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Abstract

Free-space optical (FSO) communication, or laser communication, is capable of pro-
viding high-rate communication links, meeting the growing downlink demand of space
missions, including those on small-satellite platforms. FSO communication takes ad-
vantage of the high-gain nature of narrow laser beams to achieve higher link efficiency
than traditional radio-frequency systems. In order for a F'SO link to be established
and maintained, the spacecraft’s attitude determination and control system needs
to provide accurate pointing at the optical ground station. However, small satellites,
such as CubeSats, have limited ground-tracking capabilities with existing attitude sen-
sors. Miniaturized laser beacon tracking system, on the other hand, has the potential
to provide precise ground-based attitude knowledge, enabling laser communication to
be accomplished on small-satellite platforms. This thesis details the development of
a CubeSat-sized laser beacon camera capable of achieving a sub-milliradian attitude
knowledge accuracy with low fade probability during various sky conditions, sufficient
to support a high-rate FSO communication link on a CubeSat platform on low-Earth
orbit. The high-level Nanosatellite Optical Downlink Experiment (NODE) system ai-
chitecture, the beacon camera conceptual design as well as prototype development are
presented in detail. An end-to-end beacon simulation was constructed to validate the
attitude sensing performance of the module under expected atmospheric turbulence
and sky brightness conditions. The simulation results show a high-accuracy attitude

sensing performance and low fade probability, capable of supporting NODE’s laser
links.
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Chapter 1

Introduction

1.1 Laser Communication

Laser communication is one of the key technologies capable of providing high-rate
communication links, necessary to meet the growing communication demand of space-
craft. With more advanced space-borne scientific instruments, many spacecraft are
capable of collecting significant amounts of data to be downlinked to the ground
stations. However, due to limitations in number and duration of ground passes as
well as limited on-board memory storage, traditional radio-frequency systems are
falling short in meeting the increasing communication demand of spacecraft. Fig-
ure 1-1 shows the communication data trend of Earth-orbiting satellites, projecting
that multi-gigabits per second link rate will be needed in the near future.
Free-space laser communication utilizes laser beam propagation in free space as
the signal carrier, providing wireless communication links between the transmit and
receive optical terminals [2]. The carrier wavelength for space applications is often
in the visible to short-infrared range within the atmospheric window, as shown in
Figure 1-2. Due to the difference in wavelength, laser communication is capable
of providing higher data rate with a more compact and power-efficient system in
comparison with traditional radio-frequency (RF) systems. The advantages of laser
communication are enabled by the laser narrow beamwidth, high communication

bandwidth with fewer spectrum regulations [1, 2, 3|.
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Figure 1-1: Data-rate trend for Earth-orbiting spacecrafts, showing a demand of
multi-gigabits per second link rate in the near future [1]

In laser communication, data is modulated in low-divergence laser beams, made
possible by the diffraction property of electromagnetic waves. The diffraction theo-
retical limit states that the beam divergence of electromagnetic wave is proportional
to the wavelength and inversely proportional to the aperture diameter [5]. Since the
wavelength used in laser communication is in the order of microns, much shorter than
RF wavelengths, laser beams can achieve a divergence angle orders of magnitude nar-
rower than RF beamwidths. Figure 1-3 illustrates the beamwidth difference of laser
and RF communication systems, showing the RF footprint spanning continents while
the laser spot size is approximately the size of a small city. As a result, laser com-
munication systems provide more link directionality, lowering the required transmit

power with the use of smaller transmit and receive apertures.

Other advantages of laser communication include high signal bandwidth, few spec-
trum regulation, and channel security. Because of the high carrier frequency of op-

tical signals, the bandwith-to-frequency ratio for optical channels is orders of mag-
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Figure 1-2: Earth’s atmospheric transmittance of various wavelengths of the electro-
magnetic spectrum, showing atmospheric windows in the visible/infrared and radio

range [4]
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Figure 1-3: Laser communication footprint compared to traditional RF communica-
tion footprint, showing the directionality of laser communication in comparison with

RF systems |[6]

nitude lower than for RF, providing much larger channel capacity [5].
while the RF spectrum is heavily regulated by national and international adminis-

trations, optical links are not currently subjected to spectrum allocation, providing

e
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Image credit: NASA
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more bandwidth availability and a simpler licensing process [1]. Furthermore, narrow
laser beams offer increased link security, necessary for wireless transfer of sensitive
information [2].

Limitations of laser communication are primarily from weather effects and point-
ing requirements. Absorption due to cloud and fog presents significant attenuation
of laser signals, which could cause black-out periods where no laser link is avail-
able [1]. The locations of optical ground stations are, therefore, more selective than
RF ground stations due to weather condition criteria. In addition, due to the low-
divergence laser beamwidth, laser communication requires the spacecraft to maintain
accurate pointing at the ground station for the link to be established. The pointing
accuracy required corresponds to a fraction of a beamwidth such that most of the
optical power can be received by the ground station. Since the high data-rate pro-
vided by laser communication is realized by the narrow beamwidth, better pointing
accuracy is a direct indication of a higher data rate communication capability for

laser communication systems.

1.2 CubeSats

Small satellites are among the fastest growing classes of satellite in the last decade
because of low cost components, short development time, and availability of launch
opportunities. Hundreds of satellites with mass of 1-50 kg have been launched in
the past few years, with a steep increase in number expected in the upcoming years
[7]. Figure 1-4a shows the number of small satellites launched from the year 2000 to
2013, showing a significant increase in the number of 1-10 kg satellites in recent years.
Many of the launched small satellites are CubeSats, a popular class of miniaturized
satellites, often used for technology demonstration and educational purposes. The
number of CubeSats launched in the past decade is shown in Figure 1-4b, consistent
with results in Figure 1-4a [8].

CubeSats have strict size and weight requirements, specified by the CubeSat pro-
gram at the California Polytechnic State University, San Luis Obispo. One standard
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Figure 1-4: (a) Small satellites (1-50 kg) launched in 2000-2013 |7| (b) CubeSat-class
missions launched in 2000-2013 (8]

CubeSat unit (1U) is 10 cm x 10 cm x 10 ¢m in volume and less than 1.33 kg in weight
[9]. Common CubeSat sizes are 1U, 1.5U, 2U, 3U, as shown in Figure 1-5, with the
size and weight requirements scaled correspondingly. The fully assembled Micro-sized
Microwave Atmospheric Satellite (MicroMAS), a 3U CubeSat developed at MIT in
the Space System Laboratory, is shown in Figure 1-6a. MicroMAS deployment from
the International Space Station (ISS) in March 2015 is shown in Figure 1-6b, along
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with a 1U CubeSat from the same deployer.
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Figure 1-5: Common CubeSat-bus 3D models [10]

Image credit: MIT/Lincoln Laboratory| Image credit: NASA/NanoRacks

(a) (b)

Figure 1-6: (a) The fully assembled MicroMAS during integration and testing (b)
MicroMAS deployment from the ISS

New advances in CubeSat’s system-level design, improvements in attitude control
and onboard processing, as well as the desire to obtain persistent observations mean
that a significant amount of data will be produced [11, 12, 13]. The amount of
data successfully collected from a CubeSat mission is often limited by low-rate RF
downlinks. Most CubeSats are in low-Earth orbit (LEO), which results in short

ground station access times (<10 min/pass). The amount of downlinked data is
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limited due to the low gain nature of RF communication systems and CubeSats’ size
and weight constraints. CubeSat RF communication capabilities in 2009-2012 are
summarized in Figure 1-7, indicating that a majority of CubeSat RF systems achieve
less than 1 Mbps data rate.[14] While RF downlink capability can be improved by
having more ground stations or larger apertures with higher gain, these options are
often expensive. In addition, RF systems have a heavily regulated licensing process
due to the crowded frequency spectrum allocation, introducing the risk of schedule
slip and cost. Thus, there is a growing demand in the nanosatellite community for
higher rate downlinks with less regulatory complexity and lower cost, leading to the
research and development of laser communication technology on CubeSat platforms

in this work.

M less than 9600 baud
B 9600 baud

9600 baud to 1 Mbps
W 1 Mbps or greater

Figure 1-7: Survey results of CubeSat communication capabilities [14]

While advancements in satellite attitude determination have led to the devel-
opment of several CubeSat-sized attitude sensors capable of achieving fine attitude
knowledge, there is no existing sensor product that can achieve accurate pointing
relative to a ground target, sufficient for laser communication. Devices such as star
trackers are capable of achieving sub-milliradian attitude knowledge, realized by star
field imaging techniques|15|. However, accurate attitude knowledge in inertial space
does not guarantee accurate pointing knowledge relative to a ground target due to
ephemeris uncertainty. For example, 1-km orbit ephemeris error of a satellite at
500-km altitude leads to an error of 0.1° in attitude when converting from inertial
to Earth-fixed frame. Many CubeSats do not have access to the Global Positioning
System (GPS) receivers and have to rely on published Two-line Element (TLE) data
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for orbit determination, which could lead to orbit knowledge uncertainty of several
kilometers [16]. This induced error limits CubeSats that require accurate ground tar-
get pointing from leveraging attitude sensing capability from inertial-based attitude

SeNnsors.

