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Executive Summary

Since their first use during the Apollo 15, 16, and 17 missions, laser altimeters have become indis-
pensable for planetary exploration, enabling topographic mapping of rocky bodies throughout the solar
system. The latest European contributions in this field are represented by the BepiColombo Laser
Altimeter (BELA) and the Ganymede Laser Altimeter (GALA), developed by the DLR Institute of Plane-
tary Research and currently en route to Mercury and the Jovian moons, respectively. However, to date,
such instruments have only been deployed on large satellites, failing to meet the S\WaP (Size, Weight,
and Power) requirements of miniaturized systems.

This thesis investigates the adaptation of laser altimeter technology for smaller platforms, focus-
ing on the NLA (New Laser Altimeter) developed for the SER3NE (Selene’s Explorer for Roughness,
Regolith, Resources, Neutrons, and Elements) mission proposal. The instrument aims to improve the
precision of Lunar topographic data to support the characterization of future landing sites for crewed
missions from a 12 U microsatellite. To meet the stringent S\WaP constraints, the design will feature
a transceiver and a single-photon detection system — an approach never previously applied to topo-
graphic altimeters.

This thesis aims to develop an optical design that fits the instrument within a 3 U volume. Given the
innovative nature of the design, a trade-off analysis was conducted to evaluate several configurations
based on their compactness, cross-coupling between the laser source and detector, footprint size at
the target, co-alignment between the transmitter and receiver, and transmission losses. The selected
design stood out in providing a footprint size in the range allowed by the requirements, reducing the
probability of damage to the detector due to internal reflections from the laser, and guaranteeing a more
stable co-alignment between the transmitter and receiver paths. It includes a transmitter with two 45°
folding mirrors, a borehole mirror that allows the laser to pass while deflecting the returning signal, and
a shared telescope.

A test campaign is then conducted on a dedicated optomechanical design to assess 1) its compli-
ance with some trade-off criteria and 2) its functionality. The expansion performance is demonstrated
as predictable and reliable, guaranteeing the desired divergence and footprint at the target. On the
other hand, the transmittance is increased above the constraints by varying the angle of incidence of
the light on the band-pass filter. For the functional tests, the quality of the wavefront is first evaluated,
resulting in an aberration-free transmitter and a slightly worse receiver, but still acceptable for altime-
try applications. Finally, the prototype is aligned thoroughly and tested for timing measurements with
single-pixel detectors, successfully providing the range to the target.

In the next instrument development phase, throughout the pre-phase A studies in collaboration
with ESA (European Space Agency) and relevant companies, the prototype will be enhanced to verify
the performance in the other criteria and test its functionality in a relevant environment with a flight
campaign.
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Introduction

Laser altimetry has been a fruitful expedient for space applications in the past decades, becoming an
essential payload on almost every flown spacecraft [1] [2]. The reasons for this success lay in the
relative simplicity of their working principle and the flexibility of such instruments in fitting diverse appli-
cations. Indeed, by exposing a defined target with a laser pulse, a laser altimeter permits measuring
the time of flight of the returning signals and, consequently, calculating the distance of the spacecraft
from which the pulse was emitted.

This simple principle permitted Apollo 15, 16, and 17 missions to fulfil an essential mission require-
ment. For the first time, it was possible to monitor the spacecraft’s distance from the Lunar ground
during the descent phases [2]. Moreover, the measured data, combined with information about gravity
and moment of inertia, were immediately exploited by scholars to produce scientific models about the
interior structure of the Moon, constraining parameters such as mean radius, mean density, and core
dimensions [3]. Since then, the use of laser altimeters in space has grown and branched into various
purposes.

Inheriting the achievements of the Apollo program, many altimeters have been launched to scan
the topographical features of planetary bodies. Keeping the focus on the Moon, the first instrument to
provide a global map of the surface was the Clementine Light Detection And Ranging (LIDAR) [1994]
[4], followed by the Laser ALTimeter (LALT) on the Kaguya mission [2007] [5], the Lunar Laser Ranging

Figure 1.1: Detail of a topographic map of Mars created thanks to the data from MOLA [6].



Instrument (LLRI) [2008] [7], and the Lunar Orbiter Laser Altimeter (LOLA) [2009] [8]. The latter is still
in operation and represents the last endeavour to enhance the precision of ranging measurement of
the lunar surface. By implementing a Diffractive Optical Element (DOE), the instrument splits its laser
beam into five independent spots that are singularly evaluated to ensure a high precision level while
providing extensive along and cross-track coverage to permit the characterisation of safe future landing
sites. Nevertheless, technological developments have pushed the boundaries of space exploration,
providing the capability to reach other rocky planets. Mercury, for example, has been investigated by
the Mercury Laser Altimeter (IVILA) [2004] [9] and will soon be the target of the BepiColombo Laser
Altimeter (BELA) [2018] [10], the first long-range laser altimeter for interplanetary flight developed in
Europe. Other missions have reached Mars, like the Mars Global Surveyor (MGS) with the Mars Orbiter
Laser Altimeter (MOLA) [1996] [11], still now the reference point for the topography of the red planet
(Figure 1.1). Recently, the increasing interest in icy moons and their supposed capability to host life
conditions have driven the commitment to reach the Jovian system with the Jupiter lcy Moons Explorer
(JUICE), carrying the Ganymede Laser Altimeter (GALA) [2023] [12].

At the same time, the interest in small bodies as primordial leftovers of the Solar System has rapidly
grown. Coherently, laser altimeter design started to morph toward more complex applications, still in-
volving mapping but also including navigation and landing on the surface of asteroids, sometimes for
sample return purposes. The achievements in this sense have been enormous, starting with the Near
Earth Asteroids Rendezvous (NEAR) Laser Rangefinder (NLR) [1996] [13] that explored and landed
on the asteroid Eros. The HAYABUSA 1 LIDAR [2003] [14] [2] to Itokawa and the HAYABUSA 2 LIiDAR
[2014] [15] to Ryugu asteroids were the first altimeters contributing to successfully bringing back sam-
ples to Earth, followed by the Origins, Spectral Interpretation, Resource Identification, Security-Regolith
Explorer (OSIRIS-REXx) Laser Altimeter (OLA) [2016] [16] to asteroid Bennu. Lastly, the Planetary Al-
timeter (PALT) [planned 2025] [17] on board the European Space Agency (ESA) mission HERA will
study, for the first time, the effect of a planetary defence mission on the trajectory and shape of the
asteroid Didymos.

