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ABSTRACT. Growing interest in free-space optical communication, due to the high bandwidth
and security provided by these links, has generated the necessity of designing
high-performance satellite terminals. In order to develop these terminals, the opto-
thermo-mechanical phenomena that appear in the space environment and their
effect on optical communication links have to be understood in detail. A review
of the opto-thermo-mechanical phenomena occurring in spaceborne terminals is
presented, describing the relevance of each of them. The methods found to compute
the impact on the communication performance due to opto-thermo-mechanical phe-
nomena are collected by building the bridge between the optical and communication
performance parameters. Finally, techniques available to mitigate the detrimental
effects of these phenomena are classified, and the relevant research challenges
are identified.
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1 Introduction

Due to an increasing demand for higher data rates and more secure communications, free-space
optical communication (FSOC) has already shown to be a technology that could be a crucial part
of future communication networks.! The higher bandwidth, directivity, and security, as well as
lower power and mass requirements, make FSOC an interesting alternative to radiofrequency
communication. The applications of this technology range from solving the last mile problem?
to deep-space optical communications (DSOC).**

Satellite FSOC terminals are paramount for the further development of several applications,
such as deep-space communications and Earth observation. These terminals have to be
resilient to the severe space environment. Radiation, thermal, and mechanical loads in space
will affect the operational performance of the components of the terminal. Furthermore, these
terminals must be designed considering the limitations of spacecraft volume and mass. Hence, a
profound understanding of the coupled opto-thermo-mechanical phenomena and their impact on
the communication performance of the system is needed to identify requirements and optimize
the design. This paper aims to explain the relevant opto-thermo-mechanical phenomena occur-
ring in satellite terminals, identifying which of these phenomena are more important by provid-
ing a framework to evaluate the impact of these phenomena in FSOC. Furthermore, the

*Address all correspondence to Mario Badds, m.badasaldecocea@tudelft.nl

Optical Engineering 041206-1 April 2024 e Vol. 63(4)

REVIEW


https://orcid.org/0000-0002-9339-6344
https://orcid.org/0009-0002-7547-182X
https://orcid.org/0000-0003-1863-6085
https://doi.org/10.1117/1.OE.63.4.041206
https://doi.org/10.1117/1.OE.63.4.041206
https://doi.org/10.1117/1.OE.63.4.041206
https://doi.org/10.1117/1.OE.63.4.041206
https://doi.org/10.1117/1.OE.63.4.041206
https://doi.org/10.1117/1.OE.63.4.041206
mailto:m.badasaldecocea@tudelft.nl
mailto:m.badasaldecocea@tudelft.nl
mailto:m.badasaldecocea@tudelft.nl

Badas et al.: Opto-thermo-mechanical phenomena in satellite. . .

In-orbit

Section 3 loads

Rigid body Rigid body motions
motions of satellite of components

Surface Stress Thermo-optical
deformations birefringence dispersion

Section 4 —

Optical
performance

Ponting jitter ] [ WFE [ Polarization effects ]

Section 5 l:/// — \l///// 1
el ity C alk BER Communication
Received intensity Toss-tal y performance

[ Ly

Fig.1 Structure of this paper emphasizing the main topics covered and the sections in which these
are presented. The arrows represent the link between the different phenomena and parameters,
relating the different causes to their respective effects (WFE, wavefront error and BER, bit error
rate).

mitigation techniques to counteract these effects are classified and future research directions for
the field are proposed.

In Sec. 2, a general satellite FSOC terminal is presented, describing its components and their
function in the system. In Sec. 3, the mechanical and thermal loads to which satellite terminals
are subjected in different orbits and scenarios are presented. The opto-thermo-mechanical phe-
nomena occurring at the component level of the terminal are presented in Sec. 4, along with the
effect that these have on the optical performance of the system. Furthermore, the modeling work-
flow to simulate these coupled multiphysics problems is presented, i.e., structural, thermal, and
optical performance (STOP) analysis. Section 5 builds a bridge to translate the optical effects to
communication performance parameters, to evaluate the impact on the communication due to
the phenomena previously explained. This section will focus on the impact of opto-thermo-
mechanical phenomena on intersatellite links, although the explanation could be generalized
to other scenarios (i.e., satellite-to-ground) by considering also atmospheric effects. The miti-
gation techniques to decrease the detrimental impact of opto-thermo-mechanical phenomena in
FSOC are presented in Sec. 6. Finally, future research topics in this area are proposed in Sec. 7.
In Fig. 1, the structure of this paper is shown, and the relation between the phenomena, effects,
and impact can be tracked.

2 System Overview

A satellite FSOC terminal will send or receive information modulated in a laser beam that travels
through free space without the need of optical fibers to guide the light. To achieve this objective, a
satellite FSOC terminal is formed by several optical components that steer and shape the beams
going through it. Figure 2 shows a possible architecture in which the components that are
relevant to the purpose of this paper are shown. The optical terminal will be in most cases capable
of operating both as a receiver and transmitter (i.e., transceiver) as shown in this figure. The
architecture presented has the objective of including the components to which opto-thermo-
mechanical phenomena can be relevant and does not pretend to be an optimum architecture
of an FSOC transceiver.

When transmitting a signal, the output data are modulated into the beam coming from the
laser source. This transmitted beam is collimated and the point ahead angle compensates for the
relative velocity with respect to the other terminal. By sending the laser beam to the location
where the receiving satellite will be after the time it takes for light to travel from the transmitter
to the receiver, the point ahead angle corrects for the relative velocities between the terminals.
This angle is applied to the beam with the point ahead mirror in the architecture shown. Finally,
the beam is transmitted through the telescope after being steered by the pointing and tracking
mechanisms [i.e., fast steering mirror (FSM) and coarse pointing assembly (CPA)]. These mech-
anisms are controlled by the spot location of the light received in the CCD array and the quad
cell, coming from the other terminal’s beacon. When receiving the signal, a beacon is emitted
from the receiver to enable tracking from the other transmitter. The received light is coupled into
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Fig. 2 General system diagram architecture for satellite FSOC transceiver terminal. The lenses
shown are a simplified representation of lens assemblies. Colors not stated in the legend are com-
binations of others (BS, beam splitter; CCD, charge-coupled detector; PAT, pointing, acquisition
and tracking; PBS, polarization beam splitter; QWP, quater waveplate).

a fiber and the data are extracted through demultiplexing and demodulation of it. Other archi-
tectures will include large free-space detectors instead of a fiber coupler.

There are different criteria that have to be considered when choosing a laser source for
a satellite communication terminal, from the modulation and multiplexing techniques used to
compatibility with optical fiber amplifiers.” Compatibility with optical fiber technologies in
the design of FSOC terminals will enable the use of current fiber-optic technologies to improve
the performance of the system. Such is the case of fiber amplifiers to amplify both transmitting®
and receiving’® signals.

The presented architecture in Fig. 2 shows a polarization beam splitter (PBS) to differentiate
the transmitting and receiving waves, representing one of the many applications of the use of the
polarization property of light in FSOC. Therefore, this paper will also study the effects on the
polarization state of light due to opto-thermo-mechanical phenomena. Polarization can also be
used in optical communications for multiplexing’ and modulating the signal (polarization shift
keying).!%!* Polarization of light is also especially relevant for a technology that is closely
related to FSOC, i.e., quantum communication. "> Furthermore, several technologies used in opti-
cal communications terminals, such as wavelength division multiplexing devices, use the polari-
zation of light as a baseline for their operation.'® Finally, the polarization state of the beam has to
be maintained in order to efficiently detect the beam in coherent detection receivers.'’
Considering all this, it is paramount to consider the changes in the polarization state induced
by opto-thermo-mechanical phenomena in the terminal. The polarization state of light can linear,
elliptical, or circular. For circularly polarized light, each photon carries a spin angular momentum
(SAM). The left- and right-handed circular polarization states correspond to an SAM of 47 and
—h, respectively.

