laws not only describe trends, they pose a chal-
lenge: how can the future demands for data bandwidth and connectivity
be met?

Reaching users, especially remote users, through high bandwidth and
ubiquitous global data coverage through traditional means has become
increasingly difficult and in some cases impossible. Across various length
scales, these technologies have or will reach their potential. This became
the central motivator for the 5-year research program “Optical Wireless
Superhighways: Free Photons (at Home and in Space)”. Launched in
2022, funded by the Dutch Research Council (NWO) and supported by a
consortium of knowledge institutes and companies, this project aims to
research and develop technologies which make this possible.[8]

Central to global coverage and ubiquitous access are satellites (i.e. the
longer length scales).[8] Numerous LEO constellations, such as Starlink,
are being deployed and proposed from around the world which will pro-
vide global internet access.[9] These networks have multiple satellites,
each capable of communicating with a section of Earth. Being in a con-
stellation and capable of forwarding data between them, they provide
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both a data relay network as well as global access points.[10] Never-
theless, here too traditional communication technologies are reaching
limits.

1.1.1. THE RISE IN DATA DEMANDS AND THE RF CEILING

The exponential growth in global data traffic has pushed traditional Radio
Frequency (RF) communication systems to their limits.[8] The RF spec-
trum, a finite and heavily regulated resource, is experiencing a "spec-
trum crunch" characterized by congestion, interference, and diminishing
available bandwidth.[8, 11] This limitation is particularly acute in sce-
narios requiring high-throughput links, such as inter-satellite communi-
cation, backhaul for mobile networks, and deep-space data relay, where
RF systems struggle to meet the escalating demand for data rate and
latency performance.

Looking at the problem from a higher level, the theoretical channel
capacity of a channel is given by the Shannon-Hartley theorem:

C=Blogz(1+%) (1.1)

Where C represents the channel capacity in bits/s, B the channel band-
width in Hz, S the signal power in W and N the noise power in W. The
drawback of RF technology stems from the large beam divergence caus-
ing reduced signal power received as well as interference with other RF
transmitters. To limit interference, the frequency overlap is limited by
allocating bandwidth slots. These slots limit the bandwidth.

In this context, Free Space Optical Communication (FSOC)/laser com-
munication emerges as an attractive supplement to RF. Optical wave-
lengths are on the order of micrometers, compared with RF wavelengths
in the centimeter-to-millimeter range. Beam divergence is proportional
to the wavelength and inversely proportional to the aperture diameter,
as shown in Equation (1.2).

A

Reducing the wavelength by orders of magnitude therefore decreases
beam divergence by orders of magnitude. This in turn implies more sig-
nal can be captured by the receiver, improving signal to noise ratio and
thereby channel capacity. Moreover, the slow beam divergence also im-
plies there is no longer any physical overlap with other beams. As a
result, nearly limitless bandwidths, in combination with high frequency
carrier, is available for communication, yielding even higher capacities.
Additionally, lower beam divergence offers another practical benefit: the
aperture size can be reduced yielding smaller and lower mass commu-
nication systems. Lastly, laser beams naturally provide security advan-
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tages, as eavesdropping on a tightly bundled optical beam is exceedingly
difficult without physical interception.[12]

FSOC therefore leverages larger bandwidths, improved signal recep-
tion, smaller and lighter systems as well as security advantages while
consuming less power.[10, 13] These attributes make FSOC an attrac-
tive technology for addressing the bandwidth and security challenges of
contemporary communication demands.

1.1.2. THE "ACHILLES' HEEL(S)" OF LASER COMMUNICATION

While the potential benefits of laser communication are difficult to over-
state, it is also a double edged sword.

For one, unlike RF, optical wavelengths cannot penetrate most opaque
obstacles. These obstacles can take the form of solid objects, such as
physical obstruction from trees or limbs of spacecraft. However, these
can also amount to clouds which cover almost 70% of the surface of
Earth at any given moment.[14] This technology can also not commu-
nicate over the horizon. Additionally, signals with optical wavelengths
interact with transparent media more than RF wavelengths. As a conse-
quence, variations in density within the Earth’s atmosphere due to tur-
bulence can refract and diffract light, causing additional losses of power
and scrambling of the phase front.

This places constraints on the availability and reliability of laser com-
munication in operational scenarios, making the link more fragile. Ad-
ditionally this poses risks to networks as these problems could sever in-
terconnections causing multiple network components. These limitations
can slow the adoption of laser communication and might require perma-
nent RF fallback systems.

A significant benefit of laser communication is small beam divergence.
When the beam divergence is reduced however, it increases the steering
precision required to steer the beam. As a result the link is harder to
maintain in the presence of jitter and atmospheric disturbances. Only
in recent years has the pointing challenge been overcome for a single
beam.

Limited beam divergence also makes acquisition a challenging pro-
cess akin to finding a needle in a haystack. For successful acquisition to
take place, a search pattern must be followed where both terminals are
aligned. Then both systems must start aligning until the signal is stable
and coupled reliably in the transceiver, all the while combating jitter and
relative motion. This acquisition process takes long and makes hopping
between counter terminals more economically and practically expensive
within the context of providing reliable communication networks. In the
context of obstructions and line of sight, hopping between counter termi-
nals can be a frequent occurrence as well. This in turn yields less optimal
links and a network that is more complicated and complex to handle.[15,
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16, 17]

Lastly, due to small beam divergence, one beam can only be used to
communicate from one terminal to another terminal. Hence, two com-
munication terminals are needed for each active link. This poses a chal-
lenge in two ways.

The first hurdle is scalability, which might prevent inclusion into large
scale networks. The need for two terminals per active link conjures an
analogous image of requiring two telecommunication antennas for each
mobile device. Coupled with obstructions and acquisition (potentially
needing RF back-ups), these drawbacks can potentially make laser com-
munication prohibitively expensive and unreliable for mass adoption de-
spite its benefits.

Second, the direct added benefit of adding a link is simultaneously
negated by the required addition of a terminal. Metcalfe's law states
that the economic value of a network increases with the square of the
number of connections. This is due to the number of connections within
the network scales quadratically with the number of users. Indeed, with
current single beam terminals (SBTs), each additional link comes with an
additional terminal. As a result, the increased benefit of an additional
link is in lockstep with the cost, potentially scaling quadratically with the
number of users (due to each link needing an individual terminal). This
might relegate SBTs to function as the backhaul for RF.

Multi-beam laser communication terminals (MBTs) might suggest a so-
lution. When multiple links can be accommodated and acquired at the
same time, the acquisition problem can be partially mitigated. Addition-
ally, angular diversification in the emitted beams can imply easier ob-
stacle avoidance and geographic diversity. Lastly, multi-beam terminals
can potentially be made to scale more readily.

Nevertheless, on a per-link basis, the same challenges with MBTs as
for SBTs remain. Additionally, there are a number of technological chal-
lenges related to MBTs that are yet to be overcome and demonstrated.
Particularly large challenges are those associated with the wide field of
view (FoV) optics and steering. Lastly, MBTs have not enjoyed the same
level of attention as SBTs, implying that the technology readiness level
(TRL) is also still too low for serious near future consideration.

This thesis will explore some of the benefits, design and technological
challenges associated with MBTs in relation to multi-beam steering to
contribute to the further body of knowledge on MBTs.

1.2. CURRENT STATE OF MULTI-BEAM LASER

COMMUNICATION

Multi-beam laser communication terminals (MBTs) have not been as widely
researched as single beam laser communication terminals (SBT). This
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subchapter provides a short overview of the current state of MBT re-
search and development.

121. POTENTIAL OF MULTI-BEAM TERMINALS

Optical communication networks yield lower latencies and higher capaci-
ties.[18] The network topology and construction are an important aspect
of optical networks. The addition of optical communication and multi-
path routing of data through a network has been shown to increase net-
work performance.[15, 18]

Work by Ndongson et al. has shown that network topology changes
within an SAGSIN or spatial FSOC networks occur frequently (compared
to RF networks), with the average time between topology changes oc-
curring within the first minute after the last topology change.[15] In the
same study, topology changes were compared to an equivalent RF based
network and RF was found to be around 4.5 times less nhumerous in the
same time frame. Each one of these topology changes implies (multiple)
acquisition(s), which is time spent not communicating.[16]

These topology changes can be explained by weather and line-of-sight
phenomena. Variations can be expected on a range of larger and smaller
time scales, implying optical networks are highly variable at timescales
ranging from 1 ms to years.[17, 19] Despite this, the FSOC network ca-
pacity was still higher on average than the RF network.[15]

To date, there has been little work done on the potential impact of MBTs
directly. This thesis will provide more analysis on this aspect. Neverthe-
less, a number of aspects of MBTs were noted and have been identified
and compared. Multiple beams per terminal allows for parallel acqui-
sition and communication, which yields higher data rate. Additionally,
multiple links allow for continuous communication without interruption
and hence improve reliability. Moving away from inter-nodal links within
networks, MBTs also offer a scalable access point for end users directly.
Later in this thesis we will elucidate more on this topic.

1.2.2. EVOLUTION OF MULTI-BEAM ARCHITECTURES FOR SPACE
APPLICATIONS

As will be discussed later in this subsection, there have been numerous
proposed MBT designs in the past. However, it can be of use for the
reader to first describe some key elements and functions of the system
on a higher level by taking an example of an MBT shown in Figure 1.1.
The MBT functions can be broadly broken down into three main areas.
[20]

First, the signal capture and transmission through free space. In Fig-
ure 1.1 this is performed by the telescope, which captures signal from
incoming beams as well as emitting transmitted beams. Increasing the
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Bi-Directional Multi-Beam Laser Communication Terminal

Beam Beam Steering System Stages:
/Link 1 /Link2 Telescope _* Stage (1) to arrest motion
» Stage (2) to align with transceivers

! 2 Stage Steering
K O OH %LM (1),

BS “ )@

Telescope to
capture and
direct beams

Steering System
to detect, track
and steer beams

toconnectthe | o y. oo otial Light Modulator Aransceivers
correct nodes to individually steer beams ID (1) joremeieeieieenes N
and Rx/Tx 0 i
BS: Beam Splitter to direct éz) SLI\% |§I 8 ;
Transceiversto | some signal to the ID BS (2)/' '@
serve each /
beam/link ID: Image Detector for beam e ID(2). N.O. Rx/Tx equal
individually identification and tracking T :)0 max N.O.
eams

Figure 1.1.: lllustration of the optical path of a bi-directional multi-staged
multi-beam laser communication system. Figure adapted
from "Free-Space Multi-beam Optical Communication Termi-
nal Design for Spacecraft" by J. Spaander on page 81 Figure
5.32[21, 22], reprinted and edited with permission.

FoV would allow for more beams at different angles to be accommo-
dated. From the received signal perspective, this function captures suf-
ficient signal power to achieve the desired data rate while simultane-
ously changing its form factor to one that is compatible with the rest
of the MBT. From the transmission perspective, this the directing and
shaping the beam to the correct diameters for propagation through free
space.[20]

Second is steering multiple beams between the counter terminals and
the transceivers. In Figure 1.1 this is performed by a two stage steer-
ing system utilizing a spatial light modulator (SLM). The steering system
functions to map each counter terminal to a transceiver and compensate
for beam wander (caused by relative motion) and jitter.[20]

Lastly, the transceivers encode and decode outgoing and incoming sig-
nals as well as serving amplification functions. This is the interface be-
tween the electrical and optical domains.[20]

Compared to SBTs, not much research has been performed on MBTs.
Nevertheless, some alternate designs and concepts have been investi-
gated.

The origins of multi-beam laser communication in research are difficult
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to pin point. This is because it is difficult to identify an exact point at
which MBTs can be distinguished from other devices with multiple optical
channels. The first publications in this field that overlap significantly with
MBTs as described in this thesis were patents. Sidorovich et al. published
two patents in 2004 and 2006 on similar designs containing a wide field
of view optical sphere used as a telescope and individual mirrors for the
transmitters.[23, 24] Furthermore, Capots et al. in 2007 presented a dif-
ferent design based on mirror arrays and a mirror based telescope.[25] In
the same year, Triebes et al. presented a patent utilizing multiple steer-
ing elements which actuated the position of transceivers and a shared
telescope.[26] A common thread between the works from Sidorovich et
al. 2004, Sidorovich 2006 and Capots et al. is the reliance on mirror
arrays. This is contrasted with actuation of the fibers in Triebes et al.[23,
24,25, 26] An important observation is that the design by Triebes et al. is
smaller because the steering system is located after the telescope (from
the received signal perspective) and a majority of (large) components
(such as mirrors and beam splitters) are shared. Furthermore, the sys-
tem layout and its associated complexities with regard to steering have
not been detailed.

Perhaps the most prolific research group in both theoretical research as
well as technological demonstration of MBTs is based in Changchun Uni-
versity of Science and Technology, China. In 2012, He et al. published
an approach reliant on multiple large mirrors arranged in a parabolic
shape.[27] The parabolic shape was used to achieve a wide field of view
through reflections. It is also geometrically advantageous with regard
to directing beams. The group improved upon this design as well as
produced other designs in subsequent years. Huilin et al.’s work con-
tains an overview of various multi-beam steering systems.[28] Multi-
beam steering systems steer and direct each beam individually to their
targets. Huilin et al. show that in their design, each link has an individ-
ual fine steering mirror (FSM) and optical system similar to an SBT.[28]
This implies that the large mirror arrays are used as a lower size, weight
and power (SWaP) alternative to mounting a number of SBTs on swivel
mounts. Additionally, the paper shows initial experimental results of a
mirror array. Further analyses were performed on the parabolic confo-
cal reflection array by Zhang et al.[29] Subsequently outdoor ground-to-
blimp tests were performed in 2021 by Wang et al. using a prototype of
this system[30] and again indoors in 2023 by Wang et al.[31]

While this system may currently be the most developed MBT for space-
craft, it has some drawbacks. Namely, the size of the mirrors grows
with the maximum FoV. Additionally, no components are shared between
beams. This solution can, however, be effective for non-critical SWaP re-
quirements.

As mentioned before, wide FoV telescopes might be a solution to reduc-
ing SWaP further. However, achieving wide FoVs is a challenge. Efforts
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by the German aerospace center (DLR), presented by Poliak et al. in
2022 and 2024, in collaboration with ESA designed and built a wide FoV
telescope for an MBT in GEO.[32, 33] In this case, the mission stipulates
that the satellite must communicate simultaneously to static ground ter-
minals geographically located around the Mediterranean Sea at the same
time. Satellite itself being stationary with respect to the Earth (GEO or-
bit). The achieved FoV is around 4°. Additionally, 2.9° has also been
presented.[34] Wider FoVs designs for different applications have been
achieved, with a design proposed by Levenstein in 1989 for optical com-
munications at significant mass above 150kg at 20° FoV, strongly limit-
ing the applications to large platforms even when accounting for mod-
ern technological advancement.[35] This highlights a major limitation
of paraxial optics; projecting a (hemi)spherical FoV onto a plane yields
not only engineering challenges but also a mathematical impossibility to
achieve distortion free projection. This is similar to the projection prob-
lems with maps of the Earth and maintaining relative shapes and scales
of countries. Achieving diffraction limited systems with adequate tele-
scope diameters requires additional (large) optical elements. This ap-
proach is in contrast to the non-paraxial optics proposed by Sidorovich
et al. in 2004 and 2006 and Changchun between 2012 and 2023.[23, 24,
27,28, 29, 30, 31] Furthermore, multi-telescope systems have been pro-
posed, as mentioned earlier. Additionally, applying corrections through
active optical elements, such as SLMs, can also increase the FoV.[36, 37]

Lastly, work at the Delft University of Technology (TU Delft) has ex-
plored various designs of MBTs in the past. This work began in 2021 with
a master’s thesis on the design of MBTs.[21] This has sparked subsequent
investigation into MBTs with this PhD project as result.[38, 39] Contrary
to the previously discussed work, particular focus was given to miniatur-
ization of the multi-beam steering system through the use of SLMs and
micro-mirror arrays (MMAs), as shown in Figure 1.1. Central to this de-
sign is that multiple beams share components without needing to rely
on moving transceivers. This reduces complexity when compensating
for beam motion while the steering system can simultaneously compen-
sate for optical shortcomings. Furthermore, SLMs can also help increase
the FoV.[36, 37] Nevertheless, this design was not detailed beyond high
level design and relies on wide FoV optics. During this PhD project, the
design, steering and tracking system has been further expanded upon
and demonstrated within a lab setting.[20, 40, 41]

This thesis will analyze different use cases and design options for MBTs
and multi-beam steering systems. Furthermore, the resulting selected
design was further researched and demonstrated in the lab.
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1.2.3. SCOPE AND IDENTIfiED GAPS

Having considered the advancements before this thesis, it is clear that
the field of MBTs remains small and the current body of knowledge leaves
much to be discovered. This is the case in every technical aspect of
MBTs, from the telescope and steering system to the transceivers. Fur-
thermore, this is also the case from a higher system level perspective,
little is known about the SWaP of each design option as well as the use
context in which these systems can/will operate. Each one of these top-
ics would be more than adequate for a research project on its own. It is
therefore needed to limit the scope of this thesis.

Within this context, the steering system was selected for further re-
search. The reason for this lies in perhaps the most important benefit of
MBTs over SBTs: scalability. While by no means straightforward or with-
out research gaps, the other subsystems have clear scalability applica-
tions and either follow mature industrial roadmaps, like the transceivers,
or established design practice, like the optics. The currently proposed
steering systems have potential to improve upon multiple SBTs, how-
ever, form a scalability bottleneck. This is because previous MBT de-
sighs maintain separate optical paths, require individual steering mirrors
and/or movable mounts. This not only has considerable drawbacks with
regards to mass and volume, it also poses questions with regards to
the number of moving components. Nevertheless, it is very important to
make clear that the other subsystems would have made excellent topics,
however, it was within this context that steering systems were selected.

Hence, to adequately limit the scope of this thesis, it was chosen to
focus primarily on multi-beam steering systems. In particular, from Sec-
tion 1.2.1 and Section 1.2.2 the following gaps were identified:

1. The impact on network performance of using MBTs compared to
SBTs has not been systematically researched. Filling this gap would
allow for better understanding as to the performance improvements
when opting for MBTs.

2. While designs have been proposed, it is unknown what the impact of
the use and use cases is on the design and capacity of MBTs. Filling
this gap would improve understanding on the relation of different
orbit regimes, user types and high level MBT requirements.

3. No overarching overview, analysis and comparison of the functions
and design options of MBTs have been conducted in relation to their
use cases and applications. Filling this gap would provide future
researchers and designers with a framework to further develop MBT
concepts. It would also shed light on high level design related SWaP
and performance improvements.

4. Integration, operation and performance of key multi-beam steer-
ing technologies, such as SLMs, for multi-beam steering system



1.3. Thesis Goals and Outlines 11

miniaturization has not been investigated. Exploration into this
field would yield shortcomings and their associated solutions with
regard applying these technologies. Furthermore, this would shed
light onto how these technologies shape the steering system layout
and design.

5. Tracking multiple individually randomly moving beams in the pres-
ence of noise and false beams has not been explored before, es-
pecially within the context of the use cases. Filling this gap would
yield new theories with regard to tracking performance and compu-
tational loads as a function of noise and beam motion.

These gaps will form the basis for the thesis goals.

1.3. THESIS GOALS AND OUTLINES

Based on the limitations identified in Section 1.2 from the current state-
of-the-art, there remain gaps in the literature regarding the development
of compact, multi-beam steering systems specifically tailored for the
constraints of MBTs, as shown in Section 1.2.3. While single beam so-
lutions are well-documented, the requirements for simultaneous multi-
point connectivity in a high-mobility environment introduce severe com-
plexities. This thesis builds upon the concepts proposed in previous
work.[20, 40, 41]

1.3.1. THESIS GOAL AND RESEARCH QUESTIONS

The primary objective of this thesis is to research and develop a com-
prehensive framework for a multi-beam steering system that allows mul-
tiple beams to share components simultaneously. Therefore, this thesis
seeks to expand the understanding of multiple beam steering for space
MBTs through the exploration, research and development of multi-beam
steering system design and integration and aims to address the following
research questions:

1. What is the relation between multi-beam terminals and their use
cases?

a) How many beams would a multi-beam terminal be expected to
handle for different use cases?

b) What is the relation between field of view requirements, orbit
regime and user type?

c) How long is a counter terminal expected to dwell in the field of
view?

d) How much could a multi-beam terminal impact a multi-domain
integrated network?
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2. What are the functions and design options for a space borne multi-
beam steering system?

a) What are the functions of a multi-beam laser communication
terminal?

b) How do the functions for a single beam laser communication
terminal differ from those of a multi-beam laser communication
terminal?

¢) What are the design options for a multi-beam steering system?
d) How can a high level design for a multi-beam steering system
be selected?
3. What are the characteristics of integrating an SLM based multi-
beam steering system?

a) What are the operational drawbacks of SLMs and how can these
be compensated?

b) What is the angular steering resolution performance envelope
of an SLM within a multi-beam steering system?

¢) What is the total angular steering range performance envelope
of an SLM within a multi-beam steering system?

d) How can multiple beams be mapped from the counter terminals
to the transceivers?

e) What s a viable SLM based multi-beam steering system layout?
f) Can steering and steering system layouts be validated in the
lab?
4. How can multiple individually moving beams be tracked?

a) What are the limitations of single beam tracking methods when
applied to multi-beam tracking?

b) How can multiple beam tracking performance in space match
single beam tracking performance requirements?

c) How can the tracking performance envelope of this multiple
beam tracking method be quantified with regard to noise and
computational load?

d) Can the tracking principles and theory be demonstrated in the
lab?

1.3.2. THESIS OUTLINE AND METHODOLOGIES

This thesis structure is shown in Figure 1.2. Each chapter has a number
of outcomes that inform subsequent chapters. These are summarized
briefly in the figure and described in more detail here.
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Chapter 1:
Introduction

v

Chapter 2 (RQ1):
Multi-Beam Terminal
Use Cases

Chapter 3 (RQ2):
Design of Multi-Beam
Steering Systems

Key outcomes:
1. Beam numbers and behavior
2. High level system design

Chapter 4 (RQ38&4):
Hardware Setup

Key outcomes:
1. Experimental setup

2. Interface

v

v

Chapter 5 (RQ3):
Multi-Beam Steering

Key outcomes:
1. Steering system
layout

Chapter 6 (RQ4):
Multi-Beam Tracking

Key outcomes:
1. Multi-Beam
tracking algorithm

2. Steering theory 2. Tracking theory

v

Chapter 7:
Conclusion

Figure 1.2.: Structure of the thesis and interactions of the chapters. Each
chapter has the key outcomes as rough descriptions noted
that are used in subsequent chapters.

Chapter 2 will use analytical geometry to determine the relation be-
tween the use case related parameters such as orbit regimes, FoV, an-
gular resolution and dwell time within the FoV. Then, through analysis of



14 1. Introduction

literature and publicly available data, a set of different user types and
scenarios are distilled. These are space-to-air, space-to-sea and space-
to-land for LEO, high LEO, MEO and GEO orbit regimes. Additionally,
inter-satellite communications for large LEO constellations such as Star-
link are also analyzed. Lastly, the effect on the performance of sea, air,
ground and space integrated networks (SAGSINS) is investigated through
numerical modeling in collaboration with Schisin Ndongson.

Chapter 3 uses an extensive literature study on MBTs as well as SBTs,
3D MEMS optical cross connects (OXCs), LiFi terminals and inter build-
ing laser communication to determine multi-beam functions and design
options. The results of the functions show all the functions of MBTs per
beam in each stage of life (i.e. acquisition, link sustainment and ter-
mination) as well as the terminal operation as a whole. The results of
these functions are then compared to SBTs to contrast and explore the
differences. The design options are compared to the literature of all the
aforementioned devices. These options are then presented as a "design
recipe" through a design options tree where a designer or researcher
can determine the high-level design of an MBT for a given use case or
user scenario. Lastly, the various multi-beam steering technologies are
compared through a trade-off. The most interesting design combina-
tions were identified from the trade-off and design options tree, using
input from Chapter 2. The selected design was a multi-staged SLM based
multi-beam steering system, similar to the one shown in Figure 1.1 and
derived from the design of Spaander et al.[21]

With the known high level design, Chapter 5 and Chapter 6 will in-
vestigate steering and tracking, in part through the use of experiments
and lab demonstrations with real hardware. This experimental setup is
detailed in Chapter 4. Here, optical principles are used to achieve in-
dependently moving beams, optical projection and actuation of steering
mechanisms are discussed and detailed. The performances are verified
through calibration techniques.

Chapter 5 investigates the multi-beam steering system by determin-
ing the system layout and steering mechanism performance (in this case
using SLMs). This is done by analyzing the imaging and diffraction chal-
lenges as well as determining the performance envelopes of SLMs within
this system. This was done through using analytical diffraction theory
as well as experimental and numerical verification and validation. The
results are the SLM performance envelopes with regard to the efficiency,
angular range and angular resolution as well as a steering layout and
method which improves tracking, noise and cross talk performance.

Chapter 6 uses elements borrowed from SBT tracking and the adjacent
fields of multiple target tracking as well as novel methods to identify,
classify, label and track multiple beams. The algorithm layout was deter-
mined with computational load in mind while being able to track within
the full FoV and maintaining tracking loop latency. The algorithm was
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mathematically and analytically described and analyzed to determine u
the performance with respect to precision, computational load and la-
tency performance. The algorithm is also experimentally verified and
validated.
Finally, Chapter 7 summarizes the results from the chapters and con-
nects the key findings in the conclusion. Furthermore, the future research
is recommended.
A brief summary of the chapters:

o Chapter 2: Use Cases and Impact establishes the operational
context, detailing the specific performance indicators of MBTs and
the potential impact of MBTs on global communications.

o Chapter 3: Design of Terminals focuses on the hardware syn-
thesis, detailing the architecture of the proposed terminal steering
system.

o Chapter 4: Experimental Setup describes the laboratory envi-
ronment, the components used, and the methodology employed.

o Chapter 5: Multi-Beam Steering presents the core research on
multi-beam generation and steering using SLMs, including the re-
sults of the initial steering demonstrations.

o Chapter 6: Multi-Beam Tracking Algorithm details the mathe-
matical formulation and implementation of the tracking algorithm,
including its performance against noise and target motion.

e Chapter 7: Conclusion summarizes the key findings of the re-
search and proposes avenues for future work.

1.3.3. RESEARCH CONTRIBUTIONS
This thesis has four core contributions:

1. Architectural Analysis and Design: A systematic investigation
into various multi-beam steering architectures will be conducted.
The goal is to evaluate the trade-offs between complexity, size, ca-
pacity and steering to determine the design selection flow down as
a tool for future designers.

2. Multi-Beam Steering and Hardware Implementation and Anal-
ysis via Spatial Light Modulators (SLMs): This work will inves-
tigate the efficacy of SLMs as the primary mechanism for multi-
beam steering. By leveraging the phase-modulation capabilities of
SLMs, this thesis aims to demonstrate the ability to generate and
steer multiple independent beams simultaneously within a compact
hardware footprint. Furthermore, the concept phase ramp Fresnel
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lens (PRFL) steering is shown, where diffraction and non-modulated
beams can be filtered. Furthermore, it is shown that PRFL can focus
individual beams onto image detectors. The aim is to do so using
real hardware in order to accurately determine the effects of multi-
beam steering and how to mitigate drawbacks such as diffraction.

. Investigation and Analysis of a Multi-Beam Tracking Algo-

rithm: To address the challenges of platform instability, noise and
dynamically moving counter terminals, a novel tracking algorithm
will be developed and thoroughly analyzed. This algorithm is de-
signed to maintain tracking of multiple simultaneously moving beams
while compensating for platform jitter, noise and the relative motion
of targets, ensuring link persistence under operational conditions.
To do so, it uses temporal tracking techniques in order to reduce
the computational load of image processing.

Experimental Validation and Prototyping: The theoretical and
algorithmic contributions will be validated through a combination of
simulations and the construction of an experimental testbed. This
will provide empirical evidence of the system’s efficacy.
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MULTI-BEAM TERMINAL USE
CASES

Many of the truths we cling to depend greatly on your point of view.
Obi-Wan Kenobi (Star Wars)

Multi-beam laser communication terminals (MBTs) are being considered
for point-to-multi-point applications. However, little is known about the
relationship between use cases and parameters such as the number of
potential users, field of view (FoV), angular resolution, altitude ranges
and FoV dwell time. This chapter aims to quantify the spatial and tem-
poral constraints governing laser communication terminal deployment
across orbital regimes. It will do so by examining space-to-ground, sea,
air as well as inter-satellite and cross domain integrated networks. A
3,000 km terrestrial cross-section of Europe is taken, where target types
and population numbers are approximated. Target visibility is evaluated
through a range of FoVs from 4° up to 80° and orbit altitudes from 400 km
(LEO) up to 35,786 km (GEQO). Results show dwell times scale with FoV
and orbital altitude: higher orbits yield longer visibility windows due to
slower relative velocities and wider footprints, whereas lower orbits com-
press them. However, maintaining ground resolution places limits on the
altitude. These bounds define feasible operational limits for MBTs, di-
rectly informing mission-specific design. Furthermore, it was found that
for most use cases with a 4° FoV, 10-1,000 targets remain visible across
all orbital altitudes. Dwell times range from 1-265 s, establishing quan-
titative benchmarks for subsequent design chapters.
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2.1. INTRODUCTION

Optical communication networks yield lower latencies and higher capac-
ities.[1] The primary advantages of optical communication compared to
more traditional radio frequency communications (RF) stem from the
3 orders of magnitude reduced wavelength. Reducing the wavelength
yields reduced beam divergence which in turn allows for decreased aper-
ture/antenna sizes, more secure communication due to reduced eaves-
dropping, increased received signal and elimination of interference which,
in combination with higher carrier frequencies, allows for near unlimited
bandwidths.

However, decreased beam divergence is a double edged sword. One
crucial drawback is that this limits single beam laser communication ter-
minals (SBTs) to point-to-point communication.[1, 2] This implies two ter-
minals are required for each active link, which in turn limits scalability.
Additionally, optical wavelengths are easily blocked by obstacles and re-
quire direct line of sight during operation. As a result, frequent changes
in network topologies and counter terminals through time consuming ac-
quisition processes are needed.[3, 4, 5, 6]

Multi-beam laser communication terminals (MBTs) offer the ability to
communicate with multiple other terminals simultaneously.[2, 7] This of-
fers back-up links and active re-routing possibilities. Additionally, as a
result of beams sharing hardware, MBTs offer potentially improved scala-
bility.[8, 9, 10] Work has been performed on various ways by which size,
weight and power (SWaP) can be reduced through design (which will be
discussed extensively in Chapter 3)[2, 9]. Additionally, the tracking and
steering challenges are the main focus of this dissertation.

The design of such terminals, and in particular the steering system,
will be discussed in the rest of this thesis. Nevertheless, despite their
theoretical promise, technical challenges remain in all aspects of the ter-
minal design. The most often cited points of concern are the wide field of
view (FoV) optics and steering system, in particular with regards to their
feasibility.[9, 11, 12]

The fundamental limitation of current optical terminal designs lies in
their inability to efficiently capture, track, and maintain simultaneous
links across a wide spatial footprint. Existing literature within the field of
free space optical communication (FSOC) mainly focuses on SBTs. SBTs
communicate with one counter terminal (in this text also referred to as
target or user), therefore requiring a narrow FoV (on the order of micro-
and milli-radians). Going to wider FoVs while maintaining similar perfor-
mance poses technical challenges.[11, 12, 13]

Nevertheless, wide FoV optics do exist. Notably, recent work by the
German aerospace center (DLR) has yielded a design with an FoV of 4°
for multi-beam laser communication from geostationary orbit (GEO).[11,
12] Additionally, designs in adjacent fields, such as Earth observation,
also contain examples of wide FoV telescopes.[13] Looking further afield,
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common camera lenses such as rectilinear and fish-eye lenses offer a
nearly spherical FoV.[2, 14, 15] However, these have been designed with
consumer imaging in mind. It is therefore unknown if these meet the
requirements set by FSOC. Additionally, similarly to the projection chal-
lenges in map making, it is impossible to project a spherical FoV onto a
flat image plane without distortion.

A potential solution to this would be non-(para)axial optics. These have
also been considered through optical elements as well as active compen-
sation (for example, using spatial light modulators (SLMs)) for optical dis-
tortion on a per-link basis (see Chapter 5) in previous MBT designs.[9, 16,
17, 18, 19] While it might be possible to move towards non-(para)axial
optics in future, steering on its own poses significant challenges. One
of the primary challenges when increasing the FoV is maintaining (angu-
lar) steering resolution. As the FoV increases, not only does the steering
actuation range need to increase, the angular resolution should remain
similar to those required for SBTs or a more divergent beam accepted.

Overcoming these FoV related technical challenges is coupled with ex-
tensive research efforts and uncertainty with regard to the outcomes. As
a result of this, one of the most common questions encountered during
discussions with industry and other researchers during this PhD project
is that of added value, feasibility and justification of MBTs.

This thesis seeks to answer some of these concerns in later chap-
ters. In this chapter, the added value and justification will be examined.
It is currently unclear from literature how MBT design parameters and
requirements relate to the use case. In particular, as of writing, it is
currently unknown what the relation is between FoV size and resolution
with regards to mission parameters (orbit altitude, number of users and
data rate requirements) and use cases (inter-satellite, space-to-ground,
space-to-sea, space-to-air and multi-domain integrated networks such as
space, air, ground and sea integrated networks (SAGSINs)). Additionally,
the dwell time, defined as the amount of time in which a user is within
the FoV, is considered. Due to acquisition and communication occurring
within this time frame, this parameter is of interest to quantify within
the context of comparatively long and complex acquisition processes for
laser communication terminals.[4]

As mentioned, to the best of our knowledge, no prior work has quan-
titatively linked terminal FoV sizing and the resulting addressable user
population. Consequently, this chapter bridges that gap by estimating
the operational impact and network utility of multi-beam laser termi-
nals across three main use case areas: nadir (communication to users
in space and the air as well as on the ground and sea), inter-satellite
within constellations and SAGSINSs.

For the nadir use cases, a range of altitudes are characterized. In par-
ticular, four distinct orbital altitudes will serve as examples within the
text: low Earth orbit (LEO) (500 km), high LEO (2,500 km), medium Earth
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orbit (MEO) (10,000 km), and geostationary Earth orbit (GEO) (35,786
km). The analysis evaluates nadir-directed operations targeting plat-
forms, including satellites, commercial aircraft, cruise ships, cargo ves-
sels, railway networks, and terrestrial telecommunications masts. Specif-
ically, it models: the aggregate number of potential user terminals within
a defined FoV; their transit times across the coverage footprint, the to-
tal addressable user population and the aggregate downlink data rate
requirements.

This chapter also briefly discusses the results of a collaboration ana-
lyzing Sea-Air-Ground-Space Integrated Networks (SAGSINs), quantifying
the performance gains enabled by multi-beam capabilities across six key
network dimensions: reliability, latency, throughput, operational flexi-
bility, reduced (re-)acquisition costs, and network component consolida-
tion.

To do so, first this chapter will discuss the used methodologies, be-
ginning with the geometry relations. There, the relations between the
FoV, angular resolution, altitude, relative velocities, dwell time and signal
path lengths will be analyzed. Subsequently, publicly available data will
be used to obtain spatial user densities which will be related to the FoV
to determine user numbers of the aforementioned user types. Lastly,
inter-satellite communication within constellations will be analyzed as
well. The methodology for the SAGSIN analysis will be mentioned in the
results and discussion section for brevity.

Following this, the results will be discussed. In particular, operational
envelopes are defined based on use cases, and performance improve-
ments to networks are detailed.

Lastly, the conclusions from this chapter will be discussed and reflected
upon. In addition to allowing better trade-offs for MBT research, devel-
opment and application, the insights herein directly inform the subse-
quent chapters. The expected number of simultaneous beams, the re-
quired field of view geometry, dwell time within the FoV, and the termi-
nal beam acquisition as well as loss rate, serve as explicit inputs for the
high level terminal architecture design. Subsequently, our research into
multi-beam steering and tracking is informed by this chapter.

2.2. METHODOLOGY

This section will discuss the used methodologies for determining the re-
lations between use cases and operational performance.

Starting with the geometric analysis of the problem. Here the relations
between the FoV, altitude, relative velocities, dwell time and signal path
lengths will be analyzed with the purpose of determining the behavior of
their relationships. Here, mostly analytical mathematical derivations will
be used.
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Next, publicly available data is analyzed to obtain spatial user densi-
ties. These will be used to determine the number of users within the FoV
broken down by types.

The methodology for the SAGSIN analysis will be mentioned in the re-
sults and discussion section for brevity.

2.2.1. GEOMETRIC ANALYSIS

The relation between FoV, altitude, relative velocities, dwell time and
signal path lengths can be determined through geometric analysis. There
are three main geometric relations of interest within this chapter.

Firstly, the relation of FoV, angular resolution and altitude with cross
distance and area. Cross distance in this case being the diameter of the
covered area on the surface covered by the FoV. It can be found by pro-
jecting the FoV onto the Earth’s surface (i.e. determining the portion of
the Earth’s surface which is visible by the MBT). From the perspective of
the terminal, Earth’s surface is convex and therefore curves away around
the periphery of the FoV. Understanding the geometric would make it
possible to determine the number of users. In addition, this will allow for
dwell time analysis discussed later on when combined with the relative
velocities.

Also of interest are the approximations for nadir projections, in particu-
lar planar and concave surface approximations for Earth. These methods
are simpler have been observed to aid in back-of-the-envelope calcula-
tions. Analysis into the accuracy of these approximations would aid in
the understanding of the merit of these projections.

Secondly, the relation of dwell time with relative velocity and FoV. The
covered area, target density distribution and FoV determine how much
time a counter terminal can be expected to be (dwell) within the FoV.
Only during the FoV dwell time can both acquisition and communication
occur. Knowing its duration is therefore important to take into account
during a trade-off.

Lastly, the relation between along and cross track visibility of counter
terminals with respect to FoV within satellite constellations. This provides
an indication of utility of using MBTs for inter-satellite communication
within LEO constellations.

SPHERICAL CONVEX SURFACE PROJECTIONS OF FOV

From the perspective of an MBT pointing directly towards nadir, the
Earth’s surface is approximated as a spherical convex surface. Here,
the FoV originating from the MBT is projected onto the surface to de-
termine the area and cross distance. This will later be used to analyze
communication to LEO, ground, sea and air targets/users.

lllustrated in Figure 2.1 is a schematic representation of the FoV with
a spherical convex plane representing Earth’s surface. Here, z is the
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distance from the terminal to the surface at the angle theta and zg is the
altitude from the surface. 6 denotes an FoV angle from the terminal with
Brov and Bpix are the FoV of the terminal and center pixel respectively.
The cross distance of the FoV projections are denoted as s, sroy and
Spix respectively. The cross distances cast an angle with respect to the
center, denoted as ¥, where Yrov and Ypix are the cross distance angles
for the FoV and pixels respectively.

Additionally, atmospheric turbulence places a constraint on the eleva-
tion angle. The elevation angle in this case is the angle with respect to
the vertical from the surface. This is hence the path angle of a beam
through the atmosphere. This makes the elevation angle, denoted here
as a, an important metric to consider for later analysis.

Multi-Beam y
Terminaé 0 Vpix

pix
Oy Vrov

s )
Fov Earths
Center

Earths Surface

Figure 2.1.: Simplified convex projection of an MBT FoV directly nadir
onto a sphere with radius r representing Earth surface.

The maximum elevation angle a is directly related to the FoV as shown
in Figure 2.2.

First, relating the elevation angle a with the angle from the terminal 6,
(z+r)sin@=rsina (2.1)

and re-arranging to find 6 yields in,

. r 0 . r+z .
9=arcsm(—sma),a=arcsm(— sin 6) (2.2)
r+z r

For the periphery, this implies,
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Zo r

Figure 2.2.: Simplified from Figure 2.1, this figure shows the relation be-
tween elevation angle and the FoV.

r r+d

Oroy =2 arcsin(
r+

dsin amax), Omax =arcsin( sin GFO\/) (2.3)

These angles are also related to the cross distance angle y through

MT=T—a+0+y—>a=0+7Y (2.4)

An increase in FoV yields a relatively larger increase in cross distance
on the convex surface. This is due to the curvature of the surface away
from the MBT. As a result, the ground resolution in the periphery is lower
than in the center of the FoV. The peripheral case is illustrated in Fig-
ure 2.3. As a result, the peripheral pixel has a lower cross distance res-
olution compared to a pixel in the center of the FoV. The periphery is
therefore the driver of resolution requirements.

This culminates in the limit case, where the FoV covers the maximum
cross distance extent, as shown in Figure 2.4.

Where 6pixp, Ypixp and Spixp are the angles and cross distances of a
pixel in the peripheral respectively.

Determining the pixel cross section in the periphery is non-trivial. In-
stead, an approach was taken to relate the cross distance to the slope
change of the convex surface in the periphery. First, it is assumed that
the pixels and their FoV are small compared with the overall FoV. Sec-
ond, it is assumed that for these small angular changes in FoV, the cross
distance change is linear. Lastly, it is assumed that the pixels divide the
FoV evenly (i.e. Bpixp = Opix).

Using these assumptions, the cross distance in the periphery is,

oY
Spixp = I'Ypixp = r[£|6=epov/2}epixp (2.5)
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Figure 2.3.: The peripheral case for convex surface projection as simpli-

fied from Figure 2.1.

Multi-Beam Earths Surface

Terminal
9F0V

Figure 2.4.: The limit of the convex case.

