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ABSTRACT

Context. Spectropolarimetry is proposed as a relatively new option in the field of remote
sensing for the characterization of aerosol particles and the investigation of cloud proper-
ties, that are key factors for the enhancement of climate model’s accuracy. The use of multi-
wavelength, multi-angle information of the scattered flux and polarization light can lead to
the characterization of these particles with unprecedented detail.

Aims. In this context, FlySpex is a new concept of miniaturized spectropolarimeter that fea-
tures an innovative system for the polarimetric information encoding in a very limited vol-
ume. The aim of this work is to assess an initial estimation of this instrument’s accuracy,
to create a pipeline for the data reduction of the signal received and to perform a feasibility
study in order to adapt this technology to a small satellite mission.

Method & Results. In order to assess the performance of the instrument a calibration pro-
cedure in the optical laboratory has been performed, using 100% linearly polarized light.
A first estimation of the instrument accuracy showed a maximum residual of 0.0056 and a
mean residual value 0of 0.002. A system engineering approach has been developed in order to
perform a first study on a space mission concept for the instrument, studying different con-
figurations and analyzing the instrument performance with respect to size, power, pointing
accuracy, data rate and resolution of the retrieved data. A 3U CubeSat standard was proposed
for the concept of a future space mission and the instrument was adapted to this standard.
Twenty viewing points will observe Earth’s atmosphere and transmit the signals to a single
spectrometer, designed in order to be perfectly compliant with the spacecraft dimensions.
Only 1U of the spacecraft is occupied by the payload.
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INTRODUCTION

1.1. GENERAL BACKGROUND

The aim of this thesis project is to provide an initial study on a new concept of optical
instrument in the field of Spectropolarimetry, FlySPEX. This instrument has been developed
by the university of Leiden [3] and it will address mainly the demand from the scientific com-
munity of accurate retrieval of the properties of aerosol particles.

The official call for an intensive investigation on aerosol particles concentrations and
their properties was produced after the IPCC (Intergovernmental Panel on Climate Change)
conference in 2003 [4]. In the document aforementioned, a discussion about the influence
of aerosol particles properties on atmospheric and radiative model has been addressed, con-
cluding that it is nowadays the cause of the greatest uncertainties on climate change predic-
tion. Moreover, the impact of so-called fine dust, which are very small aerosol particles, on
human health revealed respiratory problems in the long term, such as reduced lung func-
tion in asthmatic children [5] and increased lung-cancer mortality in adults [6][7], as well as
in the short term, such as an increase in cardiopulmonary hospital admission and mortality
(8119].

In order to address this problem, a number of instruments have been developed to pro-
vide information on aerosol’s composition and distribution, either ground-based or space-
based. Ground-based instruments as Particulate Matter (PM) monitoring and Sunphotome-
ter do not provide a sufficient spatial coverage, they also provide limited information, deliv-
ering only the particles’ size and a rough characterization of aerosols through the imaginary
part of the refractive index. Various space missions involved in aerosol properties retrieval
exist: PARASOL/POLDER in the past, MODIS and MISR currently operational, and in the
future the instruments MISR, APS and PACS [10]. Some of these operational space instru-
ments can deliver multi-angle, multi-wavelength information, allowing the particles’ size
and refractive index retrieval. Nonetheless, only the PARASOL/POLDER mission featured
polarimetric information, necessary for improving micro and macro properties of aerosol
particles and for aerosol particles detection near and above clouds. This is a crucial infor-
mation, since aerosols are suspected to act as cloud condensation nuclei. Moreover, current
instruments do not deliver accurate enough data, useful to understand the aerosol radiative
forcing down to the 0.25 W/ m? level, as required in [11]. This level is only reachable with a
polarimetric accuracy of around one level of magnitude better than the operational one [12].
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The new generation of instruments, together with the SPEX family which FlySPEX belongs
to, will be able to reach that level of accuracy [10].

FlySPEX will deliver multi-angle, multi-wavelength spectropolarimetric information, ad-
dressing all the requirement for a fully characterization of aerosol particles only occupying
a fraction of the volume needed for the previous spectropolarimeters and with a lightweight
structure. These characteristics are essential for a space mission and will lead to a drastic
cut in the classic cost budget for a scientific mission. Its adaptability to a cubeSat standard
is also an essential element, since it further cuts the mission costs with the use of off-the-
shelf components and it is directly suited for a future multi-satellite mission (since research
is towards swarms, formation flying or constellation satellite systems). Since the design of
the instrument is very flexible, it can also address different objectives, such as studies on a
major component in air pollution, NO,, whose data are currently insufficient [3].