Another property of light that can be exploited for communication purposes is the orbital
angular momentum (OAM). The OAM is the momentum carried by a beam that is dependent on
the spatial distribution of the electromagnetic field (polarization being the other component of
angular momentum of light).'® Using a set of orthogonal OAM states, this property can be used in
FSOC for both modulation'® or demultiplexing® (see Fig. 3). This property of light can be com-
bined with other modulation and demultiplexing techniques that exploit other properties of light,
e.g., wavelength, phase, and polarization.'® Figure 4 shows the different modulation techniques
using the polarization and OAM properties of light. The reader can therefore verify the difference
between these two angular momenta; whereas the helicoid exploiting SAM to modulate the
encoded information represents the polarization status of the whole wavefront, the one using
OAM represents the spatial distribution of the wavefront.

Optical Engineering 041206-3 April 2024 e Vol. 63(4)
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values of the / order will yield a different handedness of the helical wavefront conserving the inten-
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Fig. 4 Schematic diagram showing the use of SAM and OAM modulation, respectively. The SAM
states s = +1 and the OAM states / = +1, +2 are used as an example.

Furthermore, different wavelengths are used in the proposed architecture for the received
beacon and channel to differentiate them with a dichroic filter. The selection of the wavelength to
be used in a communication link is dependent on several factors, such as the atmospheric effects,
availability of technology, and safety regulations. When the FSOC laser beam travels partially or
totally through the atmosphere, the wavelength selection is mainly done by attending to the
reduction of detrimental atmospheric effects (absorption, rain, fog, and turbulence). Several
of these reasons support using the near-infrared spectra as the main range of interest for
FSOC.?! Wavelengths on the mid-wavelength and long-wavelength infrared have also been

Optical Engineering 041206-4 April 2024 e Vol. 63(4)
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Table 1 Properties of light used in FSOC and a brief description of how they are affected by opto-
thermo-mechanical phenomena. Tx/Rx refers to the separation between transmitting and receiving
light.

Property Use in FSOC Effect of opto-thermo-mechanical phenomena

Amplitude Modulation A minimum amplitude of the light field is required on
the receiver side in order to detect the signal. The
amplitude of the light field entering the receiver is
affected by opto-thermo-mechanical phenomena
(see Sec. 5)

Phase Modulation, multiplexing Apart from phase modulation, the spatial distribution
of the field’s phase can generate orthogonal beam
modes that can be used for multiplexing.
Unexpected changes in the phase due to opto-
thermo-mechanical phenomena are detrimental for
the system

Wavelength Modulation, multiplexing, Tx/Rx The wavelength of the light field is a key link
parameter mainly dependent on the channel
characteristics (atmosphere, vacuum, etc.) and
available hardware. Deformations of optical
components due to opto-thermo-mechanical
phenomena can be more restrictive in shorter
wavelengths (see Sec. 5.2)

Polarization Modulation, multiplexing, Tx/Rx The polarization state of light can be perturbed by
opto-thermo-mechanical phenomena, yielding to
crosstalk and BER (see Sec. 5.5)

proposed to lower the detrimental atmospheric effects in the link.?>>* Furthermore, the role that
the wavelength of the light plays in FSOC becomes paramount when using wavelength division
multiplexing to increase the capacity of the channel.

In general, all properties of light (amplitude, phase, wavelength, and polarization) can be
exploited with a different purpose in an FSOC satellite terminal (see Table 1). This will provide a
large number of design possibilities to optimize the performance of the system. In order to assure
the correct operation of the system, the effects of the environmental conditions encountered in
space on the performance of the terminal must be thoroughly assessed.

3 Space Environment

Satellite FSOC terminals will have to survive the harsh space environment consisting of radi-
ation, plasma, thermal, and mechanical loads. Furthermore, these terminals and their constituting
components will have to operate correctly in this environment. In this section, only the mechani-
cal and thermal environments encountered in space are treated. An overview of other space envi-
ronmental conditions was presented by Lu et al.** These other environmental conditions will also
affect the performance of the FSOC system and have to be considered during the design of the
terminal. For example, radiation effects can be especially harmful to the optical components®®
and laser sources’’ required to build such a terminal.

The mechanical and thermal loads impinged on a satellite will affect the performance of the
communication link through different opto-thermo-mechanical phenomena (Sec. 4). The sources
and magnitudes of the mechanical and thermal loads on a satellite have to be studied in order to
quantify their effects on FSOC.

3.1 Microvibrations

Due to the narrow beam divergence (usually smaller or equal to milliradians), FSOC systems
require a high pointing accuracy (in the order of microradians) to minimize the average bit error
rate (BER). The main source of pointing error in an FSOC satellite terminal is the vibration of
the satellite due to different in-orbit sources. These in-orbit vibration sources can be classified
into internal and external vibration sources.?®

Optical Engineering 041206-5 April 2024 e Vol. 63(4)
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* External vibration sources. They are due to loads coming from outside the satellite, such as
solar radiation pressure, micrometeorite/space debris impacts,” elastic forces of tension/
bending, and gravitational dynamic effects (solar and lunar gravity, Earth oblateness
effects, ellipticity of orbit, or Earth’s central gravitational field).

¢ [Internal vibration sources. They are due to loads originating inside the satellite, such as
solar array mechanism, thruster operation, pointing, acquisition, and tracking (PAT) mech-
anisms, gyroscope noise, and attitude actuators based on angular momentum (e.g., reaction
wheels).”’

Other sources of vibrations that could be relevant for future FSOC satellites are the vibra-
tions induced by a cryocooler. The cryocooler could be needed to operate superconducting nano-
wire single-photon detectors in future FSOC satellites.** The microvibrations induced by this
turbomachinery can contribute significantly as it was shown in the Hubble Space Telescope.*!

To quantify the contribution of each vibration source to the overall satellite vibration,
in-orbit measurements of the vibration have been done on FSOC satellites. Given the multiple
sources of microvibrations and their statistical nature, experimental in-orbit measurements of
these are especially relevant.> A review of the in-orbit microvibration detection methods is pre-
sented by Tang et al.*® In Fig. 5, the in-orbit measurements of the power spectral density (PSD) of
the angular microvibrations for the most relevant missions are shown. This figure shows
similar trends for all the missions and specifications collected. In particular, it can be seen that
the energy due to angular microvibrations is mainly concentrated at frequencies lower than 30 Hz
for Micius and Olympus, 100 Hz for OICETS, and 102 Hz for ETS-VL*

The in-orbit measurements done through a three-axis accelerometer package onboard the
Olympus satellite®® set the ground for the characterization of the vibration environment of an
optical communication payload onboard a satellite. This experimental campaign quantified the
relative weight of each of the internal vibration sources. The typical duration of internal sources
that are relevant to the FSOC satellite terminals can be found in the literature.’®* This analysis
shows that the longest lasting source of vibrations onboard the Olympus satellite is the antenna
pointing mechanism (in the order of seconds).

More recent in-orbit measurements of microvibrations for the OICETS FSOC satellite were
presented by Toyoshima et al.*® The authors of this work reported that the worst-case angular
microvibration are created during the tracking and slewing operations of the gimballed optical
antenna. The angular microvibrations onboard the Micius quantum communication satellite and

the suppression of these with the PAT mechanism are presented by Wang et al.**
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Fig. 5 In-orbit measurements of vibration PSD of the angular displacement for different space
missions. ESA spec. and NASDA spec. refer to the specifications set by the respective space
agencies, whereas the rest are in-orbit measurements of different satellites. Data extracted from
Refs. 34-37.
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The analysis of the in-orbit measurements of other internal vibration contributors, such as
the control momentum gyroscope, the solar array mechanism, and the reaction wheel, was
reported by Yu et al.*> This work concludes that in the absence of an optical gimbal antenna
mechanism, the main contributors to satellite vibrations are the control moment gyros and
reaction wheels.

Another source of microvibrations in space that has been studied in depth is a coupled
thermo-mechanical phenomenon known as the thermal snap. This phenomenon occurs when
the solar arrays (which are usually the most flexible structure in the satellite) are subjected
to rapid changes in temperature when entering or leaving an eclipse. This phenomena are mainly
due to a varying temperature gradient across the thickness of the solar panels.*’ In-orbit mea-
surements of the thermal snap, phenomena were presented by Oda et al.*! As it is presented in
Sec. 6, several techniques can be implemented to reduce some of the microvibrations sources
presented in the previous paragraphs.