1.3 Laser Beacon Tracking

1.3.1 Laser Beacon Tracking Overview

A technique used by previous laser communication missions to achieve high point-
ing accuracy at the optical ground station is to utilize an uplink laser beacon from
the ground as a reference. Ground laser beacon detection allows the spacecraft to
directly acquire the location of a ground target and use this information for ground-
referenced attitude determination, such that laser communication can be established.
In addition, ground laser beacons can be designed to enhance detection probability,
which is not possible when natural light sources are used as reference. For instance,
the laser beacon has a narrow-band spectrum, allowing band-pass filtering techniques
to be implemented at the receive terminal to reduce background light interference,

improving attitude sensing performance.

To achieve pointing accuracy for downlink optical communication, a laser beacon
is transmitted from the optical ground station, often from the same facility as the
downlink receive terminal. The laser beacon source is expanded through a telescope,
which sets the divergence angle needed to cover the full range of spacecraft’s position
uncertainty. The beacon beam is propagated through Earth’s atmosphere, where it is
affected by atmospheric absorption and scattering as well as atmospheric turbulence.
The beacon is received on the spacecraft’s terminal by imaging optics and detector.
The beacon image is processed by flight software to determine the spacecraft’s attitude
relative to the beacon direction. For mono-static systems, where the beacon receiver
and transmit laser are on the same actuated platform, the actuators are used to

drive the platform until the beacon image is at a desired location, for example, at
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the center of the detector as a feedback mechanism to ensure the downlink beam
points accurately at the ground station. For bi-static systems, where no feedback is
available, downlink pointing offset is computed from the beacon image through the
geometric relationships of the beacon receiver and downlink platforms. Many optical
communication systems are built with multiple attitude control stages to achieve the

required pointing accuracy.

1.3.2 Literature Review

Laser beacon detection techniques have been utilized for several laser communication
missions, such as the Laser Lunar Communication Demonstration (LLCD), the Op-
tical Payload for Lasercom Science (OPALS), and the Optical Communication and
Sensor Demonstration (OCSD). The LLCD and OPALS modules are on large space
platforms, while the OCSD payload is carried by 1.5U CubeSats [17, 18, 19].

The LLCD mission, developed by NASA and MIT Lincoln Laboratory, established
the first laser communication link from lunar orbit, achieving a record-breaking down-
link data rate of 620 Mbps.[17] The Laser Lunar Communication System (LLCS),
developed in the LLCD mission, was flown on the Lunar Atmospheric and Dust En-
vironment Explorer (LADEE) spacecraft, launched in September 2013. The LLCS
achieves a pointing accuracy of 2.5 um during normal operations with the use of an
uplink beacon for coarse tracking and piezoelectric actuation of the transmit fiber for
fine stabilization. A 3D sketch of the LLCS optical module is shown in Figure 1-8a.
The module weighs approximately 30 kg and operates at an average power of 50-140
W. The 10-cm aperture Cassegrain telescope and back-end optics are mounted on a
two-axis inertially stabilized platform. The optical layout is shown in Figure 1-8b,
illustrating the three-wavelength design, with separate uplink acquisition beacon and
communication wavelengths and a downlink communication wavelength. The three
distinct wavelengths are within the range of 1550 nm-1570 nm. The uplink beacon,
shown in green, is separated from the uplink and downlink communication beams by
a dichroic mirror after being received through the main telescope mirrors and ter-

tiary lens. The beacon is then focused onto an acquisition InGaAs quadrant detector
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through an acquisition lens system. The acquisition lens and sensor provides a field
of view of greater than +1 mrad, sufficient to accommodate spacecraft’s pointing

uncertainty and jitter before beacon acquisition. [17, 20]

108-mm  2-axis Small optics ™ Ty
diameter gimbals bench Lens Fiper

aperture \ 7 /
/ \

Rev  Rev
Lens Fiber

; Secondar
Telescope window - v ) =
secondary 'O primary Tertiary Acquisition Acquisition
Mirror Lens Lens Quad
Detector
(a) (b)

Figure 1-8: (a) 3D model of the inertially stabilized telescope for the LLCD (b)
LLCD optical layout with three distinctive beam paths for the uplink beacon, uplink
communication, and downlink communication [20]

In April 2014, the OPALS system was launched on a SpaceX Dragon commercial
resupply capsule to carry out a 90-day baseline optical downlink mission. The OPALS
mission is developed by the Jet Propulsion Laboratory to establish an optical com-
munication link from the ISS to the Optical Communication Telescope Laboratory
(OCTL) facility at Table Mountain, CA. The mission aims to provide a downlink rate
of 30-50 Mbps at 1550 nm with the use of an uplink beacon at 976 nm for acquisition
and tracking. An illustration of the OPAL communication operation from the ISS
is shown in Figure 1-9a. The flight system is shown in Figure 1-9b, consisting of
three main components: the sealed electronics container connected to a radiator, the
optical head mounted on a two-axis gimbal, and the top half of the Flight Releasable
Attachment Mechanism (FRAM) [18|.

The laser communication system achieves a pointing accuracy on the order of 300
prad (1-0), sufficient to decode the transmit optical signal. This pointing accuracy is

accomplished by the use of a laser beacon transmitted from OCTL at 976 nm. The
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Figure 1-9: (a) Artist concept of the OPALS payload during on-orbit operation (b)
OPALS flight system layout [18]

beacon is acquired by a commercial off-the-shelf charge-coupled device (CCD) camera,
mounted on a two-axis gimbal. The CCD camera has a resolution of 640 x 480 pixels,
running at a frame rate of 100 Hz. The beacon is detected when the intensity exceeds
a threshold and centered on the center of the CCD using a Proportional-Integral (PI)

control algorithm for ground station tracking. [18, 21|

The OCSD mission will be the first optical communication mission demonstrated
on miniaturized satellite platforms. OCSD is a two-CubeSat flight test developed by
the Aerospace Corporation, selected by NASA’s Small Spacecraft Technology Pro-
gram (SSTP) to be launched in late 2015. The OCSD baseline mission is to establish
an optical communication link of 5-50 Mbps from the satellite in LEO to a 30-cm
diameter telescope at Mt. Wilson in Southern California. The design of each OCSD
1.5 U CubeSat is shown in Figure 1-10. The OCSD CubeSats utilize a combina-
tion of coarse and fine sensors to accomplish a pointing accuracy of 0.1°, sufficient
to meet the pointing requirement imposed by the downlink beamwidth. The coarse
sensors include six 2-axis sun sensors, four Earth horizon sensors, a two-axis nadir
sensor, and two sets of 3-axis magnetometers. The coarse sensor suite is capable of
achieving continuous attitude knowledge to 1° accuracy. Fine attitude determination

is accomplished by close-loop tracking of a 10-W uplink beacon at 1550 nm. The up-
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link beacon detector is a 3-mm diameter InGaAs quad photodiode, accompanied by
a 18-mm lens system and narrow-band filter. The fine attitude determination system

with laser beacon detection can achieve an accuracy of 0.1° in attitude knowledge.

[22, 19]
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Figure 1-10: 3D rendering of the OCSD CubeSat system [19]

1.3.3 Thesis Overview

The work presented in this thesis includes the design and development of a CubeSat-
sized laser beacon receiver to support the Nanosatellite Optical Downlink Experiment
(NODE), currently under development in the MIT Space Telecommunications, As-
tronomy, and Radiation (STAR) laboratory. NODE aims to establish a laser commu-
nication downlink at 10-50 Mbps from a CubeSat in LEO. NODE uses a two-stage
pointing control mechanism to achieve pointing performance of + 0.09 mrad 3-o

without bias, sufficient for a 2.1 mrad downlink laser.
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With better pointing accuracy and narrower downlink beam, NODE aims to
achieve a data rate comparable to OCSD with less power consumption because of
higher link efficiency. The coarse stage relies on the host spacecraft body pointing
capability while the fine stage is driven by a miniature MEMS fast-steering mirror.
Precise attitude sensing is accomplished by the use of a beacon receiver system in
addition to common CubeSat attitude sensors such as sun sensors, magnetometers,
and Earth horizon sensors. The hand-off between coarse and fine control is achieved
by sizing the beacon camera’s field-of-view to compensate for the satellite’s body
control capabilities under on-orbit disturbances. The NODE module will fit within a
0.5 U volume, weigh less than 1 kg, and consume no more than a total of 10 W of
electrical power during active communication periods, meeting CubeSat size, weight,
and power (SWaP) constraints.[23]

Since the mission success relies on the ability to achieve accurate ground station
pointing, the NODE beacon receiver system is an integral part of the system as it
is responsible for providing the fine attitude knowledge needed to meet the pointing
requirement for laser downlink while maintaining low size and mass to meet CubeSat
constraints. The NODE beacon receiver is capable of achieving an attitude knowledge
of better than 0.1 mrad with low probability of fade under a variety of sky brightness
conditions and orbit configurations. The beacon receiver system consists of low-
cost commercial off-the-shelf (COTS) detectors, lens, and filters, leading to a total
equivalent size and mass of 0.1 U.