Knowing the cross distances to the center of the sphere to be,

SFoV = I'YFoV, Spixp = 'Y pixp (2.6)

Defining the same distance of the projection onto the surface and re-
lating to the angle 6:

zsin(@) =rsin(y), z= \/(zo +r(l—=cos(Y)))2+(rsin(y))? (2.7)

9=arcsin( rsin(v) ):arcsin(g) (2.8)
V(2o + r(1—cos (¥)))? + (rsin (1))2 4

This expression can be differentiated through differentiation by parts:
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96 darcsin () B aarcsin(%)(au 1 a%)

Y o Y EVH}H 2:9)
darcsin (< 1 aU

arcslljn(v) = , —=rcos(y) (2.10)
SO

V =1/(20 + r(1 — cos (Y)))2 + (rsin (7))? (2.11)

= \/z§+220r+ 2r2 — 2dgrcos (y)—2r2 cos () (2.12)

6— 1
————(2zprsin(y) + 2r? sin(v)) (2.13)

ay 2 (V2)3/2
26 1

A (2zorsin (y) + 2r2 sin(y)))
oY 1—

1 1 1
. (rcos(y) + U2 V2)372

—~
<lc
—

(2.14)
This equation can then be applied to find the periphery pixel using
Equation (2.5), and yields:

Y
Spixp = 'Y pixp = r|:£|9=9;=ov/2:|9pixp (2.15)

- 1 . - 2 2 _19 -
=r 1_—(g)2(rc05(1’)v+ 2(\/2)3/2( Zorsin(y) + 2r sm(y))) pixp
%

(2.16)
In the limiting case shown in Figure 2.4, the expressions can be further
simplified by using right-angled triangle identities:

Zmax = (20 + r)cos (Brov) and (zo+r)> =22  +r’ (2.17)
(20 + r)? = ((zo + r) cos (Brov))? + r? (2.18)

V(zo+r)2—r?
Orov = arccos( ) (2.19)

z+r
In the reverse case:

z
zsin(Broy) =rsin(Yrov) — YrFovy = arcsin (— sin epov) (2.20)

r

z
5F0V=rypov=rarcsin(— sin GFO\/) (2.21)
r
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FLAT SURFACE PROJECTION

The flat surface projection can be useful in multiple aspects. It is some-
times used during back-of-the-envelope calculations and serves well for
small angles (the size of this angle will be analyzed later in this chapter).
In addition, this approach can be used for use cases that have targets
arranged on a plane or a line, such as adjacent satellites in constella-
tions. Lastly, the receivers in MBTs can be arranged on a plane, making
this projection relevant for comparing target and receiver side steering
performances.

Illustrated in Figure 2.5 is a schematic representation of the terminal
FoV and a pixel projected onto a plane representing the Earth’s surface
in this case. Here, z is the distance from the terminal to the plane under
the angle theta and Zzg is the altitude. 6 denotes an FoV angle from
the terminal with 6roy and 6pix denoting the FoV of the terminal and
pixel angles respectively. The cross distance of the FoV projections are
denoted as s, Srov and Spix respectively.

Approximation of

Multi-Beam Earths Surface
Terminal T
0.
BFOV P

Zy

Figure 2.5.: Simplified flat surface projection definitions.

Assuming the FoV is evenly subdivided by pixels, the relation of the
FoV with respect to the swath width is,

S 6
Orov = 2 arctan (_;ov ) SFov = 2z arctan (_onv) (2.22)
z
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Ispixrl

Skov

Zp

Figure 2.6.: Peripheral case for plane surface projection.

In the same way, the pixel cross distance is

Spix = 2ztan (%) = Zthn( did ) (2.23)
2 pix
In the periphery of the FoV, shown in Figure 2.6, a similar change in FoV
yields a comparatively larger change in the cross distance compared to
the center of the FoV. As a result, the resolution requirements would be
driven by the periphery. The resolutions can be expressed as

2] e
Re-arranging to make 8pix the subject of the equation yields:
Z] 6 Spi
Opixp = %—arctan(tan( onv)_ plxp) (2.25)
z

CONCAVE SURFACE PROJECTION

The concave projection can be useful in small angle approximations,
when targets/users are bound by a concave spherical surface as well
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as when the target/users are angularly distributed within the FoV instead
of on a defined surface. For example, in sea-air-ground-space integrated
networks (SAGSINs), counter terminals can be at any distance at any
time within the FoV. As a result, an angular density and a design distance
can be selected and used for analysis instead. Additionally, under small
enough angles it can be used as an approximation for Earth’s surface.
The size of this small angle will be determined later.

Illustrated in Figure 2.7 is a schematic representation of the FoV with
a concave projected FoV. Here, zg is the distance from the terminal to
the concave surface/plane, 6 denotes an FoV angle from the terminal
with @roy and Bpix are the FoV of the terminal and pixel respectively.
The cross distance of the FoV projections are denoted as s, Srov and Spix
respectively.

Approximation of

Multi-Beam Earths Surface “}
Terminal 0

pix
GFOV

Zo
Figure 2.7.: Simplified concave projection of the terminal FoV at the radial
center of a spherical surface with uniform radius zg.
Using arc formulas:

SFov = BFov 20, Spix = BpixZ0 (2.26)
The number of pixels can be related as follows:

OFov  SFov

Npix = (2.27)
P Opix Spix

In this case, the peripheral resolution is no different from the central
resolution.
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RELATIVE VELOCITIES AND TIME IN FIELD OF VIEW

The relative velocities of the MBT FoV combined with the FoV can be
used to determine the time spent within the FoV for an average target.
This is an important parameter in determining the rate of acquisitions,
time spent communicating and handovers. Here, an estimate is used to
indicate a value for different orbit regimes and FoVs.

Assuming a uniform spatial density of targets with equal relative ve-
locities, it can be assumed that targets enter the FoV at any random
point and transit in a straight line. Assuming the FoV is circular, this is
schematically shown in Figure 2.8.

1 1 1 1 1 1
S Y W N
Y Y Y y Y Y y 2410.5
Relative y=((Seov/2)"=x%)
Velocity /7
Srov/ 2
a b
- >
Inside FoV
. N
Outside FoV y y=-((Spoy/2)2-x2)%:5
Y

Figure 2.8.: lllustration of the field of view (FoV) moving relative to the
targets/counter terminals. Assumed is a circular FoV.

Targets traveling to the far left or right of the FoV spend less time
within the FoV than those with paths closer through the center. The av-
erage time spent in the FoV therefore depends on the average distance
traveled through the FoV. The FoV can be expressed as two semi-circles
on an x—y plane,
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{v —x2 fory>0} (2.28)

Vr2—x2,fory<o0

with r being the radius of the FoV. The average distance traversed in
the FoV as a function of the shape can be expressed as

2y Yy(dx 1 Jb (0
Yav >n > ndx b—a Y
with yqv the average distance, n the number of tracks, a and b being

the limits of integration. Taking the limits of integration from Figure 2.8
over both semi-circles yields

(2.29)

2 SFov/2

Yoy=—"—— V (SFov/2)? — x? — (—/ (SFov/2)? — x?)dx

SFov — (—SFov) J—sroy/2
2 SFov/2
(sFov/2)% — x2dx

SFoV J—skov/2
2 T(SFov/2)?

SFov 2
T

= —SFoV-
4

(2.30)

The relative velocities between the projected FoV and the targets are
estimated by subtracting the orbit velocity and adjusting for Earth’s ro-
tation for a particular latitude as follows:

Vret = |Vorbit + Vearth + Vtarget| (2.31)

Where Vel is the relative veIOC|ty of the FoV with respect to the tar-
gets, Vorpit is the orbit velocity, Vearth is the velocity component due to
Earth’s rotation and Vtarget is the velocity of the target relative to Earth’s
surface. The orbits are assumed circular and the relative velocity is as-
sumed to remain constant throughout the transit across the FoV. This
is an approximation, it should be noted that particularly for larger FoVs
and/or high latitudes this approximation is less accurate. More accurate
models are recommended for future research. The orbital velocities were
found using

u

Forbit

|Vorbit] = (2.32)
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. where rorpit is the radius of the orbit, u the gravitational parameter and
Vorpit the orbit velocity. Using Equation (2.30) and inserting the cross
distance of the FoV, srov, the dwell time tp can be approximated as

_ T SFov
4 Vrel
The dwell time can also be related to the FoV and altitude directly

through the cross distance. Inserting Equation (2.21) into Equation (2.33)
yields:

to (2.33)

T r z
tp = — arcsin(—sin GFO\/) (2.34)
r

rel

2.2.2. POTENTIAL USER POPULATION DENSITIES

The population density of potential users is a metric which can help de-
termine the MBT design. It can yield a design range of users and also
help determine data demands. Here, there are broadly three use cases
discussed: terrestrial users for nadir operation, high-to-low orbit space-
to-space communication and inter-satellite communication within a con-
stellation.

POPULATION DENSITY OF TERRESTRIAL TARGET/USER TYPES AND DATA RATE

To assess the number of potential users, first it is necessary to evaluate
the number of the potential users by type. Five types were selected:
commercial aircraft, cruise ships, cargo ships, trains and telecommuni-
cation towers. These were chosen to give a variety. A region analogous
to Europe for ground based communications or the North Atlantic for air
and sea based vehicles, each spanning a 3,000 km Earth-cross distance
was selected.

Aircraft were chosen due to their mobility and remoteness, making
data a high demand resource with their occupants. The number of pas-
sengers and crew an aircraft can carry varies. However, an average of
200 people was assumed. An estimate of the number of aircraft was dif-
ficult to find, however it is estimated around 100 aircraft can be airborne
over Europe or the North Atlantic at any given time.[20, 21, 22]

In contrast, cruise ships carry more passengers but are less numerous.
As a result, data demands will be higher per vehicle/link while at the
same time the number of links are reduced due to their lower density. It
was assumed that each ship on average can carry 3,000 people and that
there are 10 cruise ships within the area of interest.[23, 24, 25, 26, 27]

Cargo ships are more numerous than cruise ships and hence have
higher density. However, because they carry only a small crew (esti-
mated at around 30), they require a lower data rate.[28, 29, 30]
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Trains are also mobile. Some trains carry 3,000 or more passengers
depending on the length of the train and the time of day. Nevertheless,
400 passengers is the assumed occupancy. It is important to note that in
the case of trains, their proximity to land-based data services could be a
substantial source of competition.[31, 32]

The last type considered is telecommunication towers. Although these
are static and often used in situations with physical data infrastructure,
supplementation and further expansion of the tower networks could be
aided with data links from space. In this comparison, it is assumed that
each person in Europe (450 million people) is on the network with four
devices connected simultaneously to 600,000 telecommunication tow-
ers[33], yielding 3000 devices per tower on average.

Figure 2.9 shows an overview of the number of vehicles and communi-
cation towers. This visualization serves to quantify the number of each
type for each target class, illustrating not just the number of physical
nodes, but the aggregate number of end-users they serve. This estab-
lishes a baseline of high demand, suggesting that even a fraction of these
targets could support a robust network.

Number of Vehicles/Towers and Total People by Type (Log Scale)

BN Number of Vehicles/Towers 1,795,800,000
| 3@ Total People

28,000,000

600.000

300,000

150.000

Counts (log scale)

Commercial Aircraft Cruise Ships Cargo Ships Trains Telecom Towers

Figure 2.9.: Shown is a log plot of the number of each type of ve-
hicle/tower and the total number of people that consume
data.[20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33]
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DATA RATES AND LINK BUDGET ESTIMATES

From Figure 2.9, an estimation can be made as to the data rate required
for a link with one of these types. A use case scenario was envisaged
where the average number of users were multiplied with a data rate of
10 Gb/hr (2.8 Mb/s). This data rate would allow simultaneous 4k video
streaming together with a live video call. The results of this are shown in
Figure 2.10.

Estimated Peak Data Rate Requirements for Vehicles/Towers

] [ Data Rate per Link

8.33 831
1.11
100 4
0.56
1071 1
0.08

Commercial Aircraft Cruise Ships Cargo Ships Trains Telecom Towers

Data Rate per Type [Gb/s]

Figure 2.10.: Estimated data rate requirements based on the number of
users per vehicle/tower (shown in Figure 2.9) multiplied with
the data rate needed to stream video in 4k and maintain a
video call (10 Gb/hr).

MBTs technology readiness levels (TRL) is as of writing are low and
the specific future implementation of MBTs and SBTs at this scale is un-
clear. Additionally, the specifications of the counter terminals are also
unknown. Furthermore, this thesis focuses on multi-beam steering sys-
tems, leaving crucial details such as telescope and transceiver design
out of the scope. This makes accurate estimates on quality of service
(QoS) and link budgets is beyond the scope of the thesis.

Nevertheless, it can be useful to make a rough estimate in order to
highlight the differences between orbit regimes per link. To estimate the
link budget, a simplified model was used. The received optical power is
computed as a power balance between the transmitted power and the
cumulative gain and loss terms, expressed in decibels:
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Prx [dBmM] = P1x [dBm] + GTx + GRrx + Ltot, (2.35)

where all gain and loss terms below are in dB (losses are negative).
The link margin follows as

M= PRx—PRx,th' (2-36)

with Prx,th the receiver power threshold, i.e. the minimum received
optical power required for detection.

The transmitter antenna gain for a beam of full divergence angle 8giy
is

8
G1x =10 IOglO(T)' (237)
6div
and the beam waist relates to the divergence as wg = A/(m8qiv), with
A the wavelength. Transmitter losses comprise the optical transmission
ttx and a wavefront-error (WFE) loss

2 2T
Lwre T =10l0g10(e %), om= - WFEm. (2.38)

Free-space path loss over link length L and atmospheric transmission
tatm contribute

A 2
LFS =10 |Oglo(—) , Latm =10 Ioglo(tatm). (2.39)
4mL

A static pointing error 6pg and a random pointing jitter with standard
deviation 8p) cause losses

Lpe = 10 |oglo(e—295E/93w), (2.40)
402/62, 62
LPJ = :I.()log]_o(poutpJ d )—10|Oglo(ﬁ), (2.41)
div P)

where poyt is the allowed pointing-outage probability. Scintillation loss

depends on the aperture-averaged scintillation index 012 = A0I2, where
the aperture averaging factor for receiver diameter drx and speckle prop-
agation length Laa is

kd2 \"° 2m
A=|1+1.07 (L—RX) , k=—. (2.42)
AA
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—2/5
Lsc =(3.3—5.77y/=Inpout ) 07 (2.43)

Boresight (beam wander) loss with transmitter aperture Dy and upper
Fried parameter ro,yp is

—6/5
Lgs = 1010g1¢(1 + (Do/ro,up)?) >, (2.44)

and the receiver WFE loss, dominated by turbulence-induced phase
variance over Fried parameter ry, is

2
Lwre,rx = 10 |0910(’7nome UWFE), (2.45)

2

Owre =

{0.134(de/ro)5/3 + (2T WFERy/A)? tip-tilt corrected, (2.46)

1.0299 (drx/r0)*’3 + (2mTWFERx/A)? uncorrected.

with nnom the nominal efficiency of the optics. The receiver aperture
gain and optical transmission loss are

TdRx 2
’ Lrx =10 |0910(tRx)- (2.47)

Grx =10 |0910(

The required transmit power follows from the receiver power threshold
Prx,th and the total link loss Lot (sum of all terms above):

Prx,req = PRrx,th - 10~ Leor/10, (2.48)

In order to estimate a link budget, ball park values were taken that fell
within the range of link budgets in literature. For the wavelength, 1550
nm has been selected. This is the most common wavelength used in op-
tical communications and it benefits from mature telecom components.
This wavelength has also been used in multiple link budgets found in
literature.[34, 35, 36, 37, 38]

Aperture sizes in literature vary more widely. Aperture sizes of 0.2 to
0.4 m for the ground terminal and 0.1 to 0.15 m for the space segment
are used in the up link budgets of Toyoshima et al.[35], while Saathof
et al.[36] assume 0.3 m transmit and 0.4 m receive apertures. Consid-
ering the data rates involved and the current technological challenges
facing wide FoV telescopes, a 0.1 m aperture was selected for the space
segment. For the terrestrial and air segments, 0.25 m apertures were
taken.

For on-off keying (OOK) at 10 Gbps, a receiver sensitivity of —35.5
dBm at a bit error rate of 10712 is used by Liang et al.[37], whereas
Saathof et al.[36] assume a threshold of —45.3 dBm at a pre-forward
error correction (FEC) bit error rate of 10~3. The receiver power threshold
of —35.5 dBm was taken in order to be at the conservative end of this
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range, in addition to the data rates being more similar compared to Liang
et al.[37] Similarly, the fixed link margin of 6 dB used in this work lies
between the respective 3 dB and 8 dB margins of Liang et al. and Saathof
et al.[36, 37]

Atmospheric attenuation mentioned by Saathof et al.[36] and Liang et
al.[37] were —0.4 dB and —0.48 dB respectively. The latter being at 40°
elevation. Toyoshima et al. reports a —1.72 dB loss at 48° elevation. In
addition, other sources use additional losses to encapsulate cloud losses
and other atmospheric phenomena.[34, 36] An atmospheric transmis-
sion efficiency of 0.6 (—2.2 dB) is therefore selected to be on the more
conservative side.

Based on measurements from SOTA (Small Optical Transponder) exper-
iments, Toyoshima et al.[35] designed the atmospheric coherence length
to be about 21.4cm at 1550 nm using the standard Hufnagel-Valley (HV)
profile (with A = 1.7 x 10714 m—2/3 and wind speed 21 m/s, the same day-
time HV parameters adopted by Barrios et al.[34]), and yields ro =20 cm
used in this model. For the scintillation index, Saathof et al.[36] reports
aperture-averaged downlink values of 0.001-0.037 and longitudinal up-
link values up to 0.219 (best/median/worst turbulence conditions), which
brackets the 07 = 0.25 used here.

The pointing and wavefront loss terms are expressed as Strehl-ratio-
type factors, SR~ [1+ (d/rg)*/3]~%/>, following Stotts et al.[38] This was
validated against in-field measurements, including the residual phase
variance reduction achieved with tip-tilt and higher-order adaptive op-
tics correction. The outage probability of poyt = 0.001 matches those
mentioned by Toyoshima et al.[35] (fade and surge levels at P < 1073)
and the scintillation loss calculation with log-normal statistics at outage
0.001 in Saathof et al.[36]

Beam divergences mentioned by Barrios et al.[34], range between
5.67 and 13.93 urad. Liang et al.[37] mentions a beam divergence on
the upper end of this range. Due to the influence of this parameter, it
was decided to evaluate for both 5 and 15 urad.

All these parameters have been summarized in Table 2.1. The link bud-
get model was subsequently evaluated for multiple ranges based on the
main altitudes considered in this chapter. The results of these evalua-
tions can be found in Table 2.2.
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Table 2.1.: Link budget parameters.

Parameter Sat-to-Ground Ground-to-Sat
Wavelength A (nm) 1550 1550

Rx power threshold Pgx tn (dBm) -35.5 -35.5

Tx aperture Dg (m) 0.10 0.25 a
Tx transmission trx 0.60 0.60

Tx wavefront error WFETx (nm) 0 0

Other transmission efficiencies tother 1.00 1.00
Atmospheric transmission tgtm 0.60 0.60

Pointing outage probability pout 0.001 0.001

Static pointing error 8pg (prad) 0 0

Scintillation index 012 0.25 0.25

Upper Fried parameter rg,yp (M) 10.0 10.0

Fried parameter ro (m) 0.20 0.20

Tip-tilt correction on on

Nominal efficiency nnom 0.80 0.80

Speckle propagation length Laa (km) 10 10

Rx aperture drx (M) 0.25 0.10

Rx transmission trx 0.60 0.60

Rx wavefront error WFEgrx (nm) 0 0

Number of AO elements Nao 0 0

It is clear from Table 2.2 that higher altitudes require higher transmit
powers, even beyond 1 kW per beam in some GEO cases. From the
perspective of the multi-beam steering system, it is important for the
system to be able to handle such high optical intensities. Furthermore,
when considering optical amplification, the thermal and power supply
considerations for the spacecraft platform have strong influence on the
spacecraft design as a whole. These factors in turn can limit the number
of transmitted beams which can be accommodated or their associated
performance. This is particularly true for GEO applications. At lower
altitudes, optical power requirements decrease substantially.

Nevertheless, it must be highlighted that this exercise is highly depen-
dent on the telescope and transmitter designs, in addition to the steering
system. If the detector sensitivity is increased to that used by Saathof
et al.[36] and aperture diameters are used as those presented by Leven-
stein et al., Saathof et al. and Liang et. al[39], these values can decrease
substantially. Additionally, when multiple SBTs are used, the thermal and
power loads are potentially more spread out across the system. How-
ever, remains at similar total levels for an equivalent number of beams.
More study is needed to determine if the potential SWaP improvements
of MBTs on the terminal level outweigh the SWaP changes on the space-
craft level as a whole.
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Table 2.2.: Link budget summary for satellite-ground communication.

Tx Power

Scenario Range Divergence (6 dB Margin) Min Tx Power

Sat-to-Ground 500km 5purad 0.00885WwW 0.00222wW
500 km 15 prad 0.0796 W 0.02WwW
1000 km 5prad 0.0354 W 0.00889 W
1000km 15prad 0.319W 0.08W
2500 km 5 urad 0.221W 0.0556 W
2500 km 15 pyrad 1.99WwW 0.5wW
5000 km 5 prad 0.885W 0.222W
5000 km 15 pyrad 7.96 W 2W
10000km 5prad 3.54W 0.889W
10000km 15prad 31.9W 8w
35786km 5uprad 45.3W 11.4W
35786km 15prad 408w 102W

Ground-to-Sat 500km 5yrad 0.0824 W 0.0207 W
500km 15prad 0.741W 0.186 W
1000km 5prad 0.329W 0.0828W
1000 km 15 prad 2.96 W 0.745W
2500 km 5yrad 2.06 W 0.517WwW
2500 km 15 prad 18.5W 4.65W
5000 km 5prad 8.24 W 2.07W
5000 km 15prad 74.1W 18.6 W
10000km 5uprad 32.9W 8.28W
10000km 15prad 296 W 74.5W
35786km 5yprad 422 W 106 W
35786km 15prad 3.8x103W  954W

It can however, be safely concluded that when total optical power is
the constraining factor, lower altitudes would be more favorable for the
same number of beams.

POPULATION DENSITY OF CONSTELLATIONS FOR HIGH-TO-LOW ORBIT
SPACE-TO-SPACE COMMUNICATION

For high to low orbit communication, where higher orbiting satellites are
communicating with lower orbiting satellites directly below them, mega
constellations are considered the users in this chapter. There are a num-
ber of mega constellations proposed similar to Starlink.[40, 41] Starlink is
projected to have 10,000 satellites in LEO. The area of Europe is around
2% that of the Earth’s surface.[40, 41] As a result, there are approxi-
mately 200 satellites which are in orbit over Europe at any given time.
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POPULATION DENSITY OF CONSTELLATIONS FOR INTER-SATELLITE
COMMUNICATIONS

Along track communication occurs when the satellite communicates to
other satellites in front/behind it that are also in the same orbit plane.
The number of satellites in the along track FoV depends on the FoV of
the terminal and the population density of the orbits.

An illustration of the geometry is shown in Figure 2.11, where zmqx is
the distance from the center of the Earth to the satellite, r, the radius of
the Earth, Brov the cross track angle of the FoV and 6f,y the FoV.

Orbit Path

Multi-Beam B0y

Terminal 'ﬂ

\ zmax

Earths
Surface

Earths
- _~Center

Figure 2.11.: Along track field of view (FoV) in relation to the Earth and
minimum clearance altitude.

The relation between the field of view and the cross track angle is,

o = m—Brov _ Brov
FoV = 2 > = >
The largest usable FoV for along track communications before the Earth’s

horizon is blocked,

(2.49)

FoV
Ir'=Zmax COS(BTO) = Zmax €OS (OFov) (2.50)
which determines the maximum FoV,
r
Orovmax = arccos( ) (2.51)
Zmax

2.3. RESULTS AND DISCUSSION

This section presents and discusses the results obtained by applying the
methodology described above. First the results of the geometric analysis
will be presented, starting with the evaluation and comparison of the



46 2. Multi-Beam Terminal Use Cases

projection methods. Here FoV as well as angular resolution are shown
and compared for different orbit altitudes. After this the dwell time for
different altitudes will be discussed. The combination of these geometric
analyses together with an example will be used to define an operational
altitude range where the MBTs can feasibly operate.

After the results of the geometric analysis, the number of potential
users will be evaluated. This will be done using two examples using
the state-of-the-art wide FoV telescope developed by DLR[11, 12] for
laser communication with a FoV of 4°. These will also be evaluated at
different altitudes. Additionally, this is compared to the limit case set by
turbulence.

Subsequently, inter-satellite communication within the constellation
will be briefly evaluated and discussed. Then the results of the SAGSIN
networks will be briefly discussed.

2.3.1. RESULTS OF THE GEOMETRIC ANALYSIS AND FEASIBLE
MULTI-BEAM TERMINAL ALTITUDE RANGES FOR OPERATIONS

The relations discussed in Section 2.2.1 will be evaluated and discussed
here.

FIELD OF VIEW

Taking the projection relations previously discussed in Section 2.2.1, the
relation between the FoV and the cross distance (the diameter of the area
on Earth seen by the MBT i.e. projected by the FoV) on Earth can be eval-
uated using the convex projection and approximated by the plane and
concave projections. These methods were investigated for LEO, 2,500
km, MEO and GEO. Figure 2.12 shows the results up to a cross distance
of 10,000 km. In Chapter A Section A.1 the results are shown forup to 1
km in Figure A.1, and up to 100 km in Figure A.2.

Regarding the FoV size with respect to the cross distance: it can be ob-
served that for short distances, increasing the FoV linearly increases the
cross distance. This also implies that for the center of the FoV, any of the
projection methods can be used. The resulting covered area increases
quadratically. In contrast, at larger FoVs the cross distance increases
disproportionally. The disproportionality is due to the spherical convex
surface of Earth from the perspective of the MBT curving away from the
terminal, see Figure 2.1. This implies that increasing the FoV yields dis-
proportionately larger areas being served.

Furthermore, serving the same area can be achieved with a smaller
FoV from higher altitudes. Moreover, the linear region persists longer for
the same cross distance at higher altitudes compared to low altitudes.
Considering the technological challenges regarding the development and
production of wide FoV telescopes, as discussed in Section 2.1, choosing
higher orbits could be beneficial from purely an FoV perspective.
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Figure 2.12.: Field of view as a function of the cross distance of the pro-
jected field of view with different methods for cross dis-
tances between 0 and 10,000 km. For the 500 km altitude
case the FoV decreases after 5000 km cross distance due
to the mathematical relations and has no real-world signifi-
cance.

Then with regard to approximations of the convex projection: observed
is that there is close adherence between projection methods for small
distances. These then diverge for larger distances. Additionally, the
level of divergence depends on altitude of the orbit, clearly showing that
approximations hold for larger cross distances when applied to higher
altitudes. Depending on the level of accuracy needed during analysis,
care needs to be taken with regard to the FoV, cross distance and altitude
in the periphery of the FoV.

ANGULAR AND CROSS DISTANCE RESOLUTION

The relation between the angular and cross distance resolutions is shown
in Figure 2.13 for 3000 km cross distance. Additionally, for 300 km and
30 km, these relations are shown in Figure A.4 and Figure A.3 in Chapter A
Section A.2.

Remembering that the concave method can also be used to estimate
the center of the FoV, it shows that the angular resolution in the center
remains unchanged. The angular resolution in the periphery on the other
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Angular Resolution vs Cross Distance Resolution for 3000.0 km Cross Distance in Nadir Opperation
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Figure 2.13.: Angular resolution as a function of ground resolution with
3000 km cross distance.

hand does change significantly due to the curvature of Earth playing a
larger role for longer cross distances. Care should be taken when using
approximations of the resolutions required in the periphery. These ap-
proximations diverge from the convex projection for lower altitudes and
larger cross distances.

Considering the relation of resolution with altitude, lower altitudes are
preferable over higher altitudes purely from a resolution perspective.

TARGET DWELL TIME IN FIELD OF VIEW

Figure 2.14 shows the FoV as a function of the average time a target
spends within the FoV (i.e. dwell time). In this time, acquisition and
communication occur.

Clearly indicated is that increasing the dwell time requires increasing
the FoV or increasing the altitude. This is because the cross distance in-
creases and relative velocities decreases as a result the FoV takes longer
to traverse. Not shown in the plot is that the dwell time across the FoV
is not uniform due to the convex nature of Earth’s surface. As a result,
targets dwell longer in the periphery and increasing the FoV dispropor-
tionally increases dwell time.

In addition to this, for the same acquisition time, shorter dwell times
directly reduce the time spent on communication. The acquisition delay
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Figure 2.14.: Time in field of view (FoV) as a function of FoV. Shown
are various altitudes and target types. Increasing the FoV
and/or the orbit altitude implies targets remain in the FoV
for longer.

for multi-beam terminals are unknown as these have not been produced
yet. For single beam terminals however, reported acquisition times vary
from 0.5 s to 25 s. [42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55,
56, 57, 58, 59, 60, 61] However, in CCSDS, SDA and ESTOL, acquisition
times are listed between 30-90s.[62, 63, 64] Shorter acquisition times
might be possible with more pre-knowledge. Considering this large range
of acquisition times, a wide range of dwell times have been provided.

When taking 4° and 12° FoVs as examples, for static terrestrial targets
the results are shown in Figure 2.15.

Purely from the perspective of dwell time, increasing FoV and altitude
would be beneficial for the communication duration.

FEASIBLE ALTITUDE RANGES

Until now, the FoV, dwell time and resolution have been discussed in iso-
lation. However, when considering them together, it can be seen that
these quantities have opposing directions of optimization when design-
ing an MBT and deciding the altitude. Increasing the FoV is challeng-
ing and hence purely from an FoV perspective, increasing the altitude is
beneficial. For resolutions, smaller FoVs are also beneficial due to the pe-
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Dwell Time as a Function of Altitude
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Figure 2.15.: Dwell time comparisons between 4° and 12° as a function of
altitude.

ripheral of the FoV disproportionally requiring higher angular resolutions.
However, in stark contrast, lower altitudes are more beneficial for ground
resolution. Lastly, dwell times would improve when increasing both the
FoV and altitude.

When constraints are placed, the combination of these three parame-
ters define an altitude range where it is feasible to operate an MBT. To
demonstrate this, an example is used here.

To show the influence of FoV, two different systems are considered: one
with a telescope aperture diameter of 25 cm and an FoV of 4° similar to
the telescope proposed by DLR[11, 12] and another telescope aperture
diameter of 25 cm and an FoV of 12°. Next, the ground resolution is set
to 100 m. When using the diffraction limit as the resolution limit, then

A
€=1.225— (2.52)
D

can be used. Where € is the resolution, A the wavelength and D the
aperture diameter. Choosing 1550 nm as the wavelength, this would
result in a resolution of 7.5 urad. This then gives a maximum altitude of
13,300 km.

Suppose hypothetically a minimum dwell time is needed of 10 seconds
for acquisition and communication, then the minimum allowable altitude
allowed would be 1309 km and 450 km for 4° and 12° FoV respectively.
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The feasible altitude ranges for the 4° FoV case is hence between 1309
km and 13,300 km while for the 12° case this would be between 450 km
and 13,300 km. This is visually shown in Figure 2.16.

Feasible Altitude Range for Mulit-Beam Terminal Opperations

[0 Feasible Overlap 4° FoV
Feasible Overlap 12° Fov

Angular Resolution Range

10s Dwell Time Range 12° FoV

10s Dwell Time Range 4° FoV

8000 10000 12000 14000 16000 18000
Altitude (km)

Figure 2.16.: Feasible altitude ranges for 4° and 12° field of view (FoV)
and 100 m diffraction ground resolution of a 25 cm aperture
telescope using 1550 nm wavelength.

Suppose hypothetically a minimum dwell time is increased to 240 sec-
onds for acquisition and communication, then the minimum allowable
altitude allowed would now be 16,800 km and 7410 km for 4° and 12°
FoV respectively. The feasible altitude range for the 12° case would be
between 7410 km and 13,300 km. However, in this case there is no fea-
sible range for a 4° FoV telescope, implying this telescope can no longer
be used. This is visually shown in Figure 2.17.

2.3.2. NUMBER OF POTENTIAL USERS IN FIELD OF VIEW FOR NADIR
OPERATIONS

In Section 2.2.2 the population sizes of different user types were deter-
mined. Now, this will be combined with the geometric relationship be-
tween orbit, surface and FoV explored before. The number of potential
users that fall within the FoV will now be discussed.
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Feasible Altitude Range for Mulit-Beam Terminal Opperations
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Figure 2.17.: Feasible altitude ranges for 4° and 12° field of view (FoV)
and 100 m diffraction ground resolution of a 25 cm aperture
telescope using 1550 nm wavelength.

USER NUMBERS FOR DIFFERENT FIELD OF VIEWS

Aside from market forces and adoption rates, the number of users are
constrained by the physics of satellite-to-ground communication. Here,
two will now be discussed: atmospheric turbulence and FoV. Important
to note is that the values presented are all linearly interpolated from the
numbers in Figure 2.9 through the projected area. This is not realistic,
since the densities expected in Europe cannot be propagated to other
land and sea masses nor are they uniform in reality. However, making
distinction between each geographic area goes beyond the scope of this
chapter. Instead, a uniform density is used to approximate the values.

Atmospheric turbulence imposes a practical limit on the elevation an-
gles at which stable links can be maintained. This limitation might be
less strict for aircraft due to their altitude being above the majority of
the atmospheric mass, however, to limit the scope, this effect was omit-
ted. Figure 2.18 illustrates the maximum expected number of vehicles
and towers visible from different orbital regimes if their elevation angle
(i.e. the propagation angle through the atmosphere) was limited to 45°
(see Section 2.2.1 for more details). This figure also shows the maximum
FoV useful to scan the accessible sky volume, providing an upper bound
on FoV.

This plot shows that when limited to atmospheric turbulence and not
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Number of Vehicles/Towers in Field of View (Max 45.0° Elevation)
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Figure 2.18.: Estimated number of targets within the field of view (FoV)
of a terminal that can view the MBT from the surface of the
Earth with at most an elevation angle of 45 degrees.

by FoV, the number of vehicles and towers increases with the altitude
(as a result of larger coverage area) while simultaneously the useful FoV
decreases.

Figure 2.19 overlays the FoV of the widest FoV telescope currently
demonstrated for laser communications (4°) onto the target distribu-
tion.[11, 12] By mapping this specific FoV onto the target population,
we can determine the expected number of accessible targets for each
type. This comparison highlights the trade-off between the vast num-
ber of available targets and the practical limitations of current wide-
angle optical systems, guiding the design of the next generation of high-
throughput terminals.

Comparing Figure 2.18 and Figure 2.19 firstly shows that the limiting
factor is the FoV. In fact, for lower orbit altitudes, some target types such
as aircraft are not available in meaningful quantities to justify multi-beam
terminals. Increasing the FoV would be the obvious technological chal-
lenge to overcome to help obtain more counter terminals. This can be
achieved on the telescope side either through optical design of the tele-
scope or through utilizing multiple telescopes. On the steering system
side large FoVs have to be accommodated through increased angular
steering range and resolution.

Should the FoV not increase, there is likely little gain in choosing MBTs
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Number of Vehicles/Towers in 4.0° Field of View

1,677,410

BN Aircraft
106 { ™ Cruise Ships
mmm Cargo Ships

= Trains
mm Telecom Towers

Counts (log scale)

500km LEO 2.16° MEA 2500km 2.78° MEA 10,000km MEO 5.14° MEA 35,786km GEO 13.34° MEA

Figure 2.19.: Estimated number of targets of each type within a 4 degree
field of view (FoV). In addition, the maximum elevation an-
gle (MEA) is indicated.

over SBTs. While it is currently unknown where the break even point is
with respect to the number of links when choosing a single multi-beam
terminal over multiple single beam terminals, it is unlikely to be the case
for 1-2 beams. As a result, for lower altitudes, types are likely limited to
users such as trains and towers. Only in MEO and GEO does the prospect
of using MBTs for aircraft become more interesting.

Increasing the FoV to 12°, potentially also achievable through multiple
telescopes, yields a more interesting option for 2,500 km altitude orbits
as shown in Figure 2.20. As can be seen in Figure 2.18, this is around the
maximum elevation angle limit for GEO.

ALONG TRACK CONSTELLATION INTER-SATELLITE COMMUNICATION

From Section 2.2.2 it was found that a mega constellation such as Starlink
could contain 10,000 evenly spaced satellites within the constellation
(i.e. 100 satellites in 100 orbits). The along track density is hence 2.3e-3
satellites per meter (i.e. roughly one satellite every 500 km). Using the
relations found in Section 2.2.1 for the along track FoV and taking these
values yields the results shown in Table 2.3.

The relative positions of the satellites between planes changes over
time. To approximate the spatial distribution, it is assumed that the
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Number of Vehicles/Towers in 12° Field of View
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Figure 2.20.: Estimated number of targets of each type within a 12 de-
gree field of view (FoV). In addition, the maximum elevation
angle (MEA) is indicated.

FoV (°) Number of Satellites
4 2-3
12 6-7
max FoV: 20.8 11-12

Table 2.3.: Number of satellites within a field of view (FoV) along track for
a 500 km altitude LEO constellation with 10,000 satellites in
100 orbits. The lowest allowable propagation altitude in this
case was set to 50 km above the surface of the Earth.

satellites are organized within a grid. Applying the same method for

communication between orbit planes yields Table 2.4.

FoV (°) | Satellites (incl. Along Track) | Satellites (excl. Along Track)
4 2-3 0
12 6-7 0
20.8 ~ 17 6
45 ~ 25 14
90 ~ 29 18

Table 2.4.: Number of inter-orbit and along track satellites in view.
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2.3.3. MULTI-BEAM PERFORMANCE IMPROVEMENTS IN SPACE, AIR,
GROUND AND SEA INTEGRATED NETWORKS (SAGSINS)

Sea-air-ground-space integrated networks (SAGSINs) are networks that
span four domains. The topology of optical SAGSINs can change rel-
atively quickly due to obstructions (such as weather) and line of sight
(such as when a vehicle rotates and the terminal is no longer within the
FoV). In a study by Ndongson et al. the majority of topology changes
occur within 45 seconds after the previous topology was established.[3]
When considering that SBTs can only establish one link at a time together
with the complexity and duration of re-acquisition. The implication is that
the reliability is lower and outage times are proportionally larger com-
pared to radio communication alternatives. The ability of multi-beam
terminals to acquire and maintain links in parallel has the potential to
improve reliability and acquisition limitations.

In collaboration with the FREE program, the added utility was assessed
of multi-beam terminals in these networks. One of the networks inves-
tigated was a 100-node SAGSIN over Western Europe with a mixture of
domains and an FoV was set to 45°. From the investigations, improve-
ments in network performance were witnessed with asymptotic trends
when increasing the number of beams.[65]

Performance Parame- | Value for SBTs | Value for MBTs | Number of

ter Beams at Sat-
uration

Median number of |1 1 1

components

Upper quartile num- | 2 1 1

ber of components

Median Number of | 75 600 16

links

Median end-to-end la- | 55 ms 30 ms 4

tency

Upper quartile end- | 65 ms 30 ms 4

to-end latency

Allocated capacity 0.98 Gbps 1.1 Gbps 4

Network capacity 1000 Gbps 4800 Gbps 32

Table 2.5.: Comparison between performance parameters for SAGSINs
when using MBTs over SBTs.

One of the results of this investigation was the number of instances
in which a certain number of beams were used. This is summarized in
Table 2.6.[65]



number of terminals in parentheses. Reproduced with permission.

Table 2.6.: Mean percentage of terminals in various beam-count categories, with the corresponding average

Scenario 0 1 2 3-4 5-8 9-16 17-32 33-64

1 beam 46.7% 53.3% 0.0% (0) | 0.0% (0) | 0.0% (0) | 0.0% (0) | 0.0% (0) | 0.0% (0)
(183) (209)

2 beams 44.0% 12.6% 43.3% 0.0% (0) | 0.0% (0) | 0.0% (0) | 0.0% (0) | 0.0% (0)
(173) (49) (170)

4 beams 43.2% 11.0% 8.2% 37.6% 0.0% (0) | 0.0% (0) | 0.0% (0) | 0.0% (0)
(169) (43) (32) (147)

8 beams 42.7% 10.5% 7.6% 11.6% 27.6% 0.0% (0) | 0.0% (0) | 0.0% (0)
(168) (41) (30) (45) (108)

16 beams | 42.5% 10.3% 7.4% 11.2% 15.5% 13.2% 0.0% (0) | 0.0% (0)
(167) (41) (29) (44) (61) (52)

32 beams | 42.4% 10.3% 7.3% 11.1% 15.4% 11.8% 1.7% (6) | 0.0% (0)
(166) (40) (29) (44) (60) (46)

64 beams | 42.4% 10.3% 7.3% 11.1% 15.4% 11.8% 1.6% (6) | 0.0% (0)
(166) (40) (29) (44) (60) (46)
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In summary, the results show that the node geometry of the network
can also limit the number of usable beams. Although terminals may
support up to 64 beams, they are typically exposed to only a limited set
of feasible line-of-sight neighbors, leading to significant under-utilization
of beam resources. As a result, increasing the beam count beyond 8-16
beams yields diminishing returns, with network performance ultimately
constrained by topology rather than hardware capability.

2.4. COMPARISON OF MULTI-BEAM USE CASES:

SUMMARY AND CONCLUSION

In the previous sections, numerous parameters were evaluated across
different orbital regimes and use cases. To facilitate a comprehensive
comparison, Table 2.7, Table 2.8, Table 2.9, and Table 2.10 consolidate
the key metrics for LEO, 2500 km, MEO, and GEO altitudes respectively.
These summaries reveal distinct trade-offs regarding target coverage,
ground resolution, dwell time, latency, and inter-satellite link require-
ments.

2.4.1. TARGET COVERAGE AND SPATIAL RESOLUTION

As orbital altitude increases, the instantaneous coverage area expands
significantly, leading to a rise in the number of targets observable. For
example, at a 4° FoV, the number of visible communication towers grows
from only 325 in LEO to over 1.68 million in GEO. Similarly, cargo ships
increase from 5 in LEO to 28,000 in GEO. This makes higher orbits (MEO
and GEO) suitable for wide-area coverage and higher number of targets.

However, this coverage gain imposes constraints on the required angu-
lar resolution. To maintain a constant ground spot size of 100 m, the re-
quired resolution scales inversely with altitude. While LEO and 2500 km
regimes can operate with resolutions between 200 urad and 100 urad,
the MEO regime requires approximately 10 urad. Most critically, GEO de-
mands a resolution of 2.8 urad (1.6 x 10~* degrees), which represents a
substantial challenge.

2.4.2. DWELL TIME, ANGULAR RESOLUTION AND FIELD OF VIEW

The dwell time, angular resolution and cross distance are strongly depen-
dent on orbital altitude and FoV. As discussed, a combination of these pa-
rameters yields an altitude range for feasible MBT operation. LEO offers
short dwell times ranging from 1.1 s to 27 s, suitable only when acquisi-
tion is fast enough and data rates are high enough or FoV is increased.
In contrast, MEO and GEO regimes provide dwell times exceeding 80 s,
with GEO reaching up to 265 s at larger FoVs. This extended dwell time
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is advantageous for tracking persistent or slow-moving targets. Corre-
spondingly, the cross-distance (swath width) increases from roughly 35-
864 km in LEO to 2,520-8,400 km in GEO, further confirming the broad
coverage capability of higher orbits. However, the upper bounds are de-
termined by the angular resolution, making increases in altitude beyond
MEO potentially challenging.

2.4.3. CONCLUSION

The range of feasible orbital regimes depends heavily on the available
technology and is constrained by the FoV, angular resolution and dwell
times. LEO is superior for low-latency communication and systems con-
strained by resolution hardware, offering minimal latency and the most
manageable resolution requirements. 2500 km offers a potentially more
balanced intermediate solution depending on the limits to acquisition
and handovers. MEO and GEO regimes excel in wide-area coverage with
smaller FoVs and long dwell times, capturing orders of magnitude more
targets in the process. However, they impose stringent resolution de-
mands and higher latencies.