However, in other cases, laser altimeters didn’t need to reach remote bodies of the solar system to
demonstrate themselves as a powerful tool for Earth observation, helping to monitor glaciers, vegeta-
tion, clouds, and winds. They evolved from airborne applications, such as uncovering archaeological
remnants of past civilisations (Figure 1.2), to global monitoring of ice sheets, fires, and relevant events
related to climate changes with the Geoscience Laser Altimeter System (GLAS) [2003] [18] and the
Advanced Topographic Laser Altimeter System (ATLAS) [2018] [19] from the Ice, Cloud, and land Ele-
vation Satellites (ICESat-1 and 2). With the same goal but aimed at studying wind evolution for climate
models, the Atmospheric LAser Doppler Instrument (ALADIN) [2018] [20] on board the ESA Aeolus
mission has provided invaluable insight into the ecosystem of the Earth for the past five years.

Figure 1.2: LIDAR data (on the bottom) of the Angkor archaeological site in Cambodia that helped in the discovery of urban
sites underneath the vegetation (on the top) [21].



This list is far from an exhaustive overview of the development of spaceborne laser altimeters. Still,
it represents some of the benchmarks that have contributed to the development of this technology
over the past decades. It is possible to see a variegated scenario: these instruments differentiated
their scopes, reaching distant bodies or orbiting the Earth closely, specialising in particular applications
or supporting different operations simultaneously. Tables 1.1, 1.2, and 1.3 provide a summary of the
technical specifics of some of those missions, the ones that were considered more relevant for this
project for their application, detection techniques, dimensions, and heritage. All the presented figures
of merit will be introduced in the thesis and will help to understand the working principles of altimeters
better.

While laser altimeters have been unveiling precious information about the primordial ages of our
cosmic neighbourhood, the internal processes of other rocky planets, and daily changes in the ecosys-
tem of the Earth, space technology has started exploring new frontiers. Many private companies have
developed innovative space launchers, making the market more competitive for smaller satellites [22].
This trend, also visible in the number of small satellites launched in the past ten years (Figure 1.3),
shows that the trust in this new miniaturisation level is exponentially growing and will be the main focus
for the following years of space utilisation.

Table 1.1: Summary table for the main characteristics of the studied laser altimeters for Earth observation.
For the GLAS instrument, the information comes from the atmospheric observation measurements. The pulse energy of the
ATLAS instrument presents two values because the six generated laser beams had two different intensities [23].

Characteristics GLAS ATLAS
N. of beams 11[2] 6 [2]
Laser Wavelength [nm] 532 [23] 532 [2]
Specifications Pulse Energy [mJ] 35[18] 0.25-0.9 [23]
Divergence [urad] 110 [18] 20 [23]
Vertical Accuracy [cm] 5[18] *
Repetition Rate [Hz] 40 [2] 10000 [2]
Telescope Diameter [m] 1[23] 0.8 [23]
Mass [kg] 298 [24] 470 [23]
+10to + 35
Temperature Range (nom/surv) [°C] 0to +50 *
[18]
Orbit [km] 600 [24] 500 [25]
Power Consumption [W] 330 [24] 420 [23]

Table 1.2: Summary table for the main characteristics of the studied laser altimeters for topographic mapping.

Characteristics BELA GALA LOLA LALT

N. of beams 112] 112] 5[2] 112]
Wavelength [nm] 1064 [2] 1064 [26] 1064 [2] | 1064 [2]

Pulse Energy [mJ] 50 [1] 17 [1] 2.712] 100 [2]

Laser Divergence [prad] 200 [2] 100 [27] 100 [2] 400 [2]
Specifications | Vertical Accuracy 10 to 30 10 [26] 929] 400 [30]

[cm] [28]
Repetition Rate
p[HZ] 10 [1] 30 [26] 28 [7] 1[2]
Telescope Diameter [m] 0.2[1] 0.25 [26] 0.14 [29] | 0.1[31]
Mass [kg] 15 [1] 25[1] 12.6 [29] 20 [5]
-25t0 +50 | +5to +28
Temperature Range (nom/surv) [°C] '2O[t° ]+ 65 | 35t0+65 | 20t0+40 |
[32] [33]
400 to 1000

Orbit [km] [] 500 [1] 50 [29] 100 [30]
Power Consumption [W] 43 [28] 50 [1] 34 [29] 44 [34]




Table 1.3: Summary table for the main characteristics of the studied laser altimeters for navigation and landing.

Characteristics HAYA 1 HAYA 2 OLA PALT
N. of beams 1[14] 11[2] 11[2] 11[2]
Wavelength [nm] 1064 [14] 1064 [2] 1064 [2] 1535 [35]
0.01-0.07
Pulse Energy [mJ] 10 [14] 15 [2] [16] 0.1 [35]
. 100-200
Laser Divergence [prad] | 1700 [14] 2400 [2] [16] 1100 [35]
Specifications Vertlca[lc,f\n(icuracy 1000 [14] 550 [15] 6[3-3} 50 [35]
Repetition Rate 10000-100
1 1 10
(Hz] [14] [15]12] (6] [26]
Telescope Diameter [m] 0.126 [14] | 0.11[15] O['07]5 0.1 [37]
Mass [kg] 3.7 [14] 3.5[15] 21.4[16] 4.92 [35]
+10 to +40
Temperature Range (nom/surv) [°C] * -30 to +60 * -40 [to ; 60
[15]
Orbit [km] 0.5[ to]50 0.0? t(; 25 7 116] 0.5[ to]14
Power Consumption [W] 17 [14] 18 [15] 59 [16] 9.6 [35]

Despite this pattern being strongly biased by commercial satellites, even scientific missions have
started exploiting the adaptability of microsatellites, e.g. CubeSats, for technology demonstration or
as piggyback on bigger spacecraft for large missions [38]. This effort can ultimately lead to promising
results: on the one hand, it could reduce the budget of future space missions in terms of Size, Weight,
and Power (SWaP), enabling the exploration of remote frontiers of the solar system, not reachable with
the current technology; on the other hand, it could permit the implementation of innovative approaches,
like satellite swarms and formations.
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Figure 1.3: Number of Small Satellites (mass < 600 kg) launched annually between 2013 and 2022, divided by mass
categories. Figure from Bryce Tech [39].