The following chapters of this thesis will present the design of the beacon camera
of the NODE configuration along with simulation development and results to vali-
date the system performance. Chapter 2 will introduce the high-level overview of the
NODE system along with the current camera design and hardware selection. Chap-
ter 3 will detail an end-to-end beacon simulation to construct expected beacon image
frames with transmitter, receiver, and atmospheric channel properties taken into ac-
count. The simulation results and corresponding attitude determination performance
of the module will be presented in Chapter 4. Chapter 5 will summarize the findings,

discuss future development efforts, and present the significance of this research.
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Chapter 2

Approach

2.1 System Overview

2.1.1 System Architecture

The NODE system is a CubeSat-size communication module, designed to establish
a 10-50 Mbps laser communication downlink from LEO. NODE uses a 2-W laser at
1550 nm with 2.1 mrad (0.12°) beam divergence to support the communication link.
An uplink beacon at 850 nm is transmitted from the ground station to provide precise
ground station acquisition and tracking. In addition to the primary laser downlink,
the NODE architecture also includes a low-rate bi-directional RF link for telemetry,
command, and back-up transmission when the laser link is not available. The NODE
architecture is summarized in Figure 2-1.

The mission concept of operations for a ground pass consists of three main phases,
as illustrated in Figure 2-2 and detailed in Table 2.1. First, the satellite slews au-
tonomously at the ground station using coarse attitude sensors and actuators. The
pointing accuracy of the coarse system is expected to be within +3°, sufficient for the
beacon to be within the onboard beacon camera’s field-of-view. Next, as the beacon
is acquired, the satellite continues to slew toward the ground station using coarse-
stage actuators to align the body-mounted beacon camera boresight with the ground

beacon, reducing the pointing error to approximately better than £1°. Lastly, the
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fine-pointing mechanism is activated, steering the downlink laser beam toward the

ground station within a pointing accuracy of 4+0.06°, which corresponds to % of the

downlink beamwidth.

Uplink beacon

Downlink optical communication link
(1550 nm)

Uplink optical beacon for PAT

(850 nm) Downlink beam

Bi-directional low-rate RF link for telemetry
and command

Figure 2-1: NODE system architecture, consisting of a 1550-nm downlink beam as
primary downlink method, a 850-nm uplink beacon for acquisition and tracking, and
a bi-directional radio-frequency link for telemetry and command [23]

2.1.2 NODE System Overview

The NODE spacecraft payload consists of two main subsystems: a downlink trans-
mitter and an uplink beacon receiver. Due to size constraints, the payload uses a
bistatic design, with separate downlink and uplink beacon paths. The physical lay-
out of the payload is given in Figure 2-3. The transmitter design follows a Master
Oscillator Power Amplfier (MOPA) architecture, where an Erbium Doped Fiber Am-
plfier (EDFA) is used in conjunction with a 1550 nm seed laser to provide a high
peak-to-average power optical waveform. A fiber collimator forms the transmit beam
which is subsequently directed by the fast-steering mirror (FSM) in a “gimballed-flat”
topology. The selected FSM is a MEMS tip/tilt mirror that meets the SWaP require-
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Figure 2-2: NODE concept of operations during each ground pass: (1) the satellite
point autonomously at the ground station using coarse sensors and actuators, (2) the
beacon is acquired, allowing the satellite to correct its attitude with coarse attitude
control actuators, (3) Fine-pointing mechanism is activated, initiating the downlink

process.
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ments as well as the steering range needed for coarse stage hand-off. The beacon
receiver camera consists of a complementary metal-oxide semiconductor (CMOS) fo-
cal plane array with high sensitivity in the near-infrared (NIR) range to detect a 850
nm beacon transmitted from the ground station. The uplink beam image is processed

with centroiding algorithms for fine attitude determination.

Transmitter Overview

The NODE transmitter follows a MOPA architecture, consisting of a modulated seed
laser source followed by a power amplifier. The MOPA configuration allows for high-
rate modulation with high-fidelity waveform as and modularization such that each
components can be designed and optimized independently [2]. The seed laser selected
for NODE is a 6 dBm average power laser at 1550 nm with integrated thermoelectric
cooler for wavelength stability. The components are part of a transmitter optical sub-
assemblies (TOSA), available in compact fiber-coupled packages (20 mm x 8mm x
5mm), appropriate for low SWaP applications such as NODE. The seed laser is modu-
lated directly through the use of a field-programmable gate array (FPGA) to generate

the communication waveform following the pulse-position modulation (PPM) modu-
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Table 2.1: NODE concept of operations and pointing accuracy requirements

CubeSat slews toward ground station
Sensors CubeSat coarse sensors
1 :
Actuators CubeSat reaction wheels
Pointing accuracy < 3°
CubeSat closes loop around beacon offset
Sensors Beacon camera
2 :
Actuators CubeSat reaction wheels
Pointing accuracy < 1°
Fine steering mechanism is activated
Sensors Beacon camera
3 : :
Actuators Fast-steering mirror
Pointing accuracy < 0.06°
Top View 3U CubeSat  Lasercom Payload
E: 9.5cm :I (30x10x10 cm) (5x10x10 cm)
e =~
Tracking il
\ Focal Plane i | |
‘ High-Speed Electronics |
m + Focal-plane Readout ! |
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Figure 2-3: NODE physical system layout, showing the bi-static design with inde-
pendent downlink and uplink beacon path 23]

lation scheme. To improve the extinction ratio (ER), an athermal fiber Bragg grating
(FBG) bandpass filter centered at the seed laser transmission wavelength was used.
The achieved ER is >33 dB, as measured in lab-bench hardware characterization.

NODE utilizes an EDFA, advantageous for low-duty cycle and average-power-limited
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applications. The EDFA module is approximately 9 cm x 6 cm x 1.5 cm and has an

average power level of 200 mW. The NODE transmitter block diagram is shown in

Figure 2-4.
Drive Circuit Seed Laser Extinction Filter EDFA
P S Dt 1 TOSA Modul Fiber t
Modulation odule iber to
- (DFB Laser - AtherﬁrlrtnalrFBG collimation
Bias & TEC | 5 + TEC) e optics
Control

Figure 2-4: NODE transmitter block diagram following a MOPA design [24]

Coarse Stage Control

The coarse stage control is achieved through the host CubeSat’s attitude determina-
tion and control system (ADCS). While NODE was designed to be mostly agnostic to
the choice of host satellite choice of sensors and actuators, there are few requirements,
as shown in Table 2.2, that the host CubeSat needs to meet such that the NODE
module can be operated. First, the CubeSat’s ADCS suite is required to achieve a
pointing accuracy of better than £3°, such that the ground laser beacon can be de-
tected by the laser beacon camera on the satellite. This level of pointing accuracy is
within the expected performance of existing CubeSat’s actuators and sensors and has
been achieved by a number of 3-axis stabilized CubeSats |25, 26]. Once the beacon
has been acquired, which provides an attitude knowledge of better than 0.1 mrad,
the CubeSat’s control system is required to provide an control of better than +1°in
order to meet NODE’s fine-stage control mechanism’s range of operation. During the
ground-pass, the CubeSat is required to provide a slew rate of up to 1°/s to prop-
erly track the ground station, while performing attitude control with the accuracy

requirements specified in the first two requirements.
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Table 2.2: Host CubeSat ADCS requirements

Parameter Requirement
Host ADCS-only pointing accuracy + 3°
Pointing accuracy with beacon camera +1°
Slew rate up to 1.1°/s (orbit dependent)

Fine Stage Control

The fine-stage control is achieved by a micro-electro-mechanical systems (MEMS)
fast-sterring mirror (FSM) from Mirrorcle Technologies, as shown in Figure 2-5. The
tip/tilt range of the FSM is £1.25°, overlapping with the CubeSat body pointing
capability. The fine-stage pointing requirements are based on the beamwidth specifi-
cations, determined through detailed link budget analysis to achieve the goal data rate
[27]. With a beamwidth of 2.1 mrad (0.12°), the 3-¢ pointing accuracy requirement
is set at +1.05 mrad (£0.06°).

Figure 2-5: Fast steering mirror utilized in NODE from Mirrorcle Technologies,
Inc.|23]

A simple setup was developed to characterize the device, as pictured in Figure 2-6
[28]. A 650-nm red laser is directed through a focusing lens, which the FSM steers
into a CMOS monochromatic camera. From the geometry of the setup, the angle
of the FSM can be determined. Since there is no feedback available on the device’s
position, it was necessary to characterize repeatability of the device to ensure it could
meet performance requirements.

To test repeatability, the mirror was commanded to visit each of the points in a “5-

sided die” pattern covering its entire range. For each iteration, as shown in the focal
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Laser Lens Camera FSM

Figure 2-6: Experimental setup for FSM characterization (left)[28] and 5-sided die
pattern used for repeatability analysis (right)[23]

plane in Figure 2-6, points were visited in a random order. Statistics on the position
repeatability for a significant number of trials (N=500) show that the RMS error of
the device is 12 urad, well within the desired performance. Future testing will aim to
ensure repeatability under varying thermal environments. Prior simulation analysis

showed that the staged setup remains well within the accuracy requirement [27].