Nevertheless, if a small portion of the types discussed accommodates
a link and small 4° FoVs are selected, then an order of magnitude design
envelope of 10-1000 targets can be expected. This includes other satel-
lites. For nadir and high-to-low orbit communications, the transit times
expected to range from 20-265s aside from LEO. These numbers will be
taken as inspiration for the following chapters.

] Aspect\FoV [ 4 [ 12° | 45 | 80 |
Nadir
# Aircraft 0.05 0.49 7 36
# Cruise ships 0.03 0.25 3 18
# Cargo ships 5 49 773 3570
# Trains 38 344 5410 25000
# Communication towers 325 2948 | 46400 | 214000
Dwell time [s] 1.1 3.3 13 27
Cross Distance [km] 35 105 417 864
Req. res. (100 [m] spot) [urad] | 200 200 170 107
[deg] | 0.011 | 0.011 | 0.0096 | 0.0061
Inter-satellite
# along track 2-3 6-7 11-12*% | 11-12%
# inter-orbit 0 0 14 18
# total 2-3 6-7 ~25 ~29

Table 2.7.: Summary for LEO. *Note that the maximum useful FoV in the
along track case is 20.8".
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60
Aspect\FoV [ 4 [ 12° | 45 | 60
Nadir
# Aircraft 1 12 205 452
# Cruise ships 0.68 6 102 226
# Cargo ships 136 1233 20500 45100
# Trains 949 8629 143000 316000
# Communication towers 8134 73967 | 1230000 | 2710000
# Inter-satellite nadir 6 72 1230 2712
Dwell time [s] 5.5 17 68 99
Cross Distance [km] 174 525 2160 3140
Req. res. (100 [m] spot) [urad] 40 40 30 23
[deg] | 0.0023 | 0.0023 | 0.0017 0.0013
Table 2.8.: Summary for 2500 km altitude.
Aspect\ FoV [ 4 | 122 [ 300 |
Nadir
# Aircraft 22 200 1700
# Cruise ships 11 100 851
# Cargo ships 2172 19989 170000
# Trains 15205 139924 1200000
# Communication towers 130325 | 1199348 | 10200000
# Inter-satellite nadir 132 1200 10200
Dwell time [s] 22 67 187
Cross Distance [km] 695 2130 5930
Req. res. (100 [m] spot) [urad] 10 9.5 6.8
[deg] | 5.7E-4 5.4E-4 3.9E-4
Table 2.9.: Summary for MEO.
Aspect\ FoV | 4 ] 120 |
Nadir
# Aircraft 280 2710
# Cruise ships 140 1350
# Cargo ships 28000 270000
# Trains 196000 1890000
# Communication towers 1680000 | 16200000
# Inter-satellite nadir 1680 16300
Dwell time [s] 80 265
Cross Distance [km] 2520 8400
Req. res. (100 [m] spot) [urad] 2.8 2.8
[deg] 1.6E-4 1.6E-4

Table 2.10.: Summary for GEO.



REFERENCES

[1] M. Handley. “Delay is Not an Option”. In: Proceedings of the 17th
ACM Workshop on Hot Topics in Networks. New York, NY, USA: ACM,
Nov. 2018, pp. 85-91. isbn: 978-1-4503-6120-0. doi: 10 .1145/
3286062.3286075.

[2] J.]. Spaander. “Free-Space Multi-beam Optical Communication Ter-
minal Design for Spacecraft”. MA thesis. Delft: Delft University of
Technology, 2021. url: https://repository.tudelft.
nl/islandora/object/uuid:cl10cd8ab-10b7-4d91-
81f0-1c76ald343be6.

[3] S. Ndongson, A. Chiumento, and H. Van Den Berg. “Comparative
Analysis of Topology Changes in FSO and RF Spatial Networks Un-
der Node Mobility and Weather Variability”. In: 2025 IEEE Wire-
less Communications and Networking Conference (WCNC). |EEE,
Mar. 2025, pp. 1-6. isbn: 979-8-3503-6836-9. doi: 10 . 1109/
WCNC61545.2025.10978600.

[4] ]. Stensen. “Link Selection model for End-to-End Free-Space-optical
Air-to-Space laser communication services”. MA thesis. TUDelft,
July 2024. url: http://repository.tudelft.nl/..

[5] W. Helsdingen. “End-to-End model for free-space-optical Air-to-Space
communica-tion services”. MA thesis. TUDelft, Aug. 2023. url: https:
//resolver.tudelft .nl/uuid: 7¢19c91le-e206—
46d6-9b76-6511d4af201b.

[6] W. Helsdingen, R. Den Breeje, and R. Saathof. “Modeling the physi-
cal layer of air-to-space optical communication networks using the
modified multi-scale method”. In: Journal of Optical Communica-
tions and Networking 17.3 (2025), pp. 178-187. issn: 19430639.
doi: 10.1364/J0CN.551182.

[7]1 ). Spaander and J. Guo. “A Space Multi-Beam Multi-Link Capable
Laser Communications Terminal for Satellites”. In: Optical Wireless
Communication Conference 2nd Optical Wireless Communication
Conference (2021).

[8] J. Spaander and J. Guo. “A Space Multi-Beam Multi-Link Capable
Laser Communications Terminal for Satellites”. In: Optical Wireless
Communication Conference (2nd Optical Wireless Communication
Conference 2021). url: https://pure.tudelft . nl/ws/

61


https://doi.org/10.1145/3286062.3286075
https://doi.org/10.1145/3286062.3286075
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://doi.org/10.1109/WCNC61545.2025.10978600
https://doi.org/10.1109/WCNC61545.2025.10978600
http://repository.tudelft.nl/.
https://resolver.tudelft.nl/uuid:7c19c91e-e206-46d6-9b76-6511d4af201b
https://resolver.tudelft.nl/uuid:7c19c91e-e206-46d6-9b76-6511d4af201b
https://resolver.tudelft.nl/uuid:7c19c91e-e206-46d6-9b76-6511d4af201b
https://doi.org/10.1364/JOCN.551182
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf

62 references

files/155672002/JoshuaSpaander_ASpaceMultiBeamMult
pdft.

[9] J. Spaander, R. Saathof, J. Guo, and E. Gill. “Free-space optical com-
munications with multibeam laser terminals for satellites: design
insights and applications”. In: International Conference on Space
Optics — ICSO 2024. Ed. by F. Bernard, N. Karafolas, P. Kubik, and
K. Minoglou. SPIE, July 2025, p. 266. isbn: 978-1-5106-9347-0. doi:
10.1117/12.3075401.

[10] E. Gill. “FREE: A RESEARCH PROGRAM FOR OPTICAL WIRELESS SU-
PERHIGHWAYS”. In: International Astronautical Federation, 2025.
url: https://iafastro.directory/iac/archive/
browse/IAC-25/B2/IP/94661/.

[11] J. Poliak, D. Blandino, M. Albertini, M. Beier, M. Hornaff, S. Raffa,
R. M. Calvo, Z. Sodnik, and A. Jones. “Multiple optical receive sys-
tem for a single optical terminal: preliminary design”. In: Free-
Space Laser Communications XXXIV. Ed. by H. Hemmati and B. S.
Robinson. Vol. PC11993. SPIE, 2022, PC1199304. doi: 10.1117/
12.2606414.

[12] J. Poliak, M. Albertini, M. Beier, G. Cilia, M. Hornaff, M. Marmonti,
L. Reger, M. Schulz, and A. Urbich. “Multiple optical receive sys-
tem for optical GEO feeder-links”. In: Free-Space Laser Communi-
cations XXXVI. Ed. by H. Hemmati and B. S. Robinson. SPIE, Mar.
2024, p. 28.isbn: 9781510670143.doi: 10.1117/12.3001373.

[13] M. Tumarina, M. Ryazanskiy, S. Jeong, G. Hong, N. Vedenkin, I. Park,
and A. Milov. “Design, fabrication and space suitability tests of
wide field of view, ultra-compact, and high resolution telescope for
space application”. In: Optics Express 26.3 (Feb. 2018), p. 2390.
doi: 10.1364/0E.26.002390.

[14] C. Netherlands. Canon EF 11-24mm f/4L USM -Specification - Lenses
- Camera and Photo lenses. url: https://www.canon.nl/
lenses/ef-11-24mm-f-41-usm-lens/specification.
html.

[15] H. Sato. Imaging Products. url: https://imaging.nikon.
com/history/story/0009/index.htm.

[16] V. G. Sidorovich, A. A. Leshev, and V. V. Ragulsky. “Free-Space Op-
tical Communication System”. (USA). 2006.

[17] V. G. Sidorovich, A. A. Leshev, V. V. Ragulsky, M. A. Sadovnikov,
M. V. Vasiliev, and V. P. Vasiliev. Free-Space Optical Communication
System with Spatial Multiplexing. 2004.

[18] C. C. Byers. “Control System for Multi-Beam Free Space Optical
Endpoint”. (USA). 2016.


https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://doi.org/10.1117/12.3075401
https://iafastro.directory/iac/archive/browse/IAC-25/B2/IP/94661/
https://iafastro.directory/iac/archive/browse/IAC-25/B2/IP/94661/
https://doi.org/10.1117/12.2606414
https://doi.org/10.1117/12.2606414
https://doi.org/10.1117/12.3001373
https://doi.org/10.1364/OE.26.002390
https://www.canon.nl/lenses/ef-11-24mm-f-4l-usm-lens/specification.html
https://www.canon.nl/lenses/ef-11-24mm-f-4l-usm-lens/specification.html
https://www.canon.nl/lenses/ef-11-24mm-f-4l-usm-lens/specification.html
https://imaging.nikon.com/history/story/0009/index.htm
https://imaging.nikon.com/history/story/0009/index.htm

references 63

(19]

(20]
(21]
[22]

(23]

[24]

[25]

[26]

[27]

(28]
[29]

[30]

[31]

[32]

[33]

(34]

J. Spaander, J. Guo, R. Saathof, and E. Gill. “Reducing beam track-
ing complexity using a phase ramp and Fresnel lens when steering
beams using spatial light modulators”. In: Optics Letters 49 (13
June 2024). issn: 0146-9592. doi: 10.1364/01.523438.

Statista. Airline industry - passenger traffic worldwide 2024. 2024.
A. T. A. Group. Facts figures. 2026.

I. A. T. Association. IATA - World Air Transport Statistics (WATS).
2026.

45+ Cruise Industry Statistics for 2026. 2026. url: https : //
WWwW.Ccrulsemarketwatch.com/cruise—-statistics/.

Cruise ship - Wikipedia. 2026. url: https://en.wikipedia.
org/wiki/Cruise_ship.

Global Cruise Passengers Carried and Growth Rates, 1990-2024 |
Port Economics, Management and Policy. 2026. url: https://
porteconomicsmanagement.org/.

Cruise Industry: Data Reports 2026. 2026. url: https://www.
cruiseindustrynews.com/.

What is the average number of people who work on a cruise ship
at sea? How does this number compare to the average number of
passengers? - Quora. 2026. url: https://www.quora.com/.

The world merchant fleet. 2023.
Merchant fleet - UNCTAD Handbook of Statistics 2023. 2023. url:
https://unctad.org/.

What is the average crew size for a cargo ship? How many people
are required to operate a cargo ship? - Quora. 2026. url: https:
//www.quora.com/.

Aschoenhardt. Trends in NYC Transit Ridership — Before and After
COVID Pandemic. 2026.

N. S. (NS). Onze treinen - Jaarverslag 2023. 2023. url: https://
www.nsjaarverslag.nl/jaarverslag-2023/over—
ns/onze-treinen (visited on 05/19/2026).

Statista. Number of wireless telecom towers in Europe from 2010

t0o2023.2023.url: https://www.statista.com/statistics/

1122219 /wireless—telecom—towers—europe/ (vis-
ited on 05/19/2026).

R. Barrios, S. Dimitrov, R. Mata-Calvo, and D. Giggenbach. “Link
budget assessment for GEO feeder links based on optical tech-
nology”. In: International Journal of Satellite Communications and
Networking 39 (2 Mar. 2021), pp. 160-177. issn: 1542-0973. doi:
10.1002/sat.1371.


https://doi.org/10.1364/ol.523438
https://www.cruisemarketwatch.com/cruise-statistics/
https://www.cruisemarketwatch.com/cruise-statistics/
https://en.wikipedia.org/wiki/Cruise_ship
https://en.wikipedia.org/wiki/Cruise_ship
https://porteconomicsmanagement.org/
https://porteconomicsmanagement.org/
https://www.cruiseindustrynews.com/
https://www.cruiseindustrynews.com/
https://www.quora.com/
https://unctad.org/
https://www.quora.com/
https://www.quora.com/
https://www.nsjaarverslag.nl/jaarverslag-2023/over-ns/onze-treinen
https://www.nsjaarverslag.nl/jaarverslag-2023/over-ns/onze-treinen
https://www.nsjaarverslag.nl/jaarverslag-2023/over-ns/onze-treinen
https://www.statista.com/statistics/1122219/wireless-telecom-towers-europe/
https://www.statista.com/statistics/1122219/wireless-telecom-towers-europe/
https://doi.org/10.1002/sat.1371

64 references

[35] M. Toyoshima, T. Fuse, A. Carrasco-Casado, D. R. Kolev, H. Take-
naka, Y. Munemasa, K. Suzuki, Y. Koyama, T. Kubo-oka, and H. Ku-
nimori. “Research and development on a hybrid high throughput
satellite with an optical feeder link — Study of a link budget analy-
sis”. In: 2017 IEEE International Conference on Space Optical Sys-
tems and Applications (ICSOS). IEEE, Nov. 2017, pp. 267-271. isbn:
978-1-5090-6511-0. doi: 10.1109/TCS0OS.2017.8357424,

[36] R. Saathof, R. den Breeje, W. Klop, S. Kuiper, N. Doelman, F. Pet-
tazzi, A. Vosteen, N. Truyens, W. Crowcombe, J. Human, I. Ferrario,
R. M. Calvo, J. Poliak, R. Barrios, D. Giggenbach, C. Fuchs, and S.
Scalise. “Optical technologies for terabit/s-throughput feeder link”.
In: 2017 IEEE International Conference on Space Optical Systems
and Applications (ICSOS). IEEE, Nov. 2017, pp. 123-129. isbn: 978-
1-5090-6511-0.doi: 10.1109/ICS0OS.2017.8357221.

[37] J. Liang, A. U. Chaudhry, E. Erdogan, and H. Yanikomeroglu. “Link
Budget Analysis for Free-Space Optical Satellite Networks”. In: 2022
IEEE 23rd International Symposium on a World of Wireless, Mobile
and Multimedia Networks (WoWMoM). IEEE, June 2022, pp. 471-
476. isbn: 978-1-6654-0876-9. doi: 1 0. 1109/WoWMoM54355 .
2022.00073.

[38] L. B. Stotts, P. Kolodzy, A. Pike, B. Graves, D. Dougherty, and J.
Douglass. “Free-space optical communications link budget estima-
tion”. In: Applied Optics 49 (28 Oct. 2010), p. 5333. issn: 0003-
6935.doi: 10.1364/A0.49.005333.

[39] H. Levenstein. “Wide Field Of View Optics Applied To Multi-User Op-
tical Communication”. In: Optomechanical Design of Laser Trans-
mitters and Receivers 1044 (July 1989 1989), p. 173. issn: 1996756X.
doi: 10.1117/12.951290.

[40] T. R. Brashears. “Achieving 99% link uptime on a fleet of 100G
space laser inter-satellite links in LEO”. In: Free-Space Laser Com-
munications XXXVI. Ed. by H. Hemmati and B. S. Robinson. Vol. 12877.
SPIE, Mar. 2024, p. 1287702.doi: 10.1117/12.3005057.

[41] N. Pachler, I. D. Portillo, E. F. Crawley, and B. G. Cameron. “An
Updated Comparison of Four Low Earth Orbit Satellite Constellation
Systems to Provide Global Broadband”. In: 2021 IEEE International
Conference on Communications Workshops, ICC Workshops 2021
- Proceedings (2021). doi: 10.1109/ICCWorkshops50388.
2021.94737909.

[42] J. Wang, B. Li, T. Zhao, and Y. Sun. “Space optical communica-
tion system with a sub-second acquisition time”. In: Optics Letters
47.23 (2022), p. 6085. url: https://opg.optica.org/
abstract.cfm?uri=o0l-47-23-6085.


https://doi.org/10.1109/ICSOS.2017.8357424
https://doi.org/10.1109/ICSOS.2017.8357221
https://doi.org/10.1109/WoWMoM54355.2022.00073
https://doi.org/10.1109/WoWMoM54355.2022.00073
https://doi.org/10.1364/AO.49.005333
https://doi.org/10.1117/12.951290
https://doi.org/10.1117/12.3005057
https://doi.org/10.1109/ICCWorkshops50388.2021.9473799
https://doi.org/10.1109/ICCWorkshops50388.2021.9473799
https://opg.optica.org/abstract.cfm?uri=ol-47-23-6085
https://opg.optica.org/abstract.cfm?uri=ol-47-23-6085

references 65

[43]

(44]

[45]

[46]

[47]

(48]

[49]

[50]

T. Wang, X. Zhao, C. Lv, J. Wang, Y. Song, et al. “Blimp-borne laser
communication technology based on space dynamic base station”.
In: IEEE Photonics Journal (2021). url: https://ieecexplore.
ieee.org/abstract/document/9512444/.

Q. Hu, J. Zhang, R. Nie, M. Yang, B. Cao, X. Jiao, et al. “Ground-based
simulation of laser link acquisition for inter-satellite laser interfer-
ometry”. In: Optics Express 32.18 (2024), p. 31006. url: https:
//opg.optica.org/abstract.cfm?uri=oe-32-18-
31006.

J. Wang, F. Zhu, R. Huang, X. Wang, L. Xu, J. Feng, et al. “Re-
search on intersatellite laser link acquisition scheme based on one-
dimensional point-ahead-angle mechanism assisted beam point-
ing scanning in space”. In: Aerospace Science and Technology 148
(2025), p. 116393. url: https://www . sciencedirect .
com/science/article/pii/S0938128725000323.

K. Lee, V. Mai, and H. Kim. “Acquisition time in laser inter-satellite
link under satellite vibrations”. In: IEEE Photonics Journal 15.2 (2023),
pp. 1-11.url: https://ieeexplore.ieee.org/abstract/
document/10171981/.

X. Wang, J. Han, K. Cui, C. Wang, M. Xie, X. Meng, et al. “On-orbit
space optical communication demonstration with a 22 s acquisition
time”. In: Optics Letters 48.22 (2023), p. 5980. url: https://
opg.optica.org/abstract.cfm?uri=0l1-48-22-
5980.

J. Wang, Y. Song, H. Jiang, T. Wang, K. Dong, and Y. Liu. “High-
precision dynamic pointing method for improving the acquisition
performance of laser communication between high-altitude plat-
form stations”. In: Optics 276 (2023), p. 169544. url: https://
www . sciencedirect .com/science/article/pii/
S0030402623001171.

M. Scheinfeild and N. Kopeika. “Acquisition system for microsatel-

lites laser communication in space”. In: Free-Space Laser Commu-
nication Technologies XlI. Vol. 3932. SPIE, 2000, pp. 200-211. url:
https://www.spiedigitallibrary.org/conference-
proceedings—-of-spie/3932/0000/Acquisition-
system—for-microsatellites—laser—-communication-—
in-space/10.1117/12.384308.short.

M. Gangl, D. Fisher, ). Zimmermann, et al. “Airborne laser com-
munication terminal for intelligence, surveillance, and reconnais-
sance”. In: Free-Space Laser Communication Technologies XVI. Vol. 5550.
SPIE, 2004, pp. 1-12. url: https: //www.spiedigitallibrary.
org/conference—-proceedings—of-spie/5550/1/
Airborne-laser—-communication—-terminal-for—



https://ieeexplore.ieee.org/abstract/document/9512444/
https://ieeexplore.ieee.org/abstract/document/9512444/
https://opg.optica.org/abstract.cfm?uri=oe-32-18-31006
https://opg.optica.org/abstract.cfm?uri=oe-32-18-31006
https://opg.optica.org/abstract.cfm?uri=oe-32-18-31006
https://www.sciencedirect.com/science/article/pii/S0938128725000323
https://www.sciencedirect.com/science/article/pii/S0938128725000323
https://ieeexplore.ieee.org/abstract/document/10171981/
https://ieeexplore.ieee.org/abstract/document/10171981/
https://opg.optica.org/abstract.cfm?uri=ol-48-22-5980
https://opg.optica.org/abstract.cfm?uri=ol-48-22-5980
https://opg.optica.org/abstract.cfm?uri=ol-48-22-5980
https://www.sciencedirect.com/science/article/pii/S0030402623001171
https://www.sciencedirect.com/science/article/pii/S0030402623001171
https://www.sciencedirect.com/science/article/pii/S0030402623001171
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3932/0000/Acquisition-system-for-microsatellites-laser-communication-in-space/10.1117/12.384308.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3932/0000/Acquisition-system-for-microsatellites-laser-communication-in-space/10.1117/12.384308.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3932/0000/Acquisition-system-for-microsatellites-laser-communication-in-space/10.1117/12.384308.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/3932/0000/Acquisition-system-for-microsatellites-laser-communication-in-space/10.1117/12.384308.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short

66 references

intelligence-surveillance-and-reconnaissance/
10.1117/12.561012.short.

[51] E. Clarke and H. Brixey. “Acquisition and tracking system for a
ground-based laser communications receiver terminal”. In: Con-
trol and Communication Technology. SPIE, 1981, pp. 123-134. url:
https://www.spiedigitallibrary.org/conference-
proceedings—-of-spie/0295/0000/Acquisition-
And-Tracking-System-For—-A-Ground-Based—-Laser-
Communications/10.1117/12.932419.short.

[52] C. Liu, F. Wen, and F. Fan. “Pointing, acquisition, and tracking (PAT)
technology for inter-satellite laser links”. In: AOPC 2024: Laser Tech-
nology and Application. Vol. 13492. SPIE, 2024, p. 134920C. url:
https://www.spiedigitallibrary.org/conference-
proceedings—of-spie/13492/134920C/Pointing-
acquisition—-and-tracking—-PAT-technology—-for-
inter—-satellite-laser/10.1117/12.3046162.
short.

[53] Y. Lei, X. Li, and L. Zhang. “Experimental study on PAT system for
long-distance laser communications between fixed-wing aircrafts”.
In: Photonic Sensors 9 (2019), pp. 297-306. url: https://1link.
springer.com/article/10.1007/s13320-018-0522-
9.

[54] J. Zhang, M. Ming, Y. Jiang, H. Duan, et al. “Inter-satellite laser link
acquisition with dual-way scanning for Space Advanced Gravity
Measurements mission”. In: Review of Scientific Instruments 89.6
(2018), p. 064501. url: https://pubs.aip.org/aip/
rsi/article/89/6/064501/362473.

[55] J. Wang, Z. Su, B. Li, W. Zheng, and H. Gao. “High-accuracy point-
ing and sub-second acquisition in a space optical communication
terminal with ground-based verification method”. In: Optics Laser
Technology 189 (2026), p. 110278. url: https://www.sciencedirec
com/science/article/pii/S0030399225019048.

[56] J. Wang, Z. Su, B. Li, W. Zheng, and H. Gao. “Ground-Based Verifica-
tion Method for Pointing and Acquisition Performance of Space Op-
tical Communication System with Sub-Second Acquisition Time”.
In: arXiv preprint arXiv:2508.08950 (2025). url: https://arxiv.
org/abs/2508.08950.

[57] X. Li, L. Zhang, and L. Meng. “Airborne space laser communica-
tion system and experiments”. In: Selected Papers of the 2015
Conference on Lasers and Electro-Optics Pacific Rim 9795 (2015),
97950G.url: https://www.spiedigitallibrary.org/
conference-proceedings—-of-spie/9795/97950G/


https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5550/1/Airborne-laser-communication-terminal-for-intelligence-surveillance-and-reconnaissance/10.1117/12.561012.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/0295/0000/Acquisition-And-Tracking-System-For-A-Ground-Based-Laser-Communications/10.1117/12.932419.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/0295/0000/Acquisition-And-Tracking-System-For-A-Ground-Based-Laser-Communications/10.1117/12.932419.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/0295/0000/Acquisition-And-Tracking-System-For-A-Ground-Based-Laser-Communications/10.1117/12.932419.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/0295/0000/Acquisition-And-Tracking-System-For-A-Ground-Based-Laser-Communications/10.1117/12.932419.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/13492/134920C/Pointing-acquisition-and-tracking-PAT-technology-for-inter-satellite-laser/10.1117/12.3046162.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/13492/134920C/Pointing-acquisition-and-tracking-PAT-technology-for-inter-satellite-laser/10.1117/12.3046162.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/13492/134920C/Pointing-acquisition-and-tracking-PAT-technology-for-inter-satellite-laser/10.1117/12.3046162.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/13492/134920C/Pointing-acquisition-and-tracking-PAT-technology-for-inter-satellite-laser/10.1117/12.3046162.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/13492/134920C/Pointing-acquisition-and-tracking-PAT-technology-for-inter-satellite-laser/10.1117/12.3046162.short
https://link.springer.com/article/10.1007/s13320-018-0522-9
https://link.springer.com/article/10.1007/s13320-018-0522-9
https://link.springer.com/article/10.1007/s13320-018-0522-9
https://pubs.aip.org/aip/rsi/article/89/6/064501/362473
https://pubs.aip.org/aip/rsi/article/89/6/064501/362473
https://www.sciencedirect.com/science/article/pii/S0030399225019048
https://www.sciencedirect.com/science/article/pii/S0030399225019048
https://arxiv.org/abs/2508.08950
https://arxiv.org/abs/2508.08950
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short

references 67

Airborne-space—-laser—-communication—-system-
and-experiments/10.1117/12.2208850.short.

[58] X. Liu and Y. Meng. “Bidirectional scanning acquisition of inter-
satellite laser links for space gravitational wave detection mission”.
In: Review of Scientific Instruments 95.11 (2024), p. 114502. url:
https://pubs.aip.org/aip/rsi/article/95/11/
114502/3320082.

[59] T. Nielsen. “Pointing, acquisition, and tracking system for the free-
space laser communication system SILEX". In: Free-space laser
communication technologies VII. Vol. 2381. SPIE, 1995, pp. 242-
253. url: https://www. spiedigitallibrary.org/
conference-proceedings—-of-spie/2381/0000/
Pointing—-acquisition—and—-tracking—-system-—
for-the-free-space-laser/10.1117/12.207403.
short.

[60] M. Gregory, F. Heine, H. Kdmpfner, et al. “TESAT laser communica-
tion terminal performance results on 5.6 Gbit coherent inter satel-
lite and satellite to ground links"”. In: International Conference on
Space Optics. Vol. 10565. SPIE, 2017, 105651F. url: https://
www.spiedigitallibrary.org/conference-proceedings-—
of-spie/10565/105651F/TESAT-1laser—communication-
terminal-performance-results-on-56Gbit—-coherent—
inter/10.1117/12.2309152.short.

[61] L.Chen,L.Zhu, H. Du, X. Wang, S. Shen, et al. “Pointing Acquisition
and Tracking System for Free Space Optical Communication Based
on Integrated Optical Phased Array”. In: IEEE Photonics Confer-
ence. IEEE, 2025. url: https://ieecexplore.iecee.org/
abstract/document/11048403/.

[62] CCSDS. Research and Development for Space Data System Stan-
dards ORANGE BOOK. Tech. rep. CCSDS, Dec. 2018.

[63] Optical Communications Terminal ( OCT ) Standard Version 3.0.
2021.

[64] E.E.Team. ESA SPECIFICATION FOR TERABIT/S OPTICAL LINKS (ES-
TOL). Tech. rep. European Space Agency, June 2026. url: https:
//resilience.esa.int/wp—content/uploads/2026/
07/ESTOL_air_interface_v3.1.pdf.

[65] S. Ndongson, ). Spaander, J. Guo, A. Chiumento, R. Saathof, G. Hei-
jenk, and E. Gill. “Multi-Beam FSO Terminals for SAGSINs: Analysis
of Network Performance Improvements”. In: [EEE Global Commu-
nications Conference: Optical Networks and Systems - Optical Net-
works and Systems. IEEE, Dec. 2026.


https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9795/97950G/Airborne-space-laser-communication-system-and-experiments/10.1117/12.2208850.short
https://pubs.aip.org/aip/rsi/article/95/11/114502/3320082
https://pubs.aip.org/aip/rsi/article/95/11/114502/3320082
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2381/0000/Pointing-acquisition-and-tracking-system-for-the-free-space-laser/10.1117/12.207403.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2381/0000/Pointing-acquisition-and-tracking-system-for-the-free-space-laser/10.1117/12.207403.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2381/0000/Pointing-acquisition-and-tracking-system-for-the-free-space-laser/10.1117/12.207403.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2381/0000/Pointing-acquisition-and-tracking-system-for-the-free-space-laser/10.1117/12.207403.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/2381/0000/Pointing-acquisition-and-tracking-system-for-the-free-space-laser/10.1117/12.207403.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10565/105651F/TESAT-laser-communication-terminal-performance-results-on-56Gbit-coherent-inter/10.1117/12.2309152.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10565/105651F/TESAT-laser-communication-terminal-performance-results-on-56Gbit-coherent-inter/10.1117/12.2309152.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10565/105651F/TESAT-laser-communication-terminal-performance-results-on-56Gbit-coherent-inter/10.1117/12.2309152.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10565/105651F/TESAT-laser-communication-terminal-performance-results-on-56Gbit-coherent-inter/10.1117/12.2309152.short
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10565/105651F/TESAT-laser-communication-terminal-performance-results-on-56Gbit-coherent-inter/10.1117/12.2309152.short
https://ieeexplore.ieee.org/abstract/document/11048403/
https://ieeexplore.ieee.org/abstract/document/11048403/
https://resilience.esa.int/wp-content/uploads/2026/07/ESTOL_air_interface_v3.1.pdf
https://resilience.esa.int/wp-content/uploads/2026/07/ESTOL_air_interface_v3.1.pdf
https://resilience.esa.int/wp-content/uploads/2026/07/ESTOL_air_interface_v3.1.pdf




DESIGN OF MULTI-BEAM
STEERING SYSTEMS

Decisions are made by those who show up.
Jed Bartlett (The West Wing)

Traditional laser communication terminals are limited to point-to-point
links, restricting scalability. Multi-beam laser communication terminals
offer a promising alternative, through the design of an effective beam
steering system remains a key challenge. This chapter addresses the
design of multi-beam steering systems, reviewing existing space borne
technologies and insights from related fields. It identifies key system
functions, evaluates design options, and presents a design options tree
as a framework. Case studies for high and low target densities show
that micro-mirror arrays and spatial light modulators offer significant ad-
vantages. This study offers a comprehensive framework for designing
multi-beam steering systems for space-based laser communication ter-
minals.

Parts of this chapter have been published in:

). Spaander, R. Saathof, J. Guo, and E. Gill. “Free-space optical communications with
multibeam laser terminals for satellites: design insights and applications”. In: Inter-
national Conference on Space Optics — ICSO 2024. Ed. by F. Bernard, N. Karafolas,
P. Kubik, and K. Minoglou. SPIE, July 2025, p. 266. isbn: 978-1-5106-9347-0. doi:
10.1117/12.3075401.
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3.1. INTRODUCTION

Ever increasing demand for unfettered high speed global access to data
has lead to data and network providers to seek ways to meet this de-
mand. However, in order to affordably connect the most remote and
difficult to reach customers, a new approach is needed.[2] Furthermore,
constructing physical infrastructure can be costly, inflexible and vulner-
able to outages.[3, 4, 5, 6, 7, 8, 9] A strong contender is providing wire-
less networks from space. Numerous large satellite constellations are
currently being designed or are under construction, primarily using ra-
dio communication. The problem with this approach, however, is radio
frequency congestion.[2, 7, 10]

A promising alternative technology already in use to speed-up data
transmission is laser communication. Due to micro-meter wavelengths
instead of millimeter radio wavelengths, the beam divergence can be re-
duced by at least 3 orders of magnitude for a given aperture size. As a
result, the transmission losses are heavily reduced and crosstalk as well
as interference between users eliminated, making available a compara-
tively large bandwidth at high signal to noise ratios (SNR). This allows for
higher capacity data links at lower SWaP, making laser communications
an attractive technology for space based communications.[7, 8]

As a result, although not yet equally as established as radio commu-
nications, laser communications is seeing increased use in space. For
example, bringing laser communication to consumers on the ground, air
and sea is also gaining interest.[3, 4, 5, 6, 11, 12, 13] Furthermore,
small satellites (from nano to mini ranges) are becoming increasingly
numerous in various applications.[7, 14] Laser communication promises
miniaturized high-capacity communication for small satellites.[7, 8] In
this vein, large constellations of satellites heavily rely on small satellites
(up to 500 kg) to bring internet connection to consumers from space,
and require increased capacity between satellites to facilitate this.[7, 10,
14, 15] Furthermore, large capacity feeder links and data relay applica-
tions are also looking towards laser communications to supplement the
download of data between space and ground.[5, 16, 17, 18]

These trends indicate a direction of space-based laser communications
to be used in all aspects of communications, especially in networks. The
domains that consider laser communication span a wide range of loca-
tions, from LEO to GEO and large networks to single links. Of particular
interest in this work are applications where laser communication is ex-
pected to serve numerous clients. Specifically in the area of space-to-
space and space-to-Earth communications, with the former focusing on
inter-satellite data relay/forwarding applications and the latter on provid-
ing data services to numerous users on Earth. Chapter 2 investigated
the number of users and data rates for a number of use cases and de-
termined that each satellite could serve 10s to 1000s of users across
domains. Additionally, the data demands per link can amount to multi-
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ple gigabits per second.

Nonetheless, low beam divergence simultaneously also makes laser
communication by nature point-to-point communication. Although this
might be sufficient for some applications, it might hold back integration
of laser communication into point-to-multi-point applications.[19, 20]

There are three overlapping potential areas identified where laser com-
munication for space applications currently encounter challenges: link
switching and reliability, routing of data and nodal networks, and scal-
ability in terms of Size, Weight and Power (SWaP) when expanding to
multiple links per satellite.

Link switching, for example, occurs when a link is established with a
transceiver different from the one currently active. Switching links are
inevitable when targets and transceivers are moving into or out of each
other’'s view. As a result of low beam divergence and optical wave-
lengths, moving in and out of view completely interrupts data flow for
a significant portion of time until the next link is finally established.[11,
12, 21, 22, 23] This makes the (re-)acquisition phase inherently expen-
sive from an operational and network perspective, as it requires peer
discovery through a thorough search of the field of regard (FoR).[11, 24]
When optimizing link selection and network topologies through mathe-
matical cost functions, a large cost is attributed to termination and (re-
Jacquisition processes for establishing a new link.[11, 12, 22, 23, 24,
25] As a result, the decision to switch to more optimal links is postponed,
thereby making the link configuration sub-optimal and decreasing attrac-
tiveness of using laser communication. While these processes are being
optimized, the drawbacks of link switching remain.[11, 22, 23, 25]

Connecting points to multiple other points through links naturally cre-
ates nodal networks. In such a network, each node is connected to mul-
tiple other nodes. This not only allows for redundancy and flexibility in
routing options but also increased volumes of data transmitted through
multiple links. Furthermore, these network architectures are common
and moving to such a network type would improve compatibility with
existing network architectures and routing algorithms, further improv-
ing performance[10, 19, 20, 21, 26, 27, 28, 29, 30]. The drawback of
laser communication being point-to-point by nature is that it connects
two nodes rather than connecting one node to multiple nodes. Proposed
laser communication networks rely on multiple laser communication ter-
minals per spacecraft to create these networks as a result.[19, 20, 27,
28, 31, 32, 33]

Considering the scalability of such a solution, while increasing the num-
ber of terminals would work to make spacecraft point-to-multi-point, it
does not reduce the SWaP per beam. The result is limited scalability
of laser communication in such applications. This is in stark contrast
to modern radio communication systems, with its the ability to perform
communications over multiple links at once[19, 20, 27, 28, 31, 32, 33].
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As a result, combining multiple beams into a single multi-beam termi-
nal (MBT) would overcome the three challenging areas mentioned above.
This would allow establishment of links to multiple unique targets while
sharing components, making it more SWaP-friendly per beam and there-
fore more scalable.[27, 31, 32, 33] Multiple links to multiple targets, such
as shown in Figure 3.1, would also create a nodal network and provide
multiple routing options. Another benefit is that each terminal has a set
of existing optimized links, allowing interruption of multiple links at once
while not losing connection to the wider network which improves relia-
bility. The terminal would also be able to acquire new links in parallel to
maintaining existing links, in turn cutting the cost of (re-)acquisition.

Some work on space MBTs for space applications has been done. This
work will be investigated in greater detail in Section 3.3.1. However, the
available literature on MBTs is sparse. Nevertheless, some work has been
done on the design of multi-beam steering systems, proposing systems
from antenna and mirror arrays on overview chapters.[27, 33] Work has
been done on FSM array designs, which use multiple FSMs to steer mul-
tiple beams.[34, 35] Furthermore, a design has been proposed where
transceivers are selected to spatially serve an area.[36] However, these
systems are not described in detail beyond their patents.

More detailed work has been done on the use of liquid lenses to cre-
ate multi-user laser communication. Such a system uses a wide beam
steering concept and quickly jumps between targets to establish and
maintain multiple links at once.[37] While this concept is interesting,
the time division of a single beam yields decreased data rates and to-
tal communication time share (as a result of time lost hopping between
counter terminals). Other work has also proposed sustained multiple
beams in multistage steering systems that combine multiple steering
mechanisms. This would improve the flexibility and scalability of such
a terminal.[31] The system which has been furthest developed, is One-
Point to Multi-Point laser communication system (OPMP), which has been
designed, prototyped and tested experimentally.[19, 20, 28, 38] This de-
sign features large mirror arrays arranged in a parabolic configuration to
allow for a large field of service.

As can be seen, the literature on space borne MBTs is limited and MBTs
as a technology is therefore still in its infancy.[19, 20, 27] The exist-
ing work also consists of a diversity of different design choices resulting
in stark differences between designs. As a result, there is currently a
framework lacking through which MBTs can be designed. In particular
designed, prototyped and tested experimentally steering portion. Such a
framework could be created by analyzing the use cases, adjacent fields,
added value and important functions of MBTs. This would help to create
an overview of possible design options and layouts for the multi-beam
steering system.

This chapter proposes a function flow diagram and design option tree
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Figure 3.1.: lllustration of multi-beam laser communication terminals in
space providing data connection services to a variety of
users in a nodal network type fashion.

for MBTs to help answer the question:
How can multi-beam steering systems be designed?

This question will be answered in two parts by answering the following:
1) What are the functions that an MBT steering system needs to fulfill?
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2) What are the design options and how can we select between them?
Subsequently, the results from these sections will be applied to some
selected use cases and the outcomes will be discussed.

3.2. FUNCTIONS OF MULTI-BEAM LASER

COMMUNICATION TERMINALS

This section will discuss the functions of a multi-beam laser communi-
cation terminal (MBT) steering system. Taking a page from single beam
laser communication terminals, the function flow of MBTs is split into
three parts: 1) Acquisition. 2) Link sustainment. 3) Link termination.
Considering that MBTs have multiple links, the functions can be viewed
from both a per-link perspective, as well as the functions of the termi-
nal as a whole. All of these perspectives will be discussed in their own
subsections, starting with acquisition.

3.2.1. ACQUISITION

Here acquisition is understood as the process of establishing a link. This
includes the time from initiation, coarse alignment, fine alignment until
the establishment of a stable link over which data can be transmitted.
Due to the low beam divergences used in laser communication, find-
ing the target can be difficult and time consuming.[11, 12, 21, 22, 23]
In a literature search, no proposed acquisition schemes for MBTs have
been found by the author. Hence the functions here are extrapolated
from three adjacent areas: 1) single beam laser communication termi-
nals (SBTs) 2) multi-beam radio communication 3) multiple target track-
ing.

Considering SBTs first, a challenge that MBTs share with SBTs is that
the narrow beam width creates a problem in determining the location of
the other terminal, especially without prior knowledge. This is overcome
through search patterns. These search patterns can be initiated by ei-
ther party and often are shaped as a spiral.[39] Each terminal monitors
its Field of Regard (FoR) for a signal from the other. This pattern is then
expanded until such a signal is received. The target is then tracked and
steered to until pointing errors have been reduced such that communi-
cation becomes possible. This is often achieved through both coarse as
well as fine steering. Once the signal is coupled into the transceiver,
communication can begin and the acquisition phase is over.[39, 40, 41,
42, 43, 44]

The main take-aways from SBTs are that the narrow beam divergence
is overcome through following a search pattern and monitoring of the FoR
for return signals, in the same way as SBTs. However, when investigated,
the single beam acquisition process differs in two main ways from multi-
beam acquisition. The first is the size, orientation and use of the FoR
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and the need to accommodate multiple beams in multiple stages at the
same time. The second is the need to filter out noise and false targets. To
determine these functions, the fields of radio and multiple target tracking
were used.

The initiation of acquisition can come from either terminal at each end.
One potential difference the FoR makes between SBT and MBTs would be
the coarse alignment phase where terminal FoRs are aligned. In a nar-
row FoR scenarios, both terminals need to actively search by moving the
FoR in order to avoid missing. The narrowness of the FOR makes it that
the counter terminal is likely not within the FoR to begin with. For both
terminals, prior knowledge with respect to the counter terminal location
and acquisition initiation time is either required or can play a large role
in the acquisition duration. For wide FoRs, this initial pointing of the non-
initiating terminal is less crucial, potentially only requiring prior knowl-
edge from the initiator side with regards to the correct direction for initial
beam pointing. In wide enough FoRs, such that the counter terminal is
within the FoR already, an MBT could conceivably listen for an initiation
attempt from either MBT or SBT counter terminals. Furthermore, in order
to initiate in the same scenario, the MBT would start steering a beam in
a search pattern into a pre-determined FoR location. The coarse align-
ment of telescope FoRs would therefore be unnecessary from the wide
FoR MBT side as this step was completed by default due to the counter
terminal already existing within the wide FoR.

Nevertheless, in both terminals, active monitoring of the FoR is re-
quired after the acquisition phase has been initiated.

To communicate with multiple spatially distributed targets in a reliable
manner without favoring one link over another requires an FoR unbiased
to one particular link. As a result, the orientation of the terminal and by
extension, the FoR cannot be easily adjusted. The FoR tracking sensor of
an MBT will track a larger FoR larger compared to that of an SBTs. The
identified literature on proposed MBT designs also have this in common.

