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ABSTRACT

The interior structures of small planetary bodies such as &soids and comets are an
enigma, yet understanding them has immense value. Knowinbe internal structure is im-
portant for understanding the formation and evolution of tle solar system and also has
implications for in-situ resource exploitation and planetry defense from asteroids. Despite
the immense value, no detailed investigation of the inteniqoroperties of an asteroid has yet
been made. Although orbital radar and lander based seismoiogl approaches have been
proposed to make direct interior observations, it has not ydeen demonstrated that radar
could transmit through a rocky asteroid, nor that landing mitiple seismometers is feasi-
ble or aordable. An elegant alternative to landed seismomets is orbital laser Doppler
vibrometry, which could record seismic shaking of a small dg without contact with the
surface. Laser Doppler vibrometers (LDVS) are mature instraents for terrestrial applica-
tions; and could function similarly in a space environment.However, when incident on a
rough surface like an asteroid regolith, an LDV is subject ttaser speckle noise which may
be misinterpreted as seismic shaking. | address the chaljenof making LDV measurements
on naturally rough surfaces by quantifying the laser speakioise that an orbital LDV would
encounter during a hypothetical orbital measurement. Specally, | simulate an LDV mea-
surement of a seismic signal generated by an impact sourcetbe asteroid 101955 Bennu.
| demonstrate that speckle noise can be attenuated by comioig multiple signals recorded
by an orbital seismometer equipped with multiple LDV senssr By mitigating laser speckle,
| demonstrate that an orbital LDV can record seismic signalen a natural asteroid surface,
which would enable an orbital seismometer to achieve the denglobal coverage necessary

for high resolution interior imaging.
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CHAPTER 1
INTRODUCTION

Approximately 66 million years ago, a colossal 10-80 km widestaroid collided with
Earth. The catastrophic Chicxulub impact triggered a mass»ainction, which doomed the
dinosaurs (Renne et al., 2013). Although colossal impactsearare, they possess a signi cant
hazard to all life on Earth. In 1908, a smaller 50-190 m diamet asteroid collided with
Earth and exploded mid-air over a remote location near the Taguska river in Siberia. The
air burst from the Tunguska event leveled 2,000 kfnof forest (Jenniskens et al., 2019).
Had it exploded in a more populous region, its devastation wth have been much more
catastrophic. Such an event occurred in 2013, when an aster@xploded over the city of
Chelyabinsk, Russia. Although the asteroid was only about 2@ in diameter, the resulting
air burst caused multiple injuries and extensive damage tover a wide area (Kartashova
et al., 2018). Such events remind us that the threat of astetbimpacts is real, and the
possibility of catastrophic impacts in the future cannot begnored.

Survey networks and early warning telescopes provide theiklly to detect potentially
hazardous asteroids before they collide with Earth (Tonryteal., 2018). Yet, if we did detect
an asteroid on a collision course, what would we do? How woule stop it? Frighteningly,
we do not know yet. Several proposals exist (Cheng et al., Z2)2012; Kueppers et al., 2015),
but all are preconditioned on one unknown factor of asterasd their internal strength. How
well do they hold together? Could a ballistic impact or expkive device disrupt an asteroid
signi cantly enough to prevent it from colliding with Earth? Could a spacecraft designed to
push an asteroid do so while the asteroid stays together in@piece? These questions come
down to understanding the interior properties of asteroids

Aside from mitigating potential human annihilation, undersanding the internal structure

of asteroids and comets is also scienti cally important. Ciermining the internal structure



of small bodies allows us to infer the formation environmer&nd early evolution of the
solar system (Asphaug, 2009). The interiors can also tell uow planets, like our own,
originally accreted (Asphaug, 2009). With each small body vted, a new and unique world
is discovered (Figure 1.1). It is likely that comet and asteid interiors are equally diverse.
Comets could perhaps have weakly layered structure, as thegriodically outgas during close
passings of the Sun (Massironi et al., 2015). Small astersidould be little more than uy

balls of regolith, or piles of rubble (Asphaug et al., 2002). drger asteroids like Eros, and
small moons like Phobos, could be fractured monoliths (Asptg, 2009). It is likely that

each asteroid and comet has a di erent story to tell, and a mbhbd to uncover these stories

with observations from spacecraft is highly desirable.

Figure 1.1: Asteroids and comets of the solar system that haveedn visited by spacecraft
to date. Montage by Emily Lakdawalla, planetary.org. Dataifom NASA / Jet Propulsion
Laboratory / Johns Hopkins University Applied Physics Laboratoy / University of Maryland

[ JAXA | ESA | OSIRIS team / Russian Academy of Sciences / China National Space
Agency.



Complicated theoretical frameworks have been developed itder the internal structure
of asteroids from surface topography and morphology. Fora@xple, the presence of cratering
implies bulk strength, and the lack-thereof implies that irpacts could shake loosely bound
material and trigger global resurfacing events (Asphaug, 28; Richardson et al., 2005). The
most direct observations that are currently available of sail body interior structure are
bulk density measurements derived from gravity data. For emple, the asteroid 101955
Bennu must be 60% empty space in order to explain its low detysias determined from
gravity measurements (Scheeres et al., 2015). Yet, it is nohderstood how this void space
manifests. Thus, current observations have raised more @i®ns about internal structure
than answers. The majority of internal structure hypothese remain to be robustly tested
with direct measurements.

How do we directly measure the interior properties of an ast@d or comet? The two
most promising methods are radar sounding and seismologyhd partially successful COmet
Nucleus Sounding Experiment by Radiowave Transmission (CORET) on ESA's Rosetta
mission demonstrated that radar waves can travel through otets (Ciarletti et al., 2017).
However, the comet appeared to be homogeneous to radar wav@adar waves in contrast to
seismic waves are sensitive to electromagnetic propertiedich may or may not be correlated
with geologic structure or strength. Additionally, radar wares may penetrate through icy
comet material, but could attenuate quickly in a more rocky bdy like an asteroid (Grimm
et al., 2015).

Measuring seismic waves that travel through the interior cén asteroid, the topic of this
thesis, is a desirable alternative to radar imaging. In cordst to radar waves, seismic waves
are dependent on the strength properties of the medium with hich they travel through.
Additionally, if a spacecraft could take multiple recording of seismic waves that pass through
the core with di erent paths, an image of the internal structire could be made like an MRI
scan (Sava and Asphaug, 2019). Unfortunately, recording seis waves on an asteroid is

challenging. To record seismic data conventionally, a spaaraft would need to land on the



surface, couple with the surface, and record precise motias it moved with the surface. To
achieve global coverage over an asteroid, a mission woul@édenultiple landers scattered over
the surface. Several have proposed mission concepts to agglish seismic measurements,
but the systems are undesirably complex, and prohibitivelgxpensive (Huebner, 2004; Plescia
et al., 2018; Walker et al., 2006). The technical di culty of making seismic measurements
provides a large barrier to overcome.

In order to overcome this barrier to measurement, Sava and Aspug (2019) propose a
paradigm shift for small body interior science: an orbitaledsmometer. Instead of requiring
a lander to record seismic waves that have propagated thrdughe interior of an asteroid,
the measurement could be taken remotely from orbit. Becaudige instrument orbits around
the asteroid, it could make measurements at many locationgr@ss the surface. This means
that if there was a repeatable seismic source, over time, tiestrument could collect global
seismic data allowing for an image of the interior to be creatl. To achieve a remote sensing
seismometer, the concept employs a laser Doppler vibromet{&DV). Similar to a police
radar gun, an LDV measures the Doppler shift of re ected lighas a function of the target
surface's motion. Speci cally, an LDV shines a laser beam tmna target and records two
things: the velocity of the target in-line with the laser bean, and the re ectivity of surface
based on how much laser light is re ected.

Laser Doppler vibrometers are a well developed instrumenthey are frequently used on
Earth for a variety of remote vibration sensing purposes (Rbberg et al., 2017). However,
they are typically operated in a laboratory environment, oron prepared surfaces (e.g. using
retrore ective tape). To be e ective on an asteroid in the cacept proposed by Sava and As-
phaug (2019), an LDV must be able to operate on an unprepareatural asteroid surface. If
the orbital LDV requires landing laser retrore ectors, thean an LDV becomes only marginally
more convenient than landing conventional seismometersav& and Asphaug (2019) assume
that an LDV can record accurate measurements on a natural a&sbid surface. The primary

goal of my thesis is to test this hypothesis and to design meibs that address technical



challenges associated with LDV use on natural rough surface

Like any good research project, my work began with a routinalboratory experiment
gone wrong. The experiment was simple, take a sample of asidrsimulant (blended rocks
designed to mimic the properties of asteroid regolith to thbest of our knowledge), vibrate
the sample, and record its motion with an o -the-shelf LDV. Sice an LDV orbiting an
asteroid would have its laser spot slowly translate acroséé asteroid's surface, | tested
recording vibrations with an LDV in motion (Figure 1.2). | found that recordings from an
LDV in motion exhibited signi cant noise (Figure 1.3). | had rediscovered the hard way a
well known challenge for LDV measurements on rough surfacespeckle noise. Extensive
research by others have found that LDVs are susceptible to Ersspeckle noise when the laser
spot moves along a rough surface (Rothberg et al., 2004). $kle noise, as introduced in
Chapter 2.2, is a result of monochromatic light interferereefrom a rough surface. Essentially,
the roughness of natural surfaces distorts the re ected laswavefront and obscures the signal
of the ground motion. Speckle noise is not a result of defedtsan LDV, as no amount of
manufacturing precision can eliminate speckle noise fronDV measurements. Essentially,
speckle noise is itself another signal which must be removed

Once | had discovered speckle noise, | had to answer two quass: how do | quantify
speckle noise, and how do | eliminate it? Since | endeavoredduantify and remove speckle
noise from an LDV recording seismic data kilometers away froan asteroid surface, | chose
theoretical numerical simulations and computation expements over lab based testing. Lab-
oratory measurements would be taken at close range, and theeasurements would include
other vibrational noise sources in the room. Whereas adoptjra computational experimen-
tation framework allowed me to simulate a noiseless orbitehvironment to isolate the e ect
of laser speckle noise.