Consequently, altimetry technology must adapt to the new state-of-the-art to maintain the continuity
of the achievements made in the past. Some steps have been taken recently toward advancing minia-
turised technology. Solutions deemed infeasible a decade ago due to their incompatibility with the
energy levels produced by small satellites [40] are now gaining ground in strategic applications thanks
to innovative technologies and the use of Commercial Off-The-Shelf (COTS) components. Technology



demonstrators like the navigation assistant prototype CLA (Compact Laser Altimeter) [41], the Cube
Laser Communication Terminal (CubelLST) [2021] [42] or the Lunar Flashlight [2022] [43] have been
developed to explore, respectively, the feasibility of navigation assistance, satellite telecommunications
and scientific measurements using laser technology on CubeSats. Other concepts are still in the devel-
opment phase, like the Cube Inter-Satellite Link (CubelSL) [42], a two-way evolution of the Cubel ST,
the Adaptive Wavelength Scanning LIDAR (AWSL) [44], the heir of NASA Earth observation legacy
paved by GLAS and ATLAS, and the customised solutions offered by the American company Fibertek
[45].

Nevertheless, at this point in time, no missions have successfully conducted topographic mapping
through a CubeSat laser altimeter while providing an accuracy comparable to that of flagship missions
of the past. What is still missing to guarantee miniaturised laser altimeters a spot in the future of space
exploration?

This thesis will address this point through the design study of a miniaturised laser altimeter in de-
velopment at the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) Institute of Planetary Research in
Berlin. The preliminary concept of this technology demonstrator, conceived in the context of an ESA
OSIP (Open Space Innovation Platform) call for mission proposals, is shown in Figure 1.4. It aims to
employ state-of-the-art technologies to adapt the legacy the institute has derived from BELA and GALA
instruments to the new miniaturised domain explored by the space industry. This thesis focuses on the
optimisation of the optical design of the system while respecting the constraints dictated by the mission
scenario outlined in the OSIP proposal. In the meantime, such technology’s scientific relevance and
applicability will be investigated and assessed through a test campaign.

Dimensions comparison

| — g
K

Compact laser
altimeter concept for
The three units of GALA the SER3NE mission

40 cm

Figure 1.4: On the left, the conceptual design for the laser altimeter will be studied in this thesis developed by the German
Aerospace Center (DLR) Institute of Planetary Research for the SER3NE (Selene’s Explorer for Roughness, Regolith,
Resources, Neutrons and Elements) mission proposal. On the right, a size comparison between GALA and the miniaturised
laser altimeter. Figures from Lingenauber et al. [46].

Resuming the research goal of this thesis in one question:

To what extent can a Laser Altimeter be miniaturised for use in CubeSat missions aimed at
topographic mapping?

Specifically, the project will address this main research question by emphasising the following sub-
questions:

1. Which technologies are necessary to adapt classical laser altimetry techniques to CubeSats?
This question is addressed in Chapters 2 and 3 of this thesis. Evaluating laser specifications,
detection techniques, and the performance of past instruments, the focus is pointed toward the
criticality of the transition to miniaturised altimeters. Limitations and benefits are identified, and a
recommendation to practically fill the gap between past and future technology is provided.

2. Which can be a functional optical design choice for a miniaturised laser altimeter for topographic
mapping?

Starting from the study for the first question, a design exercise is carried out to select an optimum
optical configuration for the miniaturised laser altimeter. The choice, based on a trade-off analysis



(Chapter 3) and numerical simulations (Chapter 4) using the optical design software Zemax, is
then manufactured and implemented in-house through CAD design using the software CATIA
(Chapter 5).

. What are the preliminary performance parameters of such a design choice?

This last question is addressed through a laboratory test campaign. The instrument is mounted
in an elegant breadboard configuration and tested for alignment, beam quality, and optical perfor-
mance (Chapter 6). The results will allow for quantifying the quality of the work done, establishing
which limits persist in the adaptation to a space-qualified level and which capabilities have been
demonstrated.



Background

This chapter delves into the theoretical background of laser altimetry in space. The subject is divided
into the main aspects characterising this type of instrument: the transmission of the laser beam from
the satellite to the target and the implemented techniques to collect it through a detector.

2.1. Transmission

2.1.1. Laser beams propagation
A LASER, an abbreviation of light amplification by the stimulated emission of radiation, is a highly co-
herent light source. This peculiar device, consisting of an active medium and a cavity that amplifies
only selected wavelengths and directions, permits the generation of a light beam with a well-defined
frequency that can, therefore, be controlled and implemented in specific applications [47]. The devel-
opment and implementation of this technology were deemed so crucial that it merited a Nobel Prize in
Physics in 1964. However, the attempt to implement it in practical uses passes through understanding
the pattern of the light expelled by the source.

As a first approximation, the intensity profile of the fundamental Transverse Electromagnetic Mode
TEMyq of a laser beam wavefront resembles a Gaussian distribution, described by the formula 2.1 [47]
and shown in Figure 2.1.

I(x,y) e k@ ) (2.1)

Here, = and y represent the transversal coordinates on the propagation plane, respectively, while & is
a constant dependent on the laser generator’s internal features.

It is possible to identify two characteristic sections on this wave: the Full Width at Half Maximum,

or FWHM, identified as the beam size at 50 % of the maximum intensity, and the waist, defined as the
width at which the intensity falls to 1/¢2, corresponding to 13.5 % of its maximum. This last feature
is also shown in Figure 2.1 and will be used as a reference for the rest of this description of the laser
beam. However, these parameters are defined at the generation of the laser, where they are minimised
and tend to increase while the beam propagates.
Keeping track of the beam cross-section makes it possible to trace the longitudinal profile of the laser
beam. During propagation, the laser wavefront acquires curvature along its path due to diffraction [48].
To account for this deformation, the system is studied using specific parameters: the radius of curvature
R and the cited beam cross-section w, both evaluated along the longitudinal direction of propagation z.
The following formulae describe the cited variables:

14 (Tfﬂ (2.2)

1+ <72%)2] (2.3)

R(z) ==z
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Figure 2.1: Intensity profile of a Gaussian laser beam. On the z-axis, representing the longitudinal direction of propagation of

the beam, there is the fraction of intensity transmitted at each cross-section point. On the x-axis, the transversal propagation

with respect to the centre of the beam. The y-axis is not visible here, but it would be going inside the sheet. 'w’, namely the
beam waist radius, is defined as the section corresponding to 13.5% of the maximum intensity at the flat wavefront plane.