Multi-beam radio communication, such as that found for 5G and 4G,
acquire spatially through detection on an antenna array with a wide FoR.
These can be full 360° in all directions. This is done without adjusting
the orientation of the array itself. The FoR plane is therefore spatially
sampled by transmitters and receivers. Transmitters are then selected to
optimally serve the new target while maintaining the existing links.[45,
46, 47, 48, 49]

For radio communications, techniques to sub-divide the plane and strate-
gically subdivide (tile) the FoR are directly transferable to MBTs which
tile the plane and steer beams using transmitter selection.[50] For MBTs
which require steering, these methods are still useful when utilizing the
FoR for steering and receiving purposes. Missing however, is a method
by which multiple targets can be correctly identified and tracked in the
presence of noise.
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In Chapter 5 and Chapter 6 the steering and tracking will be discussed.
Briefly however, there is a need to filter the sensor data and subse-
quently validate as well as identify the target. In multiple target track-
ing, the sensor readout and data processing are separated from the data
analysis to assess likelihood of correct target identification. During this
process the potential new target is tracked and evaluated through a prob-
abilistic approach. In the meantime, each existing target is also tracked
simultaneously without interruption.[51, 52] Each MBT which requires
target tracking for both active steering and transmitter selection.

Having considered the literature, these concepts can now be adapted
to MBTs. From the perspective of one beam within the MBT, the func-
tions have been illustrated in a function flow diagram shown in Figure 3.2.
Looking from the terminal perspective, when considering multiple beams,
the multiple target tracking algorithm will be able to assess all existing
and potential new beams in the FoR at once. The same is true for the
steering algorithm which will consider the placement of any newly ac-
quired beams to allocate receivers and transmitters as required. The
operation of an MBT, in contrast with an SBT, exists on a continuum.
Multiple links can be undergoing acquisition, communication and termi-
nation at the same time. This will be discussed in Section 3.2.4.

Acquisition
st - Detection of N :
art-up Monitoring Read Out Potential Following Location Rx/Follow
Field of > e »  Tracking > .
Service Initiation Tracking
Attempt
Y ) Y
Detection Data
- - Validation of
Rejection Filtering good target
Continue with Aquisition
Multi-Beam Control

Controller

Indentification .
Processing

Location of Target

. Comm. Tx Tracking/ Connection
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Target

Target

Figure 3.2.: Function flow diagram of multi-beam acquisition.
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Following acquisition, the processes needed to sustain a link are initi-
ated.

3.2.2. LINK SUSTAINMENT FUNCTIONS

Here, link sustainment is understood as the process by which a link is
maintained such that data can be transmitted. From the perspective of
the terminal when considering one beam, sustainment chronologically
occurs after acquisition. However, from the broader terminal perspec-
tive, itis a portion of the link life cycle where there is a continuous stream
of multiple links entering, existing and leaving simultaneously.

As with SBTs, phenomena such as jitter and target motion need to be
compensated. SBTs do so through tracking the beam and correcting for
errors. The movement of a target produces a wandering motion from the
perspective of the terminal. This motion is compensated through coarse
pointing systems (motorized mounts for example) or body pointing (ro-
tation of the satellite). For MBTs however, as discussed in Section 3.2.1,
the FOR must accommodate multiple targets and as a result will not be
re-orientable to a more favorable position for a single link at the expense
of other links. As a result, the FoR will be larger to accommodate this
wander and spatial distribution of targets.

For radio systems which tile the FOR with beams, due to more divergent
preformed beams and static antennas, tend to hand over the target to
the next beam or slew a beam.[45, 46, 47, 48, 49] This process can
be referred to as pre-coding. In the case of MBTs where transmitters
and receivers are selected as a form of steering, this approach would be
similar.

With respect to multiple target tracking, the main functions of filtering
and target identification remain relevant. One key component is to iden-
tify and label each individual beam in order to distinguish it from other
beams. Temporally maintaining the correct label to each beam from one
instant of time to the next is crucial. This is particularly important when
beams are in the proximity to other beams as these are regions where
confusion can most likely occur.[51, 52] However, there are numerous
and diverse methods through which this can be achieved, and this is
beyond the scope of this chapter and will be discussed in Chapter 6.

The transmitted beams and the received beams can be considered
separate, unless the terminal is designed such that the control of one
directly controls the other. The function flow for link sustainment from
the perspective of a terminal of one beam is shown in Figure 3.3.

The functions and their order are similar to that of an SBT. However,
considering the details of each function more closely, the implementa-
tion can take inspiration from radio and multiple target tracking.



78 3. Design of Multi-Beam Steering Systems

Link Sustainment

X Correctly
Light Cogﬂpatlble Steered Light Guid .
ig eam . uidence of
™1 Collection > RxSteering ”] Light to Rx
4 Steering Control
| 9 ¢ To Rx
npu v
N Rx Tracking Rx Steering Recieve
Sensing Control Signal
Data Steering Command
Filterin Validation of
9 good target
Aquisition Multi-Beam Control
Indentification Processing
Data T \_¢CSteering
ommand
Location T t
Tx Tracking of Target | Tx Steering R rage
: > ecieves
Sensing Control )
Signal
Steering Control )
eering Control Free Space
Input
\ 4
Correctly
i Steered Light
Light Light Tx Steerin N Guidence of
Transmission d 9 "ILight to Target
I

Figure 3.3.: Function flow diagram of multi-beam link sustainment.
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3.2.3. LINK TERMINATION FUNCTIONS

When the link either is lost, a hand-off needs to occur or when the com-
munication has ended, the link can be ended through a termination pro-
cess.

In the case of multi-beam radio communications as well as multiple
target tracking, multiple targets are tracked. To do so a form of register
is maintained of the known targets and their location.[51, 52] Such data
needs to be updated. In the case of abrupt loss of contact an analysis
needs to be performed to ensure that the beam has indeed been lost.
This is illustrated in Figure 3.4. This process is of primary importance for
the software and operations. Nevertheless, a termination process also
offers the ability to re-direct resources.

Link Termination
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Start-up Link Loss or 9y link in would be | Verify link has Re-distribute
Terr.n.lngtlon termination > bgen > system
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Update tracking system on l_¢ T present
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Filtering Validation of
good target
Indentification Controll.er
Processing

Figure 3.4.: Function flow diagram of link termination.

3.2.4. MULTI-BEAM TERMINAL FUNCTIONS

So far, the functions have been viewed from the perspective of the ter-
minal on the life cycle of one beam. From a broader perspective, the
terminal is handling multiple beams in various stages at once. In con-
trast to SBTs, MBTs operate on a continuum of link acquisition, sustain-
ment and subsequent termination, as shown in Figure 3.5. From a high
level perspective, these functions need to happen in a parallel and coor-
dinated fashion to achieve high quality and reliable links. Furthermore,
it is important from an MBT perspective that different targets are kept
separate from each other, in particular for control. This is done through
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filtering and correct identification as part of multiple target tracking in
combination with a steering strategy shown in Figure 3.6.
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Figure 3.5.: Phases of beams from perspective of single and multi-beam
terminals.

Higher level multi-beam specific functions for the controller are de-
picted in Figure 3.7. In contrast with single beam tracking, multi-beam
tracking cannot rely only on broad image processing techniques such
as center of gravity and peak intensity tracking. This is because these
methods analyze the sensor output data globally. In contrast, multiple
beams exist in multiple places on the sensor. As a result, local track-
ing has to be performed. In addition, beams must be separated from
noise, individually identified, verified and associated/labeled correctly.
As will be seen in Chapter 6, multi-beam tracking takes lessons from
multi-target tracking. As a result, this function flow is heavily inspired by
multiple target tracking.

An additional difference between multi-beam and single beam tracking
is resource utilization and allocation. Instead of there being a transceiver
and steering system per beam/link/counter terminal, the utilization of
which is fully dedicated to the active link, multi-beam terminals have
multiple links to contend with. The allocation of beams to transceivers
and steering mechanisms requires a strategy to ensure appropriate re-
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Another aspect is steering multiple beams. Multi-beam steering sys-
tems also have finite beam accommodation capacity and hence steering
is a finite resource. Aside from resource allocation and steering com-
mands, it is worth looking into the functions of a multi-beam steering
stage. The multi-beam steering system employs multi-beam steering
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mechanisms to steer multiple beams. The vast majority of steering
mechanisms angularly change the direction of the beams. To correct
for translation errors caused by motion of the targets, the optical sys-
tem must convert the angular corrections into translational corrections.
To correct angular errors, the optical system must ensure that the an-
gular input is correctly projected onto the output plane. For example,
angular changes in the pupil plane lead to translational changes in the
image plane. The transmission as well as receiving functions are shown
in Figure 3.8 while the steering stage functions are shown in Figure 3.9.

Observing in Figure 3.8 that the steering system must handle the trans-
mitted as well as received beams. This process is almost exactly the
opposite, with the difference being primarily the point-ahead angle and
potentially different beam shapes or divergences. It is hence worth con-
sidering using the same system for both transmission as well as receiv-
ing. This concept will be employed in Chapter 5 and has been employed
in our previous work.[31, 53]

Mechanistic Multi-Beam
Steering Train Functions

Rx Steering Train Functions

f Connecting Incoming Dynamically Moving E
Beams to Static Allocated Receivers
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. . Align Beams Recievers
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Connecting Static Transmitters to
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Beams H Motion B to Counter :

Terminals

Figure 3.8.: Base functions of receive (Rx) and transmit (Tx) steering
functions. The symmetry between Rx and Tx together with
the two way symmetry of the underlying physics shows that
Rx and Tx beams can share the same path in opposite direc-
tions. This saves components and size.

Depending on the receiver and transmitter, there might be a need to
control translation as well as incident angular errors at the receiver plane
for efficient coupling. This is the case for fiber based transceivers as well
as same path steering layouts. As a result, a multi-beam steering system
might employ multiple stages to control three rotational as well as three
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translational degrees of freedom at the transceiver plane. These stages
are shown in Figure 3.9 and are employed in Chapter 5. They have been
discussed in previous work.[31, 53]
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Figure 3.9.: Base functions of two steering stages with the purpose of
positional correction (top) and angular correction (bottom).
Combining two steering stages (depicted in the boxes with
dotted lines) allows the system to correct both translation
and angular errors.

In the next section the design options for the steering system will be
discussed, which will also further detail each configuration which can be
chosen.

3.3. DESIGN OPTIONS FOR MULTI-BEAM STEERING
SYSTEMS

Now that the functions of multi-beam steering have been discussed, the
design of the steering system can be investigated. When designing a
multi-beam steering system, two questions arise: 1) what are the plau-
sible design options? and 2) how can be selected between them?

To answer these guestions, the approach is split into four parts: 1) An
overview of the high level design choices made by other MBT designs,
both for spacecraft as well as terrestrial applications. 2) A possible design
decision tree is presented which can be followed as a recipe for a specific
use case. 3) Example use cases have been selected to illustrate the
application of the tree. 4) The results of this section are discussed.

While this chapter will shall stay on a high level, a more detailed design
is likely dependent on the specific requirements at hand.
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3.3.1. PREVIOUS MULTI-BEAM STEERING SYSTEM DESIGNS

Having detailed the MBT functions, it is now possible to look at design op-
tions to fullfill these functions. In this subsection, design choices will be
gathered based on previously discussed literature on MBTs. The goal is to
determine what designs are commonly used in which context. However,
in order to overcome the lack of literature on MBTs, designs from adjacent
fields which contain systems with overlap of space MBTs have also been
selected. In total 20 systems were selected from space MBTs, 3D MEMS
optical cross connects (OXC), Lifi, and fixed multiple input and multiple
output (MIMO) free space laser communication systems. An overview
of these systems including references can be found in Appendix B sec-
tion B Table B.2. This list is by no means exhaustive. However, it provides
a selection of systems out there to illustrate their associated design op-
tions. Visual representations of the steering systems are provided in
Figure 3.10.

The evaluated systems showed that the design choices were influ-
enced by the way multi-beam communication was applied. For exam-
ple, if the application involved static targets, closed loop control systems
were less likely to be chosen, unless it required adaptive optics to com-
pensate for turbulence. The observed applications can be broken down
into four categories, each with two distinct and juxtaposed application
subcategories: 1) Transmission: broadcasting and point-to-point. 2) Tar-
get behavior: Static vs moving targets. 3) Target density with respect to
steering system spatial resolution: higher or lower. 4) Communication
direction: duplex or non-duplex.

The steering design choices were more diverse, both between and
within categories from adjacent fields. For example: MBTs, LiFi and fixed
MIMO systems all have examples of transceiver selection as a design
choice for steering beams. It was found that when a different combina-
tion of these design options were chosen, it would drive the design and
steering mechanism selection into a different direction from other sys-
tems. The steering system design choices where split into three main
categories: 1) The chosen steering mechanism(s). 2) Type of steering
control loop employed. 3) Number of steering stages used.

These systems were placed in a table to show combinations of applica-
tion and design choice. This table can be found in Appendix B section B
labeled Table B.1 with Table B.2 serving as index for the acronyms. This
can be useful for readers looking for examples and literature. It also
shows which application and design choices are most popular. Never-
theless, this table is cumbersome, making it difficult to evaluate which
design choices could be used for space MBT steering systems or bor-
rowed from adjacent fields. One clear choice that has not been made in
the selected systems is broadcasting.

To show overlap with adjacent fields, show patterns and make the dis-
cussion clearer, a more digestible color coded version of the literature
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Figure 3.10.: lllustrations of multi-beam steering systems. (a) FSM and

large mirror arrays. (b) Transceiver selection system. (c)
Transceiver positioning. (d) 3D MEMS switch. (e) Fixed
MIMO system. (f) Multi-staged multi-beam steering system.
Figure taken from "Free-Space Multi-beam Optical Commu-
nication Terminal Design for Spacecraft" by J. Spaander on
page 81 Figure 5.32[31], reprinted with permission.
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tables for systems in each adjacent field are compared. These can be
found in Table 3.1 with the color index presented in Table 3.2. Each cell
in the table indicates that one of the considered designs has chosen that
design option in combination with a particular application.

Table 3.1(a) shows that the design choices considered in the literature
for space MBTs span most of the table. This is an indication as to the
diversity of proposed MBT steering systems in literature and a main mo-
tivator for this chapter to organize these choices. Nevertheless, some
observations can still be made. The most common design choice was
to use a form of mirrors in a closed control loop. However, a number
opt for transceiver selection. First, in order to gain insight into the de-
sign choices, we will compare these terminals with applications such as
LiFi, fixed point-to-multi-point systems and optical switches (OXC) to gain
insight based on overlap.

Comparing OXCs to space MBTs an interesting overlap can be observed.
This is shown in Table 3.1(b). For one, the OXCs considered for this chap-
ter use 3D MEMS micro mirror arrays (MMA) to connect one optic fiber
to another one. These tend to use two steering stages to control four
degrees of freedom: the angle and position of arrival. This aids fiber cou-
pling, increasing efficiency through improved mode matching. Improved
fiber coupling improves insertion losses (in this case analogous to fiber
coupling efficiency).[54, 55, 56, 57, 58] Such functionality was already
discussed in Section 3.2.4.

Furthermore, since both the optic fibers are static, each optic fiber on
either end of the steering system has a dedicated micro-mirror. These
MMAs are selected for their switch speed and their ability to connect
any two fibers through a combination of two mirrors (see Figure 3.10(d)
for illustration). This makes it possible to cross connect on the order of
1000x1000 fibers in a compact form factor.[54, 55, 56, 57, 58, 59, 60, 61]
This demonstrates the scalability, performance and mechanism-sharing
principles of such a steering system.

Since each fiber has a dedicated mirror, the beams are both of a
smaller diameter than the mirrors and the angular target density must be
smaller than the spatial resolution of the steering mechanism (referred
to as the steering resolution, not to be confused with angular resolution).
Lastly, since the location of each fiber is known, the control loop used
is open and no tracking sensors are required. This in turn saves signal
power due to no beam splitter being needed to feed light into a tracking
sensor and thereby improving overall system efficiency.

While some space applications might use an open control loop for
transceiver selection, when using mirrors this is likely not the case. Closed
control loops are chosen primarily to correct for non-static targets and
the need to compensate the target wander as well as the spacecraft jit-
ter. This makes the transferability of the control aspects limited between
3D MEMS OXCs and MBTs. On the other hand the improvement in fiber
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Table 3.1.: Literature Comparison Tables, see Table 3.2 for the index. "B"
and "M" denote beam and mirror sizes respectively.
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Table 3.2.: Index for Table 3.1.

coupling efficiency when using multi-stage control can be considered to
improve the system efficiency and signal to ratio. The MBT designed
by the TU Delft proposes an SLM-MMA multi-stage steering system, us-
ing the SLM to correct for target wander (thereby spatially decoupling
the targets from the transceivers) and an MMA for higher speed distur-
bance compensation.[31] Control over the position and angle has the
additional benefit of allowing the transmitted and received beams to fol-
low the same path. A closed control loop necessitates the addition of
tracking sensors which in turn reduces signal power efficiency. A system
with a similar control scheme is proposed by Mitchell et al.[62] to com-
pensate for jitter, however, this is used to control the same degrees of
freedom for a single beam.

Table 3.1(c) shows limited overlap between the selected LiFi systems
and space MBTs. However, this approach is similar to transceiver selec-
tion and taken as a method to make a compact system without moving
components. Furthermore, the wider beams also allow for users to move
throughout the FoR without the need for high spatial resolution in both
steering and tracking. As a result, the target density can be larger than
the steering resolution.

Lastly, Table 3.1(d) compares fixed point-to-multi-point systems. These
systems are used, for example, to communicate between buildings or
server racks. There is significant overlap. For one, many of these sys-
tems also require closed loop control to compensate for jitter. However,
the propagation distances are on the order of meters to kilometers, in
stark contrast to 100s km to 10,000s km for space applications. Addi-
tionally, these terrestrial applications have considerably less strict SWaP
requirements. This allows fixed point-to-multi-point systems to use mir-
rors larger than the beam diameters. Nevertheless, these proposed sys-
tems are free space multi-beam laser communication terminals used for
MIMO network applications.

Also important to note, no system considered used light to broadcast
information over the whole aperture. While not directly motivated in
literature, it can be speculated that this has not been done due to it
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removing the main benefit of optical communication, namely low beam
divergences. The lower beam divergence in turn reduces power losses.

Coming back to space MBTSs, it is clear that closed control loops are
preferred due to target motion and jitter. However, when considering de-
sign choices for steering mechanisms mirrors and transceiver selection
are most popular. Although these design choices are not fully justified
in the literature discussed, it does seem that these systems intend to
simplify the system by removing control loops and moving components.
Nevertheless, creating a duplex system where the received beam is pas-
sively coupled into the receiver is a difficult task which requires high
densities of receivers to cover the FoR and numerous hand-overs during
the link sustainment phase.

It is important to note that the discussed design choices until now in
this subsection have not been directly motivated from the perspective
of SWaP or performance in their associated literature. It is difficult to
find exact dimensions, mass and power consumption data as well as an
analysis and motivation as to why.

Having considered the design choices and application context for ex-
amples of previous MBT steering system designs, Section 3.3.2 will com-
bine these design choices. The combined design options are presented
with a proposed method for choosing between them.

3.3.2. DESIGN OPTIONS AND RECIPE

Having evaluated the design choices made by previous designs in Sec-
tion 3.3.1, an overview of design options and their associated method of
applying multi-beam communication can be created. This section will in-
vestigate and propose a method on making choices between the design
options at this preliminary stage. The design options were analyzed and
organized. On this basis, a design choice model (recipe) in the form of a
design option tree is proposed in Figure 3.11. This tree can be used by
answering simple yes or no questions based on the use case selected.

The first step in Figure 3.11 is not chosen often, as shown in Table 3.1,
since this would negate the slow beam divergence benefits of optical
wavelengths.

Having selected point-to-point communication, the question of the mo-
tion of the targets need to be answered. In static target applications,
placing the terminals statically reduces the system complexity substan-
tially. However, for inter-satellite and space-to-ground communication as
discussed in Section 6.1, this is not a valid assumption.

The target density in these applications could be higher than the steer-
ing spatial resolution. l.e., are there enough steering effectors to steer
each beam individually or are the beams resolvable? As a result, distin-
guishing and serving the targets individually through the steering sys-
tem might not be possible. This would imply that transceiver selection
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could be a possible design choice due to the discretization of the field of
service not being problematic. In fact, choosing this option could be ad-
vantageous as it would not require any moving components in the optical
system and reduce the steering system complexity. However, when com-
municating with resolvable targets which need to be served individually,
this could become an issue. In such situations strong improvements in
efficiency and cross talk can be achieved by steering beams individually.

At this stage steering mechanisms should be chosen. Due to the vari-
ety of options found in literature as well as functions discussed earlier,
this part of the tree is more detailed. Moving clockwise starting with com-
paring the FoS to the FoR, the question of the need for a coarse pointing
assembly (CPA) can be answered by whether or not the field of service
can be achieved in the field of regard. An alternate formulation could be:
can the terminal re-orient itself to point into a different direction? Should
this not be the case and the satellite cannot reorient during the mission,
then a CPA is required.

The transceiver type will influence the geometry of the steering sys-
tem. Bulk optics or fiber based transceivers would have differing cou-
pling requirements. Furthermore, the need for a duplex system will influ-
ence the choice on the need to simultaneously steer beams in multiple
directions. This makes the steering system more complex. Lastly, the
number of beams required to be tracked can be halved if the Rx and Tx
beams share the same path. As a result, only one set of beams needs to
be tracked, simplifying the system. On top of this, the system also be-
comes more signal power efficient not having to track as many beams.

As discussed in Section 3.3.1 and Section 3.2.4, multiple steering stages
allow control over more degrees of freedom (DoFs). A single steering
stage, for example, can influence the spot position, however not the an-
gle of arrival i.e. two DoFs. Increasing the number of steering stages to
two allows control over the angle of arrival along two axes, increasing
the controllable DoFs to four. To also change the rotation and/or delay
of the beam, as might be required in polarization-sensitive applications,
another stage is needed to rotate the beam about its axis.

Lastly, should the jitter not be sufficiently compensated for, then active
alignment of the transceivers could be an option. However, the added
complexity of such a measure needs to be subject of a trade-off.

Considering the design options, a choice needs to be made as to which
type of steering mechanism/technology would suit the application best.
The next section will discuss the possible trade-offs of such a choice and
present some of the considerations.

3.3.3. STEERING MECHANISM SELECTION

Having applied the design options tree, the resulting design might re-
quire a steering mechanism which can steer multiple beams. The pri-
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mary function of a steering mechanism is to actively control and change
the direction of the beams, thereby spatially mapping the FoR to the
transceiver plane. However, ideally the mechanism should also be able
to perform this function continuously for the duration the target is ac-
tive and in the FoR. This is both a function of its ability to continuously
steer the beam during beam wander as well as the density of targets it
is capable of handling. These are just a few basic considerations.

Provided there are numerous options to choose from with various cri-
teria, a selection of the options was narrowed down and investigated
based on the systems in Section 3.3.1. In order to help compare or se-
lect steering mechanisms, Table 3.3 was created to provide a holistic
view of the possible options and their strengths. A graphical trade-off
table for steering mechanisms was chosen because it provides a struc-
tured way to evaluate and compare the various design options based on
multiple performance criteria. Table 3.3 is not complete, as the criteria
of cost is left out. This is done due to the high variability in cost between
components and a thorough cost analysis being beyond the scope of this
chapter. Moreover, users may consider to introduce weights.

The criteria chosen, their explanation and their motivation are as fol-
lows:

1. Continuous Rx beam steering during wander is a criteria where
the received beam might be lost when traveling through the FoR.
This drop can occur when the beam moves between mirrors, or onto
a mirror with another beam already steered. It could also occur
when moving between selected receivers.

2. Diffraction can occur or worsen if the steering mechanism acts
as a diffraction grating. Due to diffraction, the light is directed to
directions other than the receiver. This can cause losses, cross talk
and tracking challenges which need additional design to mitigate.
SLMs suffer from diffraction depending on the device.

3. Space heritage is an important parameter for many spacecraft
designers with regards to risk and performance.

4. Flexibility and multi-purposeness can be offered by a steering
mechanism. These aspects in optics originate from the same func-
tionality, namely, the ability to change the phase and amplitude of
light spatially. SLMs for example, can edit the wavefront at high res-
olutions, allowing for aberration corrections and beam shaping. As
a result, a commercial-off-the-shelf device can reduce the number
and cost of optical components as well as correct dynamically to
new changes in optical performance.

5. Allowable proximity between beams represents the closest dis-
tance allowable between beams. It is one of the determinants of the
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Table 3.3.: Multi-Beam steering mechanism trade-off.

allowable target spatial density and proximity to each other. Allow-
ing beams to get closer together would allow for more beams to be
accommodated at higher densities. For some devices, such as mir-
rors larger than the beam diameter, the allowable proximity would
be one mirror. For SLMs, the subdiscretization of the beam diameter
by pixels allows for the beams to even overlap, making the allow-
able proximity a function of allowable cross talk and resolvability.

6. Mass is an important cost and performance determinant for space-
craft. Larger and heavier systems, such as large mirror arrays,
would increase substantially the mass of the spacecraft compared
to small and condensed SLMs and MEMS micro-mirror arrays.
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7. Polarization limitations can be imposed by the steering mech-
anism, which in turn could make the optical design more complex
as well as reduce the multiplexing and modulation options. Liquid
crystal SLMs are polarization sensitive in their working and as a re-
sult reduce polarization freedom. In contrast, FSM and MMA devices
are generally not polarizing nor polarization sensitive.

8. Wavelength limitations in the form of specified bandwidth or spe-
cific wavelengths can be imposed by the selected steering mecha-
nism. When mechanisms impose a wavelength bandwidth, they si-
multaneously impose multiplexing and modulation limitations. SLM
actuators move/delay the wavefront, making the steering wave-
length dependent. As a result, for dense wavelength multiplexing,
SLMs can still be used. For broader spectra this becomes more dif-
ficult as the wavelengths will disperse.

Table 3.3 shows that micro-mirror and liquid crystal SLMs have strengths
and weaknesses that complement those of laser micro mirror arrays,
FSMs and large mirror arrays as well as transceiver selection. There-
fore, in multi-stage steering, two different steering mechanisms could
complement each other well. Combining these could also lead to the
best of both worlds[31].

Furthermore, it is important to note that the diffraction effects of SLMs
extend beyond losses. The diffraction pattern can also cause clutter and
interfere with tracking. Methods to reduce the influence of diffraction
include resorting to higher resolution SLMs, improved phase screens and
algorithms.[63, 64, 65, 66, 67, 68, 69] Additionally, kilo-watt level con-
tinuous wave laser powers are available.[70]

In the next subsection, a use case is applied to the methods discussed
in previous sections to illustrate the suitability of the presented methods.

3.3.4. APPLICATION ON EXAMPLE USE CASES

To demonstrate the working of Figure 3.11 and investigate patterns in
the design of MBTs, the method is applied to use cases discussed in
Chapter 2. Hearkening back to Section 6.1 and Chapter 2, the primary
applications of interest for MBTs are facilitating multiple links with non-
static targets from space-to-ground or from space-to-space. As a result,
the use cases selected for this subsection are a subset of the use cases
discussed in Chapter 2.

Critical to the design options discussed in Section 3.3 are the densi-
ties and numbers of targets. Chapter 2 derives estimates for the density
and number of targets on the basis of types, altitude, field of view and
use case. Clear from the analysis there is that the angular resolution
limits the number of resolvable targets from higher altitudes, however,
at the same time higher altitudes allow for large numbers of consumers
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to fall within the FoR. Furthermore, the number of users and their densi-
ties vary with selected target types. For example, when selecting target
types such as aircraft or other satellites within a LEO constellation, the
densities and target numbers drop. Furthermore, when selecting trains
and communication towers, these densities and numbers go up.

As a result, two axes were identified for the selection of the use case:
1) Number of users. 2) Target density. The considered use cases are
illustrated on Figure 3.12.

More Users
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GEO to Earth LEO to Earth
Consumers Consumers
Low Target - le—a“rgr;t
Density Density
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Inter-satellite Gatewavs
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Less Users

Figure 3.12.: Comparison of use cases on the basis of target wander and
number of targets.

From the use cases in Figure 3.12, LEO to Earth based Consumers
(referring here to trains, communication towers, ships and aircraft dis-
cussed in Chapter 2) and Constellation Inter-satellite Data Routing were
chosen. These were selected as these differ most in both target numbers
and densities.

In addition, for this example, the LEO to Earth use case is said to have
lower data rate requirements per link compared to the inter-satellite data
routing.

The functions discussed in Section 3.2.1 and Section 3.2.2 center around
compensating for the motion of numerous non-static targets. Fundamen-
tally, multi-beam systems have sensors with limited spatial resolution
when tracking and a limited density/number of actuators on steering
mechanisms to steer beams with. However, from the use cases of in-
terest, each target is provided a unique beam. This places the capacity
requirements on the tracking and steering mechanism selection.
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For these examples, for both the aforementioned use cases, the fol-
lowing criteria were specified:

. Each link requires point-to-point communication.

. The targets are not static.

1
2
3. The beams are resolvable both for tracking and steering.
4. The field of service falls within the field of regard.

5

. The space environment includes jitter, requiring active jitter com-
pensation by the steering system. Active alignment of transceivers
through a transceiver alignment mechanism is avoided due to sys-
tem complexity.

Now Figure 3.11 can be applied for these examples. Based on the
criteria list, both MBTs will use steering mechanisms over transceiver
selection/switch based steering. Furthermore, both do not require a CPA
and avoid transceiver alignment.

At this stage, the designs of each use case do not significantly diverge.
By applying Figure 3.11 to all the use cases in Chapter 2, it was found
that most cases result in such a combination. At this stage, what is
left is the optical path with respect to the transceivers and a decision
on the number of steering stages. These are more reliant on specific
requirements of the terminal needs to be considered.

Combining the Rx and Tx into a single transceiver interface could save
on steering system complexity. In these systems, fiber-based transceivers
could be an attractive option as these have small form factors and high
performance, attractive for both high target number and data relay ap-
plications respectively. Using such a scheme also allows the Rx beam to
share the same path as the Tx, reducing the number of beams needed
to track for duplex systems (note that this might not be possible for all
steering system layouts, however, some might require multi-stage steer-
ing).

For the steering stages, the choice between one steering stage and
two steering stages could be based on required degrees of freedom. A
driver for this design choice could be coupling efficiency, as is the case
in optical switches/cross connects. More steering stages could also be
used to control polarization. In addition to increased complexity, another
drawback is increased losses due to tracking demands.

Continuing the examples. In this case, the higher data rate use case
could choose to use polarization for modulation and increased coupling
efficiency. Hence, this application could require full control over all de-
grees of freedom and choose three steering stages. The lower data rates
per link for the LEO to Earth Consumers might opt for just two steering
stages.
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Next the steering mechanism is selected using Table 3.3. For an un-
interrupted and geographically ambiguous service from LEO to ground a
continuous steering capability during beam wander is a necessity. Fur-
thermore, in this use case the target density could in some places be
higher than others. Hence, an SLM would be required to spatially decou-
ple the target from the transceivers. The SLM has the additional benefit
of being able to correct for wide angle aberrations and distortions from
the telescope, thereby potentially reducing optical components. In sub-
sequent steering stages, the beams are already spatially decoupled. As a
a result, the translational wander is no longer a problem. A different
steering mechanism can be selected to complement the first stage, such
as a mirror array.

For data relay within constellations, lower target numbers and density
as well as clear defined orbits implies less need for spatial decoupling.
Using mirror arrays instead of an SLMs would be beneficial in this case.
Additionally, this would allow for broad bandwidth and polarization based
modulation and multiplexing options. However, such a choice reduces
the steering flexibility and adaptability of this terminal.

3.3.5. TRANSCEIVER ARRAY CONSIDERATIONS

In Section 3.3.4 the design choices converge to a steering system based
on SLMs or micro-mirror arrays. The transceiver arrays can consist of 2D
fiber arrays, however, the number of links proposed in Chapter 2 ranges
from 10-1000 beams. If each beam has a transmit optical power between
1-10W with an efficiency of 10%, the resulting power dissipation within
the satellite could be between 10-100W for 10 beams and from 1kW up
to 10kW thermal dissipation. Hence, the efficiency of the transceivers
together with the number of beams has strong impact on the thermal
design. When combined with potential mass limitations, the number
of beams might be limited to 100s for GEO platforms and 10s for LEO
platforms.

3.4. CONCLUSION

In this chapter, an overview of the literature, application, functions and
design options of multi-beam laser communication terminals (MBTs) steer-
ing system for satellites has been provided.

In this and the previous chapter (Chapter 2), it was found that MBTs
are useful in increasing the connection reliability to a wider network and
serve numerous customers. Furthermore, such terminals add routing op-
tions and functionality through a nodal network to laser communication.
When accommodating multiple links in one system, where components
can be shared, the cost and SWaP per beam decreases. This also allows
scalability.
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The functions of a multi-beam steering system were investigated by
evaluating literature on previous designs of MBTs and by looking at adja-
cent fields of single beam laser communication terminals (SBTs), multi-
beam radio systems and multiple target tracking. It was found that there
are common functions all multi-beam steering systems have in common,
such as parallel acquisition and sustainment of beams based on moni-
toring of a wide FoR. They apply tracking schemes based on probabilistic
analysis and verification of the beams being tracked. The functions can
be viewed from the perspective of a beam or the terminal as a whole.
It was found that MBT acquire, maintain and terminate multiple links at
once in parallel, in contrast to SBTs.

Furthermore, the design of the steering system was analyzed on the
basis of a variety of design options. These design options were sourced
from previous space MBTs together with systems of adjacent fields of
3D MEMS optical cross-connect switches, indoor LiFi and fixed point-to-
multi-point systems. It was found that a significant portion of the design
of MBTs overlap with 3D MEMS optical cross connect switches and fixed
point-to-multi-point systems. When looking broadly at these systems,
design choices were found and presented in a design decision tree which
can act as a recipe for initial high level design choices depending on the
use case.

Options for steering mechanisms were contrasted in a visual trade-off
table. Found was that steering mechanisms of various types complement
each other’s strengths and weaknesses.

The design options and trade-offs were applied to two example use
cases gained from Chapter 2, one with high numbers of targets and an-
other with lower numbers of targets. It was found that both can utilize
multi-staged steering systems to provide control over all the relevant de-
grees of freedom. They differed, however, in the selection of the steering
mechanism on the basis of data modulation freedom and spatial decou-
pling.

Furthermore, due to their ability to continuously steer wandering beams,
MEMS micro-mirror array and liquid crystal SLMs are devices which show
promise when used as a steering mechanism in at least one steering
stage to spatially decouple the target from the field of regard. Addition-
ally, they offered a high degree of flexibility, owing to their ability to
adjust the wavefront at high resolutions.

As a result, research into- and demonstration of SLM based tracking
and steering stages will be the subject of the remainder of this thesis. In
the next chapter, the hardware setup used will be discussed.
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HARDWARE SETUP

I don’t have a plan, but | do have a strategy.
C.J. Cregg (The West Wing)

This chapter presents the design and implementation of a novel
experimental hardware setup for multi-beam laser communication,
containing a new multi-beam source as well as a demonstration of
a multi-beam steering layout. The setup is specifically developed
to enable subsequent chapters to demonstrate multi-beam steering
concepts and to experimentally verify and validate the underlying
theoretical models and concepts. The chapter details the optical layout,
including the architecture for generating multiple independently moving
beams and projecting them through the optical system. Additionally,
it explores the interfaces of key devices, such as the image detector
and spatial light modulator (SLM). Furthermore, the methodology
implemented for efficient management of interfaces and their relation
to system memory will be explained. This setup not only addresses a
gap in existing experimental infrastructure but also serves as a platform
for advancing research in multi-beam laser communication systems.

Parts of this chapter have been published in:

e J. Spaander, R. Saathof, E. Gill, and J. Guo. “Tracking Algorithm for Multi-Beam
Laser Communication Terminals”. In: (2026)

e J. Spaander, J. Guo, R. Saathof, and E. Gill. “Reducing beam tracking complexity
using a phase ramp and Fresnel lens when steering beams using spatial
light modulators”. In: Optics Letters 49.13 (June 2024). Publisher: Optica
Publishing Group. issn: 0146-9592. doi: 10.1364/01.523438. (Visited on
07/09/2024)
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4.1. INTRODUCTION

The investigation into the design options and trade-offs in Chapter 3
yielded a multi-beam steering system layout of interest based on spatial
light modulators (SLMs). The SLM in this system functions to allocate
individualized steering area and input to each beam dynamically as
the beam wanders. As a result, the beams are then steered correctly
between the targets and transceivers. In the coming chapters, steering
and tracking concepts using this system will be further investigated. At
the core of the employed methodologies are hardware experiments.

The goal of this setup is to create a representative environment
to demonstrate multi-beam concepts. The setup should therefore be
capable of producing and reproducing multiple independently moving
beams. Additionally, it should be able to generate images of these
beams through an image detector. Furthermore, this setup should be
re-configurable to experiment with different aspects of steering and
tracking separately. Lastly, the form factor and number of components
should be minimal within the constraints of the lab environment.

Some hardware demonstrations have been performed in the context
of multi-beam terminals for spacecraft. However, these have been
performed for different steering system layouts.

Lab, Indoor and outdoor hardware demonstrations have been
performed by Changchun University of Science and Technology, China.
Huilin et al. presented initial experimental results for a mirror array.[3]
Further analyses were performed on the parabolic confocal reflection
array by Zhang et al.[4] Subsequently outdoor ground-to-blimp tests
were performed in 2021 by Wang et al. using a prototype of this
system[5] and again indoors in 2023 by Wang et al.[6] The steering
system design mainly focuses on large mirrors followed by subsequently
separate optical system with fine/fast steering mirrors (FSMs) for each
beam.[3, 4, 5, 6]

A critical difference between these hardware setups is the underlying
selected beam steering system designs. The SLM based steering system
proposed in Chapter 3 shares both tracking and steering components
between beams.

Efforts by the German aerospace center (DLR), presented by Poliak et
al. in 2022 and 2024, in collaboration with ESA designed and built a wide
FoV telescope and steering system for an MBT in geostationary orbit.
These have been demonstrated in a laboratory setting.[7, 8] However,
due to the mission profile, this demonstration included a single MEMS
mirror to control a beam.

However, this setup does not allow for individualized steering of each
beam similar to the proposed SLM based steering system.

To the author’'s knowledge, SLM-based multi-beam steering stages
for space-based multi-beam terminals have not previously been
demonstrated.
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This chapter presents the design and implementation of a novel
experimental hardware setup for multi-beam laser communication,
containing a new multi-beam source as well as a demonstration of
a multi-beam steering layout. The hardware setup will serve as
the foundation for the research, verification and validation activities
in the remainder of this dissertation. This was done to verify
that the theoretical behavior and performance correspond to practical
experiments. In addition, performing hardware experiments was
expected to yield additional practical challenges that could be taken
into account in the subsequent research. Furthermore, it was also used
to validate that the outcomes correspond to the desired outcome for the
system as a whole.

The aim of this chapter is to provide a specific description of the setup
and to document the choices and working thoroughly. Starting with
the requirements, the specific capabilities will be detailed. Then, the
individual components will be discussed in more detail, beginning with
the multi-beam source, image detector and SLM. After this, the overview
of the system and optical integration will be discussed. Lastly, different
configurations for testing different concepts are highlighted. At the end
of the chapter, a component list is provided before the conclusion.

4.2. REQUIREMENTS

Having discussed the high level system design and functions in
Chapter 3, this section will detail the requirements for the setup.
Requirements will be denoted with "HSR" (hardware setup requirement).
There will be four sets of requirements discussed:

1. The high level setup requirements. These will be denoted with
"HL". These will prescribe the required capabilities and layout of
the setup as a whole.

2. The multi-beam source requirements. These will be denoted by
"MBS". These will define the capabilities of the multi-beam source.

3. The image detector requirements. These will be denoted by "ID".
These will describe the technical specifications of the camera.

4. The SLM requirements. These will be denoted by “SLM” and will
describe the technical specifications of the SLM.

These will also be discussed in this order, starting with the high
level setup requirements. Focus was placed on proof of principle and
on individual elements of the steering and tracking of multiple beams.
Therefore, overall control loop latency requirements were deemed
outside of the scope.
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4.21. HIGH LEVEL SETUP REQUIREMENTS

The goal of the setup is to verify and validate SLM based multi-beam
steering system concepts and theory. As a result, the following high
level requirements have been deduced:

HSR-HL-1: The hardware setup shall use an SLM steering and image detector
based multi-beam steering system layout.

HSR-HL-2: The hardware setup shall generate multiple individually moving
beams.

HSR-HL-3: Individual elements shall be compatible with a metric optical
breadboard system with grid of M6 tapped holes at 2.5 cm pitch.

n HSR-HL-4: The selected wavelength will be in the visual range (630-400 nm).

HSR-HL-1 stems directly from the discussion in Chapter 3. In order to
evaluate this system, reproducing its layout is required. Furthermore,
HSR-HL-2 specifies that multiple individually moving beams must be
produced in order to create a better representation of moving beams.
HSR-HL-3 is a practical requirement that allows both flexibility and
compatibility with available hardware in the laboratory. The visual
wavelength (specified by HSR-HL-4) was selected in order to make
alignment easier, have a wider range of compatible hardware and
reduce cost.

4.2.2. MULTI-BEAM SOURCE REQUIREMENTS

The multi-beam source creates individually moving beams in a form
factor that is compatible with the rest of the setup. From this, the
following requirements were specified:

HSR-MBS-1: The beam motion shall be reproducible to within one pixel on the
image detector.

HSR-MBS-2: The beams shall be projected onto an area of 15x15 mm at the
SLM plane.

HSR-MBS-3: The multi-beam source shall provide at least 10 beams and at most
1000 beams.

HSR-MBS-4: The multi-beam source shall provide beams such that they will not
overexpose the image detector.

HSR-MBS-5: The dwell time of a beam shall not fall below 1 second.

In order to compare between concepts and noise profiles, repro-
ducibility of experimental conditions and results is crucial. HSR-MBS-1
specifies that the beam motion must be reproducible and to what
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extent. HSR-MBS-2 specifies the interface between the source and the
SLM in order to achieve steering. Next, HSR-MBS-3 is derived from
Chapter 2, where an estimate with regard to the number of required
beams was provided. HSR-MBS-4 is to ensure compatibility with the
image detector. Lastly, HSR-MBS-5 ensures the dwell time is compatible
with the dwell times discussed in chapter 2.

4.2.3. IMAGE DETECTOR REQUIREMENTS

The image detector is the sensor used to track beams. It must therefore
be able to spatially resolve them. Additionally, the camera should allow
raw image acquisition without active noise suppression. The following
requirements were specified for the image detector:

HSR-ID-1: The image detector shall have an API and SDK.