3.2 Thermal Loads

Due to the orbit around the Earth, a satellite will be subjected to large temperature gradients
during an orbital period. Inside an FSOC terminal, there are optical elements that are sensitive
to these temperature variations. As it will be explained in the next section, the thermal loads on
the optical elements, such as lenses and mirrors, can deviate from their nominal performance
yielding a detrimental effect on the FSOC link. Therefore, it is paramount to know the thermal
loads to which the satellites in different orbits will be subjected.

Due to the high to ultra-high vacuum environment encountered in space, radiation is the
dominant heat transfer mechanism of the satellite with the external environment. Figure 6 shows
the external radiation heat loads that appear in the space thermal environment.

The solar radiation from the Sun will impinge the satellite with an ~1361 W/m? at one
astronomical unit in a plane normal to the vector direction to the Sun.** For a satellite in orbit
around the Earth, this value is not constant due to various factors, such as the solar forcing43
the ellipticity of the Earth’s orbit around the Sun (that results in a change in the distance between
these two). On the other hand, when the satellite enters the shadow of the Earth, this heat load
disappears and the cooling down of the whole satellite occurs, until it is heated again at the exit of
the shadow. Some of the sunlight is reflected on the Earth yielding to the short-wavelength
albedo radiation, which will be dependent on the location and time of each of the Earth’s loca-
tions. Measurements of the albedo coefficients necessary to accurately quantify this heat load
can be found in the literature.** The Earth-emitted radiation creates long-wavelength radiation
also known as Earth orbital long-wavelength radiation (OLR) that will also be part of the space
thermal environment. The time and location-dependent measurements of this radiation can be
found in Ref. 45. Finally, due to the background radiation of outer space at ~2.7 K, the satellite
will irradiate heat toward it.

Another external source of heat in space is the charged-particle heating,*® which is due to
collisions of the charged particles trapped in the Van Allen belts with the spacecraft. This mode of
heating is usually confined to the first hundredth of a centimeter from the material surface and is
much weaker than the radiation heat sources stated above. These heat loads can have relevant

Radiation emitted to
space

\\ rﬂ.i(lj(tilro n
OO

¥
=

\ Albedo ©
2
Z
<
o~ Solar

radiation OLR -
Earth \ __(OLR ™.
/ SN 0,6 10 Wavelength (um)

(a) (b)

Fig. 6 (a) External thermal loads of a satellite in orbit around the Earth. (b) The qualitative spec-
trum of the direct solar radiation and the Earth OLR.
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contributions in spaceborne cryogenic systems,*’ such as the future superconducting nanowire
single-photon detectors for FSOC.*** For example, a radiator designed for 70 K steady-state
operation in a circular equatorial Earth orbit at 3200 km altitude will increase its temperature
by 2.9 K.*°

The phenomena explained above will altogether set a periodic transient temperature for a
satellite in-orbit. Low Earth orbit (LEO) is where most of the satellites are placed nowadays. In
LEO, defined as 160 to 2000 km altitude,? the satellite has an orbital period equal or <128 min.
The thermal loads for a satellite in LEO will change in each orbit due to the changing thermal
environmental parameters in time (i.e., albedo coefficient, direct solar irradiance, and OLR). The
analysis done by Gonzilez-Barcena et al.*’ presents a methodology to obtain the worst-case
thermal scenarios for a satellite in LEO taking into account the variation of these parameters
in time. This analysis derives temperatures in the 150 to 210 K range, for a satellite in a
Sun-synchronous orbit. Furthermore, an analysis for different solar beta angles (the beta angle
is the angle between the orbital plane of the satellite and the geocentric position of the Sun) to
select the worst-case thermal environment was developed by Hengeveld et al.* The guidelines
and methodologies developed by NASA to obtain the worst-case thermal scenario in LEO can be
found in the literature.*>' The approach followed by Yenchesky et al.’* for the thermal analysis
of an FSOC CubeSat is characterizing statistically the environmental thermal parameters and
computing a Monte Carlo simulation.

The geosynchronous orbit (GEO) is defined as an orbit with an orbital period that matches
Earth’s rotation, the most famous of which is the GEO. The thermal environment for a satellite in
GEO can be calculated with the same methodologies that are presented by Gonzalez-Barcena
et al.*? for LEO. Another approach followed by Zhang et al.> is to neglect both the albedo and
OLR heat flows considering only the prevalent direct solar radiation at these altitudes.

There is also an increasing interest in using FSOC for the communication systems to transfer
scientific data from deep-space probes back to Earth.>>* The thermal environment in such a
scenario can be quite diverse due to the broad spectra of missions and trajectories found in deep
space. The external radiation heat loads in deep-space probes will be due to the albedo and self-
emitted radiation of other planets and asteroids (such are the cases of the LLCD,’> MLCD,® and
DSOC onboard Psyche mission®’). In addition, the direct solar radiation will also change as a
function of the distance to the Sun and therefore this value has to be accurately reevaluated in
each of the scenarios. An overview of the specific characteristics of the thermal environment
around other solar system objects is presented by Gilmore.*

On top of that, internal heat loads will also appear due to the operation of different systems
onboard the satellite, such as Joule dissipation in circuits, the propulsion system,’® the laser
source,” or the cryocooler.’” Optical amplifiers used onboard satellite to amplify the power
of the beam coming from the source can also be an important source of heat.®' Optical amplifiers,
e.g., erbium-doped fiber amplifier (EDFA), with output optical powers on the order of watts
dissipating tens of watts of heat, can be severely self-heated in satellite terminals.”> The self-
heating of these devices not only limits their performance® but also usually limits their duty
cycle.®* These sources of internal heat load can be enough to generate optical misalignment
issues onboard the terminal.®”’ Finally, the laser beam itself can be a significant thermal load
in small components without enough thermal sinking. Such is the case of microelectromechan-
ical FSMs.% For satellite FSOC terminals, the thermal lensing effect®”® is usually negligible due
to the low powers (maximum 10 W average power) used in satellite transmitter lasers.!’

4 Opto-Thermo-Mechanical Phenomena

The mechanical and thermal loads in an optical terminal in space will induce displacements,
deformations, and changes in the index of refraction. These effects will in turn deviate the system
from the nominal optical performance and therefore have to be well understood and analyzed
during the design process of the FSOC space terminal. In this section, the relevant opto-thermo-
mechanical phenomena are presented and their effects on the optical performance of the system
are discussed. The classification of these phenomena has been done by attending to the physical
description and modeling techniques that are used to quantify them (see Fig. 1).

Optical Engineering 041206-8 April 2024 e Vol. 63(4)
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The effects on the optical performance of the system are quantified by three different optical
performance parameters that are relevant to FSOC: pointing jitter, wavefront error (WFE), and
polarization state (see Fig. 1). The pointing jitter refers to the dynamic angular error between the
communication line of sight and the optical axis of the terminal (transmitter or receiver). In this
paper, the WFE is used to quantify the optical aberrations due to the opto-thermo-mechanical
phenomena explained below. Other parameters, such as the Strehl ratio,®” can also be used to
evaluate the optical performance in FSOC. Finally, changes in the polarization state created by
opto-thermo-mechanical phenomena will also be relevant to the performance of the system and
will be quantified by means of the polarization extinction ratio (PER).

4.1 Satellite Rigid Body Angular Displacements

At the largest scale of the system, the vibrations of the satellite will induce rigid body angular
displacements of the whole satellite. These rigid body displacements will in turn create a pointing
jitter and therefore deteriorate the performance of the link.