Other applications listed in [3] for the FlySpex concept are its use as nephelometer and par-
ticle counter and, not linked with space missions, are bio-medical diagnostic imaging, food
quality control and generic laboratory fiber polarimeter.

The peculiarity of the FlySPEX instrument relies on its fiber-head nature, which means
that all the optics (of the polarimeter) are miniaturized at the top of two optical fibers that
transmit the information taken from a single viewing point to the second part of the instru-
ment (the spectrometer).

The shape of the first prototype is shown in Figure 1.1. The innovation led by the instrument
also lies in its snapshot nature: with just one observation all the aerosol properties of a pre-
cise region are imaged, allowing to virtually eliminate all the differential effects and errors,
typically present in other polarimeter instrument designs.

Important elements needed for the data reduction process are retrieved from the calibration,
and a first insight on the instrument performance can be inferred.

Figure 1.1: Figure from [3]. Rendering of the mechanical design of FlySPEX fiber head. The unit contains the
polarization optics that split the light in two beams, the light then goes to the spectrometer (not shown in the
picture) through the two fibres. The prototype dimensions of the fiber-heads are currently 32x29x10 mm?®.

This thesis is divided in two parts, since two needs are addressed: the in-lab calibration of
the instrument prototype, in order to assess the accuracy level of the instrument, and a first
concept design, in order to enable the integration of the instrument in a future small satellite
mission observing the Earth. In the first part of the thesis, results from a first calibration of
the spectropolarimeter are presented.
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The second part of this thesis will be focused on the concept design of an instrument for a
future Earth remote sensing mission, that will study the lower part of the atmosphere pro-
viding multi-angle multi-spectral capability. In the following sections of this introduction,
the technique behind the channeled instruments and the optical elements characterizing
this family of instruments will be better explained, beginning with some common notions
on polarimetry.

1.2. THEORETICAL BACKGROUND - POLARIMETRY

Polarization is a fundamental property of light that describes the geometrical orienta-
tion of the oscillation of the electromagnetic wave. Given the orthogonality of the electric
and magnetic field, traditionally only the former one is used as a reference to describes the
geometrical position in space of the wave.

Generally speaking, polarization indicates anisotropy, a preference on the orientation on
the wave oscillation’s direction, thus a break of the symmetry. Polarization can be either in-
herent to the source of light, or created by the medium between the detector and the source,
or both. One fundamental concept, important to stress, is that polarimetric information is
essential to give a complete description of the content of light radiation. Classical detection
of light as a scalar quantity is not able to describe its polarimetric content, thus a vectorial
form is required. The polarization state, dependent on position, wavelength and time, gives
the possibility to remotely obtain information on a wide range of sources and objects.

1.2.1. KEY POLARIMETRIC ELEMENTS
STOKES PARAMETERS

Stokes parameters represent a method of describing intensity and geometrical orienta-
tion of light through the use of four elements: these four parameters define the so-called
flux vector. This formalism was introduced by Sir George Gabriel Stokes [13] and adopted in
astronomy by Chandrasekhar in his monumental dissertation on radiative phenomena [14].

As stated in [15] and reviewed in [16], while there is a mathematical convention on the
formalism, there is no similar thing on the denotation of the Stokes parameters. In order to
be consistent during this dissertation, the notation illustrated below, which is also adopted
by the majority of the astronomical/atmospheric community, will be used.
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Direction of
propagation

e A n

X=direction of propagation

tanf= axial ratio of eflipse

Figure 1.2: Adapted figure from [15], Presentation and Visualization of the Stokes parameters in a right-handed
elliptical fashion where V is positive. The unit vectors I, n and Ixn constitute the reference frame.

Figure (1.2) presents the Stokes parameters and Equation (1.1) shows the definition of
the Stokes parameters based on that convention.