HSR-ID-2: The image detector will provide control over the image acquisition
settings (see description below for further specification).

HSR-ID-3: The image detector shall have its sensor directly exposable, with
only cover layers allowed.

In order to control and integrate the image detector, application
programming interfaces (APIs) and software development kits (SDKSs)
should be provided and is specified by HSR-ID-1.

Furthermore, in order to change the signal to noise ratio, exposure and
ensure reproducibility, the image detector must provide control over the
image acquisition process. The settings that must be controlled include
frame rate, exposure time, digital amplification and sensitivity. This is
specified by HSR-ID-2.

The image detector should also not have any built-in optical
components. These will interfere with the optical setup. Nevertheless,
the sensor would be allowed to have a cover in order to protect the
delicate pixels. Hence the requirement HSR-ID-3.

4.2.4. SPATIAL LIGHT MODULATOR REQUIREMENTS

The SLM lies at the core of the steering system concept. Its function is
to separate and direct beams between the target and the transceivers.
The following requirements were specified for the SLM:

HSR-SLM-1: The SLM shall be compatible with visual and near infrared
wavelengths between 1550 nm and 400 nm.

HSR-SLM-2: The SLM shall have at least 1 million individually addressable
pixels.

HSR-SLM-3: The SLM shall be directly addressable.
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HSR-SLM-4: The SLM shall have a phase noise of less than 0.01w radians.

Within the context of future research and projects within the FREE
program as well as within the group, a wide bandwidth SLM was
selected. Hence the specification of HSR-SLM-1. HSR-SLM-2 ensures
that the number of pixels is sufficient to perform individualized steering
of each beam. HSR-SLM-3 ensures the phase screens can be directly
displayed on the SLM from the controller. Lastly, HSR-SLM-4 ensures that
the SLM does not induce significant jitter. Here, 0.5% of the wavelength
was selected.

n 4.3. IMAGE DETECTOR

Having posed the requirements, the image detector can now be
discussed. First the selection of the image detector and its properties
are discussed. After this, the integration of the image detector is
discussed.

4.3.1. SELECTION AND PROPERTIES

A selection was made of the available image detectors in the laboratory
that operated in the visual range, as per requirement HSR-HL-4. Then
from these the industrial vision cameras were selected due to the
level of control over the image acquisition, in order to meet HSR-ID-2.
In addition, these cameras were compatible with C-type lens mounts,
implying the lenses could be removed, meeting HSR-ID-3. From the
remaining cameras a selection was made with regard to the SDK and
API. The result were two image detectors: the mono MER2-160-227U3M
and the color MER2-160-227U3C.[9, 10] These two have identical
performance parameters aside from the color capabilities. Due to the
color sensitivity being unnecessary to the experiments, a mono camera
was selected. This was done to simplify the setup and remove variables,
such as color mixing and more complex spectral sensitivities among
others. Both image detectors operate in visual wavelength ranges.

The image detector has a variable frame rate with a maximum frame
rate of 227 frames per second (fps). Increasing the exposure time
decreases the frame rate. Each frame consists of 1440x1080 pixels
with a mono color depth of 8 bits. By changing the exposure time,
illuminated intensity and internal amplification, the signal to noise ratio
can be controlled. The data interfaces through USB 3.0.

4.3.2. INTEGRATION APPROACH

The image detector is the tracking sensor used to track multiple beams.
It is therefore part of a control loop. During this control loop, the
image detector takes an image which is subsequently used by the
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tracking algorithm to determine the location of the beams. Based on
this, correction commands are sent to the SLM. To optimize the control
loop duration/latency, the integration of the image detector focused on
increasing the time efficiency of the camera handling.

During operation, an image capture command is sent to the device
after which an image is taken and loaded into an image buffer. The
buffer content is then copied into RAM. The duration of this process
depends, among others, on the exposure time, polling time and memory
availability. In the multi-beam tracking experiments, discussed in
Chapter 6, this took around 10 ms.

As mentioned in the introduction, the initially tested multi-beam
tracking algorithms were based on image processing. As a result,
the initial execution time of these image-processing-based tracking
algorithms was longer than the minimum frame interval of the image
detector. For these scenarios an image acquisition was commanded
and performed during each loop. However, after accelerating the
tracking algorithm through temporal tracking methods, the tracking
algorithm execution become an order of magnitude faster than the
image acquisition time (around 1 ms).[11] For the purpose of the
experiments performed in Chapter 6, this was of no consequence as the
research focused on the tracking algorithm execution time and not the
loop.

Nevertheless, this shows that image acquisition times can be a
significant portion of the integrated multi-beam control loop duration.
Considering the current setup, the frame rate of the camera became the
limiting factor in the tracking latency. Two places of improvement with
respect to the acquisition duration were determined: 1) The memory
handling. 2) Parallelization of the image acquisition process. These were
implemented together. This approach is shown in Figure 4.1.

First, image acquisition was executed in parallel with the tracking
algorithm. This implies that the time taken to acquire a new image
at the end of each loop was reduced by the duration of the tracking
processing.

Second, multiple memory locations were allocated for images. Once
an image had been acquired, it could be copied from the image buffer
into a free memory location. Then when the image acquisition function
was called, a pointer would be shared with the main process. This
process is shown in Figure 4.1.

In addition, images were processed in place, avoiding unnecessary
copy and locking operations. Furthermore, multiple memory slots
were made available in order to ensure multiple images can be
memory-locked by performance data tracking processes.

This method yielded a 15% loop duration improvement during the
tracking experiments when the tracking algorithm execution time was 1
ms. For tracking algorithm execution times of 10 ms, this yielded a 50%
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Figure 4.1.: Shown is a schematic representation of camera handling.
While the main program runs tracking algorithms on the left,
the right camera handling program prepares and stages new
images.

loop duration improvement.

This method works well for tracking algorithms which are significantly
slower or faster than the image execution process. However, when
this is not the case, there is a danger of the control loop becoming
multi-rate. While these control loops are possible to use, they are more
complex. Hence, in addition to acquiring in parallel, time stamps should
also be provided in this case to aid, for example, Kalman filters.

In addition to memory management and acquisition optimization, the
provided APl was used to adjust settings such as the exposure time and
sensitivity. All the code was written in C and C++. The compilation was
performed through CLS and GCC with performance settings enabled.

4.4. SPATIAL LIGHT MODULATOR (SLM)

The SLM is used to steer beams by modulating the wavefront through
phase screens. The SLM consists of an array of individually addressable
pixels, similar to a display. Each pixel can change the phase of reflected
light through varying the wavefront delay. In this way, custom phase
screens can be displayed. As a result, each beam can be allocated a
steering area so that it can be steered individually. This process will be
further detailed in Chapter 5.
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4.4.1. SELECTION AND PROPERTIES

Various suppliers were contacted with the requirements specified in
Section 4.2. The SLM selected was the SANTEC SLM-200 due to its
versatility, broadband wavelength ranges (400-1600 nm) and ability
to directly control the SLM.[12] This meets HSR-SLM-1 and HSR-SLM-3.
Furthermore, this SLM has a resolution of 1920x1200, meeting HSR-SLM-
2. The phase noise specified was 0.001m, meeting HSR-SLM-4. The SLM
is controlled via HDMI and USB.

Additionally, the maximum frame rate of the SLM is 120 fps with 10
bit discretization of the phase change range (referred to as the color or
pixel depth). This was interfaced with an 8-bit, 60 fps RGB graphics
HDMI interface on the computer.

4.4.2. INTERFACE AND DATA HANDLING

To operate the SLM at full frame rate, 10 bit mono images at 120 fps
need to be supplied via the HDMI. The interface and API handling were
developed in-house in both C and Python. The principle behind these
implementations is discussed below.

The SLM was driven as an external monitor by the controller. This
implied that phase screens were directly displayed onto the SLM.
Nevertheless, transferring 10 bit mono images at 120 fps over an 8 bit
RGB 60 Hz channel remained a barrier. The solution implemented split
two 10 bit mono images of 20 bits in total over three 8 bit channels
totaling 24 bits. This method is illustrated in Figure 4.2, the code snippet
can be found in Appendix C. Sending two images per frame at 60 fps
allows for a total transfer of 120 fps with four bits per pixel per frame
left over for other uses.

In order to minimize the computational load, these operations
were programmed in binary bit shifts in both the Python and C
implementations. These can be seen in Appendix C.

While this solution allows for steering command inputs at 120 Hz, in
reality two steering commands are sent at 60 Hz. Hence, the system
effectively can only output steering commands at 60 Hz.

4.5. MULTI-BEAM SOURCE

The multi-beam source generates multiple beams and moves them
independently and reproducibly. This section will detail the design and
construction of the multi-beam source.

4.5.1. DESIGN SELECTION

To meet the requirements specified in Section 4.2 numerous options
were considered for generating multiple beams. These options were:
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Figure 4.2.: Visual explanation of transferring 10 bit mono images at 120
Hz over an 8 bit RGB 60 Hz channel.

Option 1: Multiple laser sources actuated through stepper stages.

Option 2: Multiple laser sources actuated through fast/fine steering mirrors
(FSMs).

Option 3: One single laser source combined with multiple beam splitters.
Option 4: Two rotating diffraction gratings actuated by stepper motors.

While all these options would meet the requirements, their implemen-
tation have varying levels of difficulty. A simple trade-off was performed
empirically based on a difficulty rating out of 5 (with 5 being very
difficult and 0 being very straightforward) to meet the requirements.
This trade-off is shown in Table 4.1.

Option 1 and 2 offer control over each beam. However, acquiring and
integrating multiple stepper stages and/or FSMs in such a way that they
do not interfere in each other’s motion ranges is difficult. This would
make meeting HSR-MBS-3 difficult. Furthermore, accommodating beams
with the necessary spatial separation of the mechanisms also implies an
extensive optical system. Additionally, acquiring and integrating 10 or
more stepper stages is resource intensive.

Option 3 has similar problems. However, splitting beams into many
equal parts which actuating them requires more extensive optics. This
will hamper reproducibility due to optical alignment.

Option 4, shown in Figure 4.3, offers a simple and compact solution
which is easiest to integrate on all fronts.
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Criteria Option 1 | Option 2 | Option 3 | Option 4
Reproducibility 1 1 3 1
(HSR-MBS-1)

Format 5 5 5 1
(HSR-MBS-2)

Number of beams 5 5 5 1
(HSR-MBS-3)

Control over beam in- 1 1 5 2
tensity

(HSR-MBS-4)

Control over dwell 1 1 1 1
time

(HSR-MBS-5)

Total: 13 13 19 6

Table 4.1.: Trade-off table for multi-beam source design. Each option
was given a difficulty rating.

4.5.2. GENERATION

To generate multiple beams, a laser source was used and the output
passed through two diffraction gratings. The first grating is static while
the second can be rotated. This is shown schematically in Figure 4.3.
The two gratings in series allow the diffraction orders created by the
first grating to undergo a second diffraction by the second grating. This
increases the number of beams. In total, 2500 usable beams could
be generated and selected through clipping, meeting HSR-MBS-3. By
actuating the second grating, the output diffraction can be moved,
with each beam following a different path and crossing intermittently,
meeting HSR-HL-2. The second grating interfaced with the gear box of
the actuator through a pulley and belt. This gave fine control over the
position of the beams, yielding a reproducibility to within 0.25 pixels,
meeting HSR-MBS-1. Furthermore, the rate of rotation can be controlled
as well, meeting HSR-MBS-5.

To avoid oversaturation of the camera, as specified by HSR-MBS-4, the
source power output was attenuated. This was not possible through
the laser driving electronics. As a result, this was done using three
neutral density (ND) filters placed in series. These reduce the power
of the lasers transmitted through them without significantly changing
the beam shapes. The optical densities (ODs) of the ND filters
in series were 2, 3 and 4, respectively. This yielded a maximum
transmission attenuation of (102)(10—3)(10~4) = 10~2. Changing the
image detector settings together with the selected ND filters allowed
control of the signal to noise ratio. This fulfills HSR-MBS-4 for all the
used image detector settings.
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Figure 4.3.: lllustration of the gratings used to generate multiple beams.
Multiple beams are created by stacking diffraction gratings,
which diffract the incident laser into multiple diffraction
orders. Right shows static gratings. The beams were then
given motion by rotating the second grating, illustrated left.

The laser source was powered with a USB charger. Although the
manufacturer specified an output power of 5 mW, the actual output
power was found to be higher. As a result, additional OD filters were
needed. The laser source is polarized and the polarization axis was
aligned with that of the SLM by rotating the source.

To format the beams correctly, a collimation lens was used after
the ND filters. This will be further specified in the overview section
(Section 4.6) together with the other optical elements.

In short, this method, together with the collimation lens discussed in
Section 4.6.1, generated multiple reproducible beams with reproducible
motion. In addition, the beams move in different directions, and their
paths often cross and overlap. This was particularly important for testing
multi-beam tracking. Furthermore, there were variations in beam power
allowing tests of various signal to noise ratios.

For static beams a simple perfboard was used.

4.5.3. ACTUATION

The multi-beam source was mounted on the breadboard through a 3D
printed mount that interfaced with the breadboards, thereby meeting
HSR-HL-3. This mount is shown in Figure 4.4. This mount constrained



4.5. Multi-Beam Source 119

the motion of the source on the breadboard. Furthermore, to control
lateral, vertical and tilt alignment of the source, steel rails and sliders
were used and could be adjusted using screw threads.

Figure 4.4.: Side view of gear box. Tilt of the gear box was due to
overheating of the stepper motor melting the PLA support
base.

The actuation of the multi-beam source is performed through a
stepper motor via a gear box. The stepper motor was driven by a
stepper motor driver powered by a 15 V source and commanded by
an Arduino Uno micro-controller, shown in Figure 4.5. A gear box was
built to aid in stepping down the stepper motor speed and achieve
HSR-MBS-5. In this case, the gear box created a step down gear ratio of
100:1.

To minimize slipping, step jumps, backlash and vibrations, tensioned
timing belts were used. These belts were tensioned by spring loaded
bearings. A side view can be seen in Figure 4.4 and a top view in
Figure 4.8.
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Figure 4.5.: The Arduino Uno (bottom) used to command the stepper
motor driver (top) which drives the stepper motor.

4.6. OPTICAL INTEGRATION AND OVERVIEW OF THE

SETUP

In the previous sections, the requirements as well as the integration of
the image detector, SLM and multi-beam source have been discussed.
Now the overall optical layout and overview will be presented. An
illustration of the setup is provided in Figure 4.6.

First the optical system will be detailed, followed by a description of
different configurations used later on in the thesis.

4.6.1. OPTICAL SYSTEM

The optics function to interface between the different components.

In the schematic shown in Figure 4.6 and discussed in Section 4.5,
the laser beams immediately after transmission are attenuated to avoid
overexposure of the image detector. This was done with three neutral
density (ND) filters placed in series.

There are two important aspects to consider. First, the propagation
axes of the beams diverge away from each other. Second, the diameter
of each beam is small with respect to their emission angle/propagation
axis. These two properties imply that these beams have ray-like
properties over propagation distances on the order of 10-30 cm. As
a result, a collimating lens was used to effectively arrest the relative
propagation axis divergence in addition to reducing beam divergence.
While the beams in Figure 4.6 are shown to be collimated, real beams
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Overview of Experimental Setup

Collimating Lens

ND Filters
Laser Source

I e U

Gratings
Camera Lenses
Image (when using mirror)
Detector

Figure 4.6.: Schematic Overview of the setup. On the left, a laser source
produces a laser which is diffracted into multiple beams
using diffraction gratings. The beams are reduced in power
by neutral density (ND) filters to prevent overexposure on
the image detector. The beams diverge and the divergence
is corrected by the collimating lens. The result is projected
onto the SLM or mirror. The beams subsequently reflect
and are focused onto the image detector. Three beams are
shown to propagate through the optical system in red.

diverge slightly due to diffraction. The lens used was a 2" diameter
bi-convex lens with a focal length of 100 mm. This also allows the
system to meet HSR-MBS-2.

Due to image distortion, the projected beams are not spaced
rectilinearly as they are emitted from the source. This provides the
beams with more complex motion characteristics which are useful in
determining tracking performance.

Once the beams are collimated, they are projected onto the SLM or
mirror. In the case of a passive mirror, additional lenses are required
to focus the beams onto the image detector. These are referred to as
"camera lenses" in Figure 4.6. In this case, the camera is in the image
plane of the mirror.

In the case of the SLM when using phase ramp and Fresnel lens (PRFL)
steering (discussed in Chapter 5), steering and focusing/imaging of the
beams individually is performed through wavefront modulation by the
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SLM itself during reflection. This implies that this configuration does
not need any additional passive imaging/focusing lenses necessarily.
However, these lenses can be used to aid the SLM. It is important to
note that the image detector is no longer in a single defined image
plane. This effect will also be discussed further in Chapter 5.

The resulting images from the image detector have a number of
important properties.  Firstly, individual beams moving individually
simulate individually moving counter terminals. Their motions are in
various directions and at various speeds, providing diversity and a
more representative tracking environment with diverse counter terminal
platforms. In addition, their motion paths have a slight curve, cross and
are reproducible. This allows testing of whether a tracking predictor can
adjust over time and continue tracking after a loss of signal, as well
as comparison of different algorithms. Lastly, the number of beams
projected onto the image detector can also be varied by reducing the
size of the lens and clipping. This allows demonstration of acquisition
and loss in tandem with link sustainment with various numbers of
beams. All these aspects combined generate a good environment for
testing tracking and steering.

In summary, the layout together with the integration of the image
detector and the SLM is a representative lab setup of an SLM based
multi-beam steering stage discussed in Chapter 3. Therefore it meets
HSR-HL-1.

4.6.2. SETUP CONfIGURATIONS

There are four configurations owing to mirror vs SLM and static vs
dynamic beams options. A combination of mirror with static beams
was used for calibration and alignment. The combination of SLM and
static beams were used to demonstrate PRFL steering and is shown in
Figure 4.7. Combining the mirror with dynamic beams was used to
demonstrate multi-beam tracking and is shown in Figure 4.8. Lastly,
the SLM with dynamic beams combination is used for end-to-end control
loop demonstration of multi-beam steering. This is not reported here
due to the experimental time frame not fitting in the PhD project. The
configurations are presented in Table 4.2.

Static Dynamic
SLM Testing of SLM Demonstration of
phase screens multi-beam steering
Mirror Calibration camera Demonstration of
and alignment multi-beam tracking

Table 4.2.: Configuration combinations.

Based on the purpose of the experimental demonstration a configura-
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tion was selected. The benefit of demonstrating SLM steering through
static beams was the beam positioning accuracy of the perf-board and
isolating SLM steering performance from beam motion and positioning.

For multi-beam tracking the SLM was not required. Hence, to remove
additional setup, calibration and verification complexity by integrating
PRFL and control algorithms, the SLM was omitted. Instead the SLM was
substituted by a passive mirror. This allows for the beams to be imaged
directly onto the image detector through the use of camera lenses.

Adjusting the configurations allows for variable isolation and demon-
stration of specific aspects of multi-beam steering and tracking.

150 mm Variable Image

Imaging Lens B ¢ o " Detector
T i e i Rotational

SLM
Driver

NDF and
Lens Mount

Figure 4.7.: Static beams and inclusion of SLM. This setup was used to
test static steering of multiple beams. This setup is used for
demonstration in Chapter 5. The static beams are generated
by illuminating a perf board.

4.7. SUMMARY AND CONCLUSION

The results in Chapter 3 determined that SLM based steering system
designs were promising for multi-beam steering systems. As a result
it will be studied further in the remaining chapters of this dissertation.
It was decided to use hardware to research and test multi-beam
steering system concepts. This chapter has presented and discussed
a novel experimental setup for demonstrating and experimenting with
multi-beam steering system concepts. In particular, this setup was used
to demonstrate steering using SLMs and multi-beam tracking.

In Section 4.2, requirements were set for the hardware selection
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Figure 4.8.: Dynamically moving beams with multi-beam source. In
this particular photo, the SLM was replaced with a mirror.
However, the SLM would be in the same position. This setup
was used to demonstrate multi-beam tracking in Chapter 6.

and setup. The high-level requirements focused on the interfaces and
layout of the system as well as compatibility within the context of the
lab. These requirements were met and the optical setup was able to
generate multiple beams and steer them.

The generation of multiple beams which dynamically move in a
reproducible fashion was required for the setup. However, various
design options relying on multiple laser sources and actuators promised
to be challenging to accommodate and integrate. Instead, the solution
found was using two diffraction gratings to generate a diffraction pattern
which was then collimated and projected. This created an ample number
of beams. The second diffraction grating was rotated using a stepper
motor and gear box to create beam motion. This solution was compact
and straightforward to integrate. Investigation also yielded that this
system was sufficiently repeatable to within a pixel.

The image detector was selected based on its versatility and control.
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Integration into tracking was performed relatively straightforwardly
through the supplied API. Under most tested conditions the execution
of the tracking algorithm was an order of magnitude smaller than
the frame grabbing rate. In order to optimize this for later control
integration, the memory management and parallelization of the image
grabbing was performed. Additionally, all image processing and tracking
as well as performance data logging was performed in place.

The selection of the SLM was done in light of versatility, capability
and future research. It was decided to select a broad-band SLM without
an anti-reflection coating operating at 120 fps in 10 bit phase screens.
This allowed investigation of methods for mitigating diffraction and
modulation effects, as well as demonstration of multi-beam steering. To
control the SLM at 120 Hz in 10 bit mono, a method was devised to carry
the data over 8 bit RGB images at 60 Hz via HDMI also. To optimize this
process, binary bit shifting in parallel was performed.

Additionally, variations in the setup, namely the choice between SLM
and mirror as well as static and dynamically moving beams, allows
for variable isolation. Static beams and an SLM allowed for steering
experiments while dynamic beams together with a static mirror allowed
for tracking experiments. Although some experiments have been
performed with multiple steered beams, due to lack of time, these
experiments and demonstrations were not completed. Hence, they have
not been implemented in the thesis.

This chapter has shown that an experimental setup for multi-beam
hardware demonstration can be made to meet the requirements. Hard-
ware demonstrations played a vital role in testing and understanding
the theory as well as understanding practical implementation. It will
play a central role in Chapter 5 and Chapter 6 on steering and tracking,
respectively.
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MULTI-BEAM STEERING

The best way to solve a problem is not to create one in the first place.
Ashoka Tano (Star Wars)

Steering multiple laser beams using spatial light modulators (SLMs)
creates unwanted diffraction and reflections that are not modulated
by the SLM can make beam tracking difficult. A novel and simple
beam steering methodology is proposed, which aims at reducing the
influence of this clutter while maintaining tracking performance. The
beam(s) are deliberately defocused before steering with a superposition
of a phase ramp and Fresnel lens (PRFL) phase screen on the SLM.
As a result, the non-modulated reflections and diffracted light are
decreased in relative intensity to the steered beam. This, in turn,
allows to apply simple and standard peak intensity and center of gravity
(C.G.) algorithms for tracking. Hardware demonstration shows tracking
performance using PRFL remained on par with more complex filtering
approaches, while adding no additional hardware. This method has
the potential to improve the communication performance of multi-beam
laser communications terminals for a variety of applications.

Parts of this chapter have been published in:

J. Spaander, J. Guo, R. Saathof, and E. Gill. “Reducing beam tracking complexity using
a phase ramp and Fresnel lens when steering beams using spatial light modulators”.
In: Optics Letters 49.13 (June 2024). Publisher: Optica Publishing Group. issn:
0146-9592. doi: 10.1364/01.523438. (Visited on 07/09/2024)
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5.1. INTRODUCTION

Laser satellite communications requires beam steering accuracy in the
order of urad, with kHz control bandwidth.[2] As a result, beam tracking
requirements are similarly stringent. This is no different in multi-beam
laser satellite communications but applied to multiple beams. To control
multiple beams, micro-mirror arrays (MMAs) and spatial light modulators
(SLMs) are being considered as potential solutions. The results from
Chapter 3 indicate that these steering mechanisms offer flexibility in
multi-beam steering stages. This is due to these devices’ ability to
generate phase screens dynamically. This in turn allows dynamic
allocation of individual steering surfaces and unique steering angles to
each beam.[3]

A drawback of these devices is that they act as diffraction gratings,
causing diffraction patterns, while non-modulated reflections form
non-modulated beams (NMBs).[4, 5, 6] These effects interfere with the
intended image and could potentially compromise beam tracking.[5]
Figure 5.1 shows an over-exposed image which illustrates this effect.

0th order and non-modulated beam (NMB)

Steered Beam (MB) Diffractions

Figure 5.1.: Over-exposed image of an in-focus beam steered from the
center slightly to the left, showing the effect of undesired
reflections at the SLM. Note that the spots have different
intensities, which is not obvious from the overexposure.

These effects can occur in a multi-beam steering control loop which
uses an image detector to track beams together with an SLM or MMA
to steer beams. The location determination of each beam needs to
be determined accurately and fast enough to sustain high enough
bandwidths for disturbance suppression. The presence of NMB and
diffraction patterns could be particularly challenging, as these can be
mistaken for communication beams in addition to the before mentioned
drawbacks. To be able to perform multi-beam steering in such scenarios,
algorithms are needed to filter out the incorrect beams. This increases
complexity and required computational resources. Furthermore, the
NMB and diffraction could couple into the wrong detector causing cross
talk. These challenges could potentially become difficult to overcome,
especially when NMB and diffraction are higher in amplitude than the
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communication beams themselves. These drawbacks make SLMs as
well as MMAs less attractive options for multi-beam steering.

The severity of diffraction and NMB are dependent on the SLMs
or MMAs chosen. Namely factors such as anti-reflection coatings,
liquid crystal vs mirror-based and pixel size affect the performance.[4]
Choosing such improvements comes at a higher cost.

Furthermore, from the design choices discussed in Chapter 3, a
multi-staged steering system was chosen. However, integration of such
a system using SLM has not been investigated.

This chapter will determine the SLM performance as well as integration
into multi-beam steering systems. First, SLM steering performance
using a phase ramp (PR) will be investigated in the form of efficiency
envelopes and steering ranges. Furthermore, the integration challenges
of using SLMs for beam steering through using purely PR is discussed.

After this and based on these challenges in the previous section, a
solution was devised in the form of phase ramp Fresnel lens (PRFL)
steering phase screens. Here the theory behind PRFL will be detailed
and demonstrated as well as contrasted with PR steering. Additionally,
the performance envelopes of PRFL are determined and contrasted with
PR steering. Lastly, the integration of a steering system using PRFL is
detailed.

5.2. SLM STEERING PERFORMANCE USING PHASE RAMP

(PR) STEERING

SLMs consist of an array of discrete and individually programmable
pixels, where each pixel modulates the phase of light reflected off the
surface. The phase difference between each pixel can be used to
generate phase screens, similar to how a computer or television screen
can use pixels to generate an image. In fact, as discussed in Chapter 4
and later in Section 5.3.2, controlling SLMs is not dissimilar to controlling
monitors.

In order to steer beams, a straightforward option would be to mimic
the phase screen of a steering mirror; i.e. a phase ramp (PR). In
PR steering, the phase is incremented linearly over the steering area.
This generates a discretised approximation of a ramp, as depicted in
Figure 5.2. When a beam is reflected off the SLM with a PR phase
screen, it is reflected in the steered direction.

However, there are technical challenges to SLM operations stemming
from four main areas. First, the discrete nature of the SLM implies it
acts as a diffraction grating which in turn generates diffraction orders
as shown in Figure 5.1. Second, non-modulated light (stemming from
polarization mismatching and reflections) creates a beam copy that are
unresponsive to steering inputs, also shown in Figure 5.1. Next, in
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Figure 5.2.: Schematic depiction of a phase ramp including definitions.

the same way monitor pixels have limited spatial density, SLMs have
limited spatial densities as well. This implies aliasing can occur when
generating phase screens with spatial frequencies near to the pixel
spatial frequency. Lastly, another aspect that needs to be taken into
account is the phase input range. Similar to color depth in pixels,
SLM pixels have a limited range for phase delays. As a result, phase
wrapping is required.

This section will discuss the steering performance of SLMs using PR.
To do so, first the aliasing and phase wrapping will be discussed. These
effects imply that an SLM can steer in five different steering regimes.
The theory and details of these regimes will be discussed.

After this the angular steering resolution, range and efficiency
performance envelopes of SLMs are determined.

Lastly, the challenges associated with integrating SLMs using PR
in a steering system are detailed followed by a brief summary and
discussion.
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5.2.1. STEERING REGIMES AS A RESULT OF ALIASING

It is important to highlight that there are five regimes throughout the
SLM steering range denoted in this work. The first is the pure phase
ramp, second the phase wrapped phase ramps, third aliasing, fourth
reversal and lastly the arrest. These are shown in Figure 5.3.

When small steering angles are applied, a pure PR can be generated
by the SLM. The pure phase ramp occurs when the phase change
generates a wave delay of less than one wavelength over the width of
the steering area. This is illustrated in Figure 5.3(a).

When the angle/slope of the phase ramp is increased, the second
regime is entered once the phase change has exceeded the phase
change range of the SLM. This is illustrated in Figure 5.3(b). The phase
wrapping creates a sawtooth pattern, which still functions to steer
beams using a PR.

Increasing the angle further results in the third regime: aliasing.
Aliasing occurs once the required rate of change of phase exceeds half
the pixel phase range. This is illustrated in Figure 5.3(c). This event is
equivalent to under-sampling a sawtooth wave and no longer meeting
the Nyquist criterion. This regime is identical when steering in the
opposite direction. As a result, the beam is split.

Increasing the phase gradient further yields a reversal in the pixelated
phase ramps displayed on the SLM. This is the fourth regime and is
illustrated in Figure 5.3(d). As will be explained later, the motion of the
resulting diffraction patterns is still in the desired direction. However,
the relative intensity of the steered diffraction mode falls under that of
secondary diffraction orders. This is due to the PR being effectively
reversed.

The primary diffraction order decreases in intensity to the point where
it becomes zero and the phase ramp displayed on the SLM is of zero
gradient. This is the fifth regime and is illustrated in Figure 5.3(e). This
occurs when a wrapping frequency occurs within a single pixel. As a
result, the steering is completely arrested.

In the following subsection, the steering resolution and range of PR
steering will be discussed with these regimes at its basis. Diffraction
losses will be discussed in Section 5.2.3 to analyze the efficiency of SLM
based steering.

5.2.2. SLM ANGULAR STEERING RESOLUTION AND RANGE

To determine the steering resolution and range, the SLM is considered
to be a reflective phased array consisting of pixels. A beam can be
steered by applying a phase ramp, as shown in Figure 5.2. The steering
angle is denoted as a, amax the maximum steering angle input (the full
end-to-end range being £amax i.6. 2max), Omin the smallest possible
steering angle change, r the range of pixels used to steer the beam and
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o(x)

(X)max

Figure 5.3.: Five steering regimes. (a) is the regime where the change

in phase over the phase ramp is smaller than the maximum
phase shift of the SLM. The desired ramp is indicated with
the red dashed line. (b) is a phase-wrapped phase ramp,
each wrapping occurs after the ramp. This gives a sawtooth
like pattern to the phase screen. (c) shows the start of
aliasing where more than a m phase shift between pixels
occurs. The resulting pattern is a grooved m shift phase
grating. At this stage steering has no preferential direction.
(d) shows steering reversal which occurs after aliasing. The
increased desired slope indicated by the red dashed line
causes steering in the opposing direction indicated by the
purple dotted line due to pixelation. Lastly, (e) shows
complete steering arrest at phase gradients requiring larger
than 2m phase shifts within one pixel leading to no steering
at all.
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s the pixel width. P is the steering area width in terms of number of
pixels through P =r/s.

First, the largest possible steering angle will be determined. The
maximum steering angle for an SLM can be defined in multiple ways. In
this chapter, the aliasing angle is used. This occurs when the PR creates
a phase wrap over a distance smaller than or equal to 2s. In other
words, this is when the Nyquist criterion is no longer met, as discussed
in Section 5.2.1. The phase jump between pixels is m radians in phase
and therefore equivalent to a slope of A/(2s), and to a m shift line phase
grating. This yields the maximum steering angle of,

A
AOmagx = arctan — (5.1)
2s

The smallest steering angle achievable is the smallest change in
phase achievable over the width of the steering area. The smallest
change in phase is defined by the steering resolution of the SLM over
the maximum phase range of the SLM at the used wavelength, A¢max,

A¢max

APmin = Wb (5.2)

with Npits being the number of discretizations in the phase range
in bits, equivalent to pixel depth in monitors. Relating this to the
wavelength and using the maximum width of the steering area r yields

an expression of the smallest beam deflection,

ADPmax
2mr2Noits

where A/2m relates the phase change to the local wave delay. The
work by Xu et al.[7] investigated the number of steering positions for
phased arrays. There it states that the number of resolvable steering
positions, Nsteer, is tied to the number of controllable elements in the
array, Npixels through,

Aamin = arctan (5.3)

Ngir=—x—=N 5.4
dir 50 a control ( )

Using the nomenclature of this work as well as Equation (5.1) and
Equation (5.3) gives,

arctan % arctan %
Nsteer = arctan Moma R AN Prmaes (5.5)
2mr2Nbits 27N contror2Vbits

If steering angles are considered relatively small, Equation (5.5) can
be simplified to,
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qtr2Noits 2 Nbits
SAPmax  APmax

Equation (5.3), 5.5 and 5.6 show that angular steering resolution, the
pixel size/spatial steering resolution and allocated steering areas are
directly related. By increasing the steering area size a higher angular
steering resolution can directly be achieved. These relations are plotted
in Figure 5.4. It shows that for the Santec SLM 200[8] urad steering
resolution is achievable when using a steering area width of between
15-20 pixels with 10 bit phase discretization over 2m radians. This would
also imply at most 5184 beams can be steered when perfectly spaced
on the SLM.

For the same SLM, a steering range of £2.25° can be found. This is
comparable with the steering ranges for FSMs found in literature.[9, 10,
11, 12]

This shows that SLMs can match the performance of FSMs. However,
in the cases discussed in Chapter 2, steering requirements become
more stringent with increased field of regard.

Taking an example from Chapter 2, 4° and 12° field of view (FoV)
telescopes were discussed. If an optical system was to be designed
where the steering angle at the SLM was mapped directly to the FoV, the
SLM would yield an angular steering resolution of 1.7 urad and 5.3 urad
respectively (if a 15-20 pixel steering radius was used in combination
with 8.1 um pixel width). These results are comparable to those found
in Table 2.9 and Table 2.10.

Having found the steering range and resolution performance
envelopes of SLMs, the efficiency of the SLM can be determined.

Ncontrot (5.6)

steer =

5.2.3. DIFFRACTION LOSSES AND CHALLENGES FOR TRACKING

SLMs cause diffraction, which in turn cause losses. These losses are in
the form of unwanted diffraction orders, which are not directed at the
target location nor the transceivers. Aside from signal losses, this also
creates unwanted artifacts which then have to be filtered by the tracking
system. In this subsection, the efficiency of SLMs will be determined as
well as the associated challenges.

The array of pixels shown in Figure 5.2 defines the pixel width s at
a lateral distance d along the x-axis. The amplitude after reflection
is denoted by A. The phase shift induced by a pixel is ¢. The
modulated field immediately after reflection, Em(xm), can be estimated
by a rectangular function TI. To determine the electric field E, after
reflection of the pixelated phase ramp in Figure 5.2, a series is used and
propagated using the Fraunhofer diffraction equation as follows:



5.2. SLM Steering Performance using Phase Ramp (PR) Steering 137

Aliasing/Max Steering Angle vs Pixel Width

10°
= L 1
2 o O 13
o 10 = v
o ~ o
c . [ =
< ~ <
g, ‘\‘\ L 100 g,
aEJ 10_2 N\ E
& @
=3 ~ L10-1 2
£ [=2
£ 103 [~ F <
@ ~—— ‘@
£ =
< e =
E 1072
1074 3
1076 1073 107 103
Pixel width [m]
. Steering Resolution vs Width of Steering Area
10~
= ™~ =
g ) 3
= S~ he)
.E \ Fi10-3 5
5 N : =
§ 10-% e o
o T o
=] . =1
£ Iy £
g ~~ g
5 ~ 5
ri10~*
106 r
10° 101 102

width of Steering Area [pixels]

Figure 5.4.: Figures showing maximum and minimum steering angles.

Top figure shows the log-log plot of the max steering angle
(in this text equal to the aliasing angle) as a function of
pixel width. As can be seen, decreasing the pixel width
increases maximum steering angle. Bottom figure shows
the steering resolution for a pixel size of 8.1 um with 10 bit
phase discretization over 2m radians, similar to the Santec
SLM 200.[8] Both plots are based on a wavelength of 635
nm.
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X . 27
E,= f Z AH( m_ )ef%e—fizxmxzdxm

¢>p—§—’;xzd)

M'o

= SAsinc (—xzs)

with A the wavelength, x, the x-axis at the evaluated distance and z
the distance propagated. Assuming the phase difference and distance
between each pixel are constant, the phase change over the distance r,
denoted as A¢,, is related to the pixel phase shift through

Agr
$p =DPpp =—p, dp=5p (5.8)
When inserting this into Equation (5.7) this yields,

2n

A¢r
E, = sAsinc (—xzs) Z (5= exzs)p (5.9)
AZ p=0

To determine the result of the series, the geometric series identity can
be used,

sh=ar%+art+ar?+...+ar"1

n-1 n 1—r" (5.10)
k k—1
= ar® = ar =aq

Apr 2m

when r = e/ F=3ixes) #1, p=k—1, n=P and a=1, Equation (5.9)
simplifies to,

Apr 2
m 1— (F—5exas)p
E,=5A sinc(—xzs) (5.11)
Az _ (= 52xes)
Amplitude Envelope
Diffraction

the normalized intensity of which is plotted in Figure 5.5. Next, taking
the amplitude envelope from Equation (5.11) and normalizing this to the
input power yields the overall efficiency:

2

Asinc(s=Xxzs T
Nsteering = (%) = sinc? ()GXZS) (5.12)

From this equation, the efficiency in different steering regimes can
be determined. First, the highest efficiency occurs at zero steering
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angle input, with an efficiency of 100%. The lowest efficiency occurs
at arrestment (i.e. the arrested regime illustrated in Figure 5.6). This
happens when the beam reaches a null in the amplitude envelope,
shown in Figure 5.5. The efficiency at this steering angle is therefore
0%. When first aliasing occurs at /%xzs = g the steered beam equals
in amplitude to the next most powerful diffraction order (see Figure 5.3
and Section 5.2). The efficiency at aliasing is 40.5%. These results
are corroborated by experiments done in the lab and in the work by
Ketchum et al.[13] According to Figure 5.4, this angle occurs at £2.25°
for an SLM with pixel size of 8.1 um such as the Santec SLM 200. This is
confirmed when using Equation (5.11) in Figure 5.6(b).
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Figure 5.5.: Fraunhofer propagation of phase ramp steering in the
far-field using SANTEC 200 SLM.[8] A 1° steering angle is
used for illustration. When the diffraction is multiplied with
the amplitude envelope in the bottom figure, the resulting
line is equal to that of the top figure.

In addition to the above described diffraction due to the phase
screen, diffraction patterns originating from the space between each
pixel as well as the non-modulated reflections cause additional patterns.
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Figure 5.6.: Various important steering angles. (a) shows steering to
the first null as well as no steering input, illustrated by the
normalized amplitude of 1 and 0. (b) shows the aliasing
angle, yielding 40.5% of the amplitude. It also shows that at
this point the steered diffraction order is equal to the second
largest diffraction order. Increasing the steering angle yields
equivalent results as steering reversal, shown in Figure 5.3
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These were also modeled extensively numerically, however, will not
be presented in this text for brevity. Nevertheless, these explain the
differences between Figure 5.1 and Figure 5.6.

Steering using SLMs therefore has significant and inherent drawbacks.
SLMs become increasingly less efficient with increased steering angle.
This is in stark contrast with steering mirrors which do not change
efficiency. Equation (5.12) shows that efficiency can be improved by
decreasing the pixel size and/or increasing the wavelength.

In addition to signal loss, the diffraction caused by the SLM can mislead
tracking algorithms into detecting and tracking diffractions and NMBs.
This in turn will yield unwanted behavior and take up resources. As a
result, filtering during tracking is required. Moreno et al. investigated
alternative phase ramps which improve SLM steering efficiency.[14]
Nevertheless, diffraction complicate the multi-beam tracking process
and increases computational load during tracking. This problem will be
addressed in Section 5.3.

5.2.4. REQUIRED SPATIAL STEERING RESOLUTION

As mentioned in Chapter 2, larger FoVs and high density use cases
require higher angular tracking and steering resolutions. This in
turn requires more pixels to sufficiently sample the FoV. Decreasing
the number of steering pixels needed per beam would therefore
be beneficial. However, as the analysis of Section 5.2.2 shows
in Equation (5.5) and 5.6, increasing the number of steering pixels
improves steering accuracy. This yields an important question: what is
the minimum number of pixels required to steer beams?

Considering the results of the analysis performed in Section 5.2.3,
Equation (5.11), shows that beam steering requires at least two pixels.
This is due to the fact that a beam falling exactly on one pixel would
simply experience piston.

A numerical Fresnel propagation simulation which compared different
beam diameter sizes was undertaken. The results are shown in
Figure 5.7. These confirm these findings.

Nevertheless, there are wavefront and diffraction quality improve-
ments gained by increasing the number of pixels, which is also shown
in Figure 5.7. Equation (5.11) shows this: when P is decreased the
diffraction width increases. Furthermore, the steering accuracy is
also improved as discussed in Section 5.2.2 and shown in Figure 5.4.
However, if more steering area is allocated per beam, fewer beams can
be accommodated.
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Figure 5.7.: Fresnel numerical propagation of steering with different Airy
beam diameters. Left, a beam diameter of 2 pixels and
right of 20 pixels. The pixel size was taken to be 8.1 um.
The propagation distance was 1 meter. As seen, the beam
centers are in the same location, showing that the steering
efficacy is the same. However, the 2 pixel case has more
diffraction losses than the 20 pixel case.

5.2.5. INTEGRATION OF PHASE RAMP STEERING IN MULTI-BEAM
STEERING SYSTEMS

The integration of an SLM for multi-beam steering is not as
straightforward as simply replacing the FSM in a single beam terminal
(SBT). The purpose of the FSM within an SBT is to correct for angle
of arrival fluctuations in the telescope entrance/pupil plane of the
telescope due to jitter and turbulence.

To explain this specifically, consider the 4F system in Figure 5.8 with
indicated (conjugated) planes and two beams traveling through the
system. The pupil plane is imaged by the first lens and subsequently
the second lens images the image plane to the pupil plane. In this
case, each plane is placed exactly one focal length from the lens, with
four focal lengths (hence 4F system). Important to note here is that
angle of arrival deviation from the optical axis in the pupil plane causes
translation in the image plane. Any changes in either the pupil or image
planes will change the subsequent pupil and image planes.