In my thesis, | endeavor to quantify and remove unwanted spide noise from simulated
orbital LDV data. To accomplish my goal, | combine three sepate elds of study to make

an incremental improvement to the design of an orbital seissmeter. First, | studied the



h LDV

vibrating surface

Figure 1.2: This thesis analyzes the noise that arises fromatrsverse motion by an LDV
over a rough surface, where the laser beam translates ovee thibrating surface. The noise
trace in Figure 1.3 is generated by acquiring data using thiscquisition setup.
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Figure 1.3: An LDV records two parameters as a function of timgtop) the intensity of
re ected light o the target surface, and (bottom) the velodty component of the target
in parallel with the LDV's laser beam. This gure shows a labatory measurement of a
motionless sample of asteroid regolith simulant while thelV moves 10 cm/s translationally
relative to the sample (no velocity in the direction of the bam). The LDV should record
zero velocity, but instead records noise caused by the lasgot moving over the sample's
rough surface. Signi cant noise is present in both the intesity and velocity signal.



fundamental physics behind laser Doppler viborometry. How @&s one work? How does it
record the velocity of the ground surface? How do rough surtca ect LDV measurement
accuracy? Such questions are addressed through the eld a$ér physics, and are addressed
in Chapter 2.2. Once | understood the noise | was trying to reove, | studied the seismic
signal that an orbital LDV would need to record. What would theseismic source be? How
would the seismic source propagate through an asteroid? Whaould be the ground velocity
signal that an orbital LDV would record? To answer these quésens, | used principles from
the eld of seismology (Chapter 2.3). Having developed metks to simulate plausible noise
and signal traces, | had one nal question: how do | separaténé¢ laser speckle noise from
the seismic noise? To accomplish this task, | built upon remeh in the signal separation
eld (Chapter 2.4).

The culmination of my research is a potential data acquisith scenario. A spacecraft
releases an impactor upon the asteroid 101955 Bennu (Figurel)l generating a seismic
source. The seismic waves propagate through the asteroidisig the far side to shake. Can
an orbital LDV measure the seismic shaking despite laser gk noise? My thesis provides

an argument to answer, \yes".



Figure 1.4: Asteroid 101955 Bennu: the hypothetical target dhis thesis work. Credit:
NASA/Goddard/University of Arizona.



CHAPTER 2
SPECKLE NOISE ATTENUATION IN ORBITAL LASER VIBROMETER
SEISMOLOGY

To be submitted to Advances in Space Research

Samuel W. Courvillé? and Paul Savd

The interior structures of small planetary bodies such as &soids and comets are an
enigma, yet understanding them has immense value. Knowinbd internal structure is im-
portant for understanding the formation and evolution of tle solar system and also has
implications for in-situ resource exploitation and planedry defense from asteroids. Despite
the immense value, no detailed investigation of the inteniqoroperties of an asteroid has yet
been made. Although orbital radar and lander based seismoicgl approaches have been
proposed to make direct interior observations, it has not ydeen demonstrated that radar
could transmit through a rocky asteroid, nor that landing mitiple seismometers is feasible or
a ordable. An elegant alternative to landed seismometers rbital laser Doppler vibrometry,
which could record seismic shaking of a small body without otact with the surface. Laser
Doppler vibrometers (LDVs) are mature instruments for terrstrial applications; and could
function similarly in a space environment. However, when iment on a rough surface like
an asteroid regolith, an LDV is subject to laser speckle n&svhich may be misinterpreted
as seismic shaking. We address the challenge of making LDVaserements on naturally
rough surfaces by quantifying the laser speckle noise that arbital LDV would encounter

during a hypothetical orbital measurement. Speci cally, w simulate an LDV measurement

1Graduate student, Center for Wave Phenomena, Colorado School of Mines,500 lllinois St., Golden, CO
80401, USA.

2Primary researcher and corresponding author

3Professor, Center for Wave Phenomena, Colorado School of Mines, 1500 Ikiis St., Golden, CO 80401,
USA.
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of a seismic signal generated by an impact source on the astdrl01955 Bennu. We demon-
strate that speckle noise can be attenuated by combining ntigle signals recorded by an
orbital seismometer equipped with multiple LDV sensors. Bynitigating laser speckle, we
demonstrate that an orbital LDV can record seismic signalsnoa natural asteroid surface,
which would enable an orbital seismometer to achieve the denglobal coverage necessary

for high resolution interior imaging.

2.1 Introduction

Small planetary bodies such as asteroids and comets are thelding blocks of the solar
system. Understanding how they form is key to understandingow the solar system formed
and evolved (Asphaug, 2009; Scheeres et al.,, 2015). Smallnplary bodies are akin to
laboratories where we can test hypotheses of planetary aetion, from the particle scale
upward. Questions about the origin of small bodies and plata&y accretion often come
down to understanding their internal structure (Asphaug, 209; Scheeres et al., 2015). For
example, there are several credible hypotheses for the imbe structure of asteroids: rubble
piles composed of gravitationally bounded impact shardsratctured monoliths that have
remained largely intact despite impacts, or compactable y regolith balls (Asphaug, 2009;
Asphaug et al., 2002; Scheeres et al., 2015). Likely, the aesvdi ers by asteroid type,
and implies di ering early solar system formation environrants. In addition to scientic
pursuits, knowledge of asteroid interior properties couldlso be useful for in-situ resource
utilixation. Lastly, questions about the interior structure of asteroids are also important for
planetary defense. Knowing their interior structure is regired to de ect or disrupt asteroids
on collision courses with Earth (Syal et al., 2016).

Our understanding of asteroid and comet interiors has sigoantly improved in recent
years largely due to surface observations from recent mmss (Scheeres et al., 2015). Over
two dozen asteroids and comets have been visited by spacécda date, and another dozen
are expected to be visited by spacecraft in the next decadeg®icci et al., 2011). Among

the recent missions, NASA's Origins, Spectral InterpretationResource Identi cation, Se-
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curity, Regolith Explorer (OSIRIS-REX) is exploring asteoid 101955 Bennu, which is now
interpreted as a rubble pile through topographic analysisBarnouin et al., 2019). Data from
JAXA's Hayabusa2 spacecraft, including analysis from an impaatexperiment that dis-
rupted the near surface, suggests that asteroid 162173 Ryug also a rubble pile (Watanabe
et al., 2019). ESA's Rosetta mission to the comet 67P/Churyuav{Gerasimenko revealed
that the comet is likely a weakly layered agglomeration (Masoni et al., 2015). This in-
terpretation is supported by bistatic radar data measurenmgs, the only successful direct
observations of a cometary interior to date (Ciarletti et al, 2017). Despite these impressive
exploration advances, no detailed interior image of an asted's interior structure has been
made to date (Herique et al., 2018; Sava and Asphaug, 2019). Adeas in numerical mod-
eling allow for the development of internal structure hypdteses that can explain surface
observations, but these hypotheses can not be tested withodirect measurements. The
interior structure of small bodies remains terra incognit{Asphaug, 2009).

Planetary science goals would greatly bene t from methodody to image the interiors
of small planetary bodies. Recognizing the scienti ¢ valuef making direct measurements
of small body interior properties, various authors have pposed missions with sounding
instruments to peer inside small bodies (Scheeres et al.,18). Building o of the bistatic
radar experiments conducted by ESA's Rosetta mission, Asphguet al. (2014), Sava et al.
(2015), Sava and Asphaug (2018a), and Sava and Asphaug (2018bBye proposed radar
imaging. Although radar waves can propagate several kilongs through icy material, they
rapidly attenuate in solid rock (Grimm et al., 2015). This mans that although radar may
be a valid solution for imaging icy comets, it remains to be deonstrated that it is a viable
option for imaging rocky asteroid interiors.