2

I a
Q a’cos2fcos2y
= 2 . (11)
U accos2fsin2y
1% a’sin2f

In general, a "polarization ellipse", as defined by Tinbergen, is used to characterize the sig-
nal: this ellipse describes the movement of the tip of the electrical field vector, as it changes
with time. The flux vector summarizes the content of the ellipse. It is respectively formed by
the intensity vector I, which is simply the square of the intensity of the electrical field a, the
parameters Q and U, that represent a linear oscillation of the electric field in the two per-
pendicular planes, and finally the vector V, that represents the circular oscillation of the tip
of the electrical field vector. The ellipse is then the general case, nothing else than the com-
bination of linear and circular oscillation. The two angles y and f are defined in the figure.

A more practical and instrument-oriented definition of the Stokes parameters has been
formulated in [17]. This definition is useful to introduce the theory of instrument modelling
through the Mueller formalism, that will be illustrated later in this chapter and extensively
used for the instrument model.

I Igo + Iggo OT I'—45;’ + 14’1,50 or Iy ye + Ippc
Io— 1500
Qf_ T0o = 9 (1.2)
u 11450 + I—,450
4 Ipnet uc

This definition is formulated using the photon flux I’, and gives a more operational view,
since the quantities (I\’P) are the equivalent of flux measurement on the detector, obtained
through a polarizer inclined at different angles W, as indicated in Figure 1.3b (RHC and LHC
indicate right and left handed circular polarization). From the instrument point of view, the
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angle V¥ is the orientation of the polarizer measured anticlockwise with respect to the direc-
tion perpendicular to the optical table. The angle ¥ can assume another definition when
using a different reference frame: from the observed object’s point of view, the orientation of
the angles described in eq. (1.2) is based on the deviation of the electric field vector from the
commonly adopted scattering plane, described in papers as Hansen & Travis, 1974 [18]. The
paper defines the scattering plane as the plane that contains the direction of incidence and
scattering of the wavelength. The angle indicated in eq. (1.2) and called ¥ in Figure (1.3b) is
then measured anticlockwise from the scattering plane.

To convert the Stokes vector from the measured scattering plane to the optical plane of
the polarimeter the so-called rotation matrix L can be used [19] [2]:

1 0 0 0
0 cos2B) sin2B) O
0 —sin2B) cos2B) O
0 0 0 1

(1.3)

This matrix operator apply a change in reference system rotating anticlockwise from old to
new reference plane through the use of the angle S.

L
[

(a) (b)

Figure 1.3: Figures from [18]. a) Visualization of the scattering angle. b) description of the polarization angle ¥
with respect to the propagation direction / and the normal to the scattering plane 7.

Looking again at eq. (1.2), it is clear why polarimetry is defined as a differential tech-
nique: considering that the instrument can measure only intensities at different polarization
angles, then it is clear that at least two intensities need to be retrieved in order to produce
one polarized Stokes parameter Q, U or V.

The Stokes parameters are usually normalized by the intensity I, in order to eliminate the
dependency of these parameters on the intensity of the signal detected. When normalized
by the intensity, the notation changes to lower case: g, u, v.

Other commonly used parameters are the degree of polarization:

VQ2+U?+V?

I

DoP = (1.4)

The degree of linear polarization (particularly useful when circular polarization is negligi-

ble):
A /QZ + U2
1

DoLP = (1.5)
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And the angle of linear polarization:

1 U

AOLP = —atan2|— (1.6)
2 Q

The term "atan2" refers to the arctangent function, but it is a slightly modified version that

takes into account the sign of the two divided elements, in order to avoid any ambiguity in

the retrieved angles (the codomain of this function becomes [0, 27]) [18]. with the use of this

function, AoLP values can be retrieved from 0 to 7.

MUELLER MATRIX

Another useful mathematical tool derived from the Stokes formalism is the Mueller ma-
trix, a 4x4 matrix that ideally describes every interaction of the wave with matter, in a lin-
ear fashion.The incoming light, described by the vector S;, (the previously mentioned flux
vector), will be changed and manipulated by the medium and the optics, resulting in the re-
ceived Sy, so that:

Sout =M Sin (1.7)

Where the Mueller matrix is:

I-1 Q-1 U—I
I-Q Q—-Q U—-Q
I-U Q—U U—-U
I-V Q—-V U-V

(1.8)

<SS <<
<SSO ~

—
—
—
—

POINCARE SPHERE

A refined and immediate way of describing the effects of any medium on the incoming
light, is to represent them graphically, on the Poincaré sphere. This sphere is the equivalent
of the Mueller matrix, that describes polarization changes as the movement of a vector in a
3D coordinate system, formed by the normalized parameters ¢, u, v. This vector will be al-
ways fully contained in a sphere with radius 1.