2.2 Laser Beacon System

2.2.1 Beacon Detection Architecture

The laser beacon tracking architecture consists of a laser source, transmitted from a
ground station and detected by an on-orbit camera at the satellite terminal after prop-
agating through the atmospheric channel. An illustration of the laser beacon track-
ing configuration is shown in Figure 2-7. The ground-based laser source is launched
through a telescope, which determines the beam divergence angle necessary to cover
the satellite’s position uncertainty. The telescope is mounted on a steering platform,
allowing continuous tracking of the satellite over each ground pass. The beacon wave-
length was chosen to be in the NIR range to comply with eye-safety regulations while

maintaining sufficient sensitivity with standard Silicon focal plane arrays, reducing
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cost while increasing product availability. Laser propagation through the atmosphere
is a complex process, leading to both attenuation from atmospheric absorption and
scattering as well as brightness fluctuations due to the turbulent nature of the atmo-
sphere. Upwelling Earth brightness presents the main source of background radiance,
varying significantly based weather conditions and time of day. At the satellite termi-
nal, the laser beam is detected by a beacon camera, consisting of a focal plane array,
lens system, and filters. The camera’s field-of-view (FOV) is chosen to be sufficiently
wide to compensate for coarse attitude control capability while narrow enough to
reduce the amount background light in the system. Filters are used to select the
spectral band of the transmit laser and to reduce the effect of ultraviolet light in
the optical system. Since the beacon is effectively a point source, the beacon image
follows the point-spread function (PSF) of the lens system, sampled according to the
resolution of the focal plane array. Once the beacon is detected by the camera, image
processing techniques such as thresholding and centroiding can be applied to find the
pixel location of the beacon image on the focal plane array. This information directly
correlates to the direction of the beacon relative to the spacecraft’s body coordinate

system, providing ground-referenced attitude knowledge for the satellite.

2.2.2 Ground Segment Concept

The main design parameters of the ground system are the laser transmit power and
beam divergence. In the system’s baseline design, the transmit power is set at 10
W, where off-the-shelf laser diodes and drivers are available, reducing fabrication
cost. This power level is comparable with existing beacon laser transmitter system at
the Optical Communication Telescope Laboratory (OCTL) at JPL’s Table Mountain
Facility|29]. The beacon beamwidth is sized to accommodate the satellite’s ephemeris
error, which can be approximately 10 m - 2 km, accomplished with ranging systems
such as GPS receivers and ultra-high frequency (UHF) radio ranging [19, 13|. For the
baseline design, the ground laser beamwidth is set to be 5 mrad FWHM, necessary to
cover a 2-km range as projected onto a 400-km orbit at zenith. The baseline transmit

power and beam divergence design complies with the maximum permissible exposure
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Figure 2-7: Overview of NODE laser beacon detection architecture. The laser bea-
con is transmitted through a telescope, propagating through the atmosphere, before
getting detected by the beacon camera. The beacon image on the detector is affected
by background radiance as well as atmospheric turbulence.

(MPE) limit advised by the Federal Aviation Administration (FAA) to ensure aviation
safety [30].

2.2.3 Beacon Camera Prototype Development
Hardware Design Overview

The beacon camera design goal is to achieve sufficient beacon signal-to-noise ratio
for detection while maintaining a small form factor to meet CubeSat’s size and mass
constraints. A secondary goal is to keep the module at a low cost, which led to the
decision of using only COTS products. The system is designed to detect a laser beacon
at 850 nm, a common NIR wavelength at which many laser and optical components
are available. The current beacon camera prototype is shown in Figure 2-8. The
system size is approximately 40 mm x 40 mm x 60 mm with a total weight of 120 g.

The beacon camera prototype consists of a focal plane array, lens system, band-
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Figure 2-8: CubeSat-sized laser beacon camera utilized in NODE for ground tracking

R

/1.4 lens system UV/VIS-cut filter

5 Mpixel camera with
integrated band-pass filter

Figure 2-9: Laser beacon camera components, consisting of a 5 MP detector, 35 mm
lens system, band-pass and long-pass filters

pass filter, and long-pass filter. To reduce cost and expand the option pool, a standard
CMOS Silicon detector array was selected. The lens system is a 1-inch aperture off-
the-shelf product with a focal length that provides a FOV wide enough to compensate
for expected pointing error from CubeSat coarse attitude control. Two optical filters
are utilized in the system: a band-pass filter at the beacon wavelength and a long-pass
filter to protect the lens system from heating and darkening due to solar radiation.
Table 2.3 summarizes the detailed specifications of the beacon camera. Detailed

descriptions of the individual components are described below.
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Table 2.3: Beacon camera specifications

Detector array

Sensor format 1/2.5 in
Resolution 5 MP
Pixel size 2.2 pm
Quantum efficiency (at 850 nm) 15%
Lens
Aperture diameter 1in
Focal length 35 mm
Filters

Band-pass filter transmission (850 + /- 5) nm
Long-pass filter transmission >700 nm

Detector

The main parameters considered during the detector selection process include array
format, sensitivity, and noise properties, as well as cost, availability, and size. CMOS
detectors offer cost-efficient solutions thanks to recent development in digital imaging
and semiconductor chip production. With lower fabrication cost, CMOS detectors
are often less expensive than their counterparts, CCDs. The CMOS commercial
market has expanded significantly, providing a wide selection of sensor array format.
Despite having peak sensitivity in the visible range, many low-cost and commercially
available CMOS detectors have non-negligible quantum efficiency in the NIR range,
approximately 10% - 30% at 850 nm depending on the target applications [31, 32, 33].
While CMOS sensors often produce higher noise in their image than CCD sensors,
this noise level is negligible compared to background noise sources, as will be shown
in later chapters.

Through many design iterations, a 5-Megapixel detector from Aptina Imaging
was selected because of its high resolution, high sensitivity at 850 nm, as well as low
dark current and read noise properties. The Aptina detector layout is presented in
Figure 2-10a, showing an active area of approximately 2592 x 1944 pixels. With 2.2
pm pixel size, the equivalent active area is about 5.7 mm x 4.3 mm. The camera’s

quantum efficiency at 850 nm is approximately 15%, sufficient for beacon detection.
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Dark current noise and read noise for this sensor is less than 100 LSB/s and 10 LSB,
respectively, with the transaction factor of approximately 0.5 LSB/e- at low gain.

The Aptina chip was packaged into a compact and inexpensive commercial camera
module by Matrix Vision in the MvBlueFOX-MLC series, shown in Figure 2-10b. The
camera module is 35 mm x 33 mm x 25 mm without lens and weight approximately 10
g. The module has a USB 2.0 interface and can be integrated for use with ARM-based
embedded boards.

50 black rows 0,0)
Active Image
134 black columns 2592 x 1944 6 10 black columns
© active pixels !
(27 51, 2()()3) Image credit: Aptina Imaging 2 black rows Image credit: Matrix Vision
(a) (b)

Figure 2-10: (a) 5 MP Aptina sensor format (b) Miniaturized camera module from
Matrix Vision

Lens

The lens system was selected to provide the required field of view of the system with
low aberrations while maintaining a small size to comply with CubeSat constraints.
To meet the coarse pointing capability of £3°, the camera’s FOV is required to be
greater than 6° full angle. Since the shorter dimension of the detector is 4.3 mm,
the focal length requirement of the system can be found to be less than 41 mm,
following the relationship shown in Figure 2-11. To ensure a beacon detectability
across the field of view, the lens system needs to maintain a high brightest pixel flux
fraction at various field angles, often achieved by multiple-element lens system so that
aberrations can be corrected. Larger lens aperture provides larger photon collection

area and higher gain for the beacon detection system. However, due to the 0.5U size

46



constraint for the entire NODE module and packaging of other components, the lens

aperture is restricted to be approximately 17 or less.

h 2
GFOV = 2 tan_l( det/ )
Orov f
hdet
\ f — hdet/z
tan(Bgqy /2)
AT SN

Figure 2-11: Tlustration of system field-of-view and lens focal length

The lens system selected for the beacon camera lab-bench prototype is the 35mm
VIS-NIR Compact Fized Focal Length Lens from Edmund Optics [34]. The lens sys-
tem is of 1-inch diameter optics format with approximately 21 mm of clear aperture.
The lens system consists of 7 optical elements made of a combination of glass materi-
als with coating specified for the wavelength range of 425 - 1000 nm. The lens system
has an outer diameter of 33 mm, physical length of 41 mm, and a total weight of 75
g. It is noted that the Edmund Optics lens system is not vacuum-compatible and will
not be used for flight without modifications. Other lens systems considered for flight
are shown in Appendix A.

The optical properties were analyzed through a “black-box” ZEMAX lens model
provided by the vendor. Figure 2-12a shows the lens system layout, consisting of
2 main components, with detailed components and design hidden for proprietary
purposes. The effective field of view of the system is 6.6° x 8.7°, as defined by the
lens properties and detector’s active area. Figure 2-12b shows the equivalent Seidel
coefficients of the two components, showing spherical and coma as the most significant
aberrations. Figure 2-13 shows the PSF on axis and at (0.0°,3.3°), (3.3°,0.0°), and
at (3.3°, 3.3°), generated using the Fast-Fourier Transform (FFT) PSF feature of
ZEMAX analysis tools. In all the field angles within the system’s field of view, there
is at least 9% of energy enclosed within a square of 2.2 um (1 pixel) in the focal plane

of the system. This means that at least approximately % of the received optical
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power is focused in one pixel.