where wy is the 1/e2 contour at the flat wavefront plane, i.e. the beam waist, and ) is the laser wave-
length. This change in the shape of the section of the laser beam does not modify the Gaussian distri-
bution of the intensity assumed at the flat wavefront plane, which remains unchanged until the end of
the propagation. Consequently, one can rewrite the intensity equation in terms of the just introduced

variables:
I(R,2) = I (;‘E;)z exp <—j(lj;) (2.4)

Here, the first term, I, accounts for the original irradiance at source and the parentheses for longi-
tudinal and transversal direction variations, respectively [49]. Studying Equation 2.2, it is possible to
reconstruct the behaviour of the beam’s cross-section through the direction of propagation. When 2=0,
the radius of curvature tends to be infinite, meaning that the wavefront is flat and section 2w coincides
with the beam waist diameter, 2w,. Moving forward, the radius of curvature passes through a minimum
before approaching asymptotically the value of z itself.
This pattern is visible in Figure 2.2, where it is compared to the trend of the section radius. The latter
keeps increasing for the entire propagation, resembling the shape of a cone of angular radius 6, where:
b_wlE) _ A (2.5)

2 z TWo

The angle 0 is an essential parameter for characterising a laser beam and, eventually, an instrument
performance. Indeed, its double, called the laser beam divergence, permits the determination of the
expansion of the beam and the prediction of the area covered by the laser footprint once it reaches the
target.

However, the radius of curvature and section radius are not independent. As visible from the Equa-
tions 2.2 and 2.3, with the beam waist defined, both of them are fully specified by the same two variables:
the distance from the flat wavefront and the wavelength of the laser. Consequently, the minimum of
the curvature radius coincides with the distance where the beam waist assumes a precise value, v/2wy.
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This specific distance, called the Rayleigh range, can be computed as:

Tl
ZR = 7)\

(2.6)

This point delimits the passage from the Near-Field, where the beam is still irregular and may assume

complex intensity and phase patterns, to the Far-Field, a much more stable region. Indeed, the mea-

surement of mission parameters like the divergence must be performed very far away from the Rayleigh

range, usually at distances ten times bigger, to get reasonable results for the parameters of interest[48].
Figure 2.3 summarises the details and features of laser beam propagations.
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Figure 2.2: The radius of curvature (R) and the beam section radius (w) as a function of propagation distance (z). The radius
of curvature presents a minimum at a specific distance, the Rayleigh range (dotted line), where the waist radius is increased by
a factor v/2. In this graph, the initial waist value, wg, was set to 1000 um, while the wavelength was set to 532 nm.
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Figure 2.3: Summarising scheme of laser beam propagation, highlighting the evolution of w and R along the longitudinal
direction of propagation z. Figure from CVI Melles Griot [48].

2.1.2. Ideal vs. real lasers

The cited instability of the Near-Field conflicts with the assumption of a perfect Gaussian distribution,
and indeed, it is one example of the non-ideal behaviour of laser beams in reality. This occurs because
the mechanism of light excitation induces the emergence of higher orders of resonance in the optical
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cavity, leading to the formation of a mixed laser beam. As one might expect, the more significant the
contribution of these higher orders, the more critical the deviation from the ideal Gaussian beam will be.
A quality factor must be introduced to account for this: the so-called M? factor or propagation constant.
Its definition is based on the fact that two of the main geometrical parameters of a laser beam, namely
the waist radius and the Far-Field divergence, keep their product constant over the entire length of the
beam [48], as visible also from Equation 2.5. Hence, the quality of an actual laser in approaching an
ideal one is evaluated according to:

M2 = orfn (2.7)
wOH

corresponding to the ratio between real and ideal behaviour. M?2=1, for example, defines a perfect
Gaussian beam. The presence of deviations from the ideal pattern has an echo in the shape of the
beam, as is evident when comparing the propagations of a real and a perfect laser (Figure 2.4), and in
the formulation of the two principal coordinates: since a factor M increases both the waist radius and
the divergence, the final corrections for Equation 2.2 and 2.3 in case of real laser beams are:

7rw2 2
Rr(z)=z |1+ <)\z1\0f;) 1 (2.8)
1/2
AzM2\?
wr =wor |1+ <7T’LU2 ) ‘| (2.9)
OR
In addition, also the Rayleigh range is affected by this correction:
TwoR?
ZRR = ﬁ (2.10)

From now on, this thesis will consider only real laser beams, and the M? factor will play a role in the
presented design process.
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Figure 2.4: Comparison between real and ideal laser beam geometries at the beam waist radius. The divergence and the
waist increase by M in the real beam (see text for details). Figure from CVI Melles Griot [48].

2.1.3. Interaction with optical systems

When a laser passes through lenses, it undergoes a transformation that changes its geometry and
invalidates the continuity of the above fundamental equations. Therefore, each section must be eval-
uated singularly in dependence on the effects of the just-crossed lens and the direction of propaga-
tion. To design an optimised optical system, one must consider the rules governing the physics of



2.1. Transmission 11

this phenomenon: the lens equation adapted to laser systems (Equation 2.11, from Self [50]) and the
magnification m (Equation 2.12 [48]).

1 1
(s/f)+ (zr/M2£)2/(s/f — 1) + &/ 1 (2.11)
m:% (2.12)

The first one accounts for the dimensions of the principal actors of a lens, namely its focal length f,
the object distance s, and the image distance s”, and their relationship with laser parameters like the
Rayleigh range and the M? factor; the second one establishes the transformation of the transversal
section of the beam when passing through a double lenses system characterised by the focal lengths
f2 and f;. Both are useful for determining the distances between optical elements and the resulting
size of the output laser footprint. However, most optical systems also need more than two lenses to
focus a laser beam. In those cases, the total magnification of the system is computed as the product
of all magnifications.

During the design, the previous discussion translates into selecting optical elements and establish-
ing their relative positions to obtain the desired footprint on the target. Selecting one of the two most
popular configurations, namely the Keplerian or Galilean configurations presented in Figure 2.5, is com-
mon practice for expanding a laser beam.

Keplerian beam expander

Figure 2.5: Comparison between Keplerian and Galilean beam expanders. Figure from CVI Melles Griot [48].

In a Keplerian beam expander, both lenses are converging and confocal. This configuration permits
accurate control of the laser beam geometry because the common focal point allows for the introduc-
tion of spatial filters, which can clean the beam profile. In the Galilean beam expander, instead, the
first lens is diverging. This means the laser only expands after the first lens without inversion points. It
is then impossible to set a control point for the beam, but the design can benefit from a shorter length.
This is often preferable for space applications, so Galilean expanders are most widespread in space
instrumentation.