The satellite’s rigid body angular displacements will be mainly due to the in-orbit induced
microvibrations. The highly stochastic nature of these microvibrations and their high dependency
on the interfaces and the details of the satellite’’ make experimental measurements the most
valuable to understand the dynamics of the satellite as a whole (such as the in-orbit results shown
in Fig. 5). The angular deviation of the satellite with respect to the optical axis is statistically
characterized by a probability density function (PDF) for the satellite’s angular pointing error
6> = 0% + 63, where 0 and 0, are the elevation and azimuth pointing errors, respectively. For a
zero-centered normal PDF in both azimuth and elevation pointing error, the PDF of the angular
pointing error is a Rayleigh distribution given by the following equation:’!

0 62
p(0) = 2 X (‘ﬁ)’ (D

where 67 is the variance of the radial pointing error. For a normal PDF non-centered in zero in
both elevation and azimuth angles, a positive angular static error (also referred to as foresight
pointing error or static printing error in the literature) has to be included. In this case, the PDF

containing pointing jitter and static error will be given by a Rician distribution:”*’?
0 0* + ¢* ¢
p(0.¢) = — exp (— s— | Jol —= | 2
o 20 o

where ¢ is the angular static error and 7 is the zeroth order Bessel function. For the remaining
analysis in this paper, the boresight error is taken into account through the PDF of the pointing
jitter. Hence, from the experimentally obtained time series of microvibrations in-orbit, the vari-
ance ¢° can be derived. The PDF constructed with this value will characterize the performance of
the communication as explained in Sec. 5.

4.2 Rigid Body Motions of Optical Components

The satellite microvibrations and the thermal loads can also induce rigid body motions of the
optical components inside the satellite.”* These rigid body motions will, in turn, induce pointing
jitter, defocus, and other high-order optical aberrations [see Fig. 7(a)].

In order to model the effects on the optical performance of the system due to rigid body
displacements induced by in-orbit random vibrations in the satellite, finite-element analysis
(FEA) can be computed to obtain the natural frequencies and mode shapes of the optical system.
The pointing sensitivity coefficients (also referred as line of sight sensitivity coefficients in the
literature) can be calculated by obtaining the pointing error due to unitary displacements on each
of the degrees of freedom that are being analyzed. Then the frequency response function (FRF) is
obtained using modal analysis, and the PSD response is obtained through the FRF and the input
force PSD functions. Finally, the pointing jitter can be obtained via the pointing sensitivity
coefficients.”>’® An analysis of the pointing jitter for the FSOC terminal of the Mars Laser
Communications Demonstration Project is presented by Doyle.”’
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Fig. 7 Opto-thermo-mechanical phenomena: (a) rigid body motions of optical components induc-
ing pointing jitter; (b) surface deformations of optical components inducing WFE; (c) thermal
dispersion on refractive elements; and (d) stress birefringence in a PBS.

4.3 Surface Deformations of Optical Components
In case the vibrations of the satellite are strong in magnitude, significant elastic deformations will
be induced in the optical surfaces. Thermal loads will also create thermo-elastic deformations of
the surfaces of the optical components. These, in turn, will create optical aberrations [see
Fig. 7(b)] that will also affect the performance of the link. Surface deformations will occur
together with changes in volume on the optical components that affect the optical path length
(OPL). The thermo-elastic phenomena are partially governed by the properties of the materials in
the optical assembly of the system. The relevant thermo-elastic properties for the materials used
in the infrared are discussed in detail by Klocek.”®

Surface deformations induced by thermal static or transient loads are usually computed
through FEA and/or finite difference analysis.” The heat transfer problem can be computed
through any of the methods while the thermo-elastic problem is usually solved by FEA 3380-82

To compute surface deformations induced by in-orbit vibration loads, the surface deforma-
tions are computed with FEA and statistical energy analysis (SEA). The first is used to obtain the
response to low-excitation frequencies, which enable a more deterministic analysis of the system.
SEA® is used to compute the behavior of the system for high-excitation frequencies because
the deterministic methods become too sensitive to structural details for these frequency bands’
(see Fig. 8). Other approaches consist of using stochastic FEA or hybrid FEA-SEA models.**

4.4 Thermal Dispersion on Refractive Optical Components

Refractive optical materials used in FSOC components exhibit a temperature-dependent index of
refraction. The dependence on the index of refraction due to the variation of temperature can be
expressed as®
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The first term is the change in the index of refraction solely due to the change in temperature,
whereas the second term represents the change in the index of refraction due to the temperature-
induced change in the densities of the material. A detailed theoretical expression of each of the
terms presented above can be obtained through the theory of thermo-optic dispersion for solids
presented in Refs. 86 and 87. It is important to remark that although the coefficient of thermal
expansion is also represented in Eq. (3) through the factor dp/dT, the optical path difference
created in a ray due to the thermal expansion of the material has to be added to that created
by the change in the index of refraction. Hence, the OPL and therefore the WFE for a thermally
loaded material must be computed as

OPL = /L/ n(s,T)ds, 4)
0

where s is the path followed by the ray, n(s) will be obtained through dn/dT, and L’ is the
thermally expanded length of the path that the ray travels. The thermally induced optical path
difference is obtained directly by combining the two factors explained above: the change in the
index of refraction and the thermal expansion of the material.***° The thermo-optic coefficients
for the typical materials used in infrared refractive optical components are presented by Klocek.”
Rogers et al.”” analyzed the importance of the accuracy in the value of dn/dT for large opera-
tional temperature range scenarios (as could be the one for satellite FSOC terminals). The impor-
tance of making custom measurements of this parameter for wide operational temperature range
applications is emphasized in the study.

The thermal load will induce a gradient index profile in the optical component that results in
a non-nominal OPL for each ray,”’ and therefore, a WFE as illustrated in Fig. 7(c). Two ways
of computing the thermal dispersion in refractive components with ray tracing algorithms are
discussed by Michels et al.”’

4.5 Stress Birefringence of the Optical Refractive Components

Finally, stress states due to the external loads on the refractive optical components will create a
stress status that will induce birefringence. Optical birefringence is an anisotropic phenomenon,
in which the index of refraction of the material depends on the polarization and the propagation
direction of light. Some materials are birefringent in nature, whereas others will become bire-
fringent when subjected to a stress field. In the latter, the stress field will vary the dielectric
impermeability tensor f3;;, therefore, varying the index of refraction of the material in an aniso-
tropic manner.'® Mathematically, this phenomenon is usually represented via the stress-optical
coefficient tensor gjj:

ABii = Gijious )

where oy, are the components of the stress state tensor in each point of the domain and the sub-
indices represent the spatial coordinates. For isotropic materials, the variation in the dielectric
impermeability will create a difference between the two principal optical indices in the electro-
magnetic waves perpendicular to the ray direction. Hence, the principal optical axes will coincide
with the principal stress axes and retardation between the orthogonally polarized waves will be
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Fig. 9 WFE induced by stress birefringence in optical components. The linear polarization of the
incoming ray is changed to an elliptically polarized one. ¢;; and 7;; are the normal and shear stress
components of the element. §;, is the retardation induced by the stress state between the light
polarized parallel to the optical axes 1 and 2. Being 1 and 2 the principal stress axes perpendicular
to the ray path.

produced as depicted in Fig. 9. This retardation is equivalent to a change in the polarization state
of the beam. Furthermore, the phase retardation in each of the optical principal axis components
of the electromagnetic wave will induce a WFE in the light that can be approximated as the
average of the OPL differences of each of these components.®? Moreover, the beam will be split
into two beams due to the birefringence, but this effect is so small in FSOC that can be usually
neglected.’?

For an isotropic material, subjected to a hydrostatic stress state, Eq. (5) will yield an isotropic
index variation. Therefore, in the latter, no change in the polarization state will be induced by the
hydrostatically stressed element. Hence only stress dispersion of the index of refraction will be
occurring in this element, i.e., an isotropic variation of n.