The centre of the sphere describes fully unpolarized light, while the surface contains fully
polarized light (DoP = /g% + u? + v? = 1) or, if it lays on the equator, the vector is just lin-
early fully polarized with DoLP = \/q? + u? = 1. Any other combination results in a partial
polarization, represented by any place inside the sphere.

As it will be presented in the section regarding the instruments set-up, any element that
composes a polarimeter can be described by a Mueller matrix, and a movement on the
Poincaré sphere.
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+U
~/

LCP

Figure 1.4: Figure from [20], representation of the Poincaré sphere. RCP (right circular polarization) is consid-
ered the positive parameter v, LCP (left circular polarization) is —v.

1.2.2. POLARIMETRIC ACCURACY, SENSITIVITY AND EFFICIENCY
SENSITIVITY
Polarimetric sensitivity is defined as the lowest polarization level of the source that is still
discernible from spurious polarization signals due to noise.
It is generally expressed as a percentage of the intensity I.

ACCURACY
Accuracy defines how close to the input Stokes parameters the instruments can read the
signal. It is then a key parameter to describe the instrument requirements and it is strongly
dependent on the calibration process and the data reduction. This can be mathematically
translated by the matrix X (in [17]):
Sout = X" Sin (1.9)

where X is a 4x4 matrix ("polarimeter response matrix" as firstly introduced in [21]) and can
be decomposed in X = I+ AX, being I the identity matrix and AX the accuracy matrix that
describes the uncertainties and cross-talk between the four parameters.

The matrix shows many similarities with the Mueller matrix, but it is not identical, since it
also includes the effects of data reduction and calibration. The goal of a complete calibration
process is reaching the highest accuracy possible [22].

EFFICIENCY

The last important quantity for the assessment of a polarimeter is the polarimetric effi-
ciency. This quantity is strongly related with the quality and quantity of observations and
the instrument calibration process. It generally described the performance of the given po-
larimeter with respect to statistical noise.
Efficiency is a flour vector quantity derived from the demodulation matrix D, that is defined
from the following relation:

Sout =D T’ (1.10)

where Soy¢ are the elaborated stokes parameters from n observations that lead to the photon
flux noise I'. The demodulation matrix will be better described in section (1.2.4) since it is
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highly involved in the calibration process. From the demodulation matrix, the four-element
vector €, indicating the system efficiency, is described as:

N|—

€k = (nZD,ZCl) (1.11)
I=1

1.2.3. POLARIMETER OPTICAL ELEMENTS

The FlySpex instrument is composed by elements that are at the base of every polarime-
ter, thus a review of the basic optical elements is here presented, in order to illustrate the
instrument set-up and mathematical model.

POLARIZER

Polarizers can be defined as "filter for polarization states" [17]. Their main aim is to di-
vide the different polarization states, either by transmitting only one polarization state (lin-
ear polarizer) or both polarization states of light at perpendicular linear polarization direc-
tions (Beam-splitter Polarizer).

The most used linear polarizers are Polaroid film (aligned anisotropic crystals or poly-
mers) and wire grid (aligned conductive wires). For Polaroids the non transmitted beam is
absorbed, while it is often reflected in wire grids.

Beam-splitters are more efficient mechanisms, since they transmit all the received pho-
ton flux. Most of them are based on birefringent crystals, that have two different refractive
indices for the perpendicular ordinary and extraordinary wave, n, and n,, respectively, thus
two different refractive angles, according to Snell law.

An ideal polarizer, transmitting in the axis +Q, is represented by the following Mueller
matrix:

1 +1 0 0
+1 1 0 0

M= |0 o0 0 o (1.12)
0 0 0 0

The respective movement in the Poincaré sphere is a projection of the vector on the +Q or,
more generally, into the axis of the polarizer. The Mueller matrix for a non-ideal polarimeter
will be shown in chapter 4.