Once the expansion takes place, it is also paramount to verify the optical configuration’s compliance
in inducing the correct magnification of the beam, achieving the desired divergence values for free
propagation up to the target. This check is also essential to verify that the optical system does not
worsen the M? quality factor or provoke unforeseen modifications in the beam that can jeopardise the
measurements during the mission.

The test procedure for the induced expansion is described in the ISO Standard 11146-1 [51]. To
analyse the geometrical characteristics of the laser beam after its passage in the tube, one should find
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the position of the new waist and measure its size. However, this location is not known a priori, and
most of the time, it’s a virtual beam feature that does not manifest in reality. Therefore, the solution is
to induce an artificial waist in the beam by inserting a focusing lens after the examined component, as
shown in Figure 2.6.

Figure 2.6: Sketch of the physical behaviour of the laser beam after passing through the focusing lens. By knowing the
position of the artificial waist zp 2 and the focal length f of the lens, it's possible to reconstruct specifics of the initial beam as
M? factor and divergence. Other geometrical features, like the Rayleigh ranges zr and the distances between the waist and

the focal points z, can also be assessed for both beams. The reference points for all of them are the lens’s principal planes /7.
Figure from 1ISO 11146-1.

The new waist is close to the lens, usually a bit more distant than its focal length. By measuring
the size of the beam section at least ten times around the position of the waist, five inside the Rayleigh
range and five outside, it is possible to find a hyperbolic fit resembling the longitudinal section of the
beam. The parametric equation, to be iterated minimising the sum of the squared deviations of the

diameters, is the following:
de = Va+bz+cz? (2.13)

where d, is the measured diameter, equivalent to double the radius w introduced before, z is the
distance along the direction of propagation, and «, b, and ¢ are the polynomial coefficient to be found.
Since, in reality, laser beams are usually far from being axial-symmetric, « and y propagations differ
and may require different coefficients.

The geometric specifics of the beam after and before the lens are a function of these coefficients, as
shown in the following formulae, where subscript 2 refers to the parameters after the lens and subscript
1 to the parameters before the lens. For example, the distance of the waist from the lens is equal to:

20,2 = ;b (214)
2c
While its size: L
dG—OQ = —=V 4ac—b2 (215)
9 2\/6

For the Rayleigh range z, divergence 6, and M? factor, the following parameterisation apply respec-
tively:

1

Zro = —V dac — b2 (2.16)
2c

0, — /e (2.17)

M? = %\/4(10 s (2.18)

Now, it is possible to compute a conversion factor, X, that permits characterising the beam before the
lens by knowing the just computed parameters after the lens.

x—_ I (2.19)

/.2 2
ZR2 T %3
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where x4, as visible in Figure 2.6, is the difference between 2, » and f. Once it is available, the proper-
ties of the beam on the other side of the lens are computable by applying:

20,1 = X2 To + f (2.20)
doo1 = X - dyo,2 (2.21)
zp1 =X’ 2o (2.22)

0
6, = fg (2.23)

Having demonstrated that the footprint size at the target will match the mission constraints, assess-
ing possible distortions induced on the signal by the optical components is now essential. Indeed, in
laser altimeter applications, the lateral variations detected on the returning signal are supposed to pro-
vide helpful information about the characteristics of the target, as explained later in this section. These
features can be faint signals on the Gaussian pulse distribution, which are already challenging to de-
tect. In an ideal world, they would be the only feature embedded in the signal, and it would be easy
to attribute them to interesting topographic properties. But in reality, aberrations occur. This effect is
an inevitable consequence of the attempt to handle light through a lens system that presents curved
surfaces, alignment errors, and manufacturing imperfections. When the light arrives with a high AOI
(Angle of Incidence) from the boresight optical axis, its path will differ from the one of a ray passing
precisely through it enough to distort the signal and create artefacts that could be misinterpreted as
geological information.

A possible way to evaluate the wavefront’s global quality implies studying the wavefront RMS error.
Indeed, several empiric parameterisations relate the RMS error with the Strehl Ratio. This powerful
index compares the maximum irradiance of an optical system with the maximum ideal irradiance of the
diffraction-limited version of the same system. By calculating the value of the Strehl ratio, it is possible
to understand how much energy the system dissipates due to intrinsic aberrations. One of the cited
relationships is the Mahajan approximation [52] (Figure 2.7):

S ~ e~ (2mw)? (2.24)

Where S is the Strehl Ratio and w is the RMS wavefront error.
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Figure 2.7: Trend of the Mahajan approximation relating the Strehl Ratio to the RMS wavefront error (weighted over the
operating wavelength).

This expression is helpful for straightforward analyses because it avoids relating the Strehl ratio
with the phase variance of the wavefront error, from which it is dependent. Instead, the Mahajan ap-
proximation overcomes the mathematical complexity of such studies with an empirical relationship that
keeps accurate to 2% with RMS errors up to 0.1. A good practice in optics is to consider an optical
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system diffraction-limited or aberration-free when its Strehl Ratio is above 0.8, corresponding to an
RMS wavefront error around 0.075 according to the approximation.

Aberrations are intrinsic in optical systems and cannot be avoided. However, it is still possible to
reduce the contribution of alignment errors by making the laser beam pass as much as possible through
the centre of the lenses. A specific tool, the autocollimator, is used for this procedure.

Its working principle is explained in Figure 2.8. As the first step, it sends a light signal with a peculiar
shape to the optical element that needs to be aligned. This signal is reflected to the autocollimator,
where a dedicated detector captures it. For the second step, the laser beam is let pass through the
lens, aiming at the autocollimator, where the detector again captures it. By tuning the lens tilting, it is
possible to make the centre of the two signals overlapping. This means that the laser beam correctly
passes through the centre of the lens perpendicularly, with a 0° AOI, minimising this contribution to the
aberrations.

:
1
h—— (==

Figure 2.8: Working principle of the autocollimator.