In SBTs, the fine/fast steering mirror (FSM) is placed in the pupil plane
as shown in Figure 5.9. Here, angular deviation from the optical axis
causes the spot in the fiber coupling plane to wander which in turn
causes signal loss. This angular deviation can be corrected for through
angle inputs from the FSM. This is not suitable for multi-beam terminals
(MBTs) for two reasons. Firstly, the FSM has one control surface and
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Figure 5.8.: 4F system with beams being captured at 2 angles, with
different (conjugate) planes indicated.

cannot actuate each beam individually. Secondly, the beams overlap in
the pupil plane (mixed beams).

The mixing of beams in the pupil plane implies that replacing the
FSM directly with a multi-beam steering capable SLM would not yield a
satisfactory result. This is depicted in Figure 5.10. In MBTs with wide FoV
telescopes or multiple telescopes, the pupil plane is shared between
all beams implying that steering inputs in this plane have no utility.
Instead, the steering plane should be in a plane which can resolve each
beam spatially in order to steer each beam individually. This can only
happen in a plane between the image and pupil planes or on the image
plane itself.

However, placing the SLM directly in the image plane, as shown in
Figure 5.11, and using PR steering fails to steer beams at all. This
is because the subsequent image plane where the fibers are coupled
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Figure 5.9.: Standard layout for single beam systems. FSM stands for
fast/fine steering mirror, BS for beam splitter, ID for image
detector and OF for optic fiber(s). When considering beam
2 as a deviation of beam 1, correction is conceptually
straightforward as the FSM needs to be directly actuated to
correct for the angular deviation. However, the FSM cannot
separate each beam and steer it individually. This is because
it can actuate only a single mirror and is located in the pupil
plane where the beams overlap.
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Figure 5.10.: In this case, the FSM depicted in Figure 5.9 has been
replaced with an SLM capable of steering multiple beams.
However, it is placed in the pupil plane, meaning that the
beams overlap and cannot be individually actuated. This
illustrates that the multi-beam steering mechanism cannot
be placed directly in the pupil plane. SLM stands for spatial
light modulator.
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yields no translation with any PR steering inputs. This directly shows
that multi-beam steering requires a different plane and phase screen for
steering altogether.

A final challenge, which is not overcome by the placement of one SLM
in the steering system, is the alignment of the optic fibers with the
beam axis. While off-axis fiber or detector coupling is possible at the
cost of efficiency reduction, it is best avoided. In SBTs, such as the one
illustrated in Figure 5.9, there being only one beam implies that placing
the FSM on the optical axis allows for aligned coupling into the fiber.
However, for multiple spatially resolved beams, this is not possible due
to the optical axis of each beam not being aligned with any other.

5.2.6. SUMMARY OF SLM PERFORMANCE USING PHASE RAMP
STEERING

Steering using PR phase screens generated using SLMs can achieve
the desired steering performance when configured correctly. However,
PR steering using SLMs also has a number of key drawbacks. From a
tracking perspective, the pixelation causes multiple diffraction orders,
each a copy of the original beam. Tracking in this regime can become
complicated. SLMs’ steering efficiency reduces with increased steering
angle, placing more emphasis on correct optics design as well as high
resolution SLMs.

Furthermore, PR-based steering is difficult to implement in a multi-
beam steering system. This is due to the placement of the SLM within
the steering system with respect to image and pupil planes. While there
are solutions possible, these generally require additional components.

The challenges of individual multi-beam steering, SLM positioning,
angle of arrival as well as the tracking difficulties were addressed by a
single solution: phase ramp and Fresnel lens (PRFL) steering, which will
be discussed in the next section. In that section, an individual optical
system for each beam is dynamically created using the SLMs.

5.3. PHASE RAMP AND FRESNEL LENS (PRFL) STEERING

In literature, improvements in SLM beam steering have focused on
optimizing phase ramp (PR) phase screens and filtering out the Oth
order diffraction as well as non-modulated light through algorithms.[5,
6, 13, 14, 15, 16] SLMs have also been used as lenses as part of optical
steering systems and increasing its steering range limitations through
optical design.[17]

As discussed in Section 5.2, the problem with PR steering are
threefold: tracking difficulty due to diffraction, location in the optical
train for effective steering and losses during steering. In this section,
a method for mitigating the tracking difficulty and SLM location within
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Figure 5.11.: Placing the SLM in an image plane allows for each beam to
be spatially resolved. However, any phase ramp steering
input would not yield translation within other image planes,
such as the fiber coupling plane. This reveals a limitation
of phase ramp steering.
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the optical train will be discussed. Then, using the properties of PRFL, a
suitable the SLM based steering system layout will be discussed.

5.3.1. PRFL AND TRACKING PERFORMANCE

Figure 5.1 shows an image from a steered beam using PR. It clearly
shows multiple diffraction orders and a large non-modulated beam
(NMB). The severity of these phenomena depend on the SLM design.
Reducing the pixel size reduces the diffraction effects while applying an
anti-reflection coating could reduce the NMB.

Nevertheless, these effects complicate tracking since each diffraction
order looks similar to the target beam. Furthermore, actuation of the
steered beam yields displacement of each diffraction. Tracking in such a
system can become complicated very quickly.

Instead of improving steering by adjusting the phase ramp or applying
software solutions, this work takes a different approach by separating
NMB from the modulated beam (MB) using the SLM itself. This
comes at little to no additional computational cost while also saving
optical components in the optical system (which will be discussed in
Section 5.3.3).

Using this novel approach, the influence of NMB and diffraction is
reduced by changing the diffraction pattern and relatively increasing
the MB intensity through steering using PRFL phase screens shown in
Figure 5.12. To assess the suitability of this new method, three criteria
were considered:

1. Tracking can be done simply through peak intensity and
center of gravity (C.G.) tracking. If met, it reduces tracking
complexity and/or increases reliability due to not having to resort
to filtering.

2. Tracking error of PRFL is the same or less than PR steering.
If met, it would imply implementation of PRFL would not reduce
tracking performance and hence make it a potential candidate in a
trade-off with PR.

3. Reduction of diffraction patterns and NMB amplitude on the
image detector. If met, there could be a substantial reduction
in cross-talk in multi-beam receivers and clutter for multi-beam
tracking. This in turn could potentially increase the number of
beams which the system could accommodate.

In this method, separation and amplitude reduction of non-modulated
light (which is the source of NMB) from modulated light is a key concept.
Since the non-modulated light is not altered by the SLM, it can be
separated by deliberately diverging/defocusing the incident beam (just)
before or after the SLM. Subsequently, converging/refocusing is done
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Figure 5.12.: lllustration of a phase ramp (PR) (left) and phase ramp and
Fresnel lens (PRFL) (right).

on only the modulated light through PRFL, illustrated in Figure 5.13.
Although this method increases the control complexity of the SLM, it
reduces the complexity of tracking the beam.

SLM with PREL Incident Beam

Modulated Beam (MB)
with high intensity

Non-Modulated
Beam (NMB) with
low intensity

Figure 5.13.: Schematic concept of separation of NMB and MB through
PRFL.

As for the diffraction pattern, the implementation of PRFL changes the
shape, intensity and pattern of the steered beam and diffraction. This
can be estimated analytically. The array of pixels shown in Figure 5.12
defines the pixel width as s at a lateral distance d along the x-axis.
Again, the amplitude after reflection is denoted as A. The phase shift
induced by this pixel is ¢ = ¢p + ¢.. The modulated field immediately
after reflection, Em(xm), is approximated by a rectangular function TT:
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Em = ZAH( )ef"’Pe/"’L (5.13)

Equation (5.14) is used to describe the pixelated phase ramp in
Figure 5.12, assuming the phase difference and distance between each
pixel is constant.

Agr
¢p=Appp=—7p, dp=5p (5.14)

The phase profile of the Fresnel lens, conceptually shown in
Figure 5.12, can be approximated in 1D using,

__Ke__k (5.15)
¢L——2—fx __Z_fSp .

Where f is the focal length and k the wave number. It is convenient
to use Fresnel Diffraction for propagation in the near field as the
exponential term, i.e. the quadratic phase term across the pupil
exp (jkxfn/ZZ), cancels out the Fresnel lens phasor at the focal length f.
Note, this cannot be done when considering the pixelation, hence only
the ramp phasor is propagated pixelated. Inserting Equation (5.13) into
the Fresnel Diffraction equation and setting the propagation distance
z = f yields:

Ef=-—¢ 7
JAf

[ $n (s o e,

P
= idkfg%xf sinc (EXf) Z /(90=57xrd) (5.16)
JAf 2f )3

Using the geometric identity:
n—1 n 1—pn
=Zar’<=Zar’<‘1=a( ) (5.17)
k=0 k=1 1—r

When ¢p = Ap,/Pp, r = expj(A¢/P—2mxss/(A2)) #1, p=k—1,n=P
and a =1, Equation (5.16) simplifies to:
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This equation does not include diffraction from gaps between the
pixels, pixelation of the Fresnel lens as well as discrepancies in phase
command and output. This result is plotted in Figure 5.14 and shows a
pattern formed in the focal plane which follows an amplitude envelope.
The steered spot is well defined and simple to track, making PRFL
compatible with criterion 1. Furthermore, the diffraction pattern is
spaced apart which allows for the steered beam to be imaged alone on
the detector as illustrated in Fig. 5.14. As a result, the influence of the
diffraction pattern on tracking and cross talk can be reduced using PRFL,
which together with NMB amplitude reduction, makes it compatible with
criterion 3.

5.3.2. EXPERIMENTAL DEMONSTRATION OF PRFL

To verify these conclusions and assess the tracking error performance of
PRFL compared to PR in the presence of NMB and diffraction for criterion
2, an experiment was conducted. The setup, including components and
dimensions, is illustrated in Figure 5.15. The beam was aligned with
the optical axis when zero degree PRFL was displayed on the SLM. The
perfboard is used to create a small beam from a larger collimated beam
to simulate a homogeneously illuminated finite aperture.

The setup allowed for deliberate defocus and focusing by varying
the imaging lens distance to the image detector. The image detector
exposure time was set to 20 us. Lastly, the constant position of the Oth
order and NMB allowed for masking in the same position. An illustration
of masking is shown in Figure 5.16.

Three settings were chosen to assess the suitability of PRFL according
to criterion 2 mentioned above:

1. PR: to show this method is sensitive to incorrectly tracking the
NMB and diffraction instead of the steered beam without masking.

2. PR with the NMB and 0th order masked: for a tracking baseline
to assess criterion 2.

3. Defocus with PRFL and no mask: to verify the working of PRFL
and its ability to meet criteria 1 and 3.

Beam tracking is done in two steps. The beam is first coarsely tracked
using peak intensity and subsequently refined using a local center of
gravity (C.G.). The steps are shown in Figure 5.17.
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Figure 5.14.: Results of the analytical approximation of PRFL in the focal
plane. (a) Plot of an output pattern compared to the
position detected in the experiment ("Experiment Position")
for verification. The experiment will be explained later. For
clarity, a zoom of the steered beam as well as the image
detector bounds are provided. (b) Decomposition of the
diffraction pattern in a diffraction pattern and an amplitude
envelope to help illustrate the behavior.

The C.G. error propagation was analyzed as a way to compare tracking
performance of PRFL and PR. The norm of the signal error vector, Arcgs,
is determined using

Al + Alpgy &
Al’cg5=AI’+ TZ rj_rcgnav (519)
isto

where Ar, AI and Al,qy are the offset errors of the pixel position,
pixel value and the noise average, respectively. The number of pixels
in the local frame is denoted by N. The norm of the position vector
of the signal C.G., r¢gs, is the absolute distance from the origin in the
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Figure 5.15.: Labeled image of experimental setup. The SLM and image
detector are the uncoated SLM-200 and MER2-160-227U3M
respectively.[8, 18]

local frame. Position norm is defined as r = y/x% +y? with x and y
denoting the coordinates along their respective axes. The value of pixel
i is denoted as I;, average noise level, Inqv, C.G. position is denoted as
regnav and resides in the center of the local frame. The pixel position
error, Ar, is driven by manufacturing tolerances. This was set to 0
as it was assumed that the pixel location error is negligible. AI was
taken to be the 8-bit discretization of the pixel which is 1 out of 28
for the image detector (MER2-160-227U3M).[18] Finally, Alpqv was set
to 0,/+/N, where the standard deviation of the noise, o, is taken from
the whole image after the NMB and MB pixels have been masked and
ignored. Note that the image after masking includes diffracted light.
The variables are assumed to be independent. The beam diameter was
determined by finding the intersection between the beam and the noise
floor once at the start.

The error propagation results in Figure 5.18 (b) show that the tracking
performance of masked PR can be met without a mask using PRFL,
meeting criterion 2. From example images in Figure 5.16, it can also
be observed that NMB and diffraction for PRFL are less dominant than
for PR, satisfying criterion 3. Figure 5.16 and Figure 5.18 (a) also show
that tracking can be performed purely through peak intensity and C.G.
tracking, satisfying criterion 1. Having met all the criteria, PRFL has the
prospect of being a suitable candidate for use in multi-beam steering
systems.
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Figure 5.16.: Figures (a-d) show differences in tracking when using
PR and PRFL. These are real images captured during
the experiment. (a) Labeled image of a steered beam.
"Oth order diffraction" is abbreviated to "Oth OD". (b)
Demonstration of digital masking, the blue circle shows
where the mask is placed. When the mask is applied,
all the masked pixels are ignored. (c) Algorithms tracking
when using PR without masking, shown in the green circle,
tracks the NMB and Oth OD and not the steered beam due
to higher peak intensity. When masking, the correct beam
is tracked, shown in red. (d) Algorithms tracking beams
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green circles coincide (with the green circle underneath the
red circle). Additional benefits of PRFL are mentioned in
the figure.
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The results demonstrate that PRFL could be particularly effective
when NMB and diffraction are dominant over the signal. Due to no
additional hardware components being needed to implement PRFL, the
cost of implementation can be minor. Furthermore, not needing masking
or filtering algorithms could make tracking non-static beams using PRFL
easier and more reliable. Lastly, fewer artifacts to track could also
increase the number of beams the system can track.

For SLMs that reduce NMB by an anti-reflection coating, PRFL is
less relevant. Still PRFL can further reduce the amount of cross-talk
originating from NMB leaking into the other comms channel, at the
cost of a higher probability of cross-talk due to an increased NMB area
(discussed in Figure 5.16). Other aspects that form a limitation in
applying PRFL are: 1) the limited spatial resolution of the SLM limits the
steering angle and the minimum focal length of the FL; 2) Computational
load and modeling complexity of synthesizing multiple FLs is increased;
3) for long focal lengths, the effects are reduced.

In the next subsection, PRFL will be used in the design of a multi-beam
steering stage.
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5.3.3. INTEGRATION OF PRFL INTO MULTI-BEAM ACQUISITION AND
STEERING SYSTEMS

Section 5.2.5 mentioned four challenges with integration of SLMs
in multi-beam steering systems; individual multi-beam steering, SLM
positioning within the steering system, angle of arrival as well as the
tracking difficulties.

The result of Section 5.3.2 demonstrates the ability to individually
focus and steer beams using SLMs with individualized PRFL phase
screens. Considering the challenges facing integration of SLMs into the
steering system in Section 5.2.5, PRFL can dynamically map and image
different beams individually in any location where beams are spatially
resolvable. Thereby solving the first two challenges of individual
multi-beam steering and SLM positioning within the steering system. In
addition, imaging lenses can also be removed from the optical system
shown in Figure 5.9 as the function of these will be performed by the
SLM,

The angle of arrival into the optic fibers can be improved using a
second steering stage, as also discussed in Chapter 3. The second
steering stage is needed because the steering mechanism (SLM) can
only control angular degrees of freedom as well as the focal point.
However, the SLM cannot translate the beams directly. To control angle
of arrival, translation as well as focus, two steering stages are needed.

Lastly, using PRFL the diffraction patterns can be controlled to remain
outside of the tracking sensor.

The resulting steering system is illustrated in Figure 5.19. This system
resembles earlier work by the TU Delft, with important improvements.[3,
19]

The first SLM is used to separate the beams spatially and determine
the spot size on the second stage SLM (SLM 2 on steering plane 2).
The placement of this SLM is in accordance with that discussed in
Section 5.3. In order for the system to operate, the FoV image from
the telescope and the SLM size should be matched, potentially needing
additional optics. The second steering plane controls coupling angles
and spot sizes of each beam individually on the coupling plane. This
creates a bespoke optical path for each beam. Within the fiber, Tx and
Rx can be separated through an optical circulator.[3, 19]

Using the same path for down-link and up-link ensures that the
number of tracked beams is reduced by half and more components can
be shared between beams. To achieve a point ahead angle, a small
offset between each beam path must be created. Using the system
in Figure 5.19 and simplifying the second steering stage, the point
ahead angle can be achieved through multiple methods as shown in
Figure 5.20.

The point ahead angle is achieved through deliberately changing the
coupling angle of the Rx beam. Two schemes are based on inducing
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a lateral offset and one is based on angular offset, indicated by A, B
and C in Figure 5.20. This approach comes at the cost of reducing
coupling efficiency. To analyze the efficiency degradation, the efficiency
of normalized offsets can be compared in literature. The normalization
is done by

Ax = % AG’ =JE, (5.20)
w r

where Ax’ and A@’ are the fiber mode radius (w) normalization of the

lateral offset Ax and angular normalized angular offset A6 respectively.

With f the focal length and r the steering area radius. The lateral

offset Ax is induced through angular offset A6 in the pupil plane of

the focusing lens on the SLM or the coupling lens. This angle can be
approximated by

Ax = fA6. (5.21)

Determination of the resulting angular offset can hence be determined
by

wAx’
6= (5.22)
f
for lateral offsets and
rAg’
6= (5.23)
f

for angular offsets. Comparing Equation (5.22) and Equation (5.23)
shows that the coupling efficiency is more tolerant to angular
misalignment compared to lateral misalignment when the mode field
radius is less than the steering area (w < r), keeping focal length equal.
Furthermore, reducing the focal length can also yield larger angular
offsets.

To compare A, B and C (shown in Figure 5.20), A and C are given a
focal length of 10 cm, while B is given a focal length of 1 cm due to the
use of a coupling lens. The steering area width is set to 10 pixels (20
pixel full width), with each pixel having a width of 8.1 um yielding 81
um. The mode field radius is taken to be 10.4 um. Next, the normalized
efficiency degradation limit for fiber coupling is set to 50%, implying the
maximum allowable normalized lateral and angular offsets to be 0.8 and
0.7 respectively.[20, 21] The results are shown in Table 5.1. Note that
are for a spot size that is optimized for coupling.

Another method is to increase the spot size. This yields a lower peak
coupling efficiency, however, can increase the coupling efficiency with
translated and angular offsets. Increasing the spot size by 43% can
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approximately yield 99 urad for A, 988 urad for B and 648 urad for C.
This comes at the cost of 15% peak coupling efficiency.

These angular offsets are not directly equal to the point ahead angles
as the optical system would likely amplify them. Nevertheless, typical
point ahead angles range between 20 urad to 50 urad for ground
to LEO[22], showing that the selection of the design of the relevant
parameters is important. Furthermore, in the presence of jitter, the
effective offsets should be reduced in order to accommodate excursions.

Method A B C
Focal Length 10 cm lcm 10 cm
Steering Area Radius - - 81 um
Min Norm. Efficiency 0.5 0.5 0.5
Normalized Offset 0.8 0.8 0.7
Max Angular Offset | 83.2 urad | 832 urad | 567 urad

Table 5.1.: Example maximum allowable angular offsets for each method
in Figure 5.20 for a given minimum normalized efficiency.

5.4. DISCUSSION AND CONCLUSION

In conclusion, this chapter presented the theory and experimental
demonstration of phase ramp and Fresnel lens (PRFL) based steering.
It shows that deliberate defocus followed by a PRFL phase screen on
an SLM reduces the influence of non-modulated beams (NMBs) and
diffraction on tracking. It does so without loss of tracking performance
or additional hardware. While phase ramp steering required filtering to
track, tracking using PRFL required no additional filtering steps.

Furthermore, PRFL also offers a solution to a critical challenge in
multi-beam steering mechanism (SLM in this case) placement. This is
due to the ability to dynamically generate individual optical systems
for each beam using the SLM. It can also eliminate the need for
intermediate imaging optics.

The theory was verified in experimental demonstration through the
experimental setup discussed in Chapter 4. Furthermore, the steering
performance of the SLM was compared to the values found in Chapter 2.

While this chapter has discussed some important and novel
innovations with respect to multi-beam steering, there is still much
to be done. For one, the wide field of view requirements are more
challenging than those for narrow field of views. Applying formal
control theory analysis to the control loop to investigate the dynamics
of including SLMs into steering systems is also needed. As part of this,
the computational load and optimization would need to be considered.
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Lastly, PRFL is a demonstrated principle, however, a full multi-beam
closed-loop steering system is still requires demonstration.
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MULTI-BEAM TRACKING

All we have to decide is what to do with the time that is given us.
Gandalf (The Lord of the Rings)

Both single and multi-Beam laser communication terminals (SBTs and
MBTs) require efficient algorithms for tracking multiple beams with
sub-millirad accuracy and between 100Hz - 1kHz control bandwidths. In
addition, MBT tracking systems track the full frame in order to acquire
and track multiple beams in multiple places on the detector at once.
To our knowledge, no suitable algorithms exist that offer multi-beam
tracking for MBTs which simultaneously allow beams to move and
(dis)appear randomly. In this chapter, we propose a novel multi-beam
tracking algorithm using computationally inexpensive temporal-based
techniques inspired by multiple target tracking. This method leverages
frame association based on directional beam behavior and statistical
analysis for accurate beam classification and labeling. Experimental
results using commercially available hardware show that our algorithm
can track 1000 beams (false and true positives) with over 99% precision
at 1 ms per frame overhead, utilizing a 1.8 GHz processor. The tracked
beam location is within 1 pixel of the true center. An analytical model
of the algorithm was derived from mixed replacement urn problems
and complete homogeneous symmetric polynomials. Combining these
yielded in a, to our knowledge, new probability distribution we
coined CombiTron. Our temporal-based tracking technique significantly
enhances MBT performance with minimal computational overhead. This
approach can be useful for applications outside of multi-beam tracking,
including single beam tracking. The theory matches simulations and
experiments, allowing for accurate estimation of tracking performance
and requirements.
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Parts of this chapter have been published in:
J. Spaander, R. Saathof, E. Gill, and J. Guo. “Tracking Algorithm for Multi-Beam Laser
Communication Terminals”. In: (2026)
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6.1. INTRODUCTION

Chapter 3 and Chapter 5 discussed the steering system design and
layouts. It has been shown that beams can be steered using SLMs
but drawbacks, namely diffraction and non-modulated beams (NMB),
which disallow tracking directly through peak intensity and center of
gravity. However, through phase ramp and Fresnel lens (PRFL) steering
and hardware layout, these drawbacks can be largely mitigated.[2]
System layouts have been shown and demonstrated experimentally
where individual beams can be steered and projected onto an image
detector. This leaves a crucial part of the system: the tracking and
classification of multiple beams at once. As mentioned in Chapter 2, use
cases can be envisaged where these beams can move dynamically and
independently as well as in and out of frame. In this chapter, a novel
tracking algorithm will be discussed.

Multiple multi-beam terminal (MBT) designs have been proposed.
They can be broadly classified into single beam terminal (SBT) arrays[3],
large mirror arrays[4, 5, 6, 7, 8, 9] and wide field of view telescope[10,
11, 12, 13, 14] based designs. Each of these require spatial awareness
to track each beam across a wide field of view using image detectors.

While the theory in this work can be applied to all the mentioned
terminals, to help understand the mechanics, previous work by the TU
Delft[10, 11, 15] as an example for illustration shown in Figure 6.1. The
system consists of two almost identical steering stages that are placed
in series, each interfaced with a beam splitter. The steering systems
consist of a spatial light modulator (SLM) and an image detector (ID).
The first system is to arrest lateral motion of the beams in the system,
and the second to couple the light into the transceivers.

Some multi-beam tracking algorithms (MBTA) have been proposed.
Skryja et al.[17] propose an intensity distribution based technique
for a GEO satellite mounted MBT. However, this technique has static
counter terminals. A creative solution is offered by Wang et al.[5], who
assume the incoming beams are differently modulated. The system
subsequently uses a quad cell to track them. While computationally
low-cost, it constrains counter terminals to those which are modulated.
Our previous work[15] demonstrated separating multiple beams from
noise and tracking their center of gravity (CoG) using spatial light
modulators (SLMs).

Single beam tracking algorithms (SBTA) in the basis rely on three
techniques. First, peak intensity tracking where the algorithm searches
for the brightest pixel, as used by Wang et al.[18] and our previous
work[2]. Second, CoG weighted by pixel intensity in the case of an
image detector or approximated through a quad cell. This technique has
been used in SILEX[19] and OPALS[20]. Lastly, centroiding, which finds
the geometric center of a beam, is used by TBird[21] and NODE[22, 23].
Algorithms using convolutional neural networks to aid in tracking, such
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Figure 6.1.: lllustration of the optical path of a bidirectional, multistage,
multi-beam laser communication system. Figure adapted
from "Free-Space Multi-beam Optical Communication Termi-
nal Design for Spacecraft" by J. Spaander on page 81 Figure
5.32[10, 16], reprinted and edited with permission.

as demonstrated in the work by Li et. al[24], have been proposed.

While these techniques are foundational for this work, the above
SBTAs cannot track multiple beams directly. Multiple target tracking
(MTT) algorithms can take various sensor inputs and are able to
track multiple targets. Hairui et al.[25] provide an overview of these
algorithms. One of the main methods used in MTT is multiple hypothesis
tracking (MHT), proposed by Reid[26] in 1979. This method applies
statistical analysis on past data and generates multiple hypotheses for
the labeling and classification of all tracked objects at the same time.
The most likely is subsequently chosen. Variations of this method have
been proposed, such as those by Zheng et al.[27], and have been used
in various applications such as LIDAR[28].

However, these algorithms are computationally costly compared to
the aforementioned SBTAs. This was already mentioned by Reid[26] and
the works by Zheng et al.[29] and Wenzl et al.[28] show tracking loop
latencies on the order of seconds. Platforms which use MTT have been
integrated into more size, weight and power (SWaP) tolerant systems
compared to spacecraft. Examples include systems used in military or
commercial aviation tracking.[30, 31, 32] Furthermore, the neural based
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SBTA proposed by Li et al.[24] is also computationally more costly than
the other SBTAs, requiring a GPU and CPU with 1.4 FLOPS to achieve 34
fps.

In this chapter a novel MBTA is proposed based on the insights from
SBTAs and MTT. This chapter will analyze and derive theoretical behavior
and performance as well as demonstrate this experimentally.

This chapter will first look at the methodology. The optical setup
and synthetic images used to test and demonstrate the algorithm
are described there. After this the target classification and algorithm
will be detailed. Each subpart will be discussed with the theoretical
equations derived, starting from image processing, target association,
hypothesis tracking and behavior prediction. This includes a solution
to a mixed replacement Urn problem which was solved along the way.
The limitations and performance of the algorithm will be theoretically
derived. Lastly, the results of the experiment will be compared to the
theory and discussed.

6.2. METHOD

This section will discuss the methods used to analyze and demonstrate
the algorithm. First the hardware experiment will be discussed in 6.2.1,
the tracking image modeling in 6.2.2, the algorithm and the analysis
will be discussed in 6.2.3 and finally the overall computational cost and
limitations of the algorithm will be discussed in 6.2.4.

6.2.1. HARDWARE EXPERIMENT

An experimental setup was devised which can demonstrate multi-beam
tracking by mimicking the beam wander. This comprises four parts: First
the multi-beam source, second the optics, third the sensor and fourth
the controller.

First starting with the multi-beam source, its function is to generate
numerous beams moving in different directions at different speeds. A
low cost laser source with two diffraction gratings in series was selected.
These create multiple beams in a 30 degree expanding cone which
move while turning one diffraction grating with respect to the other.
These beams move in different directions at different speeds and cross
periodically. Rotation was done using a stepper motor and gear box. The
wavelength of the source was 635 nm at a laser power of 5 mW. The
source output was attenuated using three ND filters of OD 2, 3 and 4
mounted sequentially just after the source to not over-expose the image
detector (ID).

Second, the optics image the beams onto a detector. This was
achieved through a 2" lens to arrested the divergence and focus the
beams on the mirror. The mirror is used as a stand-in for a multi-beam
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Figure 6.2.: Optical Setup. Note that the mirror is a stand-in for a
steering mechanism such as an SLM or micro-mirror array.

steering mechanism such as an SLM or MMA, such as the SLM used in
our previous work.[15] The same plane is imaged onto the ID through a
combination of two lenses such that the imaged beams resembled those
found in our previous work.[15]

Third, the MER2-160-227U3M[33] was chosen as the image detector.
It uses a USB 3.0 interface, providing 1440x1080 8-bit mono resolution
with 227 fps.

Last, the controller consisted of a 11th generation Intel i7-1185G7
logic core running at 1.8 GHz within a Dell Latitude 7420 laptop[34].

6.2.2. TRACKING IMAGE MODELING

Synthetic images were generated and fed into the algorithm to
test a wide range of scenarios. These images were generated by
superimposing Gaussian intensity profiles as beams and wandering
them with random velocities. Gaussian noise was subsequently added.
This process is shown in Figure 6.3. Despite spot size differences, the
noise distribution and algorithm performance were compared with the
experimental results and found to be indistinguishable from them. It
is expected that increased distortion will eventually cause detrimental
performance due to the spot size increase necessitating increase in
tracking window size, this will be mentioned in Section 6.2.3.
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Figure 6.3.: Method of synthetic image generation. The output frames
are a superposition of Gaussian noise and Gaussian beam
profiles placed in random locations. The locations are
linearly propagated through the frame to simulate beam
wander caused by the relative motion of the counter
terminals.

Experiment Image Synthetic Image

Figure 6.4.: (a) An image from the experimental setup and (b) a synthetic
image.
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Figure 6.5.: Shown is the noise distribution of the images in Figure 6.4.

6.2.3. MULTI-BEAM TRACKING ALGORITHM

MBTAs use attributes and patterns exhibited by the beams and noise
to filter and accurately track them. As discussed in the introduction, in
the basis SBTAs directly use ID data during image processing to track
beams. Further noise suppression can be done using additional image
processing steps. These operations scale computationally as a function

of the number of pixels, on the order of O(Npixeis), O(Nsl.xels), etc...

depending on the algorithms used. For SBTAs this cost can be largely
mitigated through region of interest, however this is not possible for
MBTAs which track full frame.

On the other hand, multiple hypothesis tracking (MHT) processes
targets originating from detections resulting from sensor processing.
Maintaining and re-evaluating/back-propagating multiple hypothesis
over time scales computationally factorially with the time and the
number of targets tracked. The method presented in the following
subsection was inspired by this approach. In short the back-propagation
process was simplified to be less demanding. As a result, the method
discussed scales with the number of tracked targets/beams. Since the
number of detections are at most equal to the number of pixels or
less, this would add O(Nopjects), O(N? ), etc... (depending on the

objects
algorithm used) of overhead to track multiple beams.

Time Related Definitions: Loops can be used to express time using
the following definitions:
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Time: teR
The loop number: (€ Z
The loop duration: At € R>o
such that: Atj=t1—¢

Notation of Targets and Detections: Targets are unique in both
space and time and have a history. A target can be active, i.e. when it
is in frame, or non-active as a result of being out of frame or rejection
by the algorithm. |If all targets in space and time are considered as
a set, then the vectorized representation of the set can be denoted
as T. Detections are denoted as D, with D, as the nth detection.
The vectorized set of targets and detections are denoted as T and D
respectively.

Since each detection is considered independently, the set of detections
is organized from 0 to N detections. Targets however, have persistence
between frames, and hence the designation of the target must remain
persistent. As a result, there exists a mapping matrix which correctly
maps previous measurements to the tracked targets. This is expressed
as follows:

Do To

B} D1 T1 .

D=| . |[=My| . | =MsT (6.1)
Dn Tm

It is computationally economical to focus on the active targets set, Ta,
simplifying Eq. 6.1 to:

Tp = MTATA where TpcT. (6.2)

The mapping matrix (i.e. which previous known targets belong
to which detections) is unknown and can only be estimated. This
estimation takes place in the association step of the algorithm discussed
in 6.2.3.

Position is defined as the location of the beam/target in the image
according to:

Fe {RZ,[;:Q} (6.3)

where x and y are the coordinates of the beam/target. The position of
the nth detection is denoted as: 7p,. The position of the nth target is
denoted as: 7T,
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Figure 6.6.: Multi-Beam Algorithm with Attributes Labeled.

Binary Actual Classification System of Targets: An overview of
the algorithm can be found in Figure 6.6. The algorithm statistically
analyzes this over time to filter noise and uses this to classify targets.
The local max (LM) processing step and the hypothesis tracking (HT)
steps perform binary tests and subsequent classifications. The steps
yield test classifications and are compared to the actual classification.
The actual classification system used in this work can be seen in
Figure 6.7. This classification will be used throughout this text for
analysis of the system performance. The test classification system will
be discussed later.

Each part of the algorithm will now be discussed and analyzed,
starting with the image processing step in 6.2.3, then the association
in 6.2.3, the hypothesis tracking in 6.2.3 and finally the Kalman filter
in 6.2.3. The analysis of each step will look at the sensitivity to noise
by looking at the number of false positives and overall precision as
performance metrics. In 6.2.4 the computational load and overall limits
of the algorithm will be discussed.

SENSOR PROCESSING/LOCAL MAX

In short, the sensor processing step takes raw pixel values and finds a
thresholded local maxima (LM) which can be fed into the measurement
association step. Each pixel is evaluated. The local area size is a square
window of n pixels centered around the maximum pixel within those
pixels. To save time, first the threshold is applied before comparing the
pixel to the highest value of the other pixels exceeding the threshold in
the window. This is schematically explained in Figure 6.8.

The number of True Positives, TP, are the number of beams that
exceed the threshold. If instead noise is detected in the same window
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Actual Classification Scheme

All Objects in FoR

Beams FNm I_ TN M Noise
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| | Objects

| TPLM = TPHT U FNHT |FPL|V| = FPHT U TNHT
|

|

|

|

FNHT I TNHT
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TP: True Positives i.e. correctly identified beams/targets

FN: False Negatives i.e. incorrectly identified beams/targets
FP: False Positives i.e. incorrectly identified noise/false targets
TN: True Negatives i.e. correctly identified noise/false targets
LM: Sensor Processing (Local Max)

HT: Hypothesis Tracking

Figure 6.7.: Set diagram of actual classification of targets. The local
max and hypothesis tracking steps filter data into binary
classification to either accept as beams or reject as noise.
The actual classification, used to determine algorithm
performance later, is shown here. Starting with all objects,
the set shrinks after each algorithm step. The figure is split
between noise and beams for clarity.

as a beam, this would still be considered a correct detection and be
a TP. Beams are assumed to be wandering in any direction in any
place, which can cause multiple beams to occupy the same window.



178 6. Multi-Beam Tracking

Local Max Algorithm

Yes| Isvalue |ygg| Ispixel |yes Store

Image Next Pixel > above > largestin > location
threshold? window?
TNo No No

utput list\ yeg| Have all
of local pixels been
maxes evaluated?

Figure 6.8.: Local max algorithm

It therefore is assumed that beams have a uniform probability density
function (PDF) of being at any point within the frame. Furthermore,
although beams can illuminate multiple pixels, the center of the beam is
contained within one pixel, which is subsequently tracked. The spatial
density and the expected number of beams within a randomly selected
window is given by

Ng nNg
= and Ag = , (6.4)
Npixels Npixels

PB

with pg and Ag the pixelated spatial density and expected number of
beams in a window of size n respectively. The total number of beams is
Ng and the total number of pixels in the frame is Npixeis. The resulting
distribution of finding k beams in a window follows a Poisson distribution
as follows:

AKke=As

— __8B — N Npixels
P(Xw = k) = s e (6.5)
Making use of the always positive and discrete nature of the problem
and taking Ny as the number of possible windows, the expected number
of true positives is hence:

( nNg )k 1 __nhs
Npixels

Npixels

TP=NwP(Xw = 1) =

N B _ nNg
— pixels (1 —e Npixels) < Np
n

(1—P(Xw =0))
(6.6)

Eq. 6.6 shows that increasing the number of beams, Ng, yields a
proportionally lower number of true positives, TP, due to overlapping.
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The number of False Positives, FP, can be used as an indicator for
the algorithm filtering performance. Relating FP to the noise would
allow us to relate algorithm performance to noise. For the sensor
processing step, this is done by taking the probability of noise meeting
the thresholded local max and multiplying it with the maximum number
of allowable windows. Take a window W, consisting of pixels with
(Gaussian) noise values I of which none belong to a beam in the subset
of all beams at time t;, By, (where B is the set of all beams in time on
the detector), then the probability of the max pixel value in the window,

pLm, is

pim =P(max(W)=>TnW & Bt,)

6.7

Taking that the pixel noise and the beam distributions are independent,
these can be split. Mapping the pixels to the ordered statistic and
multiplying with the maximum number of windows, yields the number
of false positives,

FPLm =NwindowsPLm

Npixels

=— P(max(W) = T)P(W & Bt,)

Npi Npi
—(1— e_pn)( pixels TP) _ Pn( pixels TP)
n n

where p is the probability of a pixel (without a beam) exceeding the
threshold due to noise.

As can be seen from Eq. 6.8, increasing the number of beams yields
fewer false positives when keeping other parameters the same. This is
due to the aforementioned statement that when a window is accepted
due to noise also contains a beam, then this will be considered a TP.
Hence, the number of false positives should decrease with increased
number of beams. Furthermore, increasing the window size has the
effect of reducing the number of possible windows, which in turn has the
effect of decreasing the number of false positives. However, at the same
time this increases the rate at which windows are falsely accepted.
This is because the window has more pixels with the same probability
of exceeding the threshold due to noise. As a result, increasing the
window size increases the probability of having at least one FP while
simultaneously decreasing the total possible number of FP. As a result,
increasing the window size is detrimental for the overall FP rate. This is
captured in Eq. 6.8 by the factor 1—e~P" approaching 1 faster than
Npixets/n approaches 0. Limit cases and setting the threshold will be
discussed in Section 6.2.4. Nevertheless, this is particularly relevant
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where the lowest threshold possible is preferred (to, for example,
minimize the required signal power on the tracking image detector).

It is important to note that optical distortion requires window size to
increase in order to encapsulate the beam and limit multiple detections
per beam. As a result, the level of optical distortion can have direct
influence on the tracking performance when larger than the positional
uncertainty.

ASSOCIATION OF MEASUREMENTS TO TARGETS

The goal of association is to approximate as closely as possible the
mapping matrix M in Eq. 6.2. Association is performed by comparing
detection locations from the sensor processing step described in 6.2.3
with the predicted locations which will be described in 6.2.3. In the
following it is assumed that the measurement closest to the predicted
location of a previously known target and/or candidate target is most
likely to be the target. By likelihood, we mean the likelihood of
observing the correct outcome for an assumed set of parameters.
The observations are position locations and the parameters are the
previously known targets and candidates.
The detection proximity matrix at time t is shown in Eq. 6.9:

Are = |J(rrp —rp)|

Froo:lli=1— ol *++ |Frpp:=1— D
| po:| . 0| . | pn:l| . o| (6.9)

|Froo:tii=1 —ropl =+ |Prpniii=1 — ro,|

where frpy.—1 is the "a priori" position estimate. A cut-off radius
is applied to save compute time on highly unlikely associations. Then
a row min is applied to determine the most likely association between
measurement and previously known target:

Association Matrix = RowMin(Art < rmax) (6.10)

A simple RowMin operation was chosen over comparing the distance
to a probability distribution and evaluating the probability. Here there is
a departure from MHT. In order to improve the speed of the algorithm,
probabilities from previous associations are not stored and re-evaluated.
This can be factorially more costly in terms of computational and
memory resources. Hypotheses over time are adjusted in loop, and will
be discussed in 6.2.3. Nevertheless, it can be considered in future.

All non-associated detections are passed as new candidate targets.
An overview of the algorithm can be found in Figure 6.9.

Multiple beams can be associated to the same detection. Should
this be the case, the oldest one is associated while the others are not
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Figure 6.9.: Association algorithm block diagram.

associated. This was chosen as the persistence of a beam can be
expected to be higher than noise in normal operation.

The probability of association of a particular FP due to noise is
dependent on the number of associations before it. This is similar to
a mixed replacement urn problem where a ball drawn of the fail type
is replaced (analogous to associating to an empty region of the image)
and a ball of the success type is replaced with a fail type ball (analogous
to associating to a region with a detection). In this work there will be two
equations derived and proposed as closed-form solutions for the same
probability mass distribution of this process. Both of these are presented
for three reasons. First is completeness. Second is showing the relation
between the continuous complete homogeneous polynomials derived
directly from the association behavior and the discrete combinatorial
expression. Both are required, as the polynomial expression was used
to verify the combinatorial expression. The combinatorial expression
was used in this research to evaluate the models as it is easier to
optimize computationally and as a result is much faster. Last, the
derivation showing that these expressions are equivalent is beyond the
scope of this chapter. This probability distribution will be referred to as
CombiTron.

Polynomial CombiTron: The polynomial approach is simply
multiplying all possible combinations of each probability. Figure 6.10
shows this process in the form of a tree where the probability changes
only after association. The polynomial solution has two parts. Firstly, for
a given number of associations u the association probabilities can be
multiplied up to u, giving the first portion:

u—=1
[1a (6.11)
i=0

The second portion takes into account all the non-association
combinations. Writing out each possible number of associations along
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the tree shown in Figure 6.10 yields:
3
plu=4)=] |a
i=0
2
p(u=3)=(] [a)(ao + a1 + az + as)
7 (6.12)
plu=2)= (l_[a;)(dg +@oa1 + @Gz + GF + @142 + G3)

Il
o

p(u=1)=ao(a; + ajay + aod; + a;)
p(u=0)=dg
When evaluating these paths, it can be seen that the resulting
function is always a Complete Homogeneous Symmetric Polynomial

(CHSP) of degree a— u (a being the maximum possible associations)
with u variables. The definition of CHSPs is:

h(X1, X2, ..., Xn) = > XXy .. Xiy (6.13)

Combining Eqg. 6.11, 6.12 and 6.13 yields:

u—1
p(u) = ha—u(do, G2, ..., au) | | ai (6.14)
i=0
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which is the first closed-form solution. The probabilities are,

K—i _ N—K+i
ai=—, aQi=——m"
N N
where N is the total number of windows, of which K are associable.
Combinatorics CombiTron: From the perspective of multi-beam
tracking, there are K associable windows and N — K non-associable
windows out of a total N windows at the start of the association process.
Associating an FP is denoted as a success within the context of this
distribution. From the perspective of urn problems, there might be
K balls where the replacement is not allowed and N— K balls where
replacement is allowed and N total balls at the start.
Assume a set of size N containing K successes. The ordered set of
windows/balls (denoted as W) is as follows, where * simply denotes a
success:

(6.15)

S(W)={Wg,Wf,W;,...,WI:,WK.,.L...,WN} (6.16)

Considering the Binomial Coefficient, there are (';) ways to select a
subset of size o from N without repetition (i.e. uniquely). There are

(N+g_1) subsets of size a from N with repetition, i.e. multiset coefficient

(also denoted as ((%))). Logically, the number of unique combinations is
less than the number of possible combinations.