The stress birefringence phenomena can be modeled with Jones calculus® by transforming
the Jones vector through rotation and retardation matrices as presented by Yiu and Meyer.” Jones
calculus represents the polarized light as a vector and the optical components are represented as
matrix operations changing these vectors. To compute the effects of stress birefringence, the
Jones matrice of the stressed element has to be computed. In order to do so, the stress state
tensor in the domain points encountered by the ray path has to be obtained in an FEA structural
mechanics software.”>***> When the optical modeling of the system under study is done through
wave optics instead of ray tracing, Eq. (5) is used to compute the variation on the index of refrac-
tion in every direction in each element of the domain, and the wave equations are solved
assigning the calculated values to each element in the domain.”® The effect of stress-induced
birefringence in a cube PBS used in an optical circulator (widely used in FSOC systems) is
analyzed by Doyle and Bell,”” where the effect of the temperature and stress in the WFE and
the polarization state are analyzed through a combination of FEA and ray-tracing software.

In an FSOC terminal onboard satellite, the opto-thermo-mechanical phenomena explained
above act altogether creating a strongly coupled opto-thermo-mechanical problem. Therefore, to
simulate the optical performance of the system, all the phenomena above have to be included
simultaneously in the model. The approach for modeling opto-thermo-mechanical phenomena
combining mechanical, thermal, and optical modeling techniques is presented in Fig. 10. These
multiphysics modeling techniques that analyze the coupled opto-thermo-mechanical phenomena
are generally referred to as STOP analysis in the literature.®>**-'% As shown in Fig. 10, there are
cases in which the opto-thermo-mechanical analysis has to be done in an iterative process, such
as when the laser beam itself is the source of heat.® This is usually not the case for FSOC, and the
vast majority of opto-thermo-mechanical phenomena can be characterized by following the dia-
gram in Fig. 10 non-iteratively from top to bottom. The thermal and mechanical effects in the
optical performance can be analyzed with several analytical and/or numerical methods depending
on the complexity of the problem that is being modeled. Analytical methods can be used when
the boundary conditions and the geometry of the system are simple. The increasing complexity of
any of them increases the necessity of numerical methods to model the problem. A summary of
the different commercial software available to model opto-thermo-mechanical problems is pre-
sented by Heijmans et al.'”" An example of a complete STOP analysis done by combining the
methods presented in this section is given by Driscoll et al.'’? for the beam expander telescope
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Fig. 10 Road-map for modelling opto-thermo-mechanical phenomena, STOP analysis. The loads
(boundary conditions necessary to solve the problem) are shown in red boxes. The models and
their results are shown in blue and light blue boxes, respectively. Finally, the parameters to char-
acterize opto-thermo-mechanical are shown in white boxes. The dash-point line shows the iter-
ative process for scenarios in which the optical performance determines the thermal loads.

onboard the NASA Psyche DSOC mission. The STOP analysis performed enables the calcu-
lation of the permitted WFE to maintain the beam divergence required below 14.5 urad over
a temperature range of 80°C. Furthermore, some of the key challenges, such as maintaining the
alignment between the primary and secondary off-axis mitror, are discussed.

The optical performance of the system has been characterized via pointing jitter, WFE, and
polarization state in this section. In the next section, how these optical parameters affect the
communication performance on an FSOC link is explained.

5 Impact of Opto-Thermo-Mechanical Phenomena on FSOC

The pointing jitter, aberrations due to WFE, and polarization state changes induced by the opto-
thermo-mechanical phenomena on the optical terminal onboard the satellite will impact the per-
formance of the FSOC link. This section presents the methods to quantify the impact on the
communication link due to these phenomena. A classification has been created according to
where the phenomena occur (transmitter or receiver) and the type of optical effect created
by these (jitter, WFE, or polarization change). In the following sections, the impact on commu-
nication of each of these effects acting separately is explained. It is worth mentioning that while
some FSOC terminals act as transceivers, the classification presented below aims to separate
the opto-thermo-mechanical effects in any terminal acting either as a transmitter or a receiver.
In the remainder of this section, the use of transmitter and receiver terminals refers to terminals
(that also include transceivers) operating as such.

To evaluate the impact of the phenomena above presented in the communication
performance, the effect of these phenomena in the transmission equation is evaluated first.

Optical Engineering 041206-13 April 2024 e Vol. 63(4)



Badas et al.: Opto-thermo-mechanical phenomena in satellite. . .

The transmission equation is used in FSOC to evaluate the value of the signal intensity at the
receiver’s detector. The Friis transmission equation can be written as’!

Pr = PrGrupLsLpyrLoGrpgpc, (6)

where Py is the instantaneous received power, Pr is the average transmit power, G is the trans-
mit antenna gain, py is the transmitter feeder loss, L is the space loss, L4 is the term grouping all
atmospheric effects, Lpyr is the transmitter pointing jitter loss, G is the receiver antenna gain,
Ug s the receiver transmission loss, and y is the fiber coupling loss. (Atmospheric effects are
not considered in this paper. Opto-thermo-mechanical phenomena onboard satellites will not
impact the value of L,.)

Furthermore, the different noise sources appearing in the communication link can be com-
puted to obtain the total noise.'” Combining the transmission equation and the noise, the signal-
to-noise ratio (SNR) of the communication link can be obtained. The probability that a trans-
mitted information bit is read incorrectly at the receiver is called the BER. The BER is evaluated
through the SNR of the communication link according to the modulation technique used.

The impact on the communication performance of the opto-thermo-mechanical phenomena
stated above is evaluated by assessing how these phenomena alter the values of the received
intensity, the cross-talk between multiplexed signals, and finally the BER (see Fig. 1). In what
follows, satellite-to-satellite links are mainly discussed to quantify the impact of opto-thermo-
mechanical phenomena. Satellite-to-satellite scenarios are discussed because of the absence of
atmospheric effects in the link, hence isolating the impact of opto-thermo-mechanical phenom-
ena solely. However, the phenomena discussed in this section can be translated to other scenarios
(e.g., satellite-to-ground) by including the relevant atmospheric effects.

5.1 Transmitter Pointing Jitter

In order to assess the impact of the pointing jitter and the aberrations in the communication link, a
distinction must be made according to where these phenomena occur, i.e., in the transmitter or in
the receiver. For the sake of explanation, an intersatellite communication scenario is considered.
The pointing jitter in the transmitter (Fig. 11), created primarily due to the rigid body motions of
the satellite and the optical components in the terminal due to microvibrations, will degrade
the communication by diminishing the signal intensity received in the receiver’s aperture [see
Fig. 12(a)]. This is usually quantified in the link budget by introducing a pointing jitter loss Lp; in
the transmission equation [Eq. (6)]. In general, the contribution of the microvibrations to the
pointing jitter will be added to many other pointing errors (see figure 2.2 in Ref. 17). The instan-
taneous loss due to the transmitter pointing jitter can be expressed for a Gaussian beam at the
aperture of the transmitting telescope as'®

Lpyr = exp(—GTG%), N

where G is the antenna gain and 7 is the angle radial pointing error. For a Gaussian, non-
aberrated beam, the wavefront at sufficiently large distances (when the distance between the
terminals is much bigger than the Rayleigh range) will be a spherical surface centered on the
transmitter terminal. Hence, the electromagnetic field entering the aperture of the receiver can be

Receiver pointing jitter g I 'f QO

B ©§

Transmitter pointing jitter O

Fig. 11 Definition of the transmitter and receiver pointing jitter. The continuous line represents
the direct line of sight between the transmitter and the receiver, connecting the central point of
both apertures.
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Fig. 12 Impact of opto-thermo-mechanical phenomena in FSOC: (a) transmitter pointing jitter: the
white dashed-line and the black line are the intensity profile of the beam with and without pointing
error, respectively. (b) Transmitter WFE: the white dashed-line and the black line are the intensity
profile of the beam with and without WFE, respectively. (c) Receiver pointing jitter and WFE: the
red line is the intensity profile of the mode of the fiber, the black dashed and continuous lines are
the intensity profile of the focused light with and without WFE and pointing jitter, respectively.

considered as a plane wavefront. Under random vibrations, such as those experienced by the
onboard optical terminal, 67 will be characterized by a PDF [Egs. (1) and (2)]. For a link using
a Gaussian beam and under transmitter pointing jitter given by a Rayleigh PDF [Eq. (1)], the PDF
of the intensity at the receiver aperture is described by a beta distribution:'*

2
p(T) = BTPV),  where f = % for 0<7Z <1, )
O
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where w, is the beamwaist fo the Gaussian beam, Z is the normalized intensity, and the average
intensity is given by I,,, = #/(f + 1). (This equation considers that the beamwidth of the beam
in the aperture plane of the receiver is much larger than the receiver aperture size. In this way, the
variation of the intensity across the aperture is negligible.) Therefore, the average intensity in the
receiver’s aperture can be obtained by combining the far field Fraunhofer diffraction intensity
profile in the receiver’s aperture plane and the PDF of the 8. Through this reduction of the
average intensity of the signal, the SNR will decrease giving an increase in the BER. For different
modulation techniques'®!% and receiver architectures (direct or coherent),”"!%” different BER
models will be used to compute the effect of transmitter pointing jitter in communication.