2.1.4. Other relevant factors

However, laser beams are characterised not only by their geometry. Several parameters intervene from
diverse domains and affect both the laser itself and many mission parameters. The main variables that
usually influence the mission design process of laser instrumentation are as follows:

» Wavelength. The wavelength of the laser depends on the type of mechanism used to generate
the beam and the possible implementation of additional components, such as crystals, capable
of modulating the frequency according to precise proportions. The choice, especially for space
applications, relies on the availability of space-qualified components and the suitability of the
wavelength for both the target and the detector’s performance. The ampilification of the light
intensity can happen in a solid-state medium, such as the most popular neodymium-doped yttrium
aluminium garnet (Nd:YAG), a gas-state medium, a semiconductor diode, or an optical fibre. The
resulting wavelengths are extremely specific for each generation process. Still, in general, the
most popular ones in space missions are 1550 nm, 1064 nm, 532 nm, and tailored wavelengths
in the case of laser spectroscopy.

Link Budget. The link budget permits an estimate of the amount of energy received back by the
instrument as a function of the amount of energy transmitted by the laser and the loss sources in
the path. Using Equation 2.25 rearranged from Lingenauber et al. [1], one can properly design
the light source to achieve the desired optical power at the detector:

_ EréréradiT5Q.c
4H?)\2

Eg (2.25)

where E is the received energy, Er is the emitted energy, {7 and £ are the transmittance losses
in the transmitter and the receiver optics respectively, adr is the receiver aperture diameter, T4 is
the fraction of optical power loss due to atmospheric attenuation (if present), Q. is the quantum
efficiency of the sensor (the effectiveness of the device to convert a photon into an electron), \ is
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the wavelength, and c is the speed of light. Note that Planck’s law was applied to determine F,
the energy of a single photon:

C
E=h—- 2.26
s (2.26)
with h as the Planck’s constant (6.63 - 10734 J - s).
The energy values can be translated into the power domain:
E
Pp = 0'94TT (2.27)

P

where Pp is the peak power of the laser pulse, Er is the emitted energy, ¢, is the pulse duration
at the FWHM, and 0.94 is a corrective factor to convert from a squared pulse approximation to
Gaussian pulses.

Repetition Rate. A satellite will have a variable orbital velocity depending on its distance from the
ground and the type of orbit it follows. Since the main goal of a laser altimeter is to cover as much
surface as possible on the target, the repetition rate, namely the speed with which laser pulses
are sent to the target, becomes a crucial parameter for mission design. The closer the satellite
approaches the target, the faster the laser must be to avoid empty spaces on its swath.
However, other aspects play a role in selecting the best repetition rate. As explained later in
this report, depending on the type of detection approach implemented in the mission, multiple
scans of the same region may be required to collect enough statistical data to characterise the
topography. This is the case of single photon-counting approaches.

Pulse Width. The width of a laser pulse determines the time frame in which the light coming from
the laser is contained. In laser ranging applications, this quantity should be as short as possible
to condense the energy and reach a better temporal resolution. By doing so, the probability of
detecting noise during the reception of the signal is also reduced.

Number of beams. In laser applications, generating multiple beams at once is possible by im-
plementing multiple generators or a beamsplitter. This choice is not dependent on the laser
performance. Still, it may be implemented for particular applications, like when it is necessary to
increase the instrument coverage without stressing too much on the beam expansion and keep-
ing the capability to detect spatial variations on the target accurately. Examples of this approach
are the missions ATLAS and LOLA.

Clipping. When expanding a laser beam, it may happen to have wanted or unwanted apertures
on the path. Clipping happens when the section of the beam is bigger than the aperture. This
phenomenon is a source of dissipation in the link budget of a laser link because the generated
diffraction tends to increase the beam’s divergence and, consequently, the area on which the
laser’s energy is distributed. This section will not go deep into clipping details, but the design
exercise will consider it to reduce possible error sources in the calculations.

2.2. Detection

2.2.1. Detection principle

The physical concept behind laser altimeters’ working principle relies on knowing the spacecraft’s op-
erative range from the target body’s mean radius, from which one can subtract H, or the range of the
spacecraft from the surface:

H="" (2.28)

To estimate the altitude of the topography. Here c is the speed of light (3.00 - 10% m/s), and At is the
period between the emission and the reception of the laser pulse. Factor 2 in the division considers
both legs of the signal’s round trip.

Additionally, by implementing a bidimensional pixel array and reducing the effects of the aberrations
mentioned before, it is possible to obtain additional information from the lateral variations in the Gaus-
sian intensity distribution regarding the terrain slope, roughness, and albedo (or fraction of reflected
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intensity) by analysing the variations in pulse spread for the first two parameters and intensity for the
last one [28].

The receiver optics must be designed such that the Field of View (FoV) of the instrument, intended
as the angular extension reachable by the instrument for a given orientation, matches the desired
footprint size of the laser beam on the ground at a given altitude. The geometrical problem can be
assessed as follows:

Footprint size  Detector Size

FoV = - = ; (2.29)

Where H is again the distance from the surface and f is the focal length of the receiver optics. The focal
length is the key design parameter because the detector size is usually constrained by manufacturing
limitations in fitting the electronics in a small space. Still, the dimension of the pixels affects the spatial
resolution achievable by the system, namely the minimum resolving distance between two points on
the target.

2.2.2. Working principle of photon detectors

The photodiode is the essential component that permits the collection of the photons composing the
laser pulse for the measurements. It exploits a p-n junction, an overposition of positively and negatively
doped semiconductor material, as visible in Figure 2.9. Applying a constant negative voltage, the
device accumulates the vacancies and the electrons at the opposite ends, creating a middle zone
called the depletion zone, where the atomic structure is densely populated. When the photodiode
is exposed to light, this region catches photons and absorbs their energy. As a result, due to the so-
called photoelectric effect, electron/hole pairs are generated, with the former promoted from the valence
band, where the material behaves as an insulator, to the conduction band, where the material allows
the presence of internal currents and permits them to follow the external electrical field generated by
the voltage.
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Figure 2.9: On the left: p-n junction photodiode scheme, where it is possible to see the differentiation between p-doped,
n-doped, and depletion layers. The electrons stopped far from the latter are not detected by the device. On the right: a p-i-n
junction photodiode scheme, where the depletion zone is thickened thanks to including a non-doped region. In this case, a
broader swath of wavelengths can interact with the atomic structure, but the electrons will take longer to exit from the region.

Figure from Gualani [53].