RETARDER

Retardance is a property of some materials, that can introduce phase shift between the
propagation of the two components of the wave (its electric field) along two orthogonal axis,
respectively the fast and slow axes. A retarder is characterized by its axis orientation and its
retardance angle A. This retardance can be controlled, given its dependence on the thickness
of the plate and the ordinary and extraordinary axes refractive indexes, with the following
formula:

_Zn-d
)

A (ne_ no) (113)
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The most common retarders (also called wave-plate) are the ones that induces a phase shift
of A=m/2and A = m and they are respectively called quarter wave plate (HWP) and half wave
plate (HWP). The shift created by the QWP changes U into V and vice versa, while the one
induced by a HWP exchanges the value of the linear parameter Q into U, mirroring them
along the fast axis.

An ideal retarder is represented by the following Mueller matrix:

0 0 0
1 0 0
0 cos(A) sin(A)
0 —sin(A) cos(A)

Met = (1.14)

(= -

Visually, a retarder rotates the vector by an angle A with respect to the representation of the
fast axis on the Poincaré sphere. The respective movement in the Poincaré sphere is shown
on figure below, together with the representation of the effects of the two mostly used wave
plate (QWP and HWP).

Figure 1.5: Figure from [17], representation on the Poincaré sphere of the effect of a QWR on a polarized signal.
Fast axis on the U direction and Polarizer in the +Q direction.

Figure 1.6: Figure from [17], graphic representation of the QWP and HWP effect on the incoming wave. The
upper figure shows a HWP that mirrors the wave with respect to the fast axis, and below a QWP that exchanges
linear polarization with circular.
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1.2.4. MODULATION TECHNIQUES

Even though a polarimeter has a simple set up, which is generally fixed in order and com-
ponents, strong differences are found in the way the polarimetric information is encoded.
Since at least two measurements are needed, different strategies in order to retrieve the po-
larimetric information has been developed, named as modulation techniques.

Historically, two types of modulations are used for the large part of polarimeters: spatial
modulation and temporal modulation [17].

Spatial modulation is described as the splitting in two (or more) beams, containing dif-
ferent polarization states, that arrives at the detector/detectors (for classical photometry) or
a spectrograph/spectrometer (for an analysis along the wavelength).

Temporal modulation is performed through a retarder installed before the polarimeter
(also called analyzer) that rotates to sequentially obtain different polarization states from
the photon fluxes. The orientation of the retarder is fundamental, since different angles give
different modulation of the information. Snik & Keller [17] presented the modulation for-
mula, based on the received intensity signal I’ after the polarizer in an ideal instrument,
with a retarder that introduces a delay A and can be rotated by an angle a:

1
I'A ) = —(I+ 9 ((L+cosA)+(1—cosA)cosda) +
2 U 2 (1.15)
+ > (1-cosA)sinda — VsinA sinZa)

This equation is obtained with the Mueller calculus applied on a rotating retarder and a po-
larizer. The temporal modulation is shown as dependent on the rotation angle « of the mod-
ulator (the retarder wave plate).

These two approaches are ideally similar, thus both result reasonable if we consider an
ideal instrument with perfect behaviour. In reality, spurious polarization signals strongly in-
fluence the output of the instrument, when taking into account differential effects, and both
modulation configurations present strong limitations.

Temporal modulation is limited by change on the observed region for slow modulation,
since changing the assets of the instrument between two exposures may require too much
time and lead to observing the target when it is drifted, or changed in intensity or polariza-
tion (this is often verified for the classic set up with a rotating quarter wave plate, that has
also the drawback of being a movable part, thus subjected to higher failure risk).

Solutions have been proposed, in order to avoid this long delay between two exposures:
the most important ones are replacing the retarder with liquid crystal (birefringent elements
with variable retardance that can be oriented inducing a specifically oriented electric field
on the component) or using a Photo-Elastic Modulator (PEM, elements whose orientation
and retardance is dependent on the stress level applied on the element). These fast mod-
ulations needs a very fast demodulator, thus specific detectors capable of read-out rates
with the same or higher modulation frequencies needs to be designed, and that can be a
strong limitation. On the other hand, spatial modulation also presents drawbacks responsi-
ble for decreasing the ideal sensitivity level introducing spurious signals. These drawbacks
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are: transmission differences among the beams, differential aberrations, larger detectors and
flat field differences [23].

A good sensitivity result (in the order of 107°) is obtained with the so-called dual beam
technique [24] [15][25]). This technique involves the combination of the two modulations:
the system is composed by a wave plate and a beam-splitter, so that it always analyses all the
incoming flux and allows for long exposure. Double difference and double ratio are the two
data reduction techniques used to eliminate spurious effects and reach that sensitivity level,
that will then be only limited by Poisson photon noise, as explained in the papers aforemen-
tioned.