Furthermore, the pointing jitter will also affect the communication performance of multi-
plexed links. The transmitter’s pointing jitter could create cross-talk between the signals multi-
plexed in the same beam. This effect is significant in OAM multiplexed links because of the
spatial dependence of this multiplexing technique. The result of the transmitter pointing error
in OAM multiplexed FSOC is discussed by Xie et al.'”® and Li et al.'” In mode division multi-
plexed links, which makes use of other orthogonal beam modes (e.g., Hermite—Gaussian beams)
to multiplex the signal, the transmitter pointing error can also be a potential source of crosstalk
between the signals.''”

5.2 Transmitter Wavefront Error

The WFE induced by the thermo-mechanical phenomena occur in both transmitter and receiver
terminals. The WFE induced in the transmitter results in a decrease of the intensity at the aperture
plane of the receiver and an increase in the beam divergence angle [Fig. 12(b)]. This effect can be
quantified by propagating the field at the aperture of the transmitter to the aperture plane of the
receiver through Fraunhofer’s diffraction. Yang et al.''! analyzed the impact of the transmitter
WEFE in an FSOC communication link using on—off keying modulation. This analysis shows that
for the same root-mean-square value of the primary aberrations, coma aberration will have the
largest impact while spherical aberration the least.

Requirements on the maximum WFE for FSOC are dependent on the specific link param-
eters but usually WFE,, < /30 for the on-axis field of view and WFE,,; < 1/15 for the whole
field of view are a good rule of thumb for a preliminary terminal design in the wavelengths used
in FSOC.102’1 12,113

As explained in Sec. 3.2, the laser beam itself can induce thermo-elastic deformations in
optical microcomponents without enough thermal sinking, such as the microelectromechanical
mirrors.% This type of load will only occur in the transmitter terminal because the intensity of
the received signal in the receiver will usually be orders of magnitudes below the one of the
transmitter.

5.3 Receiver’s Pointing Jitter

The receiver’s pointing jitter (see Fig. 11) will create a random beam walk-off at the detector
plane. The impact on the communication performance of this random beam walk-off will be
dependent on the architecture of the receiving terminal. If the photodetector is sufficiently large
that the focal spot radius is contained within it, then the degradation due to the random walk-off is
negligible. When the detector is not big enough, then the effect on the intensity received can be
computed through the degradation factor proposed by Zaman and Boyraz.”! In fact, the pointing
jitter in the detector will have the largest effect when the incoming link is coupled into an optic
fiber onboard the receiver’s terminal [see Fig. 12(c)].

When the communication system couples the receiving light to a fiber through a coupling
lens, the pointing jitter will decrease the fiber-coupling efficiency. The instantaneous fiber cou-
pling efficiency can be calculated in the presence of receiver pointing jitter, 8, for both single-
mode''* and multimode'"® fibers as

. Pc . ’ﬂA ES(HRVP’ ¢)E;1n(9T7py ¢)p(9R)pdpd¢d9R :
Tem =Py I [Es(p. ) Podp dip ’

where #¢,, 1s the coupling efficiency of the LP,,, mode (LP mode refers to the characteristic
linearly polarized modes of the fiber-optic considered), P is the power coupled in the fiber, and

(€))
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P, is the total available power at the aperture of the coupling lens (considering negligible the
transmission losses through the terminal, this is equal to the power available at the aperture of the
receiver). E, is the electric field in the focal plane, E,,, is the fiber mode corresponding to mode
LP,,,, and {p, ¢} are the polar coordinates at the fiber coupling plane. p(6) is the PDF of the
receiver’s pointing jitter. This coupling efficiency can then be introduced to the Gaussian-Q func-
tion using the theory shown in Ref. 71 to obtain the BER. (Although this is not the kind of
coupling considered in this paper, the rationale behind the approach is equivalent.)

When the link is OAM multiplexed the receiver’s pointing jitter will also induce crosstalk
between the multiplexed signals, similar to the case of the transmitter jitter.'”® The crosstalk in the
case of the receiver’s pointing jitter is due to a tilted phase added to the phase of the OAM
multiplexed beam at the receiver plane.

5.4 Receiver’s Wavefront Error
As for the WFE induced on the optical terminal of the receiver, the spot at the detector plane will
increase in size and move its position. Usually, these two effects created by thermo-mechanical
loads on the satellite are small enough that the spot remains contained within the detector.’*!!!
However, when the incoming beam is coupled into a fiber [see Fig. 12(c)], the WFE induced
by the thermo-mechanical phenomena in the receiver terminal will decrease the coupling
efficiency.!'®!!” This effect can be computed by obtaining the field E, in the focal plane of the
fiber coupler in the presence of WFE in the receiver and using Eq. (9).
The overall effects in the communication performance due to all the phenomena presented
above can be quantified for an on—off keying modulation scenario through the BER:”!!%

© [l FE FE
BER = / / —erfc(Q(QT,W 7. 0r, WFEg, S))p(er)P(eR)dGT doy, (10)
o Jo 2 V2

where Q is the Gaussian-Q function, and S are the design parameters of both terminals.
Therefore, all the effects presented above can be quantified through the Gaussian-Q factor
defined as

O(0r. WFEy, 0, WFEy, §) = ~P=L 20, (an
On-1 1 0N

where ij,_  is the instantaneous signal current at the detector and o _; ¢ is the noise variance for
the 1 and O bits, respectively. The instantaneous signal current values are affected by the pointing
jitters and WFE in both the transmitter and the receiver (therefore are dependent on the param-
eters {67, WFEr, 8z, WFEg, S}, not explicitly shown in the equation above for simplification).
The pointing jitter and the WFE of the transmitter will reduce the value of instantaneous signal
current through the reduction of the power received at the aperture plane of the receiver. The
pointing jitter of the receiver will reduce the signal current by affecting the degradation factor.’!
Finally, the WFE in the receiver will reduce the instantaneous current signal by a fiber coupling
efficiency reduction.

5.5 Polarization Effects

As stated in Sec. 1, the polarization property of the laser beam can be exploited for communi-
cation purposes in FSOC. Therefore, changes in the polarization state due to stress birefringence
can affect the performance of the link.*!'® There are several devices (see Sec. 2) in FSOC
terminals that can be affected by stress birefringence and therefore affect the polarization of
the beam. The most susceptible component on a terminal to polarization effects is the PBS, which
is used to split the incoming beam into two orthogonally polarized beams. In the presence of
stress birefringence, crosstalk between the two output beams could occur due to a change in
polarization induced by the stress field.”” This could in turn yield several effects depending
on the role polarization is playing in the communication link.

e If the beam is linearly polarized and to be used in a coherent detection system, then the
changes in polarization due to stress birefringence (both in transmitter and receiver) will
yield a reduction in the intensity received at the detector and therefore an increase in BER.
In this case, an effort has to be made to ensure that the polarization is maintained within
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Table 2 Optical performance parameters affected by opto-thermo-mechanical phenomena, along
with their performance metric and a brief description of their effect on FSOC.