2 3 SUM

— Spherical Coma Astigmatism  Field Curvature Distortion —

Figure 2-12: Edmund Optics lens system ZEMAX model and corresponding Seidel
diagram

Filters

Band-pass filter The beacon system requires narrow band-pass filtering to limit
the amount of background noise in the system and improve the signal-to-noise ratio

for beacon detection. The background sky spectral radiance at 850 nm will be further
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Figure 2-13: Lens system PSF of on-axis and off-axis field angles, acquired through
ZEMAX modeling

discussed in Chapter 3. The amount of background noise of the system is determined

by the spectral radiance and the bandwith of the filter.

The band-pass filter integrated in the system is a COTS 10-nm FWHM bandpass
filter around the beacon center wavelength (850 nm). The filter transmission profile
provided from the vendor is shown in Figure 2-14. The filter has a thickness of (5.9 +
0.1) mm and an optical density (OD) of 4, equivalent to a transmission of 40%. For

the current prototype, this filter is integrated in the Matrix Vision camera module

through a 3/4-in filter slot.
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Image credit: Edmund Optics
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Figure 2-14: Bandpass filter transmission profile, providing a 10-nm window at the
beacon wavelength (850 nm) [35]

Long-pass filter Since the optical elements in the lens system are made of glass that
could be damaged by the Sun’s UV radiation, a long-pass filter needs to be installed
at the lens opening to ensure the lens’ integrity for on-orbit operation. The COTS
solution selected for the current prototype is the UV/VIS-cut filter from Edmund
Optics. The filter is designed to reduce transmission below 720 nm, which covers the
UV and visible spectrum. The filter transmission profile is shown in red in Figure 2-
15, as provided by the vendor. The filter is approximately 5.9 mm thick with MgF2

coating on both sides.
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Image credit: Edmund Optics
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Figure 2-15: UV /VIS-cut filter transmission profile (red), eliminating light below 720
nm in wavelength to reduce UV damage to the system [36]
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Chapter 3

Simulation Development

An end-to-end simulation was constructed in MATLAB to generate the expected bea-
con image on the detector array. These images will be used to identify the expected
attitude accuracy and fade probability of the system through image processing tech-

niques. Figure 3-1 summarizes the simulation structure in a block diagram format.

There are four main models constructed in the simulation: link radiometry model,
receiver hardware model, atmospheric turbulence model, and Earth upwelling radi-
ance model. The uplink beacon radiometry module is used to compute the expected
optical power density at the spacecraft’s receive aperture given the transmitter’s prop-
erties and orbit configurations. The receiver hardware properties model provides
important lens and detector properties such as the point-spread function (PSF), de-
tector’s resolution, and noise properties. The atmospheric turbulence model simulates
the effect of refractive index inhomogeneity and dynamic wind flow in the atmosphere,
causing received power fluctuations. The Earth upwelling radiance under various con-
ditions was inspected to provide the expected background noise level of each frame.
All four models were combined in the beacon image generation script, creating the

expected image of the beacon beam on the detector array.
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Figure 3-1: Beacon simulation block diagram, consisting of 4 main models: link
radiometry, hardware, atmospheric turbulence, and Earth upwelling radiance

3.1 Link Radiometry

The goal of the link radiometry analysis is to compute the average received power
through the beacon camera, given the transmitter properties, orbit configuration,
channel parameters, and receiver parameters. An illustration of the link configuration

along with relevant parameters are shown in Figure 3-2.

Given the transmitter power and beamwidth, the equivalent isotropic radiated
power (EIRP) of the transmitter can be computed. The channel losses included in
the analysis were free-space path loss, atmospheric absorption and scattering, and
optics loss. Free-space path loss increases as the square of the satellite-to-ground
range, which can be in the order of 1000 km for a satellite in LEO at low elevation
angles. Atmospheric absorption loss is a function of wavelength, sky condition, and
elevation angle. The attenuation level at 850 nm for an Earth-space link under clear-
sky conditions as a function of elevation angle is shown in Figure 3-3[3]. Optics losses
on both transmit and receive platforms can be estimated using existing telescope and
camera performance [29]. The link radiometry calculation with transmitter, receiver,

and channel parameters can be simplified as shown in Equation 3.1, where Pg, Pr
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Figure 3-2: Link radiometry configuration, showing the transmitter’s, channel’s, and
receiver’s relevant parameters

are the transmit and receive power, respectively, Ar represents the receive aperture
area, ) is the beam solid angle, d is the ground-to-satellite range, L4, Lo are the
atmospheric and optics loss, respectively. The average photon rate received by the
detector can be found from the average received power and photon energy at the
beacon wavelength. Table 3.1 presents a link radiometry result for a satellite in a

400-km orbit at 20° elevation with baseline transmit power and beam divergence.
PR:PT'_'—'_'_'AR (3.1)

3.2 Hardware Model

The optical power received by the aperture is distributed in a point-spread function
(PSF) on the focal plane array with size, shape, and resolution defined by the cam-
era hardware properties. The beacon camera components were modeled based on
manufacturers’ specifications and preliminary hardware testing. The lens system’s

Zemax model was provided by the vendor, allowing the lens response to be analyzed
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Table 3.1: Link radiometry result for a satellite in a 400-km orbit at 20° elevation
with baseline transmit power and beam divergence

Parameters Value units
Orbit Altitude 400 km
parameters Elevation angle 20 deg
Transmit power (optical) 10 W
Transmitter Wavelength 850 nm
parameters Beam divergence 5 mrad
Transmit gain 58 dB
Transmitter optical losses -4 dB
Channel Free-space path loss -203 dB
parameters | Agmospheric absorption and scattering -4.5 dB
Receive aperture diameter 25 mm
Receiver Receive gain 39.5 dB
parameters Receive optical loss -4 dB
Received power -108.3 dB
1.5 x 1071 W
Receive photon flux 6.4 x 10" | photons/s
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Figure 3-3: Atmospheric absorption level at 850 nm under clear-sky condition as a
function of elevation angle [3]

for a variety of field angles. The PSFs in the on-axis and off-axis field angles pro-
duced by the Zemax model were shown in Figure 2-13. The PSF images are sampled
according to the detector’s pixel size to find the expected image of the beacon, as
shown in Figure 3-4(a.1) and 3-4(b.1) for the field locations on axis(0°,0°) and at the
edge of the FOV (3.3°,3.3°). The brightest pixel flux fraction (BPFF) parameter was
used to evaluate the level of focus in each case. The BPFF is defined as the ratio
of the photon flux in the brightest pixel to the total photon flux distributed in the
PSF. The maximum BPFFs are shown in Figure 3-4(a.2) and 3-4(b.2), correspond-
ing to the on-axis and off-axis case. While there are aberrations in the off-axis case
causing PSE distortions, the off-axis BPFF stays relatively close to the on-axis case,
ensuring relatively constant signal-to-noise ratio across the field during acquisition.
In the tracking mode, the beacon will remain close to the optical axis of the system
as the satellite will slew to align itself with the beacon direction. Figure 3-5 shows
how the BPFF degrades when the beacon location is displaced in both directions on

the detector from the case previously shown in Figure 3-4(a.2). A histogram of the

o7



BPFF values are shown in Figure 3-6, showing a normal distribution with a mean
value of 9.4% ((B)) and standard deviation of approximately 1.1% (o), along with
a Gaussian fit. The normal probability function estimation of the BPFF distribution

is shown in Equation 3.2.

(a.1) (b.1)

(a.2) (b.2)
0.14 0.14
BPIFT =0.120 BPFF =0.114
0.12 0.12
0.1 0.1
0.08 0.08
0.06 | | o0o06f
0.04 0.04 |
0.02 0.02}
0 0

Figure 3-4: (a.1) On-axis PSF as sampled by the detector (a.2) Normalized pixel value
of the cross section with the brightest pixel (on-axis) (b.1) Off-axis PSF as sampled
by the detector (b.2) Normalized pixel value of the cross section with the brightest
pixel (off-axis)

1 _(B=(B)?

feprr(B) = UB\/%G 275 (3.2)

The optical power on the detector was converted to a number of electrons based

on the photon power at the wavelength of interest and the detector’s quantum ef-

ficiency (QE). The charge on each pixel was further adjusted to include detector’s
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Figure 3-5: BPFF map for the on-axis case as a function of centroid displacement
relative to the center of a pixel.

noise parameters. Read noise was modeled as a Gaussian random parameter with
the root-mean square value provided in the detector’s data sheet. Dark current noise
was modeled as a Poisson distribution with the mean at the average dark current
value provided by the manufacturer. Multiple dark frames were taken with the cam-
era prototype to investigate the number of bright damaged pixels. The result shows
that there are less than 10 permanently bright pixels with the brightest pixel at 0.8%
well capacity, which is currently modeled in the simulation. More pixels are expected
to be damaged by radiation, which can be easily adjusted in the simulation. Im-
age processing techniques will be developed to mitigate the effects of these damaged

pixels.