Seismology provides an attractive alternative to radar. Wheas radar is sensitive to
electromagnetic properties, which may not be correlated tgeologic structure, seismic waves
are sensitive to properties such as density and compreskii which are directly related to

the interior structure and strength (Sava and Asphaug, 2019)Richardson et al. (2005) and
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Asphaug (2008) have demonstrated that seismic waves prop#gg through asteroids, e.g.
generated by impacts, can cause global surface disruptiobdsing empirical and numerical
models, the observed surface disruption can be related toethbulk interior properties (As-
phaug, 2008). However, this method is still an indirect intgretation of the interior. A
more robust option is to directly observe seismic propagati through asteroids, for example
using landed seismometers on an asteroid (Plescia et al.18D Landed seismometers could
record seismic waves that have propagated through the centsf an asteroid. However, this
approach is technically challenging because multiple s@ismeters must land across the sur-
face of the asteroid (Plescia et al., 2018). Additionally, its unknown whether a seismometer
resting on the surface of an asteroid would be coupled welleegh to make useful seismic
measurements (Sava and Asphaug, 2019).

Orbital seismology is a more elegant solution with signi aat advantages over lander
based seismology. Instead of landing seismometers, Savd &sphaug (2019) propose to
use laser Doppler vibrometers (LDVSs) for non-contact remotgensing of seismic signals. By
shining a laser on a vibrating object and recording the Dopet shift of the light that re ects
back, an LDV can measure the velocity of the object. LDVs are ael developed instrument
and enjoy a wealth of applications on earth including structral health monitoring and
manufacturing component testing (Castellini et al., 1998Rothberg et al., 2017; Staszewski
et al., 2012). Equipped with LDVs, a spacecraft can achieveoyjlal seismological coverage of
a small body without ever landing on the surface. Sava and Asplg (2019) show that LDV
measurements of seismic signals at multiple locations owan asteroid's surface can make a
3D image of its interior properties.

Sava and Asphaug (2019) propose that an orbital LDV could mak&n-contact seismic
measurements of an asteroid, but leave to future analysis ttetermine how LDVs would
function on natural asteroid surfaces, which is a key aspeot orbital seismology. Without
the ability to operate on rough surfaces, LDVs could not achie dense measurement coverage

over a small body because coverage would be limited to whezelaser retrore ectors could
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be deployed across its surface. To reap the full bene ts of awrbital seismometer, the
instrument must be functional on natural surfaces. WhereasV's can achieve nm/s or
better resolution in low noise settings, they are subject tso-called speckle noise when in
motion relative to a rough target surface (Rothberg et al., @4). This noise is a result of
constructive and destructive interference of light re eatd by surfaces with roughness greater
than the wavelength of the laser (Drabenstedt, 2007). In teipaper, we quantify laser speckle
noise and design methods to separate it from seismic signaisorder to bolster the orbital
seismology concept proposed by Sava and Asphaug (2019).

Through numerical simulations, we demonstrate that accuta seismic measurements in
the presence of speckle noise are possible from an orbitalM_Bcting on natural asteroid
surfaces. We rst discuss the methodology needed to preditte speckle noise produced by
orbital motion of an LDV over a rough natural surface. Next, weanalyze characteristics of
possible seismic signals that an LDV would need to record. &te are several potential natu-
ral and arti cial seismic sources to consider on a small bodNatural sources might include
tidal forces inducing natural microseismic events, outgasig from a comet generating slight
shaking, or the jolt from an impact (Binzel et al., 2010; Ricardson et al., 2005). Arti cial
sources could be based on chemical explosives as occadjonaéd in seismic exploration on
Earth (Aki and Richards, 2002), or arti cial impacts (Saiki & al., 2013). In our study, we
focus on arti cial sources given our greater ability to predt and control their location and
magnitude. We speci cally assume an impact source similao the Small Carry-on Impactor
(SCI) experiment on JAXA's Hayabusa2 mission, which demonstradethe plausibility arti-
cial seismic sources with small spacecraft add-ons (Sai&t al., 2013). Finally, using the
signal and noise estimates, we show that speckle noise cansieparated from the seismic
signal through signal diversity combining. Thus, this papeis organized into three major

sections addressing the questions:

1. What is the speckle noise inherent in an orbital measuremen(Section 2.2)

2. What is the seismic signal we expect to record from an impasburce? (Section 2.3)
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3. How do we separate the seismic signal from the speckle ndig8ection 2.4)

We demonstrate the separation of speckle noise from seismsignals, using a seismic
data acquisition scenario over the asteroid 101955 Bennu ¢kire 2.1). We consider an LDV
orbiting the asteroid at a distance of 2 km above the surfaceGiven the mass of 101955
Bennu, this yields an orbital velocity of approximately 5 cifs, which is similar to the orbital
velocity of OSIRIS-REx (Daly et al., 2017). We assume that # laser spot point moves
across the surface at the same speed as the spacecraft orbitgreality, the spot might move
slower or faster depending on the rotational velocity of thasteroid in relation to the chosen
orbit. Lastly, we assume that a seismic impact source is Idea on the opposite side of the

asteroid and is generated from an impactor similar to Hayaba2's SCI.

2.2 LDV speckle noise simulation
2.2.1 LDV theory

In this section, we briey review laser Doppler vibrometer (DV) theory. An LDV
measures the velocity of a target object by shining a laser @ahe object and recording the
Doppler shift of the re ected laser light caused by the targés motion. LDVs are mature
instruments, and a full description of how they function carbe found in Donges and Noll
(2015). An LDV uses a laser of known wavelength that is splinio two beams. One beam
remains in the LDV as a reference, and the other is directed the target surface where it
is re ected (Figure 2.2). If the target is moving in-line withthe beam, the re ected light is
Doppler shifted relative to the incident beam by

f =1 fi:&
i

; (2.1)

wheref, and f; are the frequencies of the re ected and incident beams, resgtively, v is
the surface velocity component parallel with the incident éam, and ; is the wavelength
of the incident laser beam (Donges and Noll, 2015; Sava and Asply, 2019). As shown in
Figure 2.2, the LDV measures the frequency of the re ected beaby recording the light

intensity of the interference between the reference and mected beam, a method known as
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Figure 2.1: The seismic data acquisition scenario. We simt#aan LDV orbiting with a
velocity of 2.5 cm/s at a distance of 2 km from the surface of ®km wide asteroid 101955
Bennu. The impactor weighs 2 kg and travels at 2 km/s upon imma& with the surface.
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optical heterodyning. As derived in Donges and Noll (2015) anflava and Asphaug (2019),
the light intensity recorded at the LDV's detector is a functon of the surface velocity,

2v(t)

p—
It)=1,+1;+2 I,ljcos 2

+ fo dt+( i r) ; (22)

where ; and | are the starting phases of the incident and re ected beamsgpectively, and
fo is a known frequency shift applied to the reference beam thugh a Bragg cell (Donges and
Noll, 2015). The integral accounts for the accumulated phashift in the re ected light as
the surface moves with velocityw. As a whole, Equation 2.2 describes a frequency modulated
signal with a carrier frequencyf, and a modulation given by Equation 2.1. To recover the
velocity of the surface, one must demodulate the intensityiggnal with the known carrier

frequency,fo.
2.2.2 Laser speckle patterns

Equation 2.2 assumes that the target behaves like a mirror,h&re the light is re ected
specularly and remains spatially coherent over the size dfe LDV's detector. Light is said to
be spatially coherent if each location in the light's waveéfmt has the same phase (Thompson
et al., 2017). Any spatial incoherence in the re ected wavednt can reduce the power and
accuracy of the resulting LDV velocity measurement. To beka like a mirror, an object must
have surface roughness that is less than the wavelength oetimcident light (Drabenstedt,
2007). In this paper, we quantify the surface roughness asetioot mean square (RMS)
deviation from the average surface height. We classify a rglu surface as one with roughness
greater than 775 nm, which is the wavelength of the laser caodsred in this study. After
re ection from such a rough surface, laser light becomes g@dly incoherent because the
rough surface acts as an incoherent source (Drabenstedt0ZR The Van Cittert-Zernike
Theorem states that light from an incoherent source, such dke re ectance from a rough
surface, only appears spatially coherent if the followingoadition is satis ed,

e (2.3)
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Figure 2.2: A schematic of a Laser Doppler Vibrometer (LDV). Theriginal laser beam is
split into a measurement and reference beam at the rst beanpkiter (BS1). The mea-
surement beam is directed at a vibrating target. In-line mabn of the target Doppler shifts
the frequency of the re ected beam. Upon return, the re ectedbeam is redirected by BS2
toward the detector. BS3 combines the re ected and refereedeams. Due to the frequency
shift of the re ected beam, the combined beams produce timegdendent interference (optical
heterodyning), which contains information about the surfee motion (Equation 2.2)
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Figure 2.3: lllustration of how a coherent laser beam is re éed as an incoherent speckle
pattern if the surface is rough. Not to scale; the beam and spée sizes are exaggerated.
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where r is the distance to the surfaced is the diameter of the detector, and is the
wavelength of the laser light (Thompson et al., 2017). Thisondition is not satis ed under
our acquisition scenario wherg = 2 km, = 775 nm, and d is similar to typical LDV
aperture sizes of a few centimeters (Drabenstedt et al., 2P). Thus, if the asteroid's surface
is rough, the re ected light returning to the detector is no bnger spatially coherent. The
spatial incoherence manifests as a laser speckle patterro{Rberg et al., 2004), pictured in
Figure 2.3. The LDV detector samples a portion of the re ectedpeckle pattern.

