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Multi-Beam Terminal Design

By Joshua Spaander



Background

Volume of data/information created, captured, copied, and
consumed worldwide from 2010 to 2024 in (in zettabytes)
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https://www.statista.com/statistics/871513/worldwide-data-created/
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https://vividcomm.com/2020/07/29/starlink-internet-from-space/
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https://everydayastronaut.com/starlink-14-falcon-9-block-5/

]
TUDelft


https://everydayastronaut.com/starlink-14-falcon-9-block-5/
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http://www.esa.int/Applications/Observing_the_Earth/Copernicus/Sentinel-5P/Air_quality-monitoring_satellite_in_orbit
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https://www.dIr.de/content/en/images/2016/1/the-european-data-relay-system-edrs_21712.html
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https://www.airbus.com/newsroom/press-releases/en/2019/05/launch-of-the-second-spacedatahighway-satellite.html
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https://www.airbus.com/newsroom/press-releases/en/2019/05/launch-of-the-second-spacedatahighway-satellite.html
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https://spacenews.com/arianespace-seeks-greater-support-from-european-governments/



Background

Ariane V Launch Costs:
Cost for launch: $165 million
- Launch capacity: 18,000 kg
Cost per kg: 9,167 $/kg

TU Delft https://spacenews.com/arianespace-seeks-greater-support-from-e opean gov nme t/ 11

https //wwwy mpu.com/e /d ument/re d/36996100/ 'space-transportation-costs-trends-in-price-per-pound-to-orbit-
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https://www.airbus.com/newsroom/press-releases/en/2019/05/launch-of-the-second-spacedatahighway-satellite.html
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https://www.airbus.com/newsroom/press-releases/en/2019/05/launch-of-the-second-spacedatahighway-satellite. html
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https://www.esa.int/ESA_Multimedia/lmages/2016/03/EDRS-A
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https://www.esa.int/ESA_Multimedia/lmages/2016/03/EDRS-A
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Introduction and Background

Radio vs Optical Communications: 10 Mbps

- Radio:
— Mass: 20.7 kg
— Power: 104 W
* Optical:
— Mass: 0.5 kg
— Power: 10 W
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Introduction and Background

Lunar Laser Optical Payload  Optical Communication Nanosatellite Optical
Communications  for Lasercom and Sensor Demonstration Downlink Experiment
Demonstration Science (The Aerospace (MIT)
{MIT LL) {JPL) Corporation)

Data Rate 622 Mbps 50 Mbps 40 Mbps /300 Mbps 10 Mbps / 100 Mbps

Tx Power 05w 25W 6 W 200 mW

Orbit Lunar LEO (ISS) LEO LEO

Payload mass 30 kg 180 kg 2 kg 1kg

Beamwidth 2.5 urad ~0.01 deg 0.30 deg 1.3 mrad

Ground White Sands  OCTL 1-m MOCAM / MAFIOT PorTelL / OCTL

station

K Cahoy. Laser Communication with CubeSats. Technical report, 2018. URL https:// directory.eoportal.org/web/eoportal/s.
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Introduction and Background

Lunar Laser Optical Payload  Optical Communication Nanosatellite Optical
Communications  for Lasercom and Sensor Demonstratio Downlink Experiment
Demonstration Science (The Aerospace (MIT)
{MIT LL) {JPL) Corporation)

Data Rate 622 Mbps 50 Mbps 40 Mbps /300 Mbpgf]l 10 Mbps / 100 Mbps

Tx Power 05w 25W 6 W 200 mW

Orbit Lunar LEO (ISS) LEO LEO

Payload mass 30 kg 180 kg 2 kg 1kg

Beamwidth 2.5 urad ~0.01 deg 0.30 deg 1.3 mrad

Ground White Sands  OCTL 1-m MOCAM / MAFIOT PorTelL / OCTL

station

K Cahoy. Laser Communication with CubeSats. Technical report, 2018. URL https:// directory.eoportal.org/web/eoportal/s.
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Introduction and Background