3.3 Atmospheric Turbulence Model

The uplink beacon propagates through Earth’s turbulent and inhomogeneous atmo-

sphere, causing random irradiance fluctuations at the receiver’s end, referred to as
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Figure 3-6: Histogram of BPFF distribution, showing a Gaussian behavior with p =
0.094 and o = 0.011

scintillation. The effect of scintillation on the uplink path is more drastic than the
downlink path due to the beam being distorted early on its path in the atmosphere
before propagating in free space. For this reason, the satellite aperture always lies
within the same atmospheric coherence zone, causing the entire received image to
fade or surge corresponding to the turbulence dynamic. [37| Scintillation depends
greatly on the atmospheric turbulence strength, which can be quantified by the re-
fractive index structure parameter (C?). C? varies according to several parameters
such as geographical location, weather conditions, and time of day. One of the most
commonly used C? parametric models for daytime conditions is the Hufnagel-Valley

model, shown in Equation 3.3.[1, 38]
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2(h) = 0.00594
C%(h) = 0.0059 (27

)2<10_5h)106_h/1000 +27 % 10_16€_h/1500 +A€_h/100 (33)

where h represents altitude measured in m, w is the root-mean-square wind speed

~2/3_ The rms wind

in m/s, and A is the nominal value of C2(0) at ground level in m
speed w can be found as a function of the ground wind speed V, and slew rate ws, as
shown in Equation 3.4 and 3.5.[38] For a satellite in LEO moving with respect to an
observer on the ground, the corresponding slew rate can get up to 1°/s, a dominant

contribution to the wind speed value at high altitude. The C? profiles for a stationary

beam and a beam with 1° slew speed are shown in Figure 3-7.

1 20%103 1/2
= —— V2(h)dh 3.4
w 15 X 103 /5><103 ( ) ( )

h — 9400\ 2
4800 ) (3.5)

V(h) = wsh+ V,; + 30exp (

With the C? profile of the atmosphere, the scintillation index of a laser beam
along the uplink channel can be determined following the strong fluctuation theory
[38]. The scintillation index 0% can be derived as shown in Equation 3.6 - 3.8, where
H is the satellite altitude, k£ is the wavenumber of the beam, and ( is the off-zenith
angle.[38] To reduce the effect of scintillation, spatial diversity is often used where
multiple transmit lasers are mounted in different coherence zones. Since each beam
propagation process can be treated as statistically independent, the scintillation index
can be scaled down with the number of independent beams. Figure 3-8 shows the
scintillation index as a function of elevation angle for a transmitter with 4 independent
beams for spatial diversity to a satellite in a 400-km orbit. As a general trend, the
scintillation index increases with elevation angle due to increasing slew speed and

approaches a constant level due to the asymptotic behavior of the strong fluctuation

theory.
9 0.490%,, 0.510%,

07 = exp _
! (1+ 1.1202/%)7/6 (1 + 0.6902/7)5/6

(3.6)
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Figure 3-7: C? profiles following the Hufnagel-Valley model for a stationary beam
and a beam with 1° slew speed

0%, = 8.70p3,k"/S H?/6 sec!V/6 ¢ (3.7)
H
[3u = Re(/ Ca(h) (55/6(2'(1 - 5))5/6> dh)
0 (3.8)
h
where £ =1 — T

The scintillation statistics can be described with a log-normal distribution, where
the variance equals the previously computed scintillation index o?. The power at
the receive aperture fluctuates according to this log-normal distribution, as shown
in Equation 3.9, where p;(I) represents the probability that the signal brightness

equals to I and (I) is the average power received as computed in the link radiometry

analysis. Figure 3-9 shows the probability density functions (PDF) for various values
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Figure 3-8: Scintillation index as a function of elevation angle for a 4-beam transmitter
and satellite in a 400-km orbit

of scintillation indices. It can be seen that high scintillation index leads to high

probability of fades and occasional surges in the received power.

(3.9)

3.4 Earth Upwelling radiance

While the other models in the simulation are concerned with the beacon signal re-
ceived at the satellite terminal, beacon detection analysis also requires extensive
knowledge of the background noise level during operation. To assess the background

radiance level at 850 nm, data from the Landsat-8 mission was queried for multi-
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Figure 3-9: Log-normal probability density function with various values. Higher
scintillation index indicates higher variance in the intensity PDF, leading for wider
range of intensity fluctuations and higher fade probability, which can be visualized as
the area under the curve for I < 1

ple cloud coverage conditions at various cities in the United States during daytime.
Landsat-8 is the most recent spacecraft in the Landsat series, a collaboration between
NASA and US Geological Survey (USGS) with the goal of providing continuous global
images in a number of spectral bands of scientific interests. The Landsat-8 spacecraft
was launched in 2013 and is currently in a 705-km altitude circular polar orbit. The
Landsat 8 spacecraft carries two sensors, the Operational Land Imager (OLI) and the
Thermal Infrared Sensor (TIRS), collecting over 500 images per day. The spectral
bands covered by the OLI and TIRS instrument on LandSat 8 are shown in Fig-
ure 3-10. The OLI’s spectral band consists of a NIR band (band 5) covering the
range of 0.85 pum to 0.88 um, coinciding with the selected beacon wavelength.[39]
Since Landsat-8 level 1 data products are publicly available in the USGS archives

with no restrictions, images in band 5 were queried and downloaded from the archive
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for further analysis. Examples of the images acquired from the database are shown
in Figure 3-11 for the Boston region under four different cloud coverage conditions in

the NIR band.[40]
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Figure 3-10: LandSat 8 OLI and TIRS spectral bands

Each Landsat-8 OLI image downloaded is accompanied by a data file that contains
radiometric calibration coefficients that can be used to convert image digital numbers
(DN) to spectral radiance values of the scene at the sensor aperture. The calibration

method is summarized in Equation 3.10.[41, 42]

Ly = Grescale X Qcal + Brescale (3.10)
where:
Ly: spectral radiance [W/(m?srum)]
Qcar: quantized calibrated pixel value [DN]

Glrescale: band-specific rescaling gain factor [W/(m?srum)/DN]|

Bhescate: band-specific rescaling bias factor [W/(m?2srum))

Landsat 8 images in band 5 from Boston, Los Angeles, Seattle, and Houston
were downloaded from the USGS server with 20 images per city for a variety of

weather conditions during day time. The average brightness of each scene was first
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Figure 3-11: Landsat 8 OLI band 5 images of the Boston region under various cloud
coverage conditions. Higher cloud coverage percentage leads to higher spectral radi-
ance due to clouds’ albedo.

computed in DN, then converted to a corresponding average spectral radiance based
on calibration coefficients and formula shown in Equation 3.10. The average spectral
radiance results are shown in Figure 3-12 as a function of cloud coverage and sun
elevation angle. Figure 3-13 shows a statistical summary of all 80 average spectral
radiance values in box plot format. The minimum, maximum, and median values, as
marked, are used as representative background radiance scenarios in the simulation.
The maximum spectral radiance value 188 W/m? /sr/pum is in agreement with previous

findings on Earth’s upwelling radiance in sunlit cloud condition at 850 nm.|[3]
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Figure 3-12: Average spectral radiance of 80 LandSat-8 images from Boston, Los
Angeles, Seattle, and Houston as downloaded from the USGS server. The results
are shown as a function of cloud coverage and sun angle. High background spectral
radiance causes low signal-to-noise ratio, degrading the beacon tracking performance.

3.5 Beacon Image Generation

After the model development process, simulated camera frames can be generated for
various orbit configurations and weather conditions. The beacon frames are con-
structed by overlaying the image of the beacon’s PSF on a background frame, with
average brightness determined in the background radiance analysis. The average bea-
con brightness is determined in the link radiometry model, with intensity fluctuations
following the atmospheric scintillation log-normal statistics, as described in the at-
mospheric turbulence model. The background frame was constructed pixel-by-pixel,

where each pixel value follows a Poisson distribution with the mean value computed
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Figure 3-13: Statistical summary of average spectral radiance of LandSat-8 images,
showing the minimum, median, and maximum values

from the Earth radiance model. Detector’s noise and signal’s shot noise are also in-
cluded in the frame generation process. The camera integration time is set such that
the maximum total number of electrons generated from both signal and noise sources
in a pixel reaches 50% of detector’s full-well capacity. As a result, the integration
time is shorter in bright background conditions than in low-light conditions. Fig-
ure 3-14 shows simulated camera frames for a satellite at 20° elevation angle under
3 background spectral radiance conditions as specified in Figure 3-13 (18, 71, 188
W /m?/sr/pum). The color scale is shown in number of electrons generated in each

pixel.

3.6 Acquisition and Tracking algorithms

Beacon acquisition and tracking algorithms were developed to extract attitude knowl-
edge through beacon frame image processing, emulating the function of on-board
flight software. The acquisition and tracking process is initiated through radio com-

mand at the beginning of each pass after the satellite has established relative coarse
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Figure 3-14: Simulated camera frames at 20° elevation angle at 3 background ra-
diance levels: (a) 18 W/m?/sr/pum (min), (b) 71 W/m?/sr/um (median), (c) 188
W /m?/sr/pm (max)

pointing at the ground station such that the laser beacon is expected to be within the
camera’s field-of-view. The process is terminated through radio command at the end
of each pass. The acquisition algorithm is used for beacon searching at the beginning
of a pass or when the beacon was lost due to weather or other interruptions. The
tracking algorithm was developed to follow the beacon signal efficiently and reliably
once it has been acquired. The baseline acquisition and tracking flow chart is shown

in Figure 3-15.