To simulate a speckle pattern, we approximate a rough surfa@s a collection of Lamber-
tian tiles. Constructive and destructive interference atlie detector from ray paths originat-
ing at tiles with di erent path lengths, as a result of surfa@ roughness, produces a speckle
pattern. The re ected electric eld from the j ™ tile observed at a location k;y) on a detector

plane located a distance above the target surface is
Ei(x;y) = Ci(x; y)Eoei(kfj (xy)+2 it + ). (2.4)

whereE, denotes the unit vector polarization of the starting laser eam (we assume linear
polarization), k denotes the laser wavenumber; (x; y) is the distance between th¢™ surface
tile and the (x;y) location on the detector planef is the frequency of light, ; is the initial
phase of the incident beam, andC; is a scaling factor (Figure 2.4). This model does not
consider multiple scattering, and thus the re ected light etains the same polarization as
the incident beam. In reality, re ected laser light from a sattering surface may become de-
polarized Morgan and Ridgway (2000). For our purpose, thisan be e ectively approximated
by assigning a random polarization vector to each tile. Siedight is a transverse wave and
the LDV is positioned kilometers away from a centimeter scallaser spot, the z component
of the polarization is many orders of magnitude less than thgolarization in x or y, and can
be ignored. The scaling factor

d?
Po o 2k, (2.5)

GENZ e w?
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accounts for the percent amplitude of light re ected by thej ™ tile with albedo ( ;), the
spherical geometrical spreading, and the power of the ineidt beam's Gaussian pro le. The
variable w is the 1= beam diametet, d, is the j™ tile's distance from the center of the
beam pro le, and Pq is the incident beam peak power. Since we are only interestadthe
relative phases from each tile, we can ignore the time depamty and assume; = 0, thus

simplifying Equation 2.4 to,
Ej (X y) = Ci(x;y)Eoeit¥): (2.6)

The total electric eld at each detector point (x;y) is given by the sum of the electric elds

from all n surface tiles,

X
E(Gy) = Ei(xy): (2.7)

i=1

The intensity of light at each detector location is given by,

| 06y) = FECG Y 2.8
and the phase by,
Y = Im(E(x;Y))
(x;y)=tan * ReE(Cy) (2.9)

wherec is the speed of light and ¢ is the vacuum permittivity.

Using Equations 2.8 and 2.9, we simulate speckle patterns rfrosurfaces in di erent
surface roughness regimes. Figure 2.5 illustrates that sglkecpatterns only develop when
the surface roughness is greater than the light's wavelemgt As mentioned previously, If
the surface has roughness less than the wavelength of ligtite surface acts like a mirror.
We also generate speckle patterns from surfaces with simiturface roughness (RMS height
variation), but with di erent lateral roughness(distance between topographic high points).
Figure 2.6 shows that the size and intensity of the specklesmain similar for surfaces with

di erent lateral heterogeneity. This observation agrees ith Drabenstedt (2007) and Guo

1The 1=¢€ radius of a laser beam with a Gaussian pro le is the distance from the ceer of the laser beam
to the point at which the intensity of the beam falls to 1=’ ( 0.135) of the peak intensity of the beam.

21



et al. (2001), who show that, counter-intuitively, specklgattern statistical properties are
independent of the surface roughness properties, providde roughness is greater than the
light wavelength. In general, the mean speckle diameted;, is given by,

_2ir

(2.10)

where ; is the laser wavelengthy is the distance to the target surface, anav is the 1=€
diameter of the laser beam on the target surface (Drabenste®007). For our study, we
consider an LDV with a =€ laser beam radius of 2.5 cm on the surface, which is consisten
with existing long range LDVs (Drabenstedt et al., 2012). Inorder to isolate the e ect of
laser speckle, we assume that there is no noise from backgrlight, electrical components
in the LDV, optical imperfections in the instrument, uctuations in the LDV output laser
beam, or instability of the spacecratft (jitter).

Do we expect rough surfaces on asteroids and comet surfacédi?current observations
of small bodies say, \yes." From the rst Hayabusa mission, its known that 25143 Itokawa
is largely composed of grains greater than 1 mm in size, withe spacecraft returning some
grains with diameters on the order of 10s of microns back to Eh (Yoshikawa et al., 2015).
Observations from Hayabusa 2 show a similar story for 162173 uUgju, where the smallest
grain size appears to be on the order of 1-10 mm (Hamm et al., 3)1 The recent arrival
of OSIRIS-REXx at asteroid 101955 Bennu has revealed that isirface is even coarser, dom-
inated by pebbles with cm scale roughness (Lauretta et al.029). Thermal inertia and
polarimetry studies of larger asteroids, like 4 Vesta, shothiat smaller grains on the order of
10s of microns could be present (Benner et al., 2015; Delboagt 2015). Although it might
be postulated that specular re ections could be present oromets with high ice content, the
dust analyzer on the Rosetta spacecraft measured grains wiizes from 100s of m to mm
in size, and demonstrated that the comet was more dusty thamy. Thus, we can assume
that all known asteroid and comet surfaces exhibit surfaceoughness that is greater than
the LDV wavelength. An exception may be the metallic surfacef@an asteroid like 16 Psyche

(Matter et al., 2013), though this is highly speculative.
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000)
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Figure 2.4: lllustration of speckle pattern computation fran a rough surface (not to scale).
Each surface tile contributes to the electric eld recordeat the detector plane. The detector
plane is 2 km above the rough surface. The red circle indicatthe area of the LDV detector.
The black circle with diameterw indicates the 1/ Gaussian beam footprint.
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Figure 2.5: Panels (a), (b), and (c) show random rough surfagevith peak relief of 107,
10 ¢, and 10 ° meters, respectively. Panels (d), (e), and (f), display thee ected light
recorded at a detector 2 km away for the corresponding surgxc (a), (b), and (c). The
simulated laser has a Gaussian beam pro le with a=# radius of 2.5 cm, and a wavelength
of 775 nm. When the surface roughness is less than wavelengtl), ¢the surface acts as a
mirror, and the beam pro le is simply re ected (d). When the suface roughness is on the
same order of magnitude as the laser wavelength (b), the re®d light has a bright center
and a faint interference speckle pattern around it (e). Foraughness much greater than the
wavelength (c), a full speckle interference pattern deveis (f).
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Figure 2.6: lllustration of the property that speckle pattens are independent of the lateral
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2.2.3 Speckle induced measurement error

When a stationary LDV points at a rough surface, speckle pattas are not a signi cant
concern. If the detector happens to record a dark speckle &ion, the operator can simply
re-aim the LDV until a bright speckle is sampled. However, ifite observed speckle pattern
changes with time, it is challenging to ensure a bright spelekwould be sampled at all times.
An evolving speckle pattern causes velocity measurement@s and signal dropouts as bright
and dark speckles of the re ected light move over the deteato

Intuitively, the magnitude and frequency of the speckle nee depends on the speed at
which an LDV moves relative to the surface. The faster the LD\&pot moves across the
surface, the faster the speckle pattern changes. We can qtignthe noise a ecting an
orbital LDV based on the expected orbital velocity of a spaceaft relative to an asteroid.
Figure 2.7(b) illustrates a simulated velocity measuremerds an LDV moves laterally at 5
cm/s over a motionless surface shown in Figure 2.7(a). Noteahthe LDV records vertical
velocity even though it should record no motion since the siace is static. The noise is
uncorrelated with the surface prole. The only location whee the noise subsides is at the
location where the surface roughness drops below the wawgjdh of the laser light. This
agrees with the literature that demonstrates speckle pattes to be independent from local
surface properties, provided roughness is present (Dralséedt, 2007; Guo et al., 2001).

To better understand how speckle noise occurs, Figure 2.&8idtrates three time steps of
an evolving speckle pattern as a laser beam moves at 5 cm/s@ss a stationary surface. As
the speckle pattern changes, the intensity and the phase oeded by the detector changes.
Figure 2.9 tracks the change in intensity and phase as a funati of time as the laser spot
moves across the rough surface. The phase changes most rgpidien the intensity is low.
When the intensity is near zero, it only takes the contributio of one new surface tile to
change the phase. When the intensity is high, many surfacedad are already in phase with
each other, and one new surface tile cannot disrupt this caleece. Since the surface is

stationary in this simulation, the LDV should record a consant zero velocity. However,
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because changing phase from an evolving speckle pattern eprs the same as a frequency
change, the LDV interprets it as a Doppler shift, and recordan erroneous surface velocity.
The velocity error is largest when the phase changes most rdly, and the phase changes
most rapidly when the intensity is low. The noise is charactezed by smooth oscillations
with occasional large spikes. The magnitude and frequency the speckle noise becomes
larger the faster the orbital velocity. By visual inspectio of Figure 2.9, it is apparent that
intensity is a proxy for the variance of the speckle noise, aso demonstrated theoretically

by Drabenstedt (2014).
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Figure 2.7: (a) An example of rough topography (map and pro le iew) with multiple

di erent scales of roughness. We simulate an LDV velocity nasurement from a distance of
2 km as the laser spot moves across the map from left to right atvelocity of 5 cm/sec. The
red circle on the map view indicates the=¢* radius of the Gaussian laser spot. The surface

is motionless. (b) Erroneous LDV velocity measurement froraurface roughness induced
speckle noise.
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Figure 2.8: Speckle patterns for the case when the laser spobves across a rough surface
at 5 cm /sec. The red circle indicates the detector sizd,, t,, and t3 correspond to times
when the detector records a dark, medium, and bright portioof the speckle pattern.