. A ' S ‘./'/ ’
NODE EM space’\7 ‘
terminal at vibe
on Nowv. 27, 2017
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Introduction and Background

Telescope

Beacon

Beacon
Camera

_~ FSM

Tx/Rx
Optics

96 mm
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Introduction and Background

: Tracking
Focal Plane

Optics
Bench

Fiber
collimator

[ Narrow Fiffer (10nm) |

w
£
=
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.I’fu Delft Uplink  Downlink
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Introduction and Background

Telescope

Beacon

Beacon
Camera

_~ FSM

Tx/Rx
Optics

96 mm
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Introduction and Background
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Introduction and Background
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Introduction and Background

Telescope

Beacon

Beacon
Camera
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Introduction and Background

Goal:

Combine all the laser links
into one Size, Weight and
Power (SWaP) friendlier
package.

Using off the shelf
components and
Implementing some
Improvements

]
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https://www.esa.int/Applications/Telecommunications_Integrated_Applications/EDRS
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Introduction and Background

List of design goals:

* Closed feedback loop

* Multi-beam steering mechanism

- Shared components between all beams
* No required beacon

- Handle 2-way (duplex) communications

» Designed using only Commercial Of The Shelf (COTS)
parts

- Make the SWaP per link similar to that of systems such
as NODE

27



System Design

Multi-beam Steering Mechanism

+ Trade-off Steering Orientation

L]
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TUDelft Incoming Beam Direction

N %Iti-beam St
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System Design

Incoming

Beam Direction

Multi-beam Steering Mechanism

L]

Contmller‘\I

Spot Tracker |
|

/

Entrance Optics N Qlti-beam Steering Mechanism
Telescope Optics
Controller
_— Entrance OPtics
Telescope Optics
:S Spot Tracker
|
Transceiver Transceiver
Configuration Incoming Beam Steering | Outgoing Beam Steering
Feasibility

Splitter Complexity

Steering Complexity

Number of Spots Tracked
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System Design

« Differences between same-path and multi-path methods.
(Incoming = Red Outgoing = Blue)

Fiber Coupling Spot Tracker

/I Spot Tracker

Fiber Coupling Spot Tracker Plane |
Plane | |
| — Spot Tracker |
| |
! Mirco-Mirror
i Mirco-Mirror | Array
| Array |
' |
|
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System Design

Fiber Coupling ~ Spot Tracker
Plane |

|
I Spot Tracker

|
| |
| I
I Mirco-Mirror |
| Array |
| I
|

Spot Tracker
Fiber Coupling Spot Tracker
Plane |

Mirco-Mirror
Array

Same-Path Multi-Path

Single Path 2 Dual Path 1

Criteria Steering Stages | Steering Stage

Weights

Feedback Complexity

Number of Components

Design Flexibility

Number of Beams To Track

Maximum Number of Steerable Beams
Mass

Power

Singal Power Efficiency

Total

Nos,whsabbNOS
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System esign

Fiber Coupling Spot Tracker

Plane |

Stage 1

| — Isponracker of MMA’s and SLM'’s.

|

| ' 20 .

— . A i This makes the speed of the

Arra . .

| ' system more than sufficient.

! Stage 2
Criteria MMA SLM Weight Stage 1 | Weight Stage 2
Speed 1 1
Resolution 2 0

Weighted Total Stage 1

Weighted Total Stage 2

2 steering systems also allows for
combining the best of both worlds
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System Design

« 10x10 MMA's are 10 times smaller than
FSM’s and almost as fast.

37



]
TUDelft

System Design

+ SLM’s (Spatial Light Modulators) where
chosen because of their high resolutions.
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System esign

Fiber Coupling Spot Tracker

Plane |

Stage 1

2 steering systems also allows for
combining the best of both worlds

| —— Isponracker of MMA's and SLM’s.

| 4

I J » .

— . A i This makes the speed of the

Arra ..

| ' system more than sufficient.