The acquisition process begins with the flight software reading out full-frame im-
ages from the beacon camera from which it determines the brightest pixel. To reduce
the probability of false detection, the pixel value of the brightest pixel is compared
with a detection threshold value, pre-computed using expected beacon radiance at the
satellite terminal. In flight software implementation, this parameter will be tunable
via radio uplink for re-configuration flexibility. To further ensure that the beacon is
correctly acquired, a brightest pixel location consistency check is implemented. Since
the satellite’s dynamic is slower than the camera’s frame rate, the beacon image, if
acquired, will follow a predictable pattern. When the brightest pixel location be-
comes erratic, it is an indication that various background pixels are brighter than the
beacon pixel. This check can be implemented by finding the locations of the brightest

pixel in the multiple consecutive frames and compare their relative positions. When
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Figure 3-15: Baseline acquisition and tracking flow chart, showing the acquisition and
tracking transition before the computation of attitude knowledge

the location variations stay within a predefined limit, the flight software can declare
beacon acquisition. At this point, the satellite will slew toward the beacon direction
using coarse actuators, driving the beacon image toward the center of the detector

array.

In tracking mode, the “windowing” setting of the CMOS camera is utilized to
increase frame rate and reduce probability of false detection. The window is defined

around the brightest pixel location of the previous frame and has a size determined by
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the expected spacecraft dynamics. The brightest pixel within the window is identified
and compared with a threshold value to ensure the beacon has not faded or moved
outside of the window frame. If the brightest pixel value is less than the threshold
value during tracking mode, the beacon is declared lost and the acquisition process
will be re-activated. If the brightest pixel value exceeds the threshold value, the
tracking algorithm proceeds to find the centroid location within the region-of-interest
(ROI), which is defined by the lens system’s point-spread function (PSF) size. The
center-of-mass (COM) centroiding method is used on the ROI pixels to compute the
beacon location on the detector. The centroiding method is shown in Equation 3.11
and illustrated in Figure 3-16, where f(xz;,y;) denotes the pixel value at location
(x;,y;) and N represents the ROI size in number of pixels. Estimation techniques
such as Kalman filtering are employed to improve the beacon location estimation,
especially under extreme background noise conditions. Lastly, the location of the
beacon image on the detector can be converted into an angular boresight offset that
can be corrected by the fast-steering mirror (FSM) in the fine control stage, as shown
in Equation 3.12, where z.,y. represent the centroid location, xg,yo represent the
center of the detector or boresight location, and f is the lens system effective focal

length.
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Figure 3-16: Illustration of center-of-mass centroiding method
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Chapter 4

Simulation Results

4.1 Figures of Merit

The goal of the simulation is to assess the system’s performance during tracking
mode quantitatively through two main figures of merit: detection probability and
attitude accuracy. The detection probability is defined as the probability that the
brightest pixel in the camera frame belongs to the beacon image assuming there is no
obstruction in the line-of-sight, which can be estimated through analytic beacon and
background statistics or through a Monte-Carlo simulation. The attitude accuracy is
defined as the angular error between the actual beacon direction and the estimated
beacon direction through centroiding of the beacon image on the detector in the
presence of background noise and detector’s noise.

The detection probability can be estimated analytically through a signal-to-brightest-
noise ratio (S/Ny), which is defined as the ratio between the primary beacon pixel
and the brightest background pixel. Detection is considered to be successful when
S/Ny > 1. The denominator N, represents the brightest background pixel, which can
be found through the assumption that the background noise follows a Poisson distri-
bution and that all pixels are uncorrelated.The primary beacon pixel can be computed
as the product of the power received with scintillation statistics and the brightness
probability of the brightest pixel. The average signal-to-brightest-noise ratio (S/N,)

can be computed using the average power received from link radiometry analysis and
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the average brightest pixel flux fraction of the system, as shown in Equation 4.1.
The average power received by the camera aperture can be computed as shown in
the link radiometry analysis as a function of orbit configuration, transmitter, and
channel parameters. The average BPFF was shown in the hardware model section to

be approximately 9.4% for the on-axis case.

)
(I8 = T~ Ty (1.1

where:

(S/Nyp): average signal-to-brightest-noise ratio

(I): average photon flux received by the camera aperture

(B): average brightest pixel flux fraction

N: number of pixels in the focal plane array

op: variance of background Poisson noise distribution

The fade probability can be computed by finding the probability that S/Nj is

less than 1, where the probability density function of S is the product of the log-
normal scintillation probability and the normal BPFF probability density function,
as shown in Equation 4.2. The scintillation probability was shown in Equation 3.9

and the BPFF probability function is shown in Equation 3.2. Equation 4.2 an be

solved numerically for a variety of orbit configurations and background radiance.

Pfade:P(]'B<Nb)
= // fsein(I) foprr(B) dl dB (42)
I-B<Ny
= / fscin(I)FBPFF (%) dI

where:

fsein: scintillation probability density function

feprr: BPFF probability density function
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Fpprr: BPFF cumulative distribution function

Ny: brightest background pixel

A Monte-Carlo simulation was also created for attitude accuracy estimation and
secondary fade probability analysis. The simulation was created with scintillation
statistics of the beacon brightness, Poisson statistics of the background pixels, and
the random walk behavior of the beacon location. Beacon image generation as de-
scribed in Chapter 3 were implemented for 200 consecutive frames. The number of
frames where the beacon brightest pixel flux is less than the brightest background
flux were counted and the fade percentage was computed. The attitude accuracy can
be computed by region-of-interest reduction and centroiding algorithm as described

in Chapter 3.

4.2 Detection Probability

The detection probability can be visualized through average S/N,, analysis. Although
this analysis does not include scintillation statistics and BPFF distribution, it can
provide a qualitative estimate of the beacon brightness compared to background noise
level. Figure 4-1 shows the average S/N, values in dB for 3 representative sky spectral
radiance scenarios as shown in Chapter 3 over a range of elevation angles. The
(S/Ny) increases with elevation angle due to shorter path length, which leads to lower
free-space path loss as well as atmospheric absorption. Lower background spectral
radiance reduces the noise level and leads to higher (S/N,). A high (S/Ny) indicates
that there is high probability that the beacon can be detected while low (S/N)
indicates high probability of fading. In the highest background radiance case, it is
not likely that the beacon can be found with reasonable fidelity below 10° elevation
angle. In all sky spectral radiance scenarios, it is likely that the beacon can be found
with high probability above 20° as there is a margin of at least 6 dB in all cases.
The fade probability can be found analytically via Equation 4.2 to yield quanti-
tative results. Figure 4-2 shows the fade probability in log scale for the extreme and

median spectral sky radiance values for elevation angles from 5° to 45°. The results
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Figure 4-1: Average S/N, values for 3 representative sky brightness conditions as a
function of elevation angle. (S/N,) is high for low background spectral sky radiance
and low for high spectral sky radiance. (S/Np) increases with elevation angle due to
shorter path length.

show that above 20° elevation, the fade probability in all cases is below 1%, yielding
a reliable detection probability when there is no obstruction directly in the line of
sight. Fade probability of less than 1% can be achieved at 14° for the median spectral
sky radiance case and at 8° in the darkest sky condition. Detection probability of >

90% can be achieved in all sky conditions above 15° elevation angle.

The Monte-Carlo simulation results provides a secondary fade probability estima-
tion that can be used to validate the analytical method. Figure 4-3 shows a time
series of the actual S/N, value results in dB from the Monte-Carlo simulation for a
satellite at 15° elevation angle under brightest sky conditions. A fade event occurs

when the beacon pixel is not the brightest pixel or, equivalently, when S/Nj is less

than 0 dB.
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Figure 4-2: Analytical fade probability estimation for 3 representative sky bright-
ness conditions as a function of elevation angle, computed through integration of the
scintillation and BPFF statistics, as shown in Equation 4.2

The Monte-Carlo and analytical estimation results are shown in Figure 4-4 for 3
sky conditions at 5° to 25°. The Monte-Carlo approach does not have the sensitivity
to estimate the fade probability beyond 25° elevation angle due to limited frames
generated. The Monte-Carlo simulation results agree with the previous analytical
estimation in all cases, showing credibility in the fade probability calculation results.
The root-mean-square difference of the two fade probability calculation methods is
within 3% for all cases, with better agreement at low sky radiance. The fade prob-
ability can be reduced through estimation method, which is not within the scope of

this document, to provide more reliable results.
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Figure 4-3: S/N, values at brightest background condition at 15° elevation angle for
200 continuous frames

4.3 Attitude Accuracy

The attitude accuracy was computed by comparing the estimated beacon location
through centroiding and the true beacon location input. The analysis is applied for
all sky conditions above 15° elevation, where fade conditions are less than 10% and
can be corrected through basic estimation methods for continuous beacon detection.
Figure 4-5 shows the estimated centroid location and the true centroid location on
the detector for the minimum spectral sky condition at 15° elevation angle. The
residual between the estimated and true beacon location in pixels was computed and
converted into angular error measurement following Equation 3.12.