This is one of the two motivators for choosing unique associations.
When only u unique draws are allowed, then the number of sets of K
successes, i.e. the number of unique successful combinations, is (’5)
If multiple associations were to be allowed, the number of successful
combinations would be ((X)). Since ((5)) = (£), it implies that a filter
based on unique associations yields a lower association rate for false
positives performance than non-unique associations. The second flows
from this effect as well, as the FP accumulation rate is therefore also
lower. In 6.2.3 and 6.3, the difference will be discussed further and
shown to diverge as noise increases.

Unique association implies that when u successes have been drawn,
the remaining set of available windows/balls is of the same size N with a
reduced K — u successes. Consequently, the number of combinations of
a — u non-uniquely drawn failures is given by the multiset coefficient

N—(K—u)+a—u—1 N—K+a-1
( () e

a—u a—u
The probability of obtaining u unique draws after a random draws can

be found by multiplying the number of unique success/association com-
binations with the possible multiset combinations of non-associations
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divided by the total possible multiset combinations of all associations
and windows. This results in the probability mass function

(K)(N—K+or—1)

P(X =u) = 42U (6.18)

with which the mean, variance and program optimization is easier.
Expected Value and Variance of CombiTron: The expected value
of the distribution is
o o (K)(N—K+O(—1)
E() =Y uP(X=u)= y u=t— 90 (6.19)
u=0 u=0 ( )

o
which can be re-arranged to

1 a K N—K+a-1
=N+TZ(U—1)( a—u ) (6.20)

1
( o )u:o
Observing that o —u can be written as (a—1)— (u—1), this can be
re-written as
1 n K—1 N—K+n—1
NGy 6.21
(N+r,11_1)uZL;) (U—l)((n—l)_(u_l)) ( )

Taking the identity

é(zxnfk):(a:ﬁ) (6.22)

yields the expected value of the CombiTron distribution

(N+n—2

-1
(NjTl) (6.23)

n
Using a similar method, the variance can be found to be:

E(X)=

Var(X)= > u?P(X = u) — E(X)?
u=0

S, w5k

= ey — E(X)? (6.24)
o
N+oa—3
_ K(Ka—K+N—1)("+% 2

(N — 1)(N+g—1)
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The expected value will be used in 6.2.3 and 6.2.4 for determining FP
performance.

HYPOTHESIS GENERATION AND LABELING FOR TIME BASED FILTERING

Local Max Algorithm
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noise label as lost
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s target . ) beyond
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beyond the
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Figure 6.11.: Hypothesis generation and labeling algorithm.

The filtering function performed by hypothesis generation and labeling
(hypothesis tracking for short) (HT) is current and retroactive target
labeling using past data. As mentioned before, in contrast with MHT,
basic parameters such as the life time are used for this process instead
of hypothesis tree back propagation. As a result the combined time
of the hypothesis generation, association and prediction steps take 2
orders of magnitude less time compared to the image acquisition and
sensor processing (see 6.3). An overview of this algorithm step can
be found in Figure 6.11. The key metric used to filter is life time in
frames; if a target persists longer than the threshold of f frames, it is
labeled/accepted as a true beam and if less as noise. Targets persisting
shorter than the threshold are labeled as candidate.

The conditions by which noise can be falsely accepted are defined as
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FPut = |THTfatsel
Tutfaise = {life(Traise) > f} € Traise
Tralse =H(D\B)C D
FPLMt,- = |7—LMfalse,t1|

TLMfalse,t,- = Dti \Bt,- Cc TLMfalse (6'25)

= {TLMfasle,t,-}f:O
D= {Dti}gzol B= {Btl‘}ﬁzo’ T=BU7}G[$€
life(T) = Aty = life time of target

where H is the hypothetical association function. D is the set of all
detections in space and time. Furthermore, B is the set of all beams in
space and time. Note the distinction between Local Max (LM) and HT, as
these FPs do not correspond.

Since beams and their windows can overlap, cross, merge and
separate, the tracking system needs to be able to handle this. As
a result, confirmed beams are given a period within which they are
allowed to reappear and continue without re-labeling being necessary.
Beyond this time they are labeled as lost. FP must initiate outside of a
beam window. However the false beam could merge with a true beam
and extend its life.

The analysis of the algorithm will from here be split.  Unique
associations were used in the experimental demonstration. However,
this approach is more laborious for the computational performance
evaluation in 6.2.4. Hence, both unique and non-unique associations will
be evaluated, starting with multiple associations.

Non-unique Associations Case: The probability of association of
FPs over time for consecutive frames at time [ since time [— Al, assuming
the elapsed time is less than the acceptance threshold, i.e. f < Al is

P(Tfaise € Trtratse) = P(life(Traise) = f)

[
, (6.26)
= >, P(life(Tase) = F)
F=l—Al+f
Assuming the noise, beam, clutter and interference spatial probability
distributions are invariant and independent in space and time, the above
equation can be simplified to:

P(Tfaste € Thtfatse) = P(life(Traise) = f)

’ 6.27
= > P(life(Trasse) = F) (6:27)

F=f
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When this is not the case, the constant false alarm rate (CFAR) method
can be used spatially and/or temporally. Furthermore, the spatial and
temporal invariance of noise over time implies that the method of
window placement is irrelevant. Hence the above equation can be
simplified as

[ F
P(Tfatse € Tutfaise) = | | P(pixel € W(TP + FP))
e (6.28)
= > P(pixel € W(TP + FP))"
F=f

and can be further simplified using geometric series identities to

P(Tfaste € THTfalse) =
(P(pixel € W(TP + FP)Y*1 — P(pixel € W(TP + FP))i*+1) (6.29)
1—P(pixele W(TP + FP))

The identity when [ approaches infinity,

P(pixel € W(TP + FP)y+1

(Traste HTfalse) 1— P(pixel € W(TP + FP)) anf ( )
is useful. Knowing
P(pixele W(TP + FP)) = (TP + FPrm) (6.31)

pixels

qnf is defined as

_ nNg f+]_
((1 - Pn)(l —e el ) + pn)
Gnf = T (6.32)
(1_pn)e Npixels

The number of FPs after HT is the number of LM FPs per frame, FP.uy,
in the past since [ which lasted up and until f frames. This is

FPuT = (Qnf — qn)FPLm
Npixels —TP) (6.33)

= (qnf — in)pn(
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The total number of objects tracked is hence

lactive(T)| = |B| + |lactive(Tfaise)l = Ng + FPHT
Npixels _ TP) (6.34)

= Ng + (qnf — CInl)Pn(

This result diverges when the noise increases or the threshold
decreases due to the accumulation of false positives due to g diverging.

Unique Associations Case: FPyr can be found in the unique
associations by determining the accumulation and attrition rate balance.
The association probability, pgs, of all Ntgrgets tracked targets is
determined by the number of threshold excursions, K, produced by the
LM step and the total number of windows N. The probability can be
expressed using the expected value of the CombiTron distribution as

N+n—-2
_ E(T . Ntargets, N, K) _ 1 K( -r')—jl 6.3
Pas = Ni - N N+Ntargets—1 (6.35)
argets targets ( Ntargets )

The set of FPs in HT decays due to FPs not being associated for fiost
sequential frames. The fraction lost every fiost frames is

SHTnew = 1 — (1 — pgs)lost (6.36)

The share of FPs that make it through the candidate phase is pj;s.
Using Eq. 6.35 and 6.36 to make a balance in the number of FPs over
duration [ yields

(Ufiost+1)

FPyT = E(T)p];s—l_ _’;;:ew (6.37)
- new

with

Ntargets = Ng + FP vy + FPyT (6.38)

The number of FPs would hence need to be found recursively through
finding a stability point between equations 6.37 and 6.38.

PREDICTION OF NEXT LOCATION/BEHAVIORAL fILTERING

Behavioral filtering helps minimize the window size (see 6.2.3) as well
as ensure the highest likelihood of correct association. The result is
improved association and minimization of FPyr. Estimation is performed
using a simple Kalman filter and previous measurements.

Froo:tii=1 = FifTpe:=1j=1,  FTpo:(t = DO (6.39)
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The covariance and dynamic gains were not used in this work due to
loop time considerations. This did not impact the performance due to
the (near) linear paths of the beams. Implementation, optimization and
analysis of a more complex algorithm will be subject of future work.

6.2.4. ANALYSIS OF ALGORITHM LIMITATIONS AND PERFORMANCE

The tracking algorithm limitations and performance will now be analyzed
and discussed. Numerous limitations have been identified. These
are the related windowing limit, miss limit and noise limit as well
as maximum compute. In addition to this the operational regime
where tracking precision is maintained, iso-precision operation will be
investigated. The combination of these will yield an estimation of the
performance envelope for a tracking algorithm which is fully determined
by the capabilities of the hardware.

There are roughly three regimes in which the tracking could operate.
The first is in a saturated regime, which is when the density of pixels
exceeding the threshold in the frame cause the frame to be filled with
windows. The limited area within the frame to place windows, places an
upper limit to the number of trackable objects and is referred to as the
Windowing limit. The minimum distance between windows is half a
window width between window centers.

Npixels
n

The threshold exceeding probability at which this occurs, p, is twice
the maximum spatial frequency of windows. This is the Noise limit and
can be expressed as

Windowing Limit =2 (6.40)

2 2
p = — — Noise Limit= — (6.41)
n n

The second regime is where the number of pixels above the threshold
is sparser, however can also yield full saturation. This regime is
related to packing efficiency of randomly placed windows and is beyond
the scope of this chapter. However, within this regime there is a
configuration where the frame is tiled with windows one window width
apart. Subsequently, no additional beams can be tracked. The miss rate
is defined as

Ng—TP
MIS= — (6.42)
Np
When TP can no longer increase, the miss rate directly increases.
Hence, this is referred to as the Miss Limit. This is half the windowing
limit and serves as an upper bound for the theoretical maximum number
of trackable beams. It is expressed as
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Miss Limit = Npixels _ Windowing Limit (6.43)
n 2

Note that this can only occur in one configuration, meaning that the
probability of it occurring is low for randomly wandering beams. In
reality, beam and noise density at any given point in time within the
frame can be expected to be non-homogeneous and hence there might
be some pockets where tracking is possible and pockets where tracking
is not possible.

In the third regime is when there is enough sparsity to have sufficient
space between the windows and can be expected to start occurring
when p>1— % Note that in the first and second regime true positives
(TP) cannot be distinguished from false positives (FP). For reliable
operation, there should be some margin. The windowing, miss and noise
limits primarily affect the sensor processing step and are summarized as

2—Np£’7‘e’s for p> %
FP ~ { (6.44)

(1= (1= p))( M2~ TP ) for p < 2

While there are some use cases for the first and second regime and
this is modeled in the above equations, this work focuses on the third
regime. Hence, after identifying an acceptable noise level on the basis
of the above limits, the threshold T can be calculated using

T=u+0dY(pn)=pu+ov2erf(2p7 —1) (6.45)

The Computational limit of the MBTA is modeled as adding the

duration of each step. Simply put, since local max (LM), association,

hypothesis and predictive (AHB) steps are sequentially used, the
combined time is the loop time expressed as

t=tm+ tans (6.46)

where t is the loop time, t v is the LM duration and tayg is the
duration of AHB steps. LM evaluates each pixel for Npixeis in the frame
and searches in a local window of size n around each pixel exceeding
the threshold. This can be noise or beams. Since each beam has a
distribution, there is a portion of beam exceeding the threshold with a
diameter of d. The resulting equation for the LM duration is

tim =
na? a2 (6.47)
CO(Npixels +n— TP+ np(Npixels - TTP))
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with C, being the time constant needed to evaluate each pixel in the
algorithm. Similarly, AHB steps evaluate a matrix with the number of
rows equal to the number of tracked targets and column lengths equal

to the number of detections. The time can be expressed as
tans = CoNc (TP + FP)(Np + |lactive(Traise)l) (6.48)

with N¢ being the constant ratio between C, and the time needed to
evaluate AHB units. N¢ was found to equal roughly 9. From this the
computational maximum beam capacity can be found to be

nad? nd?

Substituting TP with TP¢imit and solving for TP¢c;mit such that the total
loop time, t, is the input variable yields

TPciimit =
C—to — Npixets(1 + np) — Nc(Np + |active(Tfaise)|)FP (6.50)

2 .
(1—p)n™ + Nc(Ng + |active(Traise)l)

In operation, TP < TPcimit for proper operation. The difference,
TP — TPcimit, is the buffer the system has for processing clutter and still
being capable of achieving loop durations of t. Furthermore, note that
the equation is invariant with the life time threshold number of frames.
This is due to this parameter being used solely for labeling, while
lactive(Traise)| is the number of tracked false targets. This includes
both the targets with life times shorter and longer than the acceptance
threshold. It should be kept minimal for timely acceptance of a beam.
When a target loop time is inserted in Eq. 6.50, it yields an estimate of
the maximum number of TP.

The envelope encompasses a range of precision. Due to the high
cost of space hardware, there is a need to minimize the number of
transceivers communicating with false beams. It would therefore be
useful to determine which part of the performance envelope falls within
the required precision. To do this, the Iso-precision (iso meaning
constant) operation can be evaluated. The precision of the tracking
algorithm is defined as

TPur

PRE=———
TPyt + FPHT

(6.51)
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with PRE being the precision and TPyt the number of true positives.
Rearranging the equation to allow for a minimum or target precision
yields

TPy > HTPRE (6.52)
AT = 1_PRE '

In iso-precision operation it is imperative that the noise is scaled back
or the threshold raised for a smaller number of beams. However, Eq.
6.33 becomes steeper proportional to the frame cutoff. Increasing the
life threshold duration can thus yield an acceptable result.

6.3. RESULTS AND DISCUSSION

In this section, the algorithm will be verified and validated by presenting
and discussing the tracking results obtained from both synthetic images
and real-time experiments. The modeling and setups are detailed in
6.2.1 and 6.2.2, respectively. An example of the tracks can be seen
in Figure 6.14. For brevity, since the tracking results and synthetic
images were nearly identical, focus can now be placed on presenting
the experimental results.

To demonstrate the alignment between theory and experiment, the
following were established as hypothetical design requirements:

1. An iso-precision requirement of 90% (i.e. no more than 10% false
positives among accepted targets).

2. A compute requirement of 10 ms per loop at 90% precision.
3. A computational resource parameter inverse, 1/Cy, set at 2.8 Gp/s.

4. Number of beams of 9.

Each experiment ran over 500 frames, totaling approximately 2.2
seconds for the highest noise setting. The results are presented in
Figure 6.12 and 6.13.

Examining Figure 6.12, observing that the number of detections in
both theory and experiment coincide and approach the Miss Limit,
without reaching or exceeding the Window Limit. The theoretical
model predicts that while the expected number of detections does not
exceed the Miss Limit, certain detection configurations may do so.
Consequently, data points above the Miss Limit are consistent with the
theory.

The tracking capacity approximation for the number of targets
diverges as predicted when approaching the Noise Limit in real-world
data. However, the improved CombiTron-based model closely follows
experimental results even beyond the Miss Limit. Notably, the number
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Figure 6.12.: Tracking envelope, theory plotted alongside experimental
data.

of tracked targets decreases due to persistent targets occupying more
time and space, thereby crowding out younger false positives from
association.

Figure 6.13 also demonstrates good alignment between theory and
experiment. The compute requirement line is crossed beyond the
required iso-precision noise level indicated in Figure 6.12, suggesting
that compute performance can be predicted and designed for under
various noise conditions.

Moreover, at noise levels up to 10~3 the loop time remains around
1.5 ms. Of this, the sensor processing is most dominant at 0.8 ms
while the association, hypothesis and behavioral (AHB) tracking ranges
from 10~ s to 0.5 ms. This discrepancy between these values was
verified to be due to overhead in saving data and controlling interfaces.
The accumulation of beams causes AHB to be dominant above a noise
probability of 10~3. This clearly shows the advantage of temporal AHB
tracking over further sensor processing steps.

It is important to note that the data shown does not include interfaces
and frame acquisition. Due to the chosen hardware these limitations are
more significant.

The key findings can be summarized as:
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alongside experimental data.

1. The tracking envelope results show a close match between theo-
retical predictions and experimental data, with both approaching
but not exceeding the Miss Limit.

2. The CombiTron-based model accurately follows experimental
results even beyond the Noise Limit, demonstrating its robustness
in high-noise environments.

3. Compute capacity aligns well with theory, allowing for predictable
performance under various noise conditions.

Potential sources of error include jitter from the stepper motor
gearbox in the experimental setup, interface factors and algorithmic
approximations. Future work could focus on mitigating these errors to
even further improve the alignment between theory and experiment.

Comparison with Existing Tracking Algorithms: The proposed
MBTA can track multiple dynamically moving beams using full frames
from image detectors. This improves upon the algorithms presented by
Skryja et al.[17] and Wang et al.[5], which employ static target tracking
and quad cell detectors respectively.

The demonstrated algorithm latency between 10=2 and 10~3 s
also compares favorably to SBTAs which have control bandwidth
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Figure 6.14.: Example tracks from an experiment run.

requirements on the order 100Hz-1kHz.[19, 35, 36, 37, 38, 39]
Moreover, the theory and results show that the MBTA adds less
overhead than what was reported by employed MTT and neural network
algorithms.[24, 26, 27, 28] Future work could investigate bandwidth
improvements of SBTAs using the concepts in this work. This could be of
particular interest in areas such as high scintillation, diffraction and/or
turbulence cell tracking.

Nevertheless, a challenge remains for multi-beam tracking in the
need to track full frame. Going to higher bandwidths might be more
challenging mainly due to the sensor processing limitations. In this case,
looking to improvements such as local region of interesting and having
a combination of a slower and faster control loop, as discussed in 6.1,
would need to be investigated.

Future research could also focus on refining the algorithm to
reduce false positives further and improving computational efficiency.
Additionally, exploring the application of this approach in more complex
scenarios with dynamic noise levels would be beneficial.

Nevertheless, this algorithm demonstrates the computational load can
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be reduced when tracking full frame using temporal tracking techniques
over additional image processing techniques.

6.4. CONCLUSION

This chapter addresses the need for a multi-beam tracking algorithm
(MBTA) in laser communication terminals by proposing a novel approach
that integrates sensor processing techniques from single beam tracking
algorithms (SBTAs) with multiple target tracking (MTT) algorithms. The
proposed algorithm optimizes computational efficiency by minimizing
image processing steps and employing association, hypothesis and
behavioral (AHB) tracking over time to filter and estimate target
movements accurately.

Comparison of Theory and Experiment: The algorithm was
thoroughly detailed, mathematically modeled and its limitations were
explored. Theoretical predictions were validated through hardware
experiments and simulated images under various noise levels. The
results demonstrate a close alignment between theoretical expectations
and practical outcomes, confirming the effectiveness of the proposed
algorithm.

Implications for Future Work: The control bandwidth achieved
by our multi-beam tracking algorithm is comparable to that of
existing single beam tracking algorithm requirements, with several key
implications:

1. Temporal tracking based on AHB can enhance tracking bandwidth.
It could hence be interesting to see if SBTAs can benefit from these
insights.

2. Further refinements in the theory and algorithm for multi-beam
tracking can improve bandwidth and noise performance. The
employed algorithm here has multiple avenues in each step to
explore further.

3. Leveraging graphics processing units (GPUs) can significantly
improve bandwidth. Furthermore, implementing nested control
loops on local regions of interest and global full-frame tracking
could further enhance bandwidth per beam.

Final Conclusion: The goal of this research was to determine if and
how a multi-beam tracking algorithm could be made which can track
multiple dynamically moving beams with an image detector. This work
has proven that this is indeed possible through the use of techniques
borrowed from SBTAs and MTT, with control bandwidths compatible with
single beam tracking algorithms to boot.



[1]

[2]

[3]

[4]

[5]

(6]

[7]

[8]

REFERENCES

J. Spaander, R. Saathof, E. Gill, and J. Guo. “Tracking Algorithm for
Multi-Beam Laser Communication Terminals”. In: (2026).

J. Spaander, J. Guo, R. Saathof, and E. Gill. “Reducing beam
tracking complexity using a phase ramp and Fresnel lens when
steering beams using spatial light modulators”. In: Optics Letters
49 (13 June 2024). issn: 0146-9592. doi: 10.1364/01.
523438.

A. Talamante, J. D. Bowman, D. C. Jacobs, Z. Hoffman, M. Horne,
J. E. Velazco, J. Arnold, S. E. Cornish, U. S. Escobar, and A. R. Klaib.
“Deployable Optical Receiver Array Cubesat”. In: 35th Annual
Small Satellite Conference (2021). ISBN: 4809658880, pp. 1-10.

J. Wang, Y. Song, H. Jiang, T. Wang, and B. Ren. “Research and
Dynamic Demonstration Test of One-Point to Multi-Point Space
Laser Communication System”. In: The 13th International Confer-
ence on Advanced Infocomm Technology. IEEE, 2021, pp. 143-
146. isbn: 978-1-6654-3188-0. doi: 10.1109/1cait52638.
2021.9702032.

J. Wang, Y. Song, H. Jiang, K. Dong, and Y. Liu. “Prototype
development of multi-target tracking system for space multi-node
laser communication network”. In: Optik 274 (January Jan. 2023),
p. 170552. issn: 0030-4026. doi: 10.1016/7.171le0.2023.
170552,

L. Jiang, L.-Z. Zhang, C. Wang, Y. An, and Y. Hu. “Optical
multiaccess free-space laser communication system”. In: Optical
Engineering 55.8 (2016), p. 086102. issn: 0091-3286. doi:
10.1117/1.0e.55.8.086102.

D. K. Singh and B. B. Tiwari. “Performance Optimization of
FSO link via Intelligent Reflecting Surfaces ( IRS )”. In: 2022
IEEE 3rd Global Conference for Advancement in Technology
(GCAT) (2022). Publisher: IEEE ISBN: 9781665468558, pp. 1-9.
url: https://ieeexplore.ieee.org/stamp/stamp.
Jsp?tp=&arnumber=9971990.

B. W. Segura and W. Mathlouthi. “Multi-Point Free Space Optical
Communication System”. Publisher: United States Patent. 2018.
(Visited on 11/08/2019).

197


https://doi.org/10.1364/ol.523438
https://doi.org/10.1364/ol.523438
https://doi.org/10.1109/icait52638.2021.9702032
https://doi.org/10.1109/icait52638.2021.9702032
https://doi.org/10.1016/j.ijleo.2023.170552
https://doi.org/10.1016/j.ijleo.2023.170552
https://doi.org/10.1117/1.oe.55.8.086102
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9971990
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9971990

198

references

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

L. H. Capots, R. Sigler, and K. Triebes. “Multi-Channel Wide-Field
Laser Communications Method and Apparatus”. Publisher: United
States Patent. 2007. (Visited on 11/12/2019).

J. J. Spaander. “Free-Space Multi-beam Optical Communication
Terminal Design for Spacecraft”. MA thesis. Delft: Delft Uni-
versity of Technology, 2021. url: https://repository.
tudelft .nl/islandora/object/uuid:cl0cd8ab—-
10b7-4d91-81f0-1c76ald343b6.

J. Spaander, R. Saathof, J. Guo, and E. Gill. “Free-space optical
communications with multibeam laser terminals for satellites:
design insights and applications”. In: International Conference on
Space Optics — ICS0O 2024. Ed. by F. Bernard, N. Karafolas, P. Kubik,
and K. Minoglou. SPIE, July 2025, p. 266. isbn: 978-1-5106-9347-0.
doi: 10.1117/12.3075401.

V. G. Sidorovich, A. A. Leshev, and V. V. Ragulsky. “Free-Space
Optical Communication System”. (USA). 2006.

C. C. Byers. “Control System for Multi-Beam Free Space Optical
Endpoint”. (USA). 2016.

T. Koonen, F. Gomez-Agis, F. Huijskens, K. A. Mekonnen, Z. Cao, and
E. Tangdiongga. “High-capacity optical wireless communication
using two-dimensional IR beam steering”. In: Journal of Lightwave
Technology 36.19 (Oct. 2018). Publisher: Institute of Electrical and
Electronics Engineers Inc., pp. 4486-4493. issn: 07338724. doi:
10.1109/JLT.2018.2834374. (Visited on 07/23/2024).

J. Spaander, J. Guo, R. Saathof, and E. Gill. “Reducing beam
tracking complexity using a phase ramp and Fresnel lens when
steering beams using spatial light modulators”. In: Optics Letters
49.13 (June 2024). Publisher: Optica Publishing Group. issn: 0146-
9592.doi: 10.1364/01.523438. (Visited on 07/09/2024).

J. Spaander and J. Guo. “A Space Multi-Beam Multi-Link Capable
Laser Communications Terminal for Satellites”. In: Optical Wireless
Communication Conference 2nd Optical Wireless Communication
Conference (2021).

P. Skryja, J. Poliak, and O. Wilfert. “Multi-Spot Tracking System
for Free-Space Optical”. In: Radio Engineering 31 (2 2022),
pp. 167-175.doi: 10.13164/re.2022.0167.

J. Wang, J. Lv, G. Zhao, and G. Wang. “Free-space laser com-
munication system with rapid acquisition based on astronomical
telescopes”. In: Optics Express 23 (16 2015), p. 20655. issn:
10944087.doi: 10.1364/0e.23.020655.


https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://doi.org/10.1117/12.3075401
https://doi.org/10.1109/JLT.2018.2834374
https://doi.org/10.1364/ol.523438
https://doi.org/10.13164/re.2022.0167
https://doi.org/10.1364/oe.23.020655

references 199

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

M. Bailly and E. Perez. “Pointing, acquisition, and tracking system
of the European SILEX program: a major technological step
for intersatellite optical communication”. In: Free-Space Laser
Communication Technologies Ill 1417.1991 (1991), p. 142. issn:
0277786X.doi: 10.1117/12.43749,

M. J. Abrahamson, B. V. Oaida, O. Sindiy, and A. Biswas. “Achieving
operational two-way laser acquisition for OPALS payload on the
International Space Station”. In: SPIE 9354 (March 2015 2015),
p. 935408. issn: 1996756X. doi: 10.1117/12.2182473,

J. Chang, C. M. Schieler, K. M. Riesing, J. W. Burnside, K. Aquino,
and B. S. Robinson. “Body pointing, acquisition and tracking for
small satellite laser communication”. In: SPIE (March 2019 2019),
p. 23.issn: 1996756X. doi: 10.1117/12.2511159.

T. Nguyen, K. Riesing, R. Kingsbury, and K. Cahoy. “Development of
a pointing, acquisition, and tracking system for a CubeSat optical
communication module”. In: Free-Space Laser Communication
and Atmospheric Propagation XXVII 9354 (2015), 935400. issn:
1996756X.doi: 10.1117/12.2080591.

E. Clements, D. Barnes, I. Portillo, C. Ziegler, E. Clements, R.
Aniceto, D. Barnes, D. Caplan, J. Clark, I. Portillo, C. Haughwout, M.
Khatsenko, R. Kingsbury, M. Lee, R. Morgan, J. Twichell, K. Riesing,
H. Yoon, C. Ziegler, and K. Cahoy. “Nanosatellite optical downlink
experiment : design , simulation , and prototyping”. In: SPIE 55
(11 2016).doi: 10.1117/1.0E.55.11.111610.

S. Li. “Computer vision-based laser communication system for
robust optical beam tracking and alignment”. In: Scientific
Reports 15 (1 Oct. 2025), p. 35417. issn: 2045-2322. doi:
10.1038/s41598-025-17695-7.

S. Hairui, Z. Ran, C. Huiyan, M. Xiaodi, L. Lin, and Q.
Jingya. “A Review of Point Target and Extended Target Tracking
Algorithms”. In: 2024 3rd International Conference on Image
Processing and Media Computing, ICIPMC 2024. Institute of
Electrical and Electronics Engineers Inc., 2024, pp. 335-346.
isbn: 9798350386660. doi: 10.1109/ICIPMC62364.2024.
10586568.

D. Reid. “An algorithm for tracking multiple targets”. In: IEEE
Transactions on Automatic Control 24.6 (Dec. 1979), pp. 843-
854. issn: 0018-9286. doi: 10.1109/TAC.1979.1102177.
(Visited on 12/15/2023).

F. Zheng, Y. Tian, W. Zhan, J. Yu, and K. Liu. “A Gaussian mixture
multiple-model belief propagation filter for multisensor-multitarget
tracking”. In: Signal Processing 220 (July 2024). issn: 01651684.
doi: 10.1016/7j.si1igpro.2024.109473.



https://doi.org/10.1117/12.43749
https://doi.org/10.1117/12.2182473
https://doi.org/10.1117/12.2511159
https://doi.org/10.1117/12.2080591
https://doi.org/10.1117/1.OE.55.11.111610
https://doi.org/10.1038/s41598-025-17695-7
https://doi.org/10.1109/ICIPMC62364.2024.10586568
https://doi.org/10.1109/ICIPMC62364.2024.10586568
https://doi.org/10.1109/TAC.1979.1102177
https://doi.org/10.1016/j.sigpro.2024.109473

200 references

[28] K. Wenzl, H. Ruser, and C. Kargel. “Performance evaluation
of a decentralized multitarget-tracking algorithm using a LIDAR
sensor network with stationary beams”. In: IEEE Transactions on
Instrumentation and Measurement 62 (5 2013), pp. 1174-1182.
issn: 00189456. doi: 10.1109/TIM.2012.2234591.

[29] Q. Zhao, D. Zhang, and Q. Zhao. “Research on laser spot location
algorithm in weak turbulence”. In: AOPC 2017. 2017, p. 241. isbn:
9781510614055.doi: 10.1117/12.2285556.

[30] ASR-NG Airspace Surveillance Radar. en. HENSOLDT. url:
https://www.hensoldt .net /products/asr—-ng-—
airspace-surveillance-radar.

[31] MBDA. ASTER SAMP/T NG. en. MBDA. url: https://www.
mbda—-systems.com/products/area—-protection/
aster—-family/aster—-sampt—ng.

[32] Global Patriot Solutions. en. Raytheon. url: https://www.
rtx.com/raytheon/what-we—-do/integrated—-air-
and-missile-defense/global-patriot-solutions.

[33] D. Imaging. MER2-160-227U3M. Accessed: 2024-01-30. url:
https://en.daheng-imaging.com/show-106-1968-
1.html.

[34]1 Dell Latitude 7420 Product Page. en. Dell. url: https://www.
dell.com/en-us/shop/dell-laptops/latitude—
7420-2-in-1/spd/latitude-14-7420-2-in-1-
laptop.

[35] M. Toyoshima. “In-orbit measurements of spacecraft microvi-
brations for satellite laser communication links”. In: Optical
Engineering 49.8 (2010), p. 083604. issn: 0091-3286. doi:
10.1117/1.3482165.

[36] D. P. Greenwood. “Bandwidth specification for adaptive optics
systems”. In: Lincoln Labratory December (1977), pp. 87-90.

[37] G. A. Tyler. “Bandwidth considerations for tracking through
turbulence”. In: Journal of the Optical Society of America 11.1
(1994), pp. 358-367. issn: 1084-7529. doi: 10.1364/josaa.
11.000358.

[38] F. Heine, G. Muhinikel, H. Zech, S. Philipp-May, and R. Meyer.
“The European Data Relay System, high speed laser based
data links”. In: 2014 7th Advanced Satellite Multimedia Systems
Conference and the 13th Signal Processing for Space Com-
munications Workshop, ASMS/SPSC 2014 2014-January (2014).
ISBN: 9781479958931, pp. 284-286. doi: 10.1109/ASMS—
SPSC.2014.6934556.


https://doi.org/10.1109/TIM.2012.2234591
https://doi.org/10.1117/12.2285556
https://www.hensoldt.net/products/asr-ng-airspace-surveillance-radar
https://www.hensoldt.net/products/asr-ng-airspace-surveillance-radar
https://www.mbda-systems.com/products/area-protection/aster-family/aster-sampt-ng
https://www.mbda-systems.com/products/area-protection/aster-family/aster-sampt-ng
https://www.mbda-systems.com/products/area-protection/aster-family/aster-sampt-ng
https://www.rtx.com/raytheon/what-we-do/integrated-air-and-missile-defense/global-patriot-solutions
https://www.rtx.com/raytheon/what-we-do/integrated-air-and-missile-defense/global-patriot-solutions
https://www.rtx.com/raytheon/what-we-do/integrated-air-and-missile-defense/global-patriot-solutions
https://en.daheng-imaging.com/show-106-1968-1.html
https://en.daheng-imaging.com/show-106-1968-1.html
https://www.dell.com/en-us/shop/dell-laptops/latitude-7420-2-in-1/spd/latitude-14-7420-2-in-1-laptop
https://www.dell.com/en-us/shop/dell-laptops/latitude-7420-2-in-1/spd/latitude-14-7420-2-in-1-laptop
https://www.dell.com/en-us/shop/dell-laptops/latitude-7420-2-in-1/spd/latitude-14-7420-2-in-1-laptop
https://www.dell.com/en-us/shop/dell-laptops/latitude-7420-2-in-1/spd/latitude-14-7420-2-in-1-laptop
https://doi.org/10.1117/1.3482165
https://doi.org/10.1364/josaa.11.000358
https://doi.org/10.1364/josaa.11.000358
https://doi.org/10.1109/ASMS-SPSC.2014.6934556
https://doi.org/10.1109/ASMS-SPSC.2014.6934556

references

201

(39]

K. Bdéhmer, M. Gregory, F. Heine, H. Kampfner, R. Lange,
M. Lutzer, and R. Meyer. “Laser communication terminals
for the European Data Relay System”. In: Free-Space Laser
Communication Technologies XXIV 8246.February 2012 (2012).
ISBN: 9780819488893, p. 82460D. issn: 0277786X. doi: 10.
1117/12.906798.



https://doi.org/10.1117/12.906798
https://doi.org/10.1117/12.906798




CONCLUSION

When were we at our best? When we were passionate about something.
Not when we were safe.

Leia Oregana (Star Wars)

Each of the previous chapters has tackled an important question for
multi-beam laser communication terminals (MBTs). These chapters pro-
vide key insight into their respective topics. This concluding chapter will
combine these insights and synthesize a bigger picture of multi-beam
steering systems. This chapter will begin with a summary of the key
findings and subsequently analyze these findings together. Then the
research questions discussed at the start of this dissertation will be an-
swered. After this the innovations will be detailed. Lastly, the future
research will be suggested to further enhance the field of MBTs in the
future.
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7.1. SUMMARY

This dissertation investigated multi-beam steering systems for multi-
beam laser communication terminals (MBTs). In Chapter 1 it was shown
how the rise in data demand and the expansion of networks is projected
to accelerate into the future. Radio frequency (RF) based communi-
cations are simultaneously approaching a capacity ceiling due to lim-
ited spectrum availability. This highlighted the importance of scalable
communication solutions relying on optical wavelengths, underlining the
need for MBTs. However, literature on MBTs is sparse compared to single
beam terminals (SBTs), with only a handful of examples of terminal de-
signs available. In particular, gaps were identified related to the relation
between use and design of MBTs as well as understanding of multi-beam
steering and tracking systems.

Chapter 2 studied the relationship between use cases and high level
parameters related to MBT design. These parameters included the esti-
mates of the total number of users broken down by types, the expected
data demands as well as field of view (FoV), average target dwell time
in FoV, angular resolution and coverage area. The geometric relation
between the FoV, altitude, minimum dwell time and angular resolution
was shown and the associated feasible operational altitude ranges were
provided. Furthermore, data was given for various orbit regimes relating
user number approximations with the aforementioned parameters.

This provided a basis for future chapters and a method for designing
and analyzing the operational profiles as well as estimates on MBT utility
when applied to a given use case.

Chapter 3 explored the multi-beam steering system functions and as-
sociated designs. Presented was an overview of known MBT designs and
an analysis with regards to their design choices. Furthermore, systems
from adjacent domains were also examined to provide more context with
respect to the design options. Subsequently, on the basis of the provided
functions, a design options tree and complementary steering mechanism
trade-off was presented. Lastly, the most interesting steering system de-
sign was motivated and selected for further examination.

This established function flows as well as high level design choice mod-
els for MBTs.

Chapter 4 detailed the hardware setup used to demonstrate, verify and
validate multi-beam steering and tracking principles. Details of the inter-
facing and memory management were provided as well as integration of
an image detector and a spatial light modulator (SLM). In addition, meth-
ods for generating multiple independently moving beams were shown
and demonstrated.

This established a testbed and hardware methodologies for research-
ing and demonstrating multi-beam steering systems with hardware.

Chapter 5 investigated the integration of SLMs into a multi-beam steer-
ing stage. The main technological challenges, diffraction effects and sys-
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tem layout, and their effects on tracking and steering performance were
presented. Furthermore, the performance envelopes of SLMs with re-
gard to steering range, resolution and efficiency were provided. A novel
phase screen consisting of a phase ramp superimposed with a Fresnel
lens (PRFL) was proposed and demonstrated as a solution to these chal-
lenges.

These results demonstrated multi-beam steering concepts as well as
solutions to technological challenges associated with steering system in-
tegration.

Chapter 6 identified bottlenecks for multi-beam tracking when using
traditional approaches. It proposed a novel multi-beam tracking algo-
rithm to match the performance of SBT tracking algorithms despite these
bottlenecks. This algorithm was extensively studied through mathemati-
cal analysis and experimental demonstration. Presented are analytically
defined performance envelopes that are demonstrated in experiment.

This not only provided a useful algorithm but also a framework for tem-
poral based tracking techniques within multi-beam laser communication.

In summary, this dissertation provides a considerable advancement in
the current understanding of MBT steering systems. It has provided a
model for high level design decisions in relation with its use cases. Addi-
tionally, considerable advances were made in understanding multi-beam
steering using SLMs. Lastly, a new framework for multi-beam tracking
has been detailed for tracking multiple beams, computationally outper-
forming traditional beam tracking techniques.

7.2. ANALYSIS AND DISCUSSION OF CHAPTER FINDINGS

AND CONCLUSIONS

The findings and conclusions of each chapter formed the basis for the
next chapter. Here, the findings and conclusions of each chapter will be
placed in context of the dissertation findings as a whole. This is to create
a complete picture.

Chapter 2 discusses parameters related to MBT operations and use
cases. The findings and resulting values for FoV, angular resolution, num-
ber of beams and dwell times within the FoV are useful to compare to the
findings and results from Chapter 5 and Chapter 6. While the theories
presented in these chapters are general, some examples were provided.
These examples will now be compared and discussed to provide a better
overview. A summary of the relevant values of these examples can be
found in Table 7.1.

First, the comparison of the number of beams with the number of steer-
able beams and trackable beams is discussed. Chapter 2 found that the
number of potential beams is dependent on the number and types of
targets. These can range from single instances up to millions. However,
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Findings Chapter 2

Steering Results

Tracking Results

Expected # of Tar-
gets: 10-1000

Maximum number
of steerable beams:
5184 (for steering

area widths of 20
pixels)

Demonstrated target

tracking capacity:
1000 (depending
on the number of
beams, minimum
latency and noise
levels)

Angular  Resolution:
2.8-200 urad for 4°
FoV

1.7 prad for 4° with
SLM and beam diam-
eter used

Max intensity: within
1 pixel (48 urad for 4°
FoV with the detector

used)

C.G. Tracking: 6-
24 purad (with the
detector used)

Demonstrated track-
ing latency: 0.5-10
ms (depending on
the number of beams
and noise levels)

Dwell time: 1.1-265 s | Update frequency
used SLM: 120 Hz (60
Hz control command

frequency)

Demonstrated track-
ing acquisition time
based on tracking
latency: 5-100 ms
(depending on the
number of beams
and noise levels)

used
227

Frame rate
image detector:
fps

Table 7.1.: Overview of values found through examples and experiments
in the thesis.

between 10-1000 beams were estimated to be the order of magnitude
design envelope in context. With the hardware setup demonstrated in
Chapter 4 and Chapter 5, when the SLM is fully filled with beams, 5184
individual beams can be theoretically steered. This is more than the 1000
targets (false and true positives) tracked by the tracking algorithm. Both
values are within the ranges provided in Chapter 2. This further strength-
ens the design choice models as well as motivation for the steering sys-



7.2. Analysis and Discussion of Chapter Findings and Conclusions 207

tem layout and steering mechanism selection presented in Chapter 3.

Nevertheless, there is a discrepancy between the steering and tracking
with respect to number of possible beams. This discrepancy can in part
be explained due to physical hardware parameters such as detector size
and number of pixels. The SLM used had a resolution of 1920x1200
pixels while the image detector used has 1440x1080, implying that the
SLM can steer 33% more beams of 20 pixels in diameter compared to
the image detector, which would be 3888 beams.

However, in the beam tracking algorithm, the capacity is related to the
number of windows and not directly the number of beams. These win-
dows encapsulate an area where the beam center (defined as the loca-
tion of maximum intensity in this case) is expected to reside. Selection of
the window size should take into account uncertainty in the estimations.
In this case, a window size was selected of 40x40 pixels, yielding the
approximately 1000 individually trackable beams according to the miss
limit. This is in contrast to steering, where the underlying limit is driven
by the ability to individually steer beams. Individually steering beams
necessitates that each beam is resolvable, therefore requiring at least
one beam diameter separation distance.

Moreover, while operations at higher target densities (both false and
true positives) are possible and have been demonstrated, the dynamic
beam motions should also be taken into account. As mentioned, the
limits stated in Table 7.1 are therefore the miss limits.

Second, the angular resolution ranges for a 4° telescope vary for dif-
ferent altitudes when the ground resolution remains equal. Comparing
the steering and tracking results show that it is possible to track and
steer at these resolutions. The steering resolution can be further im-
proved by increasing the number of pixels for steering and the beam
diameter. However, this also directly decreases the maximum allow-
able beams. Furthermore, tracking resolution can be further improved
through increasing the resolution or resorting to additional image and/or
statistical processing steps. This in turn increases the computational load
and therefore reduces the maximum number of beams.

Third, the dwell time places a limit on the duration of acquisition and
link sustainment phases. However, the particulars of these phases have
not been demonstrated nor researched at the level found in Chapter 4,
Chapter 5 and Chapter 6. As a result, little can currently be said with
regards to the duration of each phase. Nevertheless, what can be com-
pared is the relation with steering and tracking latencies.