! Stage 2
Criteria MMA SLM Weight Stage 1 | Weight Stage 2
- 1 1

2 0

Maighigg#fOtal Stage 1

Weighted Total Stage 2
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System Design

» High resolution vs low resolution steering
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System Design

» High resolution vs low resolution steering
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System Design

* High resolution vs low resolution steering

Beam steering algorithm: Results for MEMS MMA 10x10

Partial reflection of the beam by a
pixel leads to half and quarter pixel
diffractions. These decrease the
received signal. This problem gets
larger for larger beam widths.

This results in diffraction losses

42



System Design

» High resolution vs low resolution steering

] : . . o
TUDelft Higher resolutions have less issues with diffraction losses
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System esign

Fiber Coupling Spot Tracker

Plane |

Stage 1

| — Isponracker of MMA’s and SLM'’s.
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| ' 20 .

— . A i This makes the speed of the

Arra . .
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! Stage 2
Criteria MMA SLM Weight Stage 1 | Weight Stage 2
Speed 1 1
Resolution 2 0

Weighted Total Stage 1

Weighted Total Stage 2

2 steering systems also allows for
combining the best of both worlds
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System Design

SLM

The use of the same-path
Ismacker approach implies very high-

performance COTS fiber
hardware can be used.

Fiber Coupling Spot Tracker
Plane |

I
I

; p Mirco-Mirror
| . Array

|

|
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System Design
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System Design
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System Design

Sun Blocking Filter
| / Beam Splitters
Y| N SLM
o AV |
Spot
/7 Tracker
for SLM
MMA —> -~
GRIN
Spot Tracker -~ “ Lenses

7
TUDelft for MMA Beam Dump ——
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Modeling and Simulations
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Full System Simulation

Desired Spot Locations
= Receiver Locations -

L (z,y)

Actual Spot Locations
Ls(x,y)

Location Errors

Le(z,y)

Geometry Calculator
(Optical Transfer)

Control Area
Allocation

Image Processing

Spacecraft
Jitter

Receivers

Control Signal i
Angle Ermors Control Output . '”F’EL'(‘XT;*‘” Qutput Field
Velz,9) -
ez, y) > Cla,y) o Ey(,y)
Pr
X > Aclg::‘c;:t\grn G — Beam Steering
) Detector and
Control Phase Field Electric Noise
i z
Area Allocation ¢z, 1) Vi(2,3)
As(z,y) Electric Signal
+
- Volmy)
Spot Tracker
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Full System Simulation
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Full System Simulation
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Full System Simulation

Pointing Error Over Time Logarithmic with 5 Frame Moving Average

== Transceiver 1 == TransceiverZ - Transceiver3
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Full System Simulation

Pointing Error Over Time Logarithmic with 5 Frame Moving Average

== Transceiver 1 == TransceiverZ - Transceiver3

5.00E-02 )’_\1

1.00E-02
5.00E-03 F

Spots Moving Over Each Other

1.00E-03
5.00E-04

Paointing Errar [m]

1.00E-04
5.00E-05

1.00E-05 |

Simulation Frame/Time
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Full System Simulation
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Full System Simulation

Pointing Error Over Time Logarithmic with 5 Frame Moving Average

== Transceiver 1 == TransceiverZ - Transceiver3

5.00E-02 )’_\1

1 00E-02 Spots moving in and out of frame
5.00E-0Q F

Paointing Errar [m]

1.00E-05

Simulation Frame/Time
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Full System Simulation

Pointing Error Over Time Logarithmic with 5 Frame Moving Average

Painting Error [m]

== Transceiver 1 == Transceiver? -« Transceiver3
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11% of the time spots where crossing
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Full System Simulation

Pointing Error Over Time Logarithmic with 5 Frame Moving Average

Painting Error [m]

== Transceiver 1 == Transceiver? -« Transceiver3
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W IV Vg™
1.00E-05 L "
| |mulaﬁnn Frame/Time

5% down time unaffiliated spot
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