Figures 4-6 shows the attitude accuracy when the beacon is found as a function of
elevation angle for the minimum, median, and maximum background sky condition,

respectively. The attitude knowledge accuracy in all cases is less than 0.08 mrad,
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Figure 4-4: Monte-Carlo fade probability results in comparison with analytical esti-
mates. Both methods agree to within 3% in all cases with lower residual at low sky
radiance.

which contributes to less than %) of the pointing budget, specified at 1.05 mrad. The

average attitude accuracy is approximately 20 prad, resulting from a 0.3 pixel average
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Figure 4-5: Time series of estimated centroid location and true beacon location at
minimum sky brightness conditions at 15°elevation angle

centroid accuracy. It can be noted that the attitude accuracy remains relatively
unchanging, even under different background conditions and elevation angles. The
attitude accuracy is, instead, limited by the few pixels that were used to sample the
beacon in the centroid calculation. Figure 4-7 shows a map of the attitude accuracy as

a function of beacon’s true location on the detector for the minimum sky condition at
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20° elevation. It can be seen that high attitude accuracy is achieved when the beacon
location is close to the center of a pixel. On the other hand, the attitude accuracy
degrades as the beacon location is near the edge of a pixel, with the worst case at the

corner of a pixel, due to higher sensitivity to noise in the centroid calculation.
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Figure 4-6: Attitude accuracy results from Monte-Carlo simulation for 3 represen-
tative sky conditions for elevation angles from 15° to 30°. In all cases, the attitude
accuracy is less than 0.8 mrad.
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Figure 4-7: Attitude accuracy map as a function of the beacon’s true location on the
detector from Monte-Carlo simulation. Attitude accuracy, computed through COM
centroid calculation, degrades as the beacon location is near the edge of a pixel.
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Chapter 5

Conclusion

5.1 Summary

This thesis has detailed the development and analysis of a laser beacon tracking sys-
tem for small satellites in low-Earth orbit to support a high-rate laser communication
system. The motivation and background of this work was shown in Chapter 1, show-
ing how laser beacon tracking system is necessary for laser communication, which
holds the potential to relieve the small satellite communication bottle-neck. Chapter
2 describes the high-level laser communication architecture (NODE) and the beacon
camera conceptual design and prototype development. The performance of the bea-
con camera is assessed through and end-to-end simulation development, as shown in
Chapter 3, including both hardware and atmospheric channel models. The system’s
performance, quantified through fade probability and attitude accuracy, is presented
in Chapter 4 for representative sky conditions and elevation angles.

The laser beacon camera presented in this work was designed to achieve high-
accuracy attitude knowledge through acquisition of a laser beacon at 850 nm. The
system was developed to support the NODE project, which aims to provide a laser
downlink of 10-50 Mbps, achieved through pointing accuracy of better than +0.03°
(0.5 mrad) relative to the ground station. The beacon system consists of a 5 MP
CMOS detector and a 1" lens system with 35 mm focal length, providing an effective
FOV of >6°, large enough to work with CubeSat coarse pointing capability. The bea-
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con camera is equipped with a band-pass filter to improve the system’s signal-to-noise
ratio, and a long-pass filter to reduce ultraviolet damage to the system from sunlight.
The beacon camera module’s size and weight are equivalent to 0.1 U, consisting of

only cost-efficient, COTS components.

The beacon tracking system performance was assessed through an end-to-end
simulation, including four main models: link radiometry model, hardware model,
atmospheric turbulence model, and Earth radiance model. The link radiometry model
analysis was developed the compute the average optical power and the equivalent
photon flux received by the camera’s aperture. The hardware model determines the
beacon image on the detector, following the lens’ point-spread function and detector’s
resolution, along with other parameters such as quantum efficiency, optical losses, and
noise figures. The atmospheric turbulence model was used to quantify the intensity
fluctuation of the beacon due to inhomogeneity and turbulence in the atmosphere
through modeling of the wind speed, refractive index profile, and scintillation index.
Finally, Earth’s upwelling radiance was computed through the use of on-orbit data
from the LandSat-8 mission to provide the expected background noise level for a more

accurate assessment of signal-to-noise ratio.

The simulation results provide the expected detection probability and attitude
accuracy of the system under three representative sky spectral radiance scenarios.
The detection probability was found through statistical estimation and Monte-Carlo
simulation to be more than 90% for all sky conditions above 15° and more than 99%
above 20° when there is no obstruction in the line-of-sight. Monte-Carlo simulations
of the beacon image were utilized to find the expected attitude accuracy of the beacon
camera. The simulation results show that the system can achieve an attitude accuracy
of 0.2 mrad on average for all sky conditions above 15° when the beacon is found.
The system’s ability to locate the beacon is limited by the beacon image size on the
detector relative to the pixel size, resulting in few pixel values used in the centroid
calculation. In the worst case scenarios, the beacon system attitude error is still less
than 0.1 mrad, equivalent to approximately %) of NODE’s pointing budget, which
was set at +1.05 mrad.
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5.2 Contributions

The work presented in this thesis includes the development of one of the first high-
accuracy ground-based CubeSat attitude sensing systems, capable of enabling high-
rate laser communication on small-satellite platforms. In addition, atmospheric tur-
bulence models and Earth’s NIR brightness analysis were presented, showing the ex-
pected level of scintillation from a satellite in LEO and the range of Earth’s upwelling
spectral radiance at 850 nm. Lastly, the modular and reconfigurable beacon detection
simulation provides system’s performance assessment framework and guidelines for

future ground laser beacon imaging efforts.

5.3 Future Work

The next steps in the development of the laser beacon tracking system include atmo-
spheric model validation, hardware finalization and characterization, as well as more
robust software development.

The atmospheric models used in the beacon simulation will be further validated
with on-orbit data from previous missions. The atmospheric turbulence and back-
ground radiance model can be compared with OPALS’ data from the beacon camera.
Preliminary analysis has been done in comparing the OPALS beacon flux distribution
with the estimated scintillation statistics. The results show that the simulated scin-
tillation statistics agree with OPALS beacon flux distribution, with slightly higher
scintillation index, possibly due to more conservative estimates in the atmospheric
modeling process. More detailed analyses need to be done with considerations of
important parameters such as elevation angles, sky conditions, and ground locations
such that the atmospheric model can be properly validated.

Final hardware selection is necessary to ensure that the system can survive the
launch and space environment. While the Edmund Optics lens system provides a
low-cost lens system for lab-bench testing, it is not fabricated to be used in the

space environment without modifications due to vacuum incompatible structural and
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adhesive material. Future work will focus on the replacement of these materials or the
use of alternative lens systems from Schneider Optics with space-heritage. Detailed
descriptions of these lens systems are shown in Appendix A. The Matrix Vision camera
module with Aptina detector has been on space missions as a star camera, according
to the vendor. Further investigations will need to be carried out to ensure the camera
is compatible with the launch and on-orbit environment.

Hardware characterization and testing will be carried out to validate hardware pa-
rameters specified by vendors and to assess the actual camera performance such that
the simulation can be modified to correctly predict the performance on-orbit. Fig-
ure 5-1 shows an early lab-bench test setup effort to characterize the lens performance
and detector’s parameters. A 852-nm laser beam is expanded and collimated through
a two-lens system before getting deflected by a mirror on a tip/tilt mount to control
the field angle before entering the beacon camera system. The beacon image on the
detector will be compared with expected results to characterize the beacon camera.
A future test setup will consists of an interferometry system to confirm collimation,
translation stages for easy adjustment at different field angles, and larger optics to
overfill the camera aperture. After functionality and characterization, environmental
testing will be done, including thermal vacuum and vibration testing.

Finally, more robust software development is capable of improving the detection
probability and reducing the false-positive rate. Advanced image processing tech-
niques can be used to recognize the beacon brightest pixel among other bright pixels,
such as those caused by radiation damage and glints from reflective surfaces. During
acquisition phase, multiple frames can be stacked to improve the signal-to-noise ratio
without exceeding the well capacity causing saturation. In addition, a more detailed
concept of operations will need to be established to handle unexpected loss of beacon

due to cloud directly obstructing the line of sight or spacecraft disturbances.
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Figure 5-1: Lab-bench hardware characterization test setup, consisting of a 852-nm
laser, collimating lenses, neutral density filters, steering mirror, and beacon camera
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Appendix A

Alternative Lens Systems

Schneider Optics
Xenoplan 1.9/35 mm Compact

’ Lens specifications
F-number 1.9

Focal length | 34.9 mm
Transmission | 400-1000 nm

Credit: Schneider Optics Interface C-mount
Weight 92 g

Figure A-1: Schneider Optics Xenoplan lens system |[43]

Schneider Optics
Apo-Xenoplan 1.8/35 mm

’ Lens specifications

F-number 1.8

Focal length | 35.2 mm

E = Transmission | 400-1000 nm
Credit: Schneider Optics Interface C_mount
Weight 150 g

Figure A-2: Schneider Optics Apo-Xenoplan lens system [44]
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