The generated current, converted into a voltage and amplified to appreciable levels, feeds a signal
that can be considered proportional, for a first approximation, to the number of photons hitting the
material with enough energy to excite its electrons. The linearity range persists until a specific limit,
called saturation, where the photodiodes hit their maximum capacity and start slowing the photon-
electron conversion. If a photodiode is oversaturated with enormous intensities in a very short period,
as could be the case for direct exposure to a laser beam, it can be irremediably damaged. The specific
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value at which this phenomenon happens is called the damage threshold and is extremely important
for laser applications, thus will be also investigated in this project.

The challenge in detecting laser pulses with this kind of device is that the detector generates a
signal every time it’s triggered by a photon coming from the background, internal reflections, or its own
electrical noise. These sources of noise make the isolation of the scientific signal more complex.

Over the past years, several approaches have been applied to compute the time of flight of the
returning laser pulse and reduce false detection. The most basic principle is represented by leading-
edge timing. In this application, a portion of the transmitted signal is sent to the detector to establish
the beginning of the measurement. The timing system detects the point on the pulse rising edge where
the signal exceeds a predetermined threshold; then, it waits for the detection of another signal with
enough energy to surpass the threshold again and computes the difference in time between the two
[2]. In this way, the differential measurement roughly estimates the time of flight of the laser pulse.

This principle works because the quasi-Gaussian distribution of the laser pulse is coherent over
time, even if the interaction with topographic features provokes the alterations mentioned before in the
spread and intensity of the pulse. However, the method presents two main technical threats [54]:

+ Although the Gaussian distribution is preserved, its shape proportions change over time. As vis-
ible in Figure 2.10, the returning pulse shape will differ from the original one, usually presenting
a more flattened and wavy energy distribution. Hence, the moments when the threshold is ex-
ceeded do not correspond to the same point on the signals. This error source is attributable to
the range walk.

+ In addition to the previous point, the electronic jitter of the signal is not entirely predictable. It
adds uncertainty in determining the precise moment the threshold is crossed.

—Emitted Signal
—Returning Signal

- - -Discriminator Level

- Threshold Passing Points

Voltage (V)

Time (t)

Figure 2.10: Simple scheme to explain the leading-edge method. On the y-axis, the voltage of the converted signal on the
detector. On the x-axis, the timeline of the measurement. The discriminator level, corresponding to the predetermined
threshold, crosses the emitted signal (in blue) and the returning signal (in green) at two different points but still ensures the
cut-off of the noise. Computing the time difference between the two detections permits estimating the time of flight of the pulse.

Both of these parameters generate errors in the vertical accuracy of the instrument. Nowadays,
innovative strategies permit the increase of the capabilities of LIDAR system by allowing for the discreti-
sation and sample of the entire wavefront. The intrinsic features can be processed with high precision
thanks to extremely fast counter-clocks, enhancing the mission’s scientific return. Nonetheless, this ap-
proach costs in the power consumption required to operate the electronics and the onboard computer,
and in the data rate for the transmission to the ground segments [55].
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2.2.3. Avalanche photodiodes and single-photon sensitivity

A possible solution to the problem comes from the bias voltage at which the photodiodes are operated.
When it is increased beyond a specific value, namely the impact ionisation threshold [56], the carriers
gain enough energy to induce the formation of additional electron/hole pairs [57] and generate an
avalanche multiplication. With minor adjustments in the structure of the photodiodes, one can deploy
this strategy to amplify a few photons into a current already in the silicon structure and then convert it
into appreciable voltage levels in the external electronics.

The technological translation of the mentioned approach is the Avalanche PhotoDiode (APD) visible
in Figure 2.11. It resembles a p-i-n junction with an additional p-doped layer after the intrinsic region.
Due to the high voltage level in the new layer, the electrons can induce an avalanche effect and multiply
the carriers in the silicon.
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Figure 2.11: APD structure. Along with the classical p-i-n configuration, another layer of p-doped material is added after the
intrinsic zone. In this region, where the higher electric field is generated according to the graph on the left, the avalanche
process proliferates the formation of electron/hole pairs. Figure from Wang and Mu [56].

But it is possible to go further. Applying even higher voltages to the photodiode, one can reach
and exceed the so-called breakdown voltage. Operating under this condition, the photodiode enters
a metastable phase called Geiger mode, and until a photon reaches the device, it remains stable
and behaves like an insulator. When even a single photon strikes the sensor in the depletion zone,
the intense electric field charges it enough to generate a self-sustaining avalanche, transforming the
photodiode into a proper conductor [58]. The performance of this configuration is evaluated based on
the excess bias voltage Vg, as shown by Equation 2.30:

Vie = Va — Vg (2.30)

where V4 is the bias supply voltage, and V; is the aforementioned breakdown voltage.

Again, it is a matter of compromises. Having a high Vg increases the photon detection probability
and the time resolution of the photodiode, but also the dark count rate generated by the electronics
[58] and the possibility that previously generated electrons provoke an avalanche with some delay,
referred to as afterpulsing noise [59]. This choice is reflected in the system’s recovery after the detection
event. Indeed, once the photon triggers the junction, the transition it experiences does not reverse
automatically, and the diode keeps operating as a conductor. The system can be restored to Geiger
mode only by using a quenching circuit. The operative steps, illustrated by Figure 2.12, are the following
[58] [59]:

» A high-speed comparator senses the rising edge of the current generated by the avalanche (1—2);
» An output, synchronised with the avalanche, is generated to define a time tag for the event;
* V4 is lowered at the same level or even below the Vg (2—3);
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 After a precise period called the hold-off time, the photodiode is set again to the nominal opera-
tional bias (3—1).

Recharge

[, Vo 3

ayoue|eny

Figure 2.12: Voltage (x-axis) vs. Current (y-axis) graph for a SPAD. The operations can be divided into three main tasks:
Avalanche (1—2), where the junction is excited by a photon and generates current; Quenching (2—3), where the quenching
circuit intervenes to set the operational voltage below the breakdown voltage; Recharge (3— 1), where the system rests for a

defined hold-off time and then is set again to the operational bias level. Meantime, the generation of the avalanche is recorded
with a time tag. Figure from Meiré [59].

This limitation implies that the continuous acquisition of the signal to perform a wavefront analysis as
in normal altimeter approaches is no longer possible. Therefore, a new technique must be introduced:
it involves the statistical reconstruction of the laser pulse from the number of detection events and their
distribution in time. However, to fit in the same operational time frame as the classical approach, this
detection scheme demands higher repetition rates to collect a large enough sample of photon detection
on which to perform the statistics.