Performance metrics Effect on FSOC
Pointing errors Angular pointing jitter PDF and ~ Transmitter pointing error decreases the signal on
6® [see Egs. (1) and (2)] the receiver. Receiver pointing error changes the

angle of incidence of the incoming beam creating a
less efficient fiber coupling. Furthermore, in spatially
multiplexed beams the pointing error creates
crosstalk between the information channels

WFEs Zernike coefficients of the WFE ~ Transmitter WFE reduces the intensity in the far field
and WFE, s in the axis of the beam. Receiver WFE reduces the
fiber coupling efficiency. Furthermore, in spatially
multiplexed beams WFEs create crosstalk between
the information channels

Polarization effects PER Depending on the use of the polarization property,
this could create a reduction in the received
intensity, bit errors, or crosstalk

boundaries in the adverse space environment.® The maintenance of polarization required
for this kind of link is quantified through the PER.

¢ If polarization modulation is used in the link, then the change in polarization will directly
increase the BER due to the higher probability of receiving an erroneous bit value.

¢ If polarization division multiplexing is used in the link, then crosstalk between the signals
multiplexed in the same beam could occur.

In this section, several optical performance parameters that are affected by opto-thermo-
mechanical phenomena have been investigated. An overview of these parameters, the metrics
used for their characterization, and a summary of their effects in FSOC are presented in Table 2.

6 Mitigation Techniques

The opto-thermo-mechanical phenomena in an FSOC satellite can greatly impact the commu-
nication performance as stated before. In order to diminish the impact of these phenomena, sev-
eral mitigation techniques can be applied. In this section, a review of these techniques is
presented.

The mitigation techniques are classified according to the source of the opto-thermo-
mechanical phenomena (i.e., in-orbit microvibrations or thermal loads). It has been seen before
that these sources could create similar opto-thermo-mechanical phenomena and therefore have an
effect on the same optical performance parameters (see Fig. 1). On one hand, microvibrations
will mainly create rigid body motions (of both satellite and components) and therefore pointing
jitter, the mitigation techniques associated with these items is covered first. On the other hand, the
thermal sources will mainly create surface deformations, stress birefringence, and thermo-optical
dispersion. These will in turn give polarization effects and WFE of the system. Hence, the
mitigation techniques related to these items are covered second.

6.1 Microvibrations

In order to reduce satellite microvibrations and diminish their detrimental effects on FSOC, mit-
igation techniques can be applied on several layers. The first layer includes reducing the micro-
vibrations onboard by smart design of the attitude, determination, and control system (ADCS)
and structural system of the satellite. These mitigation techniques are common to any satellite
that require good pointing stability on their specific application (e.g., Earth observation and
astronomy). Three different measures can be taken at this layer, classified according to where
in the satellite the measure is applied.'"”

* Microvibration source suppression. The intensity of some of the internal microvibra-
tion sources listed in Sec. 3.1 can be suppressed or reduced by a proper design of the
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Fig. 13 FSOC satellite microvibration mitigation techniques. Microvibrations at different system
levels of the satellite are represented through red arrows. ADCS system in the bus is depicted
to represent one of the many possible onboard vibration sources.

systems involved as presented by Li et al.'"” Special attention must be dedicated to the
reduction of the reaction wheel microvibrations as this is one of the main sources of
microvibrations.”*'?* Furthermore, operational improvements can be made to suppress
or reduce the intensity of these sources.'?! This could mean turning off some of the equip-
ment or limiting the operation ranges of these whenever possible. The latter could be
applied by not operating the satellite communication under the thermal snap induced
microvibrations when entering or going out of the eclipse.

® Terminal isolation. As shown in Fig. 13, the terminal can be isolated through both passive
and active isolators. A review of the techniques to isolate the optical terminal from the
spacecraft microvibrations is presented by Liu et al.'*> The isolation techniques developed
for other space-borne instruments can be transferred to FSOC systems. Hyde et al.'** pre-
sented a specific example of the use of a passive hexapod isolation system for FSOC.

* Structural transmission path suppression. The microvibrations arriving at the payload will
be transferred to the optical relay of the terminal as represented in Fig. 13. Through
a detailed structural dynamics analysis®* and the optimization of the optical mounts for
the different components, the vibrations can be isolated on a component level through
the transfer path suppression technique. The analysis of such a technique to design the
supporting structure of a satellite FSOC telescope is presented by Nevin et al.''> This
mitigation technique can also be applied at a more general satellite level, for the design
of the bus structure and the optimization of the location of the internal microvibration
sources (e.g., reaction wheels and solar array drive mechanism).

Each of the microvibration suppression and isolation techniques described will have an
effect on different frequency ranges of the PSD of the microvibration (see Fig. 5). Several exam-
ples of the different methods of suppression and isolation are presented in Table 3, stating the
frequency ranges in which they will attenuate the PSD of the microvibration. High-frequency
microvibrations, above 500 Hz, have a much lower influence on the pointing jitter and are usually
suppressed by the structure itself (transmission path suppression).'**

The second layer would be to use active correcting components on the optical terminal to
compensate for microvibrations (i.e., CPA and FSM). An extensive survey of the available fine
and coarse steering mechanisms that can be used in mobile FSOC terminals, such as a satellite
terminal, is presented by Kaymak et al.'” Different fine steering architectures are investigated by
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Table 3 Spacecraft microvibration suppression methods and frequency ranges attenuated by
them. 24

Low frequency (<5 Hz) Mid frequency (5 to 500 Hz)
Source Drag free technology, Fluid viscous damper, viscoelastic
multifunctional attitude control materials, magnetorheological damper,

particle damper, tuned mass damper,
metal rubber dumper, voice coil damper,
piezoelectric hybrid damper,
electromagnetic hybrid damper

Payload isolation Drag free payload Magnetic flux pinning

Transmission path Metamaterial damper Metamaterial damper

Miller et al.'*® and the impact of including a fine steering assembly in a satellite communication
terminal is quantified in the satellite-to-ground experiment onboard Micius.>* The terminal
microvibration requirements can also be relaxed through the use of wide-field angle receivers.'”’

Finally, the mitigation of the impact of microvibrations on FSOC systems can be attained
through the shaping and modulation of the laser beam itself. Beam size optimization can be used
to reduce the impact of transmitter pointing jitter,”*!%%12812 receiver pointing jitter,''* or a com-
bination of both.'*® The impact of the pointing jitter in different modulation techniques'%%!%7:131
and different terminal architectures’' will determine the optimal combination of these to min-
imize the effects of pointing jitter in FSOC.

Other mitigation techniques that are not specific but can also attenuate the effects of micro-
vibrations can be found in the literature."'**> The right combination of the previously presented
mitigation techniques will enable the optimal design of the communication system.

6.2 Thermal Phenomena

The effects induced by thermal loads and their impact on an FSOC satellite can be mitigated in
several ways. Given that the thermal loads will mainly create surface deformations, stress bire-
fringence, and thermo-optic dispersion, the mitigation techniques related to reducing the WFE
and polarization effects are considered in this section (considering the structure presented in
Fig. 1). Depending on where the mitigation technique is implemented, these can be classified
as follows.

* Satellite thermal control. Proper control of the external (see Fig. 6) and internal thermal
loads on a satellite level can be achieved through different techniques.*®!3*!3* Both active
and passive thermal control mechanisms will help to obtain a more stable operation temper-
ature environment for the terminal. Furthermore, the thermal management of internal heat
loads is paramount when these loads are high (e.g., EDFA). An example of a passive ther-
mal management technique onboard the TBIRD satellite terminal is done by placing the
components that generate most of the heat close to the external faces of the enclosure,
increasing their radiation to space.**

* Component design and athermalization. It is not possible to achieve a completely constant
and uniform temperature in the satellite with the satellite-level thermal control techniques.
Therefore, the optical mounts and components of the terminal must be carefully designed
to reduce the mechanical stresses and deformations under the given thermal environment.
In this way, the WFE and stress birefringence phenomena can be reduced. The stability of
the optical performance of the terminal under the cyclic thermal space environment can be
achieved by athermalizing optical components.'*> To do so different design parameters,
such as geometry (flexures'*), materials, and coatings (attending to their thermomechan-
ical and thermo-optical properties) have to be combined to achieve the optimum
solution.''? A combination of these techniques is presented for a catadioptric telescope
design for an FSOC satellite by Rahman et al."’’ and in the design of the FSOC
TBIRD terminal.®> A hermetic sealing of the mirror inside a container filled with inert
gas has been proposed to create convection thermal transfer and mitigate the effects of
thermal loads in a microelectromechanical FSM.%

Optical Engineering 041206-20 April 2024 e Vol. 63(4)



Badas et al.: Opto-thermo-mechanical phenomena in satellite. . .