Using the acquisition scenario outlined in Figure 2.1, Figure 20 shows three realizations
of plausible speckle noise. This noise is inherent in the Eigs of an LDV operating on a
rough surface. The large noise spikes occur randomly, andstunlikely for large spikes to

occur at the same time between multiple concurrent measuremts.
2.2.4 Speckle noise reduction

We propose two ways to reduce speckle noise: (1) accurate cg@aaft control, and (2)
signal processing algorithms. For the rst strategy, we suggst that the orbital LDV should
be operated to minimize the motion of the laser spot on the dace. Designing the LDV
SO it can target a xed point during a measurement could redwe speckle noise, albeit not
eliminate it completely. An evolving speckle pattern wouldtdl occur because the detector
plane moves relative to individual scattering points on theurface as the spacecraft rotates
to aim the laser spot at the same ground location. Figure 2.11lustrates that the RMS
speckle noise scales linearly with orbital velocity in eitlethe translational or rotational
cases; however, the slope for rotational case is signi cansmaller. For the remainder of our
paper, we assume a worst case scenario, in which the spadéenakes no attempt to point

at the same surface location.
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Figure 2.9: (a) lllustration of LDV intensity recorded as a function of time, (b) the relative
phase as a function of time, (c) and the erroneous velocityaarded by the LDV due to
the variable phase. The dashed lines correspond tg t,, and t3 in the speckle images in
Figure 2.8. The velocity signal has peaks when the phase chaagjuickly; the phase changes
the quickest when the signal intensity is low.
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Figure 2.10: Each dierent color curve corresponds to a reaétion of LDV speckle noise
from an orbital LDV placed at 2 km from the surface and orbitig at 5 cm/s as depicted in
Figure 2.1.

Alternative to physically reducing speckle noise through sgecraft operation, we consider
signal processing algorithms. The seismic signal and theesgle noise can be separated by
taking advantage of the di erent properties of the signal ad noise. The remainder of this
paper outlines how to describe impact-induced seismic sas and how to separate seismic

signals from speckle noise based on their attributes.

2.3 Impact seismic signal simulation

2.3.1 Impact source

To properly consider how to separate speckle noise from seis signals, we need a model
of the ground motion signal as a function of time. We considean impact source for two
reasons: 1) natural impacts have occurred on asteroids, aseleral studies suggest that they
can induce global surface shaking at the asteroid surfaceui@en et al., 2019; Richardson
et al., 2005); and 2) synthetic impacts on an asteroid surfas have been demonstrated by
past space missions, e.g. Deep Impact and Hayabusa2 (A'Hearnaét 2005; Saiki et al.,
2013). For the purpose of our study, we use Hayabusa2's Sma#lr/-on Impactor (SCI) as
the seismic source model. The SCI had a mass of 2 kg and was lecated to a velocity of
2 km/s, yielding a nominal 8 MJ of kinetic energy upon impactSince an impactor like SCI

would be small relative to seismic wavelengths, we approxate it as a point source.
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Figure 2.11: Simulated RMS velocity noise as a function of atél velocity for an LDV
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Following Meschede et al. (2011), we describe an impact pbforce as,
fat=fpst) (x xs); (2.11)

wherep is the momentum of the impacting objectS(t) is the source time function, is the
delta function locating the impact at point xs, and f is the direction of the impact relative
to the surface normal. As suggested by Meschede et al. (201 assume that the source
time function is a Gaussian,

r 2t2

S(y= —e ? ; (2.12)

where is the halfwidth of the seismic pulse. For such Gaussian saertime functions, the

seismic energy Is,

F232 1 2
Es()= s 5 25+ 2 |
ST 23 33 38

(2.13)
where F is the momentum of the impactor,v, and vs are the longitudinal and transverse
wave velocities of the medium, respectively, and is the density of the target surface (Aki
and Richards, 2002).
The time constant, , is not well constrained (Meschede et al., 2011). We can es#ta
based on the seismic e ciency of the impactk, which is de ned as the ratio of kinetic

energy transferred into seismic energy upon impact (Mesaweet al., 2011),

E

k= E—:: (2.14)
Laboratory testing indicates that large impacts in weak madrials can have a seismic e ciency
as little ask 10 ° (Moore et al., 1970), whereas smaller well coupled impacts louried
explosions can have a much higher seismic e ciency of up to 10 2 (Gault, 1963; Titley,
1966). More recent studies combining laboratory measurente and numerical simulations
suggest that the seismic e ciency of impacts can be constraéd betweenk 10 ° and
k 10 3 (Guldemeister and Wsnnemann, 2017; Matsue et al., 2019\We use these values

as a low and high bound for the seismic energy expected from iampactor. By estimating
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the seismic energy in Equation 2.14 from the seismic e ciegcand the impactor's kinetic
energy, we can solve for using Equation 2.13, and then use Equation 2.12 to describleet
source pulse.

As previously stated, we assume that the instrument recordgismic signals on the oppo-
site side of its target body for two reasons: 1) the instrumeémvould record waves that travel
through the center of the asteroid, and 2) the spacecraft wiilibe safe from any debris from
the impact. If we assume that the asteroid is a homogeneous ainem, the vertical surface
displacement from a longitudinal wave recorded on the opptes side of 101955 Bennu from
an impact is

1 ds
p = - _— 2.1
uP(t) 4dngs t v (2.15)

wheredg is the diameter of 101955 Bennu, an8 is the source time function, Equation 2.12
(Aki and Richards, 2002). By taking the derivative of Equatio 2.15, we get the velocity of
the surface at the LDV measurement location.

For an impactor analogous to Hayabusa2's SCI, we nd seismia@rgy concentrated
between 5 and 200 Hz. Signicant uncertainty characterizeshé seismic e ciency of an
impact in asteroid regolith, so the ranges in the expecteddquency and peak ground velocity
(PGV) are large. Figure 2.12 illustrates a synthetic seismogm for an ideal impact source
after propagating 500 m, about the radius of 101955 Bennu, smhomogeneous medium with
Vp =450 m/s. This velocity is consistent with estimated seisnai velocities in the near surface
lunar regolith (He els et al., 2017; Kovach and Watkins, 193). For a high seismic e ciency
case ofk = 10 3, a peak frequency of 60 Hz would be expected and a PGV of 0.1 mm/s
would be possible. For the low seismic e ciency case &f= 10 °, a peak frequency of 20 Hz
would be expected and a PGV of 5m/s would be possible. In general, a smaller seismic
e ciency leads to a lower amplitude and frequency, and a higér seismic e ciency leads to
a higher amplitude frequency. We evaluate the ability to segrate speckle noise from seismic

signals based on the worst case seismic e ciendy,= 10 °.
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Figure 2.12: (a) The ground motion signals from an impact se&msc source similar to the
Hayabusa2 SCI after propagating 500 m in a 450 m/s velocity hmgeneous model. The
examples shown correspond to high e ciencik = 10 2 and low e ciency k = 10 ° impacts.
(b) lllustrates the frequency spectrum of the seismic sigisa
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2.3.2 Seismic propagation through 101955 Bennu
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Figure 2.13: Rubble pile asteroid velocity model we use to silate seismic signals.

Figure 2.12 provides an estimate of the peak ground velocityé frequency content due
to an impact source, but does not adequately capture the cotepity of true seismic signals.
It is unlikely that a small asteroid like 101955 Bennu behageas a homogeneous medium.
The best interpretations from the OSIRIS-Rex mission suggethat 101955 Bennu is a rubble
pile (Barnouin et al., 2019), likely dominated by bouldershat are on the order of tens of
meters in diameter (Scheeres et al., 2015), which is simitartypical seismic wavelengths. For
scenarios where heterogeneities in the medium are on the gascale as seismic wavelengths,
scattering theory or numerical simulations are necessary tcreate synthetic seismograms
(Aki and Richards, 2002).