Since time constraints are so severe, it is paramount to account for a pixel array so that lateral
variations in two dimensions can still be measured. Indeed, choosing a single pixel would lead to the
implementation of scanning techniques, where the scene is divided into portions that are investigated
in a defined order and then reconstructed to recreate the original image. However, this process would

limit the time allocated for collecting the sample and the consequent number of photons, reducing the
interpretable information about the target.



Requirements Specification and
Trade-off Criteria

After introducing the context of the instrument at the centre of this project, this chapter explores the
system engineering approach applied to identify the most suitable optical design. The strategy involves
evaluating and defining the driving requirements for a trade-off analysis and studying possible design
choices. In the end, the best candidates for further studies are identified.

3.1. General Mission Overview

Combining the two main physical aspects explored in the previous chapter, namely laser optics and
photosensitive detectors, it is possible to design many different laser altimeters, adapting them to each
mission’s dimension, goal, and target constraints. This heterogeneity is evident in the examples listed
in Chapter 1, with a summary of almost all the milestone instruments developed by space agencies in
the past decades.

Indeed, the same applies to the development of the instrument at the centre of this research. It is
based on the mission scenario identified in the SER3NE mission proposal, imagined for an ESA call
regarding small missions, with a total cost of up to 50 M€, aimed to "address primarily exploration and
science aspects” of the Moon such as [60]:

» "Understanding environments in deep space and at the Moon and the effects on technology and
biology of exposure to these environments”;

» "Observing, predicting and mitigating changes that human activity will introduce to these environ-
ments”;

* "Finding, characterising and quantifying potential resources and understanding how local environ-
ments affect resource-extraction processes”;

* "Providing improved/higher resolution mapping of potential landing sites and locations of high
interest for exploration”.

In particular, the scientific goal expected for the instrument is to enhance the precision of vertical
and lateral variation measurements on the Moon topography (dated back to LOLA) to:

+ Study the composition and abundance of water ice reservoirs on the Moon, addressing their origin
and correlation with other bodies in the Solar System;

+ Estimate the shape of shaded regions more correctly, constraining the environmental conditions
that permit the presence of volatile elements of interest for future human activities;

+ Identify the presence of minerals in the regolith, giving insight into the geological and seasonal
evolution of the body;

+ Assess the tidal variations along the lunar orbit, putting constraints on numerical interior models
predicting the long-term orbital evolution of the body.

20
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These achievements do not come with any effort. Indeed, the main source of engineering chal-
lenges for the instrument design is represented by:

» Miniaturization of the system: the instrument will be carried on a 6-12 U (or CubeSat unit, corre-
sponding to a volume of 10x10x10 cm?). To permit the implementation of the rest of the payload
and the onboard systems, the miniaturized altimeter will be constrained to a small volume of 3 U,
a domain never undertaken before for topographic mapping laser altimeter.

 Transceiver Design: considering the previous point, the instrument’s optical design must exploit
as little space as possible. In the past, flagship missions could allocate different modules for trans-
mitter and receiver units. This was permitted by the size, weight, and power (S\WaP) available
in the satellite budget, usually in direct proportionality with the funding granted to the project. All
these indicators are limited for microsatellites, implying the necessity to share some elements of
transmitter and receiver optical paths. By doing so, size can be minimized, and optical alignment
between receiver and transmitter elements can be simplified, but at the cost of increased design
complexity in the cross-coupling between the two sections [61].

 Single-photon counting detection: so far, laser altimeters have consistently implemented linear
LIDAR detection techniques. This approach allowed for a more holistic study of the conformation
of planetary surfaces, implementing at the same time a very reliable technology. However, as
demonstrated previously, fitting it into miniaturized instruments is impossible. Geiger mode SPAD
can overcome this technological gap, guaranteeing scientific data acquisition without prohibitive
powers or data rates. Nonetheless, the limited heritage in this field represents an obstacle to their
implementation.

Table 3.1 provides the expected
specifications of the studied New Laser  Table 3.1: Resuming table for the main characteristics of the miniaturized

Altimeter (NLA). It is then possible laser altimeters studied in this project.
to compare them with the reference New Laser
missions reported in Tables 1.1, 1.2, Characteristics Altimeter (NLA)
and 1.3 to understand the perspective
of the NLA in comparison with rele- N. of beams 1
vant missions. Indeed, some of them Wavelength [nm] 532
had the same topographic application, L_a.ser. PL_Jlse Energy [mJ] 0.5-2
having the Moon as a target (LOLA, Specifications D|'vergence [urad] 300
LALT) or being a heritage of the de- Vertlca!_Accuracy [em] 5
partment at the nstitute of Planetary Rgpetltlon Rate [Hz] 275-135
Research (BELA, GALA). Others are Telescope Diameter [m] 0.075
important because of their compara- Detector Type SPAD
ble size (HAYABUSA 1 and 2 LiDAR, Detection Approach Photon
OLA, and PALT) or their single photon- Counting
counting approach (GLAS, ATLAS). Mass [kg] <4
The result of this comparison is vi- Temperature Range (nom/surv) [°C] -10to +40
sualised in Figure 3.1, which shows a -30 to +50
performance characterization of the in- Orbit [km] 20-40
struments. In the specific, two quality Power Consumption [W] 27
factors are introduced. The first one Length [cm] <30

is the Power Factor, representing the
amount of power transmitted through the laser pulse at the front of the total power provided to the
instrument. Resuming in one expression:

ET -r

Cp= 2 (3.1)
where (p is the power factor, Er the emitted pulse energy, r the repetition rate, and P the supplied
power. This parameter measures the system’s efficiency in distributing the supplied power to the laser
source to perform the scientific measurements. Moreover, it helps evaluate other correlated factors.
For example, the pulse shot energy is tailored to each mission depending on the link budget, consid-
ering altitude, receiver aperture, transmittance losses, quantum efficiency, atmospheric attenuations
(if present), and operative wavelength. Furthermore, the repetition rate also accounts for the spatial
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coverage of the target, propagating the effect of the altitude and the footprint size. Finally, the total
power tells about the cost sustained by the entire instrument to match the asked performance.

The second one, instead, is the Size Factor, representing a ratio between the instrument’s optical
and mass performance. Resuming in one expression:

ad
=T
where (s is the size factor, adr the receiver aperture and M the mass of the instrument.

(3.2)

Watching the graph, the distinction between the different types of missions is evident and polar-
ized: navigation and landing missions favour efficiency in size, sacrificing more on the power side;
Earth observatio