* WFE compensation. The relative effect on the propagation of the transmitter WFE in differ-
ent beam profiles will be different. In links where non-Gaussian beams are used for pur-
poses, such as multiplexing® or atmospheric turbulence mitigation,'*® the link could also
be more resilient to the effects of the transmitter WFE. In this way, the requirements for the
WEE in the transmitter terminal could be relaxed. On-ground receiver terminals using
adaptive optics systems to compensate for the atmospheric turbulence''®'*? can also correct
for the WFE induced by opto-thermo-mechanical phenomena. In this way, the coupling
efficiency can be increased when an optical fiber is used for the detection of the signal.
Adaptive optics systems onboard satellites have also been proposed to correct for the aber-
rations produced in satellite FSOC terminals.'*

* Polarization compensation. An active compensation in the receiver side to correct for
polarization mode dispersion occurring in optical fibers is presented by Nabavi and
Hall'*!. This method could be applied on optical coherent receivers to compensate for
polarization mode dispersion created by opto-thermo-mechanical phenomena in FSOC.

The WFE and polarization compensation techniques should not be applied as the main
solution to reduce the impact of these induced by opto-thermo-mechanical phenomena in the
communication link. Instead, thermal control techniques and smart component design should
be applied to reduce the WFE and the change in polarization state created by opto-thermo-
mechanical phenomena.

7 Future Work

To improve the communication performance of FSOC, several challenges related to the opto-
thermo-mechanical phenomena occurring in the optical terminals have to be studied.

The pointing accuracy of the transmitted beam is one of the key performance parameters on
FSOC links. The classical solutions for steering the beam have been mainly based on mechanical
PAT mechanisms, such as gimbals and FSMs. However, during the last years, non-mechanical
beam steering systems have raised a lot of interest in the field due to their lower weight and
bulkiness, and their extended operating lifetime.'*> Several non-mechanical beam steering mech-
anisms have been proposed for their application in FSOC.'** There is a vast diversity of non-
mechanical beam steering techniques, such as those based on liquid crystal devices,'*~1*¢ optical
phased arrays,'*’ and focal plane switch array.'*® Furthermore, several techniques have been
proposed to simultaneously steer and shape the beam combining the previous with variable focal
lenses.'*>!* Further research is required to enable the use of these devices in FSOC terminals in
space, especially regarding their performance and lifetime under the periodic temperature
changes to which they would be exposed.

Some of the non-mechanical beam steering techniques presented above are based on inte-
grated photonic circuits.'*” In fact, integrated photonic devices are currently being investigated
for their application in FSOC. Especially in the space segment, FSOC terminals would hugely
benefit from the multifunctionality and small size of these devices.'**!>! Many applications have
been proposed for the use of integrated photonic devices in FSOC'>?~'>* and more specifically in
spacecraft terminals.'> The effects of radiation and thermal loads in space can be critical for
the operation and lifetime of these components.' 57 Furthermore, the optical powers onboard
the satellites can sometimes be too high for integrated waveguides due to non-linear effects.'>’
Further research on the radiation hardness and the thermal management of these devices will be
key for their implementation in FSOC satellite terminals.

As it has been mentioned in Sec. 6, adaptive optics systems could be used to compensate
WEFE due to opto-thermo-mechanical phenomena onboard satellites. On one hand, adaptive
optics systems in space to correct perturbations due to opto-thermo-mechanical phenomena'>®
have been studied in depth for their application in astronomical telescopes.'>~'%> On the other
hand, adaptive optics have been widely used in the ground segment of FSOC systems during
the last decades for correcting atmospheric distortions.'®* However, little research has been done
on the use of adaptive optics systems onboard FSOC satellite terminals,'* to compensate for
WEFE generated by both atmospheric and opto-thermo-mechanical phenomena.

The benefits of mechanical metamaterials for vibration isolation can be exploited in space
applications in the future.'®* Periodic macroscopic lattice cell structures can be customized with
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the aid of additive manufacturing to obtain the desired vibration mitigation characteristics.
Combining the design flexibility with the low mass, the use of these metamaterials seems
to be promising for satellites using FSOC. Studies on the applicability of these to FSOC satellites
and their qualification for the space environment should be investigated in the coming
years.'®

Due to their versatility and low mass, diffractive optical elements have been proposed for
FSOC for signal multiplexing,'®®'®” multibeam transmitter design,'®® system size reduc-
tion,'*!7" and beam spot size reduction.!”’ Although athermalization of diffractive elements
has been investigated previously,'’>!”* a better understanding of the opto-thermo-mechanical
phenomena in this type of component is required to be used in FSOC satellite terminals.

Similar to diffractive optics, metasurfaces have shown to have several benefits compared to
classical refractive and reflective optics used generally in FSOC.!™* The metasurface technology
is maturing rapidly and will enable a lot of new possibilities for FSOC, e.g., compact wide field
angle receivers'”> and multiplexing.'’®!”” The opto-thermo-mechanical behavior of these com-
ponents and their impact on communication has to be further understood to extend their appli-
cability to satellite terminals in the future. Some opto-thermo-mechanical phenomena occurring
in metasurfaces have already been investigated in mechanically'”®!” and thermally'® tunable
metasurfaces.

Considering the impact of the pointing jitter, WFE, and polarization on the communication
link, several research gaps relevant to this work have been identified.

¢ The impact of pointing jitter and WFE on links with different modulation techniques
has to be methodologically assessed. As a result, the optimum combination of the require-
ments on satellite microvibrations and WFE for different modulation techniques can be
derived.

¢ The combined effect of pointing jitter and WFE on the propagation of different beam
shapes (e.g., Hermite—Gaussian, Laguerre—-Gaussian, and Top Hat) has to be assessed.

As has been discussed in the previous section, microvibration suppression on satellite FSOC
terminals is key for increasing the performance of the link. The application of novel microvi-
bration mitigation techniques has to be applied to satellite FSOC terminals, these include drag-
free devices, voice coil dampers, and magnetic flux pinning. Some of the problems that should be
investigated in the future regarding microvibration suppression are presented by Jiao et al.'**

In a similar manner, spacecraft thermal management methods and their use in satellite FSOC
have to be further investigated. Recent advances in spacecraft thermal control have been signifi-
cant in both passive and active devices.'®!"!¥? Research on passive components includes phase
change materials for heat storage to reduce radiator size,'®> materials, such as graphene and
aerosols,'®* and multifunctional nanostructure surfaces that modulate the emissivity and absorp-
tivity to optimize the thermal performance.'®> Miniaturization of active thermal devices, such as
cryocoolers'®! and pumped fluid loops for small satellites,'®® will be also relevant for future
FSOC systems.

8 Summary

The role of opto-thermo-mechanical phenomena in FSOC and their impact on communication on
satellite terminals have been described in this paper. The characterization of the thermal and
mechanical environment to which the terminals are subjected has been explained. The opto-
thermo-mechanical phenomena created by these loads on FSOC terminals and how to model
them have also been described. These phenomena include satellite rigid body displacements and
rigid body motion, surface deformation, thermal dispersion, and stress birefringence of the opti-
cal components. The impact of these phenomena on the communication link has been described
by categorizing according to where these occur (i.e., transmitter or receiver). Furthermore, the
changes in the state of polarization due to the opto-thermo-mechanical phenomena have also
been assessed.

Several mitigation techniques to reduce the effects on the optical performance of the
terminal, and to diminish the impact on the link have also been presented. Finally, research
challenges that exist for the development of future FSOC terminals have been identified.
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Further investigation on the topics covered in Sec. 7 will be essential to the development of
future satellite FSOC.
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