Figure 2.13 illustrates a conceptual rubble pile asteroid lecity model, consisting of
angular blocks that represent impact shards that have grawtionally fallen together, as
described by Asphaug (2008) and Scheeres et al. (2015). Weauass that no large void spaces
are present, or that they have been lled with regolith, whib acts as a low seismic velocity
medium. The compressional seismic wave velocity of astetonaterials is unknown; however,

asteroid regolith likely has a similar velocity to regolithon the Moon. The near lunar surface
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Figure 2.14: Wave eld snapshots from an impactor with an e cency of 10° at t = 0:15 s,
t =0:45s,t =0:75 s, andt = 1:05 s after impact, respectively. The blue dot indicates the
impact location, and the red dot indicates the LDV recordindocation.
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Figure 2.15: Wave eld snapshots from an impactor with an e cency of 103 at at t = 0:15
s,t =0:45s,t =0:75 s, andt = 1:05 s after impact respectively. The blue dot indicates the
impact location, and the red dot indicates the LDV recordindocation.
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Figure 2.16: Comparison of a speckle noise trace from Figur&a@with a seismic trace from
an impactor with an e ciency of k =10 3.
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Figure 2.17: Comparison of a speckle noise trace from Figurd@with a seismic trace from
an impactor with an e ciency of k =10 °. Unlike the high seismic e ciency impact signal
in Figure 2.16, the lower seismic e ciency impact produces a&smic signal with much lower
amplitude than the speckle noise.
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exhibits a compressional wave velocity of around 300 m/s amggladually increases with depth
(He els et al., 2017; Kovach and Watkins, 1973). Per contraagboratory measurements of
carbonaceous meteorites suggest that intact asteroid fragnts could have velocities as fast
as 1-6 km/s (Jones, 2009). However, these measurements weraenan centimeter sized
samples with compressional waves in the MHz frequency rangedamay not be indicative
of the bulk properties of asteroids at the seismic wavelergscale. Thus, for our rubble pile
model, we assume velocities between 300 m/s to 600 m/s, whisltonsistent with estimated
velocities in the near lunar surface. We simulate compressal wave propagation through
the model using acoustic nite di erences to generate a syhetic seismogram at a location
on the opposite side of the asteroid from of the impact sourc&V/e also scale the synthetic
seismogram by an exponentially decaying curve to approxiteaintrinsic attenuation using
a seismic quality factor ofQ = 3000, which is consistent with the low intrinsic attenuaton
observed in the lunar crust (Nakamura and Koyama, 1982).

Figures 2.14 and 2.15 illustrate wave eld snapshots for a logeismic e ciency k =
10 ° impact, and a high seismic e ciencyk = 10 2 impact, respectively. The asteroid's
heterogeneity leads to signi cant wave eld scattering wihin the interior of the body. Since
the asteroid is surrounded by vacuum, the scattered wavesnret escape from the asteroid's
interior, and continue to ring throughout the asteroid. Figue 2.16 and 2.17 display the
resulting synthetic seismograms from the low and high seigne ciency impact wave eld
simulations, respectively (c.f. Figures 2.14 and 2.15). Theave eld scattering induced by
the model heterogeneity reduces the PGV at the recording latton as compared to the
homogeneous propagation waveforms shown in Figure 2.12. Tymthetic seismograms are
consistent with other asteroid impact modeling studies (Rhardson et al., 2005), which
predict waveforms dominated by long-ringing coda from sdatring.

Figures 2.16 and 2.17 also compare the synthetic seismogramith a speckle noise re-
alization. Figure 2.16 shows that the high e ciency impact ssmic signal, as simulated

in Figure 2.15, has both greater magnitude and higher frequeyn content than the speckle
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noise. This signal would adequately be separated by highgsa Itering. Figure 2.17 illus-

trates that the low e ciency impact signal has a lower magniude than the speckle noise,
and falls below the amplitude spectrum of the speckle noistall frequencies. This is a chal-
lenging separation case since the noise has more power thha signal. We seek methods
that attenuate the speckle noise, while boosting the powef the seismic signal. To address
the seismic signal and speckle noise separation problem,average multiple signals as sug-
gested by Drabenstedt (2014). To further reduce speckle ise, we exploit the separation of

the seismic signal from speckle noise in the frequency domai

2.4 Seismic signal separation from speckle noise

2.4.1 Signal diversity

The ratio of seismic signal power to speckle noise power cam increased through signal
diversity combining. Diversity combining involves recoroshg multiple measurements of the
same signal and combining them to reduce the incoherent n@iwhile boosting the coherent
signal. The method relies on the fact that all measurementscord independent speckle
noise, but have the same underlying ground velocity signah single LDV can record mul-
tiple simultaneous ground velocity measurements by usinguttiple detectors that exploit
polarization and spatial diversity in the re ected specklepattern (Drabenstedt, 2014). Po-
larization diversity refers to the fact that orthogonal poérizations of the speckle pattern are
independent. Thus, an LDV with two co-located detectors thtarecord orthogonal polar-
ization of light could record two simultaneous measuremesthat have independent speckle
noise. Drabenstedt (2014) and Rembe et al. (2015) have sassfully exploited polarization
diversity in order to combine two signals. In order to combi@ more than two simultaneous
measurements, we propose exploiting spatial diversity agi an LDV with multiple detectors
at separate spatial locations in the re ected speckle eldFigure 2.18 illustrates potential
multiple detector layout options that allow for di erent portions of the speckle pattern to
be sampled. The speckle noise observed by any two detectoepagated in space would

be uncorrelated as long as the detector's centers are placadre than an average speckle

41



diameter apart, as quanti ed in Equation 2.10 (Rothberg et k, 2004).
2.4.2 Maximal ratio combining

There are dierent ways to combine signals that contain a comon signal, but have
independent noise. Drabenstedt (2014) and Rembe et al. (PB) demonstrate signal diversity
combining of two LDV signals via Maximal Ratio Combining (MRC). This method takes
a weighted average at each time step of the observations ugiweights that maximize the

signal to noise ratio (SNR). Mathematically, thei!" signal, s;, can be expressed as,
si(t) = v(t) + ni(t) (2.16)

wheren;(t) is the speckle noise unique for the" detector, v(t) is the surface velocity signal,
andt is time. Using the method described by Drabenstedt (2014) @n(Rembe et al., 2015),
an approximation of the ground velocity signalv(t) can be achieved using a weighted sum
of the signals,
X
HW) = wi(t)si(t) (2.17)

i=1
The weightsw should be chosen such that the variance of the resulting sajris minimized.

Drabenstedt (2014) demonstrates that the weights that sasfy this goal are given by
SO
2

j=1 ] (t)

where 2 is the variance of the signak; from the ground velocity signal. The variance of

wi(t) = (2.18)

each signal, 2, is unknown; however, Drabenstedt (2014) shows that the viance of the
speckle noise is inversely proportional to the total lightritensity on the i!" detector. Thus,
the relative variance, ?= ?, between any two detectors with indices and j is known. The
relation between the velocity signal's variance and signaitensity is apparent in Figure 2.9,
where the large speckle noise spikes correlate with low sagjimtensity.

The weighted average solution in Equation 2.17 can be rewsh in matrix notation

relating the signal from each LDV detector with the true groad velocity signal. Since
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we know that each signal recorded by a di erent detector hashé same underlying ground

velocity signal, we can write,
d=Iv: (2.19)

wherev is a column vector of the true ground velocity signa¥(t), | is an M -high stack of
N N identity matrices, and d is a column vector of the signal recorded by each detector

stacked on top of each other,
d=[s1S:sml": (2.20)

In this formulation, N is the length of each signalM is the number of detectors, and the
vectorss; represent time series of the velocity signaks(t) recorded by each LDV detector.
In the ideal case with no noise, as represented by EquatiorlQ, each recorded signal vector
s is a copy of the true ground motion signal vectory.

To solve for an approximation of the ground velocityw when given a data vectord

contaminated with speckle noise, we solve a weighted leaguares objective function,
v = argmin, jjW (d  Iv)jj? (2.21)

whereW is the weighting matrix, given by a diagonalization of the wights from Equation

2.18. Explicitly,
W = diag([wi1 Wiz 0 Wwn 1); (2.22)

wherew;; is the weight for thei™ receiver at thej ™ time index.

Solving Equation 2.21 produces the same result as the weigtitaverage solution in
Equation 2.17. The benet of the matrix formulation is that we can modify it in order to
take advantage of the signal characteristics. The next séah describes how we use this
formulation to impose structure on the recovered signal byxploiting the separation of the

seismic signal and the speckle noise in the frequency domain
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2.4.3 Signal tting model

Figure 2.17 suggests that the seismic signal is concentraiach narrow bandwidth. Thus,
we assume that the true ground velocity signal can be expressed by a band-limited subspace

model,
v = Sm, (2.23)

where S is the operator matrix that transforms a set of band-limitedsubspace model coef-
cients, m, into a time domain signal. In this caseS is a tall matrix, meaning that m has
fewer coe cients than v.

We use Discrete Prolate Spheroidal Sequences (DPSS) to tedaand-limited subspaces
because the sequences provide an e cient basis for samplezhd-limited signals (Davenport
and Wakin, 2012). For a given signal length oN samples and a bandwidth of Hz, the
rst DPSS is the unique lengthN sequence that has maximum energy concentration within
the band [ =2; =2]. The second DPSS is the sequence that is most energy cobeded
in that band while also being orthogonal to the rst vector. The third DPSS is the next
most concentrated sequence in the band while being orthogdio both the rst and second
sequences, and so on. Given a sampling frequencyFgf the rst NFq 1 DPSS vectors
have near complete energy concentration within the band [=2; =2]. Any sequences after
the NFq 1 sequence have near zero energy within the band § 2; =2]. Thus, the rst
NFs 1 DPSS vectors form an ideal basis for a band-limited subsgespanning[ =2; =2].
A full derivation of DPSSs can be found in Slepian and PollaKlf61) and Landau and Pollak
(1961), and a more recent summary and application is availebin Davenport and Wakin
(2012).