The tracking latencies are minimal compared to the steering latencies.
When considering the 120 Hz bandwidth of the selected SLM, it is clear
that it is not sufficient for jitter compensation. This would also imply that
the average rate at which a target moves across the SLM ranges from
11 pixels per frame down to 0.045 pixels per frame at the higher end of
the dwell time range. As a result, the SLM update frequency can limit
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the lowest altitude and/or FoV in this case. However, SLMs exist that can
correct at higher frequencies, showing that this is not a limitation of SLMs
in general.[1]

The discussion above shows that there is alignment between the val-
ues found in Chapter 2 and the performances discussed in Chapter 4,
Chapter 5 and Chapter 6. However, there are still performance aspects
of the hardware selected that require further improvement. Neverthe-
less, these results strengthen the design choice models and mechanism
functions discussed in Chapter 3. Additionally, the work presented in this
dissertation shows promise for multi-beam terminals.

7.3. ANSWERS TO THE RESEARCH QUESTIONS

This dissertation aimed to answer four research questions resulting from
the gaps identified in Chapter 1. In the subsequent chapters these ques-
tions were answered. Provided here is an overview of the research ques-
tions and an associated summary of their answers.

1. What is the relation between multi-beam terminals and their use
cases?

a) How many beams would a multi-beam terminal be expected to
handle for different use cases?

b) What is the relation between field of view requirements, orbit
regime and user type?

c) How long is a counter terminal expected to dwell in the field of
view?

d) How much could a multi-beam terminal impact a multi-domain
integrated network?

To answer this question, Chapter 2 analyzed the relationship between
use cases and high level parameters related to MBT design. In addition,
analysis on different use cases was performed.

To find the expected number of beams for different use cases, esti-
mates were made of the total number of users broken down by types
as well as spatial density. These densities were then related to the FoV
and orbit through the coverage area. It was found that depending on the
target type and orbit, anywhere from single users up to millions can be
envisaged. An estimate with regard to the order of magnitude design
envelope yielded 10-1000 beams.

For nadir communication for space-to-ground, sea and air as well as
high-to-low orbit communications, types such as communication towers
and trains were several orders of magnitude more common compared to
commercial aircraft and cruise ships. Keeping FoV equal, more beams
can be expected for all altitudes when focusing on more abundant types
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such as trains and towers. In contrast, sparser types, such as aircraft and
cruise ships, will demand more beams only at higher altitudes, where the
coverage area is larger.

Another important aspect for nadir communication is the target dwell
time within the FoV. Both acquisition and communication phases must
occur within the dwell time. The FoV and altitude both increase the dwell
time through the cross distance. This implies that there is a feasible alti-
tude range for operations, where the minimum altitude is either limited
by dwell time or FoV and the maximum altitude by the minimum ground
resolution. Dwell times for a 4° FoV were found to be between 1.1 s in
LEO up to 80 s in GEO.

When a minimum dwell time was set at 10 s and the ground resolution
set to 100 m, the altitude range found was between 1305 km and 13,300
km for an FoV of 4° and 450 km to 13,300 km for 12°. This shows the
influence of FoV, dwell time and angular resolution on the altitude range.
Furthermore, when the dwell time was increased to 240 s, it was found
that there was no overlapping range for the angular resolution and dwell
time for a 4° FoV. For 12° this was 7410 km to 13,300 km, illustrating
the importance of overlapping ranges for FoV, dwell time and angular
resolution.

Lastly, for multi-domain networks it was found that the substitution of
SBTs with MBTs yielded improvements in the reduction of the number of
components, latency and capacity. However, the network performance
gains were shown to approach an asymptote, illustrating that adding
beams yields diminishing marginal returns. Furthermore, investigation
into inter-satellite communication for constellations similar to Starlink,
shows that the horizon and satellite spacing influence the maximum
number of satellites within the FoV.

2. What are the functions and design options for a space borne multi-
beam steering system?

a) What are the functions of a multi-beam laser communication
terminal?

b) How do the functions for a single beam laser communication
terminal differ from those of a multi-beam laser communication
terminal?

c) What are the design options for a multi-beam steering system?

d) How can a high level design for a multi-beam steering system
be selected?

To answer this question, Chapter 3 first analyzed the functions of MBTs.
It was found that the beams undergo similar phases of acquisition, link
sustainment and termination as SBTs. However, within the context of
multiple beams, additional steps of filtering and labeling are required in
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tracking. Furthermore, each beam must be steered individually by the
system, implying resource allocation and parallel beam management.

The starkest contrast between SBTs and MBTs is found on the terminal
level. Multiple beams enter, exist and exit each phase in parallel. An im-
portant system function is to maintain resources, labeling and filtering of
false beams. Furthermore, the termination phase offers the opportunity
to re-distribute these resources.

Design options of both MBTs and SBTs as well as adjacent domains
of inter-building laser communication, LiFi and 3D MEMS optical cross
connects were analyzed. This was in order to determine design options
for multi-beam steering systems. These design options were analyzed
within the domain context and application. Subsequently, these options
and applications were compared to existing literature on MBTs. Patterns
were found, discussed and organized. The result was a design options
tree, which acts as a design choice model for steering system layouts.
When used, simple yes and no questions answered on the basis of the
use case will lead to a high level steering system design. Furthermore,
design options for the steering mechanisms were compared and con-
trasted in a trade-off table. This table also allows selection of the steer-
ing mechanism based on the use case and desired function.

3. What are the characteristics of integrating an SLM based multi-
beam steering system?

a) What are the operational drawbacks of SLMs and how can these
be compensated?

b) What is the angular steering resolution performance envelope
of an SLM within a multi-beam steering system?

¢) What is the total angular steering range performance envelope
of an SLM within a multi-beam steering system?

d) How can multiple beams be mapped from the counter terminals
to the transceivers?

e) What is a viable SLM based multi-beam steering system layout?

f) Can steering and steering system layouts be validated in the
lab?

To answer this question, Chapter 5 investigated and demonstrated the
effects of SLM based beam steering and the detailed steering system
layout which can accommodate such mechanisms. The main drawbacks
of SLM steering originate from two main areas: diffraction effects and
non-modulated beams (NMBs).

As a result of discrete pixelation, SLMs act as diffraction gratings caus-
ing diffraction orders. Additionally, not all the light incident on the SLM
is modulated due to cover layers. These diffraction orders and NMB not
only decrease efficiency, they also yield beam copies which make beam
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tracking more complex. A novel method was proposed which used a
phase screen consisting of a phase ramp and Fresnel lens (PRFL). In com-
bination with deliberate defocus immediately before the SLM, it allowed
diffraction and NMB to be separated from the modulated beam or re-
moved altogether from the image detector. This simplifies tracking in
hardware with little to no computational overhead. This concept was
demonstrated experimentally using the hardware setup determined and
detailed in Chapter 4.

The SLM steering resolution and range envelopes were also deter-
mined. The steering resolution was found to be proportional to the beam
diameter as a function of the number of pixels as well as the level of
discretization of the phase modulation range of each pixel. It was found
that urad level steering could be achieved with 10-bit discretization and
at around 15-20 pixels diameter.

The pixel size was the determining factor in the steering range. It was
found that diffraction effects and aliasing caused efficiency to decrease
with increased steering angle. It was found that steering beyond the
aliasing angle caused the steered diffraction order to no longer be the
largest. This effectively yielded steering reversal. The efficiency at this
angle was found to the 40%. This was experimentally demonstrated,
with the SLM used verifying the steering range of 2.25°. Both the steer-
ing range and resolution performances were found to be comparable to
FSMs.

The steering system layout found most promising in Chapter 3 on the
basis of Chapter 2 was selected. It was found that phase ramp (PR)
steering made spatial decoupling of the transceivers from the targets
challenging. This was due to conjugate plane positioning. However, it
was found that through PRFL, each beam could be given a tailored optical
system dynamically created by SLMs. Through individually focusing and
steering beams, it allowed for locally decoupling the correct transceiver
from the target. This was validated on a single beam and its diffraction
orders in the lab.

4. How can multiple individually moving beams be tracked in a noisy
environment?

a) What are the limitations of single beam tracking methods when
applied to multi-beam tracking?

b) How can multiple beam tracking performance in space match
single beam tracking performance requirements?

c) How can the tracking performance envelope of this multiple
beam tracking method be quantified with regard to noise and
computational load?

d) Can the tracking principles and theory be demonstrated in the
lab?
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To answer this question, Chapter 6 investigated and demonstrated
multi-beam tracking algorithms. SBT tracking algorithms were found to
be limited in two aspects: First, there were no built-in multiple beam
tracking mechanisms. Second, SBT tracking algorithms found in litera-
ture heavily rely on computationally expensive image processing made
possible using region of interesting.

Due to beams moving throughout the FoV, full frame processing is
needed to determine the location of all the beams in the FoV. This makes
image processing computationally expensive. In contrast, multiple tar-
get tracking relies heavily on statistical processes applied temporally. On
this basis, a novel multi-beam tracking algorithm was proposed which
utilizes temporal tracking techniques to filter noise.

This algorithm used motion patterns over time to predict false and true
positives. As a result, only probable false detections are to be filtered
out. This implies that the algorithm scales with the number of detec-
tions rather than the number of pixels. In turn, the computational load is
reduced compared to image processing.

The algorithm performance envelope was derived analytically through
combinatorics and probabilistic analysis. This defined the theoretical be-
havior in relation to noise. Additionally, fundamental limits with regards
to noise, number of beams and computational loads were determined
analytically.

The resulting algorithm was used to track multiple independently mov-
ing beams in the presence of noise. In Chapter 4, the experimental setup
was determined and detailed. These beams were generated by moving
diffraction gratings with respect to each other. The beams were sub-
sequently collimated and projected via a steering mechanism onto the
image detector. This made it possible to experimentally demonstrate the
algorithm in a representative lab environment.

It was found that using the selected hardware, as predicted, up to 1000
targets (false positives and true positives) could be tracked in accor-
dance with the miss and windowing limits. Furthermore, the latency per
frame ranged from 0.5 ms in low noise conditions up to 10 ms in higher
noise conditions while tracking full frame. Lastly, the theoretical limits of
the system were all verified.

7.4. INNOVATIONS
The PhD project yielded the following innovations:

1. Study of potential use cases and scenarios for MBTs and their
associated counter terminal availability, dwell time as well as the
relations with FoV and altitude.

2. Identification of multi-beam terminal functions.
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3. Development of design options choice model which allows for
high level design choices.

4. Comparison of multi-beam technology with adjacent domains
for design inspiration and lessons.

5. Development of experimental setup and methodologies for
hardware demonstration of multi-beam terminals including
interface management and methods to emulate multiple beams
moving individually.

6. Reduction in tracking complexity when steering using SLMs
using PRFL through in-phase screen separation of diffraction and
non-modulated beams.

7. Characterization of multi-beam steering performance enve-
lope when using SLMs, with relations for steering resolution, num-
ber of beams capacity, steering efficiency as well as steering angle.

8. Characterization and development of multi-Beam steering
system layout using dynamically tailored optical trains through
PRFL, which allows separation and individual steering of multiple
beams at scale.

9. Analysis and characterization of computationally efficient
multi-beam tracking algorithm based on temporal multiple
target tracking techniques such that the computational load is
proportional to the number of tracked targets and not the number
of pixels.

10. Mathematical characterization and modeling of tracking al-
gorithm performance which can be used to model the algorithm
performance and size the tracking hardware.

11. Definition of tracking performance envelope and identified
limits to predict and help design tracking.

12. Increase of multi-beam steering system TRL levels from 1-2
(basic research level) to 3-4 (technology development and research
into feasibility with lab demonstrations).

7.5. FUTURE RESEARCH

This project made significant advancements in the field of multi-beam
steering. However, several areas remain unexplored.

Firstly, the development of wide FoV telescopes. Current advance-
ments of wide FoV telescopes show promise. However, these advance-
ments focus on providing wide FoVs for flat image planes. FoVs on the
order of 45° would likely require a different approach.
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In relation to this, integration of higher resolution image detectors and
SLMs would be required as well. As the FoV increases, the resolution re-
quired for tracking and steering also increases. As a result, future image
detectors, SLMs and their associated algorithms require further research.

Once this step has been achieved, more accurate estimates can be
made with regard to the quality of service and the link budget. Fur-
thermore, the limitations from the optical design can help narrow down
higher likelihood use cases, allowing for true feasibility studies and accu-
rate market research. Nevertheless, the innovations in the coming years
could open more possibilities.

Second, with respect to the work done in this thesis, there are a few
places where further research can be done. Starting with the control
and integration aspects. While this work has been started, a full demon-
stration of a (two) stage steering system with closed control loop still
has to be performed. This would undoubtedly provide additional insights
and advance the field further. This would also raise the TRL level fur-
ther. Additionally, the setup can be further upgraded to include expected
power levels, wavelengths, more advanced SLMs and the inclusion of
transceivers. This would allow direct analysis and research into optimiza-
tion of form factor, thermal loads and system steering performances. The
acquisition phase is currently underexplored as well.

Thirdly, the current multi-beam tracking algorithm borrows from mul-
tiple target tracking. However, multiple target tracking algorithms as
a field include many diverse concepts. This implies that multi-beam
tracking algorithms can be made more complex and effective by tak-
ing on board more aspects. In particular, beam behavior can be further
exploited as well as the statistical analysis on clutter. For example, in
practice the trajectories of the beams are potentially known beforehand.
Additionally, the precision can be further improved by allocating local re-
gions of interest and subsequently locally performing additional image
processing steps.

Next, as mentioned before, the SLM has a number of strengths and
a number of weaknesses. One such drawbacks is that the majority of
SLMs available are based on liquid crystal technologies. This poses po-
larization limitations and generates reflection problems. Further research
and development to create MEMS mirror based SLMs would address the
shortcomings.

Finally, steering multiple beams can be used in each phase of the beam
life cycle. Each part of this cycle needs to be further researched. This is
particularly the case for the acquisition phase.
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APPENDIX.: MULTI-BEAM
TERMINAL USE CASES

A.l. FIELD OF VIEW

Field of View vs Cross Distance for Nadir Opperation: 0-1 km
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Figure A.1.: Field of view vs the cross distance of the projected field of
view with different methods for cross distances between 0

and 1 km.
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Field of View vs Cross Distance for Nadir Opperation: 0-100 km
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Figure A.2.: Field of view vs the cross distance of the projected field of
view with different methods for cross distances between 0
and 100 km.

Angular Resolution vs Cross Distance Resolution for 300.0 km Cross Distance in Nadir Opperation
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Figure A.3.: Angular vs spatial resolution with 30 km cross distance.
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Angular Resolution vs Cross Distance Resolution for 300.0 km Cross Distance in Nadir Opperation
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Owerview of multi-beam sysems found in literawrs

Large FoMsand |[MMAs and |Oosed Multiple  |Single
Application\Desig [Transmitte [Mimors MMAs SLMs loop Open bop stearing steening Mo
n (hoice rselaction |{B<M) {B<M} {B=M} control conirol Mo control |Sages stage Stesring
Broadcasting
OPMP, SDVTOMA
OPMPW, E. IRF,
MPFSO, SD/TOMA OPME, MPFSO,
OFMP, MPFS0, MBLCE, E, IRF, OPMPW, |MBLCS,
AWGR, (OPMPW, |MBLCS, SLMOIC,  |LOXC, AWGH, METS, SLMOIC,  |MWGR,
VCSH, SDVTDMA  |LOXC, LR, |SLMOIC, METS, COG, LLR, |WCSEL LOXC, LR, |COG, WCSEL,
Point-to-point (COG, DORAJE, IRF TTMEMSE  |METS MBLCE2  |[TTMEMS  [DORA TTMEMS  |MBLCSZ DORA
SDiTDMA
SD/TDMA E. IRF,
E. IRF, MPFSO,
AWGR, LOXC, MBLLS,
WCSH, SDVTDMA  |LOXC, LR, COG, LLR,  [AWGR, LOXC, LR, [SLMOIC
Static tragets COG E. IRF TTMEME |SLMOIC  |SLMOIC TTMEMS  [WCSEL TTMEMS |06
OPMP,
OPMPW,
MPFSO,
MBLCE, OPMP,
OFMP, MPFS0, METS, OPMPW,
Moving targets DORA OPMPW MELCS METS MEBLCE2 DORA METS MEBLCS2 DORA
Target density AWGR, AWGH, AW GR,
areaterthan VCSE, WSEL WCSEL,
stesning system DORA DORA DORA
OPMP, SDiTDMA
OPMPW, E. IRF,
MPFSO, SD/TDMA OPMP, MPFSO,
Target density OPMP, MPFSO, MELCE, E. IRF, OPMPW, |MBLCS,
smaller than OPMPW,  |MELCS, SLMOIC,  |LOXC, METE, SLMOIC
stesring system SDVTDMA  |LOXC, LLR, |SLMOIC | MBTS, COG, LLR, LOXC, WR, |COG,
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AVIGR, AWGH, AW GR,
WCSH, WCSEL SLMOIC,  |WCSEL
Non-dupex (COG, DORA SLMOIC  |SLMOIC [eale] DORA COG DORA

Table B.1.: Overview of systems placed into design choices table. Ta-
ble B.2 can be used to cross reference which system was se-
lected.



System: Acronym: Institution: References:

One-Point to Multi-Point | OPMP Changchun University [1, 2,3, 4]

laser communication sys-

tem

SD/TDMA experiment SD/TDMA E Graduate School of Global | [5]
Information and Telecom-
munication Studies Depart-
ment of Science Japan
Women'’s University

One-Point to Multi-Point | OPMPW Changchun University [6]

laser communication sys-

tem wedge version

FSO link via Intelligent Re- | IRF Purvanchal University [7]

flecting Surfaces

MULTI-POINT FREE SPACE | MPFSO X Development [8]

OPTICAL COMMUNICATION

SYSTEM

MULTI-BEAM LASER COM- | MBLCS Lockheed Martin Corpora- | [9]

MUNICATIONS SYSTEM tion

AND METHOD

high port count arrayed | AWGR TU Eindhoven [10]

waveguide grating router
(AWGR)

Continued on next page
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System: Acronym: Institution: References:
multiple-input multiple- | VCSEL University of Strathclyde [11]
output  (MIMO)  optical

wireless communication

(OWCQ) link based on verti-

cal cavity surface emitting

laser (VCSEL) arrays

optical interconnect using | SLMOIC Cambridge University [12]
a liquid-crystal spatial light

modulator

Multi-Beam laser communi- | MBTS Delft University of Technol- | [13]
cation terminal ogy

large optical cross- | LOXC Lucent Technologies [14]
connects (OXCs)

Cognitive multi-user free | COG University of Oklahoma [15]
space optical communica-

tion testbed

Lucent LambdaRouter LLR Lucent Technologies [16]
microelectromechanical TTMEMS NTT Microsystem Integra- | [17]
systems (MEMS) two-axis tion Laboratories

tilt mirror arrays

MULTI-BEAM LASER COM- | MBLCS?2 Lockheed Martin Corpora- | [18]
MUNICATIONS SYSTEM tion

AND METHOD

Deployable Optical Re- | DORA Arizona State University [19]

ceiver Array Cubesat

Table B.2.: Previous systems and their sources.

9¢e

SWa1SAS Buliaals weag-n|niy 4o ubisaq :xipuaddy °g



[1]

[2]

[3]

[4]

[5]

(6]

[7]

[8]

REFERENCES

Z. Wang, C. Wang, S. Liang, and X. Liu. “Diffraction characteristics
of a non-mechanical beam steering system with liquid crystal po-
larization gratings”. In: Optics Express 30 (5 2022), p. 7319. issn:
10944087.doi: 10.1364/0e.452397.

J. He, H. Jiang, Y. Hu, Y. Zhao, and J. Wang. “Space Laser Commu-
nication Network”. In: International Conference on Space Optical
Systems and Applications (ICSOS). Vol. 12. IEEE, Oct. 2012, pp. 4-
6.

J. Wang, Y. Song, H. Jiang, K. Dong, and Y. Liu. “Prototype devel-
opment of multi-target tracking system for space multi-node laser
communication network”. In: Optik 274 (January Jan. 2023), p. 170552.
issn: 0030-4026.doi: 10.1016/7.171e0.2023.170552.

J. Wang, Y. Song, H. Jiang, T. Wang, and B. Ren. “Research and Dy-
namic Demonstration Test of One-Point to Multi-Point Space Laser
Communication System”. In: The 13th International Conference on
Advanced Infocomm Technology. |EEE, 2021, pp. 143-146. isbn:
978-1-6654-3188-0.doi: 10.1109/1cait52638.2021.9702032.

J. Liu, J. Sando, S. Shimamoto, C. Fujikawa, and K. Kodate. “Ex-
periment on space and time division multiple access scheme over
free space optical communication”. In: IEEE Transactions on Con-
sumer Electronics 57 (4 2011), pp. 1571-1578. issn: 00983063.
doi: 10.1109/TCE.2011.6131127.

L. Jiang, L.-Z. Zhang, C. Wang, Y. An, and Y. Hu. “Optical multiaccess
free-space laser communication system”. In: Optical Engineering
55.8 (2016), p. 086102. issn: 0091-3286. doi: 10.1117/1.0ce.
55.8.086102.

D. K. Singh and B. B. Tiwari. “Performance Optimization of FSO
link via Intelligent Reflecting Surfaces ( IRS )”. In: 2022 IEEE 3rd
Global Conference for Advancement in Technology (GCAT) (2022),
pp. 1-9. url: https://ieeexplore.ieee.org/stamp/
stamp. jsp?tp=&arnumber=9971990.

B. W. Segura and W. Mathlouthi. “Multi-Point Free Space Optical
Communication System”. Publisher: United States Patent. 2018.
(Visited on 11/08/2019).

227


https://doi.org/10.1364/oe.452397
https://doi.org/10.1016/j.ijleo.2023.170552
https://doi.org/10.1109/icait52638.2021.9702032
https://doi.org/10.1109/TCE.2011.6131127
https://doi.org/10.1117/1.oe.55.8.086102
https://doi.org/10.1117/1.oe.55.8.086102
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9971990
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9971990

228

references

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

L. H. Capots, R. Sigler, and K. Triebes. “Multi-Channel Wide-Field
Laser Communications Method and Apparatus”. Publisher: United
States Patent. 2007. (Visited on 11/12/2019).

T. Koonen, F. Gomez-Agis, F. Huijskens, K. A. Mekonnen, Z. Cao, and
E. Tangdiongga. “High-capacity optical wireless communication us-
ing two-dimensional IR beam steering”. In: Journal of Lightwave
Technology 36 (19 Oct. 2018), pp. 4486-4493. issn: 07338724. doi:
10.1109/JLT.2018.2834374.

H. Kazemi, E. Sarbazi, M. D. Soltani, M. Safari, and H. Haas. “A Tb/s
indoor optical wireless backhaul system using VCSEL arrays”. In:
IEEE International Symposium on Personal, Indoor and Mobile Ra-
dio Communications, PIMRC. Vol. 2020-August. Institute of Electri-
cal and Electronics Engineers Inc., Aug. 2020. isbn: 9781728144900.
doi: 10.1109/PIMRC48278.2020.9217368.

C. J. Henderson, B. Robertson, D. G. Leyva, T. D. Wilkinson, D. C.
O’Brien, and G. Faulkner. “Control of a free-space adaptive optical
interconnect using a liquid-crystal spatial light modulator for beam
steering”. In: Optical Engineering 44 (7 July 2005), p. 075401. issn:
0091-3286.doi: 10.1117/1.1948108.

J. J. Spaander. “Free-Space Multi-beam Optical Communication Ter-
minal Design for Spacecraft”. MA thesis. Delft: Delft University of
Technology, 2021. url: https://repository.tudelft.
nl/islandora/object/uuid:cl0cd8ab-10b7-4d91-
81f0-1c76ald343bb6.

V. A. Aksyuk, F. Pardo, D. Carr, D. Greywall, H. B. Chan, M. E. Si-
mon, A. Gasparyan, H. Shea, V. Lifton, C. Bolle, S. Arney, R. Frahm,
M. Paczkowski, M. Haueis, R. Ryf, D. T. Neilson, J. Kim, C. R. Giles,
and D. Bishop. “Beam-steering micromirrors for large optical cross-
connects”. In: Journal of Lightwave Technology 21 (3 Mar. 2003),
pp. 634-642.issn: 07338724.doi: 10.1109/JLT.2003.811792.

F. Aveta, S. Chan, and H. H. Refai. “Cognitive multi-user free space
optical communication testbed”. In: Free-Space Laser Communi-
cations XXXIII. Ed. by H. Hemmati. Vol. 1167804. SPIE, Feb. 2021.
isbn: 9781510641914. doi: 10.1117/12.2575915.

D. ). Bishop, C. R. Giles, and G. P. Austin. “The Lucent LambdaRouter:
MEMS technology of the future here today”. In: IEEE Communica-
tions Magazine 40 (3 Mar. 2002), pp. 75-79. issn: 01636804. doi:
10.1109/35.989760.

T. Yamamoto, J. Yamaguchi, N. Takeuchi, A. Shimizu, E. Figurashi, R.
Sawada, and Y. Uenishi. “A three-dimensional MEMS optical switch-
ing module having 100 input and 100 output ports”. In: IEEE Pho-
tonics Technology Letters 15 (10 Oct. 2003), pp. 1360-1362. issn:
10411135.doi: 10.1109/LPT.2003.818224,


https://doi.org/10.1109/JLT.2018.2834374
https://doi.org/10.1109/PIMRC48278.2020.9217368
https://doi.org/10.1117/1.1948108
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://doi.org/10.1109/JLT.2003.811792
https://doi.org/10.1117/12.2575915
https://doi.org/10.1109/35.989760
https://doi.org/10.1109/LPT.2003.818224

references 229

[18] K.]. Treibes, M. Enoch, and L. H. Capots. MULTI-BEAM LASER COM-
MUNICATIONS SYSTEM AND METHOD. 2007. url: https://patentimages.
storage.googleapis.com/9b/4d/8d/f8cee9f6dfb5e3/

US7292788B2 .pdf.
[19] A. Talamante, J. D. Bowman, D. C. Jacobs, Z. Hoffman, M. Horne, ﬂ
J. E. Velazco, J. Arnold, S. E. Cornish, U. S. Escobar, and A. R. Klaib.

“Deployable Optical Receiver Array Cubesat”. In: 35th Annual Small
Satellite Conference (2021), pp. 1-10.


https://patentimages.storage.googleapis.com/9b/4d/8d/f8cee9f6dfb5e3/US7292788B2.pdf
https://patentimages.storage.googleapis.com/9b/4d/8d/f8cee9f6dfb5e3/US7292788B2.pdf
https://patentimages.storage.googleapis.com/9b/4d/8d/f8cee9f6dfb5e3/US7292788B2.pdf




APPENDIX: HARDWARE SETUP

The following are implementations of converting two 10-bit mono images
into one 8-bit RGB image. The 8-bit RGB images are provided to the SLM
for display.

High level Python implementation:

((Monol >> 7) << 5) + (Mono2 >> 7);

((Monol >> 4) & 0b0111l) << 5 + ((Mono2 >> 4) & 0b0111);
(Monol & 0bl11l1l) + (Mono2 & 0bll1l1l);

GBImage = np.stack(R,G,B)

R
G
B
R

Linear C implementation:
#include <stdint.h>

typedef struct {
uint8_t r;
uint8_t g;
uint8_t b;

} RGBPixel;

void convertMonoToRGB (const uintl6_t+* monol,
const uintl6_t* mono2, RGBPixelx rgb,
size_t width, size_t height) {
for (size_t i = 0; 1 < width % height; i++) {
uintlé_t ml monol[i];
uintl6_t m2 mono2[i];

uint8_t r ((ml >> 7) << 5) + (m2 >> 7);

uint8_t g = ((ml >> 4) & 7) << 5 + ((m2 >> 4) & 7);
uint8_ t b = (ml & 15) + (m2 & 15);

rgb[i].r = r;

rgb[i].g = g;

rgb[i].b = b;

231






CURRICULUM VITae

Joshua Jan Spaander

21-04-1997 Born in Karratha, Australia.

EDUCATION

2013-2015 IB Diploma,
Canadian International School Bangalore, India.
2015-2018 B.Sc. Aerospace Engineering,
Delft University of Technology, The Netherlands.
2017-2018 Minor Electrical Sustainable Energy Systems,
Delft University of Technology, The Netherlands.
2018-2021 M.Sc. Space Engineering,
Delft University of Technology, The Netherlands.
2021-2026 Ph.D. Multi-Beam Laser Communication Terminals for Spacecraft,
Delft University of Technology, The Netherlands.
Thesis: Multi-Beam Steering Systems for Space-
craft Multi-Beam Laser Communication
Terminals
Promotor: Prof. dr. ). Guo

233






LIST OF PUBLICATIONS

LIST OF PUBLICATIONS:

4. |. Spaander, R. Saathof, E. Gill, and J. Guo. “Tracking Algorithm for Multi-
Beam Laser Communication Terminals”. In: (May 2026). doi: 10.1364/
opticaopen.32125477.v1.

3. S. Ndongson, J. Spaander, J. Guo, A. Chiumento, R. Saathof, G. Heijenk,
and E. Gill. “Multi-Beam FSO Terminals for SAGSINs: Analysis of Network
Performance Improvements”. In: IEEE Global Communications Conference:
Optical Networks and Systems - Optical Networks and Systems. IEEE, Dec.
2026

2. J. Spaander, R. Saathof, J. Guo, and E. Gill. “Free-space optical communi-
cations with multibeam laser terminals for satellites: design insights and
applications”. In: International Conference on Space Optics — ICSO 2024.
Ed. by F. Bernard, N. Karafolas, P. Kubik, and K. Minoglou. SPIE, July 2025,
p. 266. isbn: 978-1-5106-9347-0. doi: 10.1117/12.3075401.

1. J. Spaander, J. Guo, R. Saathof, and E. Gill. “Reducing beam tracking com-
plexity using a phase ramp and Fresnel lens when steering beams using
spatial light modulators”. In: Optics Letters 49.13 (June 2024). Publisher:
Optica Publishing Group. issn: 0146-9592. doi: 10.1364/01.523438,
(Visited on 07/09/2024)

PUBLICATIONS OUT OF PHD:

2. J. Spaander and ). Guo. “A Space Multi-Beam Multi-Link Capable Laser
Communications Terminal for Satellites”. In: Optical Wireless Communica-
tion Conference (2nd Optical Wireless Communication Conference 2021).
url: https://pure.tudelft.nl/ws/files/ 155672002/
JoshuaSpaander_ASpaceMultiBeamMultilLinkCapableLaserCommunic:
pdf

1. ). J. Spaander. “Free-Space Multi-beam Optical Communication Terminal
Design for Spacecraft”. MA thesis. Delft: Delft University of Technology,
2021. url: https://repository.tudelft.nl/islandora/
object/uuid:cl10cdB8ab-10b7-4d91-81f0-1c76al1d343b6

235


https://doi.org/10.1364/opticaopen.32125477.v1
https://doi.org/10.1364/opticaopen.32125477.v1
https://doi.org/10.1117/12.3075401
https://doi.org/10.1364/ol.523438
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://pure.tudelft.nl/ws/files/155672002/JoshuaSpaander_ASpaceMultiBeamMultiLinkCapableLaserCommunicationsTerminalforSatellites.pdf
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6
https://repository.tudelft.nl/islandora/object/uuid:c10cd8ab-10b7-4d91-81f0-1c76a1d343b6




ACKNOWLEDGEMENTS

The moments that matter burn into your heart while others fade in the
mist.

James Fraser (Outlander)

The performance analysis of the multi-beam tracking performance re-
lies heavily on combinatorics, the area of mathematics which explores
counting. | used it to assess the probability of various combinations of
outcomes related to tracking multiple beams. | used it to answer ques-
tions such as: How sure can | be that a detection is correct? How well
does my system filter noise? How many beams does my system miss?
When studying this field of mathematics, the sheer number of possible
outcomes, even for a small nhumber of events, quickly dawned on me.
Adding just a few more beams here and a bit more noise there can mean
the difference between my computer taking microseconds and thou-
sands of years. Large and small differences (tricks and optimizations)
can change outcomes very significantly.

Having made it to this stage in my career, it would be easy to say that
it was my hard work that led me here. While | undeniably did work hard,
the reality is that the people around me have made the difference, both
at work and outside it.

My supervision team, without whom my PhD would not even have been
an idea, have made that difference. | am very thankful to Jian, for keep-
ing me on track (I can be easily distracted by other projects), for recog-
nizing and kindling my potential in my bachelor’s degree and introducing
me to laser communications during my master’s degree. | am grateful
for your steady hand, wisdom and for the guidance through my MSc the-
sis and PhD. They have been invaluable. | am very grateful to Rudolf, his
deep knowledge and guidance as well as his ability to poke holes in my
work has been invaluable ever since my internship at TNO. Your attitude
and can-do approach have inspired me and given me the confidence to
do much more and achieve wonderful things. | am very thankful to Eber-
hard, for your guidance and encouragement. Your attention to detail,
high standards and wisdom have greatly improved my work. We all miss
your presence.

It cannot be overstated how much of a difference my dear colleagues
have made. Without the work of Debby, Ferda and Femke, Space En-

237



238 Acknowledgements

gineering, nay, TU Delft would fall apart and my PhD simply would not
have been able to run properly. They lighten the office with their hu-
mor and activities. | am also very grateful to the permanent staff Bart,
Barry, Stefano, Pierre, Martin, Jerome, lklim, Jasper and Alex for provid-
ing me with an immense amount of highly valuable experiences. These
experiences have ranged from technical insight and good conversation
to opportunities to acquire and build brand-new facilities. Thank you for
your trust and wisdom.

My fellow PhDs and most dearest colleagues made the difference every
day. Your humor, helpfulness and our time together inside and outside
of work have truly been the highlight of my PhD and my life. You have
all been a great help. In particular, | am thankful to Luca for coming
on walks, being a pleasure to be around and opening my eyes to digital
security and privacy concerns. | am thankful to Marguerite for your help
becoming a dome person, preaching link budgets and all the laughs. I am
thankful to Stefano for teaching me some Italian and humor. | am thank-
ful to Rahil for showing me what swag is and your lectures on quantum
entanglement. | am thankful to Pallab for the Indian food and opening
the world of RF electronics to me. | am thankful to Ruipeng for our jokes
and teaching me table tennis. | am thankful to Jingyi for the kindness you
brought to the office and for absolutely destroying me in table tennis. |
am thankful to Rashika for helping me understand dishwasher engineer-
ing and dragging me all the way to India for her wedding (it was great!).
I am thankful to Rens, who put up with my shenanigans, forcing me to
do more cardio and introduced me to supercomputing. | am thankful
to Victor for introducing me to the gym, helping me achieve 10 pullups
(your methods are questionable) and persuading me to do less cardio.
I am thankful to India, for bringing enthusiasm to the office and show-
ing me her cool programming projects. | am thankful to Erdem, for his
friendship, kindness and advice. | am thankful to Gitte for introducing
me to PhD life, helping me handle progress meetings and for opening up
a whole new way of thinking about education.

In particular I am thankful to Mario. There is no one whom | have
spent more time with during my PhD project than with Mario. After all,
we shared an office, both worked on laser communication, have an ab-
normally strong passion for the bench press, deeply distrust link bud-
gets and always share a hotel when on conferences. | am very thankful
to you and Paula for your hospitality, hosting dinners and being good
friends. Your humor, advice and knowledge, combined with our long con-
versations and endless capacity to make jokes, have created cherished
memories... Even of the difficult times and late nights at the office.

| am also particularly thankful to Sevket. There are few people as
kind and as generous as Sevket. Without you the process of building,
testing and facilitating hardware setups would have been impossible to
manage. Your insight into university processes and what to look out for



239

has been invaluable. | cherish our late night conversations about our
dreams for the future powered by feta-pesto-pasta’s. | also appreciate
our shared passion for tools, DIY home improvements and the IKEA Ivar
system (there are few people in the world with whom | can geek-out
about these topics). Our shared enthusiasm for Turkish food cheat days
(and food in general) brings me joy and your hospitality has always made
me feel welcome.

To all my colleagues, | appreciate you all and | am lucky to have met
you. To all my colleagues, thank you! | could not have done it without
you.

Some people make outsized differences. None as much as my parents,
Adriaan and Fokkelien. You have provided the warmest and most loving
home any child could hope for. You have accomplished the no small
feat of raising me. You have built the foundations upon which my career
has been built. | am immensely thankful for all the help and resources,
not just in your help studying but also in the form of tutors, excellent
schools, materials and much more. | am thankful for the efforts poured
into helping me read and write despite my dyslexia. You have given me
a strong moral compass and a comprehensive and nuanced world view.
I will even admit, the endless math and physics sessions at the dinner
table have instilled in me the mindset and foundations to understand
and not simply to remember. Thanks to you dad, my lifelong ambition is
to open "the box in front of me" and find the solution. | am immensely
grateful.

| could also have never done it without the love and support of my
grandparents. Opa Jan for giving me my first calculator and igniting my
passion for trains, | wish | could have known you for longer. Oma Siep
for taking such detailed interest and immense encouragement, | miss
you dearly. Oma Gerda for her huge encouragement and for always be-
ing willing to stand by my side. Opa Johan, for giving me my passion
for electrical installations and your model temperament. | am also very
grateful that you took the train to Delft to vouch for me. Without that,
| would not have been able to start my wonderful journey at Aerospace
Engineering. | miss you immensely.

| would like to thank my brothers Ruben and Simon, not only for being
my paranymphs, but also for your patience and brotherly love growing
up. | was not the easiest brother to have. | am also very thankful for
my second set of parents and brother in Ireland, Carolyn, Sean and Ben-
jamin, for your wisdom and being there for me. | am thankful to Hans,
Marleen and Thijmen for your hospitality, advice, opening my eyes to
the natural world around me, accepting me into the family and caring so
well for Janneke. | am thankful to Maya for all the walks, curiosity for the
world and a new perspective on sticks.

| am grateful for the deep and life changing conversations with Rick,
Gio and Theo. Your insights, friendship, thorough analysis and endless



240 Acknowledgements

hospitality have made a big difference in my life. In particular, 1 would
like to thank Rick, your readiness to share your thoughts and the depth
to which you analyze them have genuinely altered my view of the world.
That is no small feat. | am deeply grateful for that.

| am grateful to Krishna and Lily. | am grateful for our friendship, which
has prevailed over large distances and that | have managed to count
on more than once. The deep insights you share and your thorough
understanding of finance and tech have made a lasting impact on my
life. Our trips and your hospitality mean the world to me.

| am thankful to Midas, for introducing me to electronics, being the best
housemate | could hope for and generally being one of the kindest and
most caring individuals on Earth. Your appetite for adventure and your
ability to solve problems are inspiring. | deeply cherish our companion-
ship.

Lastly, | am most grateful to Janneke. It is difficult to express what you
mean to me. Through the highs and lows of the PhD, the endless work-
ing hours, frustrations and joy of discovery, your love has never wavered.
Your guidance has helped me through tough times, you reaffirm what is
important. You are an endless source of smiles and laughter. You inspire
me with your ethics, intelligence and battle with type 1 diabetes. You
have brought color and design into my life and opened my eyes to sus-
tainable architecture, wooden construction and design of public spaces.
Without you | could not have done it, and | am immensely grateful to
have you in my life. | love you + infinity.

There are many more people who have made a lasting impact. While |
could continue filling pages to no end, this thesis must. All of you, includ-
ing you the reader, have all made the large and the small differences.
You have changed my outcome for the better.






	Contents
	Summary
	Samenvatting
	Introduction
	Background and Motivation
	The Rise in Data Demands and the RF Ceiling
	The "Achilles' Heel(s)" of Laser Communication

	Current State of Multi-Beam Laser Communication
	Potential of Multi-Beam Terminals
	Evolution of Multi-Beam Architectures for Space Applications
	Scope and Identified Gaps

	Thesis Goals and Outlines
	Thesis Goal and Research Questions
	Thesis Outline and Methodologies
	Research Contributions


	Multi-Beam Terminal Use Cases
	Introduction
	Methodology
	Geometric Analysis
	Potential User Population Densities

	Results and Discussion
	Results of the Geometric Analysis and Feasible Multi-Beam Terminal Altitude Ranges for Operations
	Number of Potential Users in Field of View for Nadir Operations
	Multi-Beam Performance Improvements in Space, Air, Ground and Sea Integrated Networks (SAGSINs)

	Comparison of Multi-Beam Use Cases: Summary and Conclusion
	Target Coverage and Spatial Resolution
	Dwell Time, Angular Resolution and Field of View
	Conclusion


	Design of Multi-Beam Steering Systems
	Introduction
	Functions of Multi-Beam Laser Communication Terminals
	Acquisition
	Link Sustainment Functions
	Link Termination Functions
	Multi-Beam Terminal Functions

	Design Options for Multi-Beam Steering Systems
	Previous Multi-Beam Steering System Designs
	Design Options and Recipe
	Steering Mechanism Selection
	Application on Example Use Cases
	Transceiver Array Considerations

	Conclusion

	Hardware Setup
	Introduction
	Requirements
	High Level Setup Requirements
	Multi-beam Source Requirements
	Image Detector Requirements
	Spatial Light Modulator Requirements

	Image Detector
	Selection and Properties
	Integration Approach

	Spatial Light Modulator (SLM)
	Selection and Properties
	Interface and Data Handling

	Multi-Beam Source
	Design Selection
	Generation
	Actuation

	Optical Integration and Overview of the Setup
	Optical System
	Setup Configurations

	Summary and Conclusion

	Multi-Beam Steering
	Introduction
	SLM Steering Performance using Phase Ramp (PR) Steering
	Steering Regimes as a Result of Aliasing
	SLM Angular Steering Resolution and Range
	Diffraction Losses and Challenges for Tracking
	Required Spatial Steering Resolution
	Integration of Phase Ramp Steering in Multi-Beam Steering Systems
	Summary of SLM Performance Using Phase Ramp Steering

	Phase Ramp and Fresnel Lens (PRFL) Steering
	PRFL and Tracking Performance
	Experimental Demonstration of PRFL
	Integration of PRFL into Multi-Beam Acquisition and Steering Systems

	Discussion and Conclusion

	Multi-Beam Tracking
	Introduction
	Method
	Hardware Experiment
	Tracking Image Modeling
	Multi-Beam Tracking Algorithm
	Analysis of Algorithm Limitations and Performance

	Results and Discussion
	Conclusion

	Conclusion
	Summary
	Analysis and Discussion of Chapter Findings and Conclusions
	Answers to the Research Questions
	Innovations
	Future Research

	Appendix: Multi-Beam Terminal Use Cases
	Field of View
	Angular and Spatial Resolutions

	Appendix: Design of Multi-Beam Steering Systems
	Appendix: Hardware Setup
	Curriculum Vitæ
	List of Publications
	Acknowledgements