Since we can estimate the bandwidth of the expected seismigral based on impactor
modeling, we can estimate a center frequendy and a bandwidth to construct a DPSS
transform matrix. However, by de nition, DPSSs are centerecdround zero frequency, such

that the sequences provide support for all frequencies indlrange =2 to =2. To create
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a band-limited subspace centered around a frequenty, we modulate all sequences by,

as described in Davenport and Wakin (2012),
S= ¢g2fetg; (2.24)

where, Sy is the zero center set of DPSSs that satisfy the given bandwid . The result,
S, denotes the operator that transforms coe cients of bandinited DPSS vectors centered
at a frequencyf . to a time domain signal. Figure 2.19 illustrates how well theessmic trace
in Figure 2.17 is approximated by di erent bandwidths. For eample, an approximation of
over 20 dB can be achieved with a subspace spanning a bandwidf 50 Hz centered around
30 Hz.

As previously stated, each LDV detector records the same gmua velocity. Thus, each
signal should be related to the same band-limited subspaageccients. Using this knowledge,
we relate the recorded signalgj, to a set of coe cients, m, in the band-limited subspace

with the operator G,
d=Gm; (2.25)
where G is an M-high stack ofS matrices,
G=[SS:9]": (2.26)
We solve a modi ed inverse problem by ndingm such that,
m = argmin,jjWw (d  Gm)jj2: (2.27)
Using conventional inverse theory, the weighted least sques solution to Equation 2.27
(Tarantola, 2005) is,
m=(G'"WTWG) 'G"WTwd:; (2.28)
where the weighting matrix is the same as Equation 2.22. Firgl the time domain seismic
signal is recovered by,

¥ = Sm: (2.29)
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We note that the seismic impulses we consider are not perfigcband-limited. Thus,
a band-limited subspace cannot fully recreate the seismigsal, as demonstrated in Fig-
ure 2.19. In the imaginary scenario where we know the true seiic signalv, we can nd
the optimal signal recovery by the projection olv onto the subspace spanned bg. From

Moon and Stirling (2000), this is given by,
Yoot = S(S'S) Y(STv): (2.30)

The best SNR achievable using our algorithm is therefore thatio of the power ofv and
(Yot V). Regardless of how many signals are combined, will never provide a more
accurate solution thanw,,.. Thus, the goal of our algorithm is to converge taty, with as
few detectors as possible.

Figure 2.20 illustrates the e cacy of our signal diversity conbining algorithm by remov-
ing the speckle noise from the low e ciency impact seismic &ce in Figure 2.17 using a
7-53 Hz subspace approximation. An improvement of 10 dB to theNR is achieved after
combining two signals, and a further 10 dB is obtained upon nwining 14 signals. Fig-
ure 2.21 illustrates the SNR of the recovered signal in dB ugjrour algorithm as a function
of the number of independent signals recorded. The gure alsshows the e ect of using
di erent bandwidths for signal separation. As more signalsra added, the SNR approaches
the ideal value, which is specic for each band-limited appximation. The more narrow
the band, the lower the ideal approximation SNR, but the fastethe convergence to that
SNR. All band-limited cases achieve higher SNRs than the weiglat average approach, as
proposed by Drabenstedt (2014), provided an adequate bawdlth is chosen. Regardless of
what combining method is used, there is diminishing returnof each new signal combined.
The combining of an additional signal does not guarantee SNIRiprovement because some
speckle noise traces may have more large spikes over the tigion of interest than others;
however, on average the SNR improves with additional recerge Figure 2.21 illustrates SNR
improvement curves from the average of 20 simulations. Thecertainty bars highlight the

variability in improvement as a result of variability in the individual speckle noise traces.
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Lastly, we demonstrate the recovery SNR as a function of PGV. Ehrecovery of the
seismic signal largely depends on the ratio in magnitude leten the seismic signal and the
speckle noise. To demonstrate how well we can separate thgnsils, we consider seismic
signals with a range of PGV values. Using the high e ciency sital from Figure 2.16, we
simulate separation from speckle noise with its PGV scaleditiv a range of values between
10 ®* m/s and 10 & m/s. Figure 2.22 illustrates that as the PGV increases, the oevery
improves. We can push the possible signal recovery down to §@n/s PGV with the inclusion

of 14 detectors and our combining algorithm.
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Figure 2.18: LDV detector arrangements capable of recordimgultiple signals: (a) represents
1 detector recording 2 signals of orthogonal polarizatioiih) 3 detectors recording 6 signals,
and (c) 7 detectors recording 14 signals. Each detector isughly the same size as the
speckles in order to record independent speckle noise.
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2.5 Discussion

Creating a detailed image of the interior of comets and ast@ds is of high priority for
the planetary science community (Asphaug, 2009; Binzel et.aR010; Scheeres et al., 2015).
To accomplish this, missions are routinely proposed usingdar or seismic theory to probe
small body interiors (Asphaug et al., 2014; Grimm et al., 2013 lescia et al., 2018; Sava
et al., 2015). However, radar imaging may only be viable in idyodies that are nearly trans-
parent to radar waves, and conventional seismic imaging még prohibitively expensive and

too technologically challenging to implement because migte landed seismometers would
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Figure 2.19: Signal-to-noise ratio of the approximation ohe seismic trace in Figure 2.17 as
a function of DPSS subspace bandwidth. The band is centerettl30 Hz, so a bandwidth of

15 Hz corresponds to a DPSS subspace that spans 15-45 Hz. Thensiei signal can be well

approximated using a narrow bandwidth.
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Figure 2.20: Recovered signal after combining multiple datmaces that contain the same
seismic signal and similar speckle noise as in Figure 2.17) @ne LDV signal without any

Itering; (b) combination two signals; (c) combination of sx signals; (d) combination of 14
signals. Combining multiple signals signi cantly reducespeckle noise.
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Figure 2.22: Signal recovery as a function of the peak groundlecity of the seismic signal.
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t within 7 to 53 Hz, and the lines indicate separation with the weighted average approach.
Red represents the SNR from 1 receiver, green the SNR after conibg 2 signals, yellow
the SNR after combining 6 signals, and blue, the SNR after conmiing 14 signals. The black
line indicates the optimal signal approximation using thettosen bandwidth.
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be needed. The seismic imaging instrument concept propodadSava and Asphaug (2019)
seeks to alleviate these concerns by employing orbital LDVs eemote sensing seismometers.
An orbital seismometer could obtain global seismic coveragéa small body and ultimately
create a detailed image of its interior by using seismic miggion and tomography techniques
Sava and Asphaug (2019). However, global seismic data coveragth an LDV is contingent
on the LDV's ability to record seismic data anywhere on a rouglasteroid surface. Our
results provide support to the concept by demonstrating thiave can separate surface rough-
ness induced laser speckle noise from seismic signals dbrby an orbital laser Doppler
vibrometer. By demonstrating that an LDV can theoretically record a seismic signal on
a natural rough small body surface, our work supports the delopment of low-cost direct
observations of small body interior properties via orbitalaser Doppler vibrometry.
Following an orbital acquisition scenario at the asteroid 1955 Bennu (Figure 2.1), we
demonstrate in Figure 2.22 that speckle noise is a minor issia# strong seismic shaking sce-
narios of more than 10° m/s PGV, and can be reduced through signal diversity combingn
for light seismic shaking scenarios of less than fOm/s PGV. Our work shows that signal
recovery can be achieved for signals with a PGV down to 1®m/s by assuming frequency
bandwidth properties of the seismic signal, and combiningutiiple independent LDV mea-
surements. In general, we demonstrate that the laser speekioise observed by an LDV laser
incident on a rough surface can be quanti ed and removed. Owimulation method allows
for the speckle noise to be determined for any orbital acqitien scenario de ned by orbital
velocity, distance from surface, and laser properties (cFigure 2.11). We demonstrate that
speckle noise can be combated with accurate spacecraft pioig, as demonstrated in Fig-
ure 2.11, and with the combination of more LDV detectors, asainonstrated in Figure 2.22.
Thus, speckle noise attenuation in orbital vibrometry can & applied to other orbital scenar-
ios provided a suitable balance of seismic source energyacgrraft pointing, and number of

LDV receivers is achieved.
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2.6 Conclusion

In the broader e ort to enable orbital seismology of small plaetary bodies such as
asteroids and comets, we demonstrate how to attenuate swéaroughness induced laser
speckle noise in laser Doppler vibrometer measurements. 8pmlly, we demonstrate: (1)
how to quantify laser speckle noise in laser Doppler vibrotee measurements on distant
rough surfaces, (2) how to quantify seismic signals from adial impacts, and (3) how to
separate seismic signals from speckle noise. We demonsgtiditese concepts with numerical
simulations of an orbital LDV collecting seismic data transnitted through the asteroid 101955
Bennu from an arti cial impact source; however, the methodsve show apply for any LDV
data acquisition on a rough surface. We demonstrate that lasspeckle noise can be reduced
in two ways, (1) accurate spacecraft pointing, and (2) throgh signal diversity combining.
Our work shows that, even under worst case conditions, an acate seismic signal can be
recovered in spite of LDV speckle noise while in orbit over @ugh asteroid or comet surface.

This result has broader implications for the future explorgon of asteroid and comet
interiors. Sava and Asphaug (2019) demonstrate that orbitdbser Doppler vibrometry is
a promising technique to remotely record seismic measurante on an asteroid or comet
in order to create a detailed image of its interior, assuminthat an LDV can provide an
accurate measurement of ground motion on an unprepared astiel or comet surface. This
work provides a fundamental stepping stone toward achiewgrseismic imaging of small bodies
by demonstrating that we can separate surface roughness uwgd laser speckle noise from

seismic signals in simulated orbital LDV measurements.
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CHAPTER 3
CONCLUSIONS

Laser speckle noise is the dominant noise source when regggdvibrations on a rough
surface with a moving laser Doppler vibrometer Rembe et al.@25). In this thesis, | demon-
strate how to quantify and remove laser speckle noise from MDmeasurements of seismic
signals. In order to solve this research problem, | combinbree elds of study: laser physics,
seismology, and signal processing. In Chapter 2.2, | usenmiples of laser physics to describe
the source of laser speckle noise. | use numerical simulasao quantify the noise for an
orbital LDV scenario over the asteroid 101955 Bennu. In Chégr 2.3, | use seismological
principles to describe the seismic signal produced from a alnarti cial impact. | simulate
an impact scenario that correspond to a feasible scenariothvicurrent technology. Having
described the speckle noise and seismic signal we expectafoorbiter around 101955 Bennu,
in Chapter 2.4, | use signal processing techniques to separthe two signals. | demonstrate
that it is possible to reduce speckle noise through signalversity combining and subspace
tting. The reduction of speckle noise through these methaglwould allow an orbital LDV
to record seismic measurements on a natural asteroid suiac

My study of the e ect of speckle noise in orbital laser vibromtry signi cantly advances
our understanding of how to design a functional instrumentd record seismic data remotely
over small bodies. My work expands the work of Sava and Aspha(®P19) by demonstrating
an orbital laser viborometer could function on an unprepare@nd naturally rough asteroid
surface through the separation of seismic signals from sklkecnoise. This research the
argument that an orbital laser vibrometer can obtain globalkeismological coverage of an
asteroid or comet. The ability to record seismic measurentsnglobally over an asteroid

enables 3D seismic imaging, with which one could test astatanterior structure hypotheses.
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My work also expands upon the research of Drabenstedt (201dnd Rembe et al. (2015).
| provide a methodology to enhance the separation of specki®ise from object motion
signals by exploiting a-priori knowledge of the signal. | ab provide a theoretical demon-
stration of the performance of a multi-detector LDV. Althoughl have framed my research
in terms of orbital seismology over asteroids, there is patial to apply my methodology
toward conventional terrestrial LDV applications. Potental applications include: vibration
sensing from moving platforms such as drones or vehiclestating component testing, or
long distance structural monitoring laser beams a ected bytmospheric scattering. All of
these are scenarios where the light returning to the LDV migtbe deformed by scattering

e ects, and would be susceptible to speckle noise.
3.1 Future work

| demonstrate speckle noise reduction for an acquisitiones@rio at the small asteroid,
101955 Bennu. Can an orbital LDV be scaled to function on a lger body? The velocity of
a spacecraft orbiting an asteroid increases with the masstae asteroid, so | expect speckle
noise that is higher in magnitude at larger bodies (c.f. Figar2.11). Also, assuming the
same impact source, the seismic signals would be smaller dame body due to geometrical
spreading as accounted for in Equation 2.15. However, thisakis demonstrates that speckle
noise can be combated with accurate spacecraft pointing, demonstrated in Figure 2.11,
and with the combination of more LDV detectors, as demonsttad in Figure 2.22. Ad-
ditionally, to increase the seismic signal strength, a morenergetic impact source could be
designed. Thus, | suggest that orbital vibrometry can be apied to larger bodies, provided a
suitable balance of seismic source energy, spacecraft piom and number of LDV receivers
is achieved. An exception to this argument is the distance athich an LDV must be from
the surface for a safe orbit. In this thesis, | assume an orbadf 2 km above the surface.
This distance is feasible for a spacecraft at a small asteddiDaly et al., 2017) and is nearly
within measurement range of some commercially available M3 (Drabenstedt et al., 2012;

Lutzmann et al., 2011). If an LDV were to be used at a larger astoid, it is likely that

56



its distance from the surface would need to be greater. To aekie a measurement on a
more distant surface, a more powerful laser with a longer cetence length would be needed
than what is available in current commercially available LIVs. Research into applying more
powerful and temporally coherent lasers in LDVs is needed, @is outside the scope of this
thesis.

In Figure 2.22, | demonstrate that by combining many signalgine can increase the ratio
of seismic signal to speckle noise by nearly 30 dB. Howevere fherformance of my algorithm
varies depending on the speci c attributes of the noise andgsal. When evaluating speckle
noise reduction, there are three primary factors to conside the number of independent
signals recorded, the velocity of the laser spot relative tthe surface, and how di erent
the seismic signal is from speckle noise. The more detectased, the more coherent signal
energy there is relative to the speckle noise. The lower thelacity of the laser spot relative
to the surface, the lower the speckle noise is relative to tlsggnal. The more separated the
signal and noise are, in any domain, the better the signal egg can be separated from
the noise energy. Thus, the smallest signal that can be reded depends strongly on the
speci ¢ acquisition scenario of the spacecraft. In the casd orbital asteroid seismology,
we can consider improving the signal combining performand® designing a source with
more distinct characteristics. A source instrument that Wrates the surface with a specic
known frequency pattern, like a swept chirp, could possiblge more easily separated from
speckle noise. Future studies should consider the designasteroid seismic sources and
choose speci ¢ sources that minimize overlap with speckleise, if possible.

It is likely that continued development on a signal separabin algorithm could increase the
separation performance. | note three ways to potentially iprove signal separation. First,
one could take advantage of the correlation present in spéekioise. The noise at each time
step is correlated with neighboring times. Instead of using simple weighting matrix, which
assumes independence, an estimation of the covariance dobé used instead (Tarantola,

2005). Second, the signal separation basis or subspace @¢dé chosen more optimally. In
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my work, | explicitly de ne the subspace for separation; hoawer, in the future, a general
approach for nding the ideal subspace could be implementeding dictionary learning and
machine learning approaches (Li et al., 2019). My framewogidso allows for the application
of sparsity promoting solutions such ak-norm minimization instead of the conventional least
squares approach (Davenport and Wakin, 2012). Thus, inst@af imposing a sparse subspace
upon the recorded signal, a future approach could be to nd aamnain where the signal is
sparse, and then solve for the sparse representation with@ssuming any speci c properties
of the signal like a given bandwidth (Li et al., 2019). Lastlyone could improve recovery by
solving a dual signal tting model. By identifying a dictionary for the expected signal, and
another dictionary for the expected speckle noise, one cdwdolve for both simultaneously
and yield a potentially better separation without making sjgci ¢ assumptions of the signal
or noise (Li et al., 2019; Zhang et al., 2012).

In my acquisition scenario, | consider a laser with a wavelgth of 775 nm. | choose
this wavelength because it is common among commercially dable laser systems with high
power and long coherence lengths (aspects necessary fogldistance acquisition). However,
| have not made any claim about whether this is the optimal choe. Further research
and development is needed to choose an optimal laser wavgkbnfor orbital seismology.
Additionally, the laser spot size in uences speckle noisen this study, | have chosen a spot
size similar to what is achieved by commercially availablg/stems (Drabenstedt et al., 2012).
Further research, involving an analysis of laser power, arttbtector sensitivity are necessary
to determine whether this can be improved.

The asteroid 101955 Bennu has an estimated macro-porosityaver 60%, implying that
there must be locations within 101599 Bennu that are eithemepty space or very sparsely
lled with regolith (Scheeres et al.,, 2015). In my thesis, | ssume that the void space
corresponds to regions sparsely lled with regolith, suchhtit the seismic waves may still
propagate. If large spaces of vacuum were present within asteroid, this could possibly

present a challenge for seismic imaging, as seismic wavesnoca travel through a vacuum.
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In the future, numerical seismic imaging experiments coulde conducted to test seismic
imaging on asteroids with large void spaces.

Sava and Asphaug (2019) outline an approach to achieve full 3idverage over time, but
do not discuss how to generate a seismic source. In this tlsgdiassume an impact source.
If an impulsive impact source were used, then its repeataityl will be limited by how many
impactors can be carried within the spacecraft. Thus, alteative source methods may be
desired. Natural sources are a possibility, but more reseamnust be conducted to determine
their magnitude, frequency, and whether they would be usdftor imaging if their location
is unknown. A landed vibrational source is also a possibiitand it could generate a wavelet
of a speci ¢ nature, like a swept pulse. Whatever the case, wheesigning a source, or an
acquisition scenario, it is important to consider the spet& noise, and how separated the
speckle noise would be from the expected signal. The more agped they are, the better
an LDV could record seismic data.

NASA actively seeks the development of new and innovative imgtment concepts, but the
path to space ight for new instruments is long and arduous. fie work that | demonstrate in
this thesis is theoretical. Although certain aspects have ba tested by Drabenstedt (2014)
and Redding et al. (2016), a large portion of this work woulddne t from laboratory testing.
The next step is to design and test an LDV that implements the ethods discussed in this
thesis. Such work would boost the technology readiness Iegser to the ultimate goal of
a space ight ready instrument. Perhaps future researcheruld one day use orbital seismic
data to learn about asteroid and comet interiors, allowingaito understand the early history

of our solar system and save the world from the next deadly &sbid.
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