Instead of this two classical modulation techniques, an innovative approach is in de-
veloping process after [26] and [27] independently reinvented the concept introduced by
Nordsieck [28], that proposed a particular set up for polarimeter instruments working in the
wavelength domain. This invention exploits the wavelength domain to encode the polariza-
tion information, together with the intensity value, so that it becomes possible to instanta-
neously retrieve all the Stokes parameters with one observation. This is a fundamental ad-
vantage, since all the differential effects that affected the sensitivity level are eliminated and
the effectiveness of the data reduction process is then the main limit to the performance,
together with Poisson noise. Also, accuracy is expected to strongly increase, since it will only
be affected by thermal effects and alignment of instrument optics: designing an athermal
wave plate helps to reach a really high accuracy level [29].

The approach will be further explained in Section (1.2.5).

1.2.5. CHANNELED SPECTROPOLARIMETER SET UP
SPECTRAL ENCODING TECHNIQUES

Channeled (spectro)polarimetry is a new approach (developed by Oka & Kato [26]), that
encodes the polarimeter information in the spectral domain. To obtain these results, a set up
with two retarder plates has been used, oriented at 0° and 45° with respect to the polarizer
main axis. This wave plate features a variable retardance, dependent on the wavelength.

The Oka & Kato instrument then modulates the intensity with the following formula:

1
I'(A, A1, Ay) =3

Iin() £ [Qin (W) cos(Ba (1) +
(1.16)
+ UnnDsin(d1 (W)sin(da () - Vin(Deosdr M)sin(da () ||

This equation differs strongly from the time-modulation equation (1.15), since it shows the
wavelength dependence of the two retarders, that allows this spectral encoding.

It is important to stress that this method marks a strong change in the polarimeter set up,
since it allows with just one exposure to get all the information contained in the Stokes pa-
rameters, no more affected by differential effects. It is also remarkable that this kind of in-
struments perform observations with no need of movable parts on the modulator, thus, low-
ering down power consumption and failure possibilities.

On the other side, one drawback of this approach lies in the spectral modulation itself. From
a manipulation of eq. (1.16) three different modulation frequencies can be isolated (respec-
tively dependent from A, and A; + Ay), these modulations are proportional to % From
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this consideration, it is evident how spectral resolution needs to be large enough to allow
a proper encoding, thus the instrument requires a more accurate spectrometer.

Other set-ups have been investigated beginning from this new encoding proposal: one
solution [29] in order to solve the issue linked to the high spectral resolution requirement
is the design of an instrument only focused on broad band detection of linear polarimetry.
This approach relaxes the requirements for the general spectropolarimeter and is optimized
for planetary atmosphere study, where circular polarization is often many magnitude orders
smaller than the linear polarization, and the polarization of aerosol does not show strong
changes in the spectral domain (even though gaseous absorption bands may have strong
spectral features).

With this approach, the number of modulation frequencies is reduced to one and the
increase in spectral resolution is minimal. The system will modulate the degree and angle
of linear polarization (respectively DoLP and AoLP). The instrumental set up is generally
composed by an achromatic quarter wave-plate (QWP) and an athermal multiple order re-
tarder (with retardance A(A)). In this case, the intensity is modulated as:

I'a) = %Im(/l) [1+ DoLP(A)cos(A(A) +2A0LP)] (1.17)

Or, expressed in terms of Stokes parameters:
1
' = Elin(ﬂt) [1+ gD cos(A) + u(D)sin(AL)] (1.18)

This is the set-up created for the SPEX instrument and inherited, with some changes, in the
FlySPEX concept, explained in more detail in the following section (1.2.5).

SPECTROPOLARIMETER ELEMENTS

FlySPEX s a channeled spectropolarimeter, that encodes the information along the spec-
tral domain [3]. The peculiarity of the instrument is the fiber-head that contains the polar-
ization optics involved in the modulation of the beam. Thanks to this concept instrumental
polarization effects are minimized, since the polarization is encoded in the spectral domain
and is not subject to any modification from the optics behind the modulator. Since the op-
tics inside the fibers are of millimeter order, no instrumental effect due to mechanical stress
and field angle is created, virtually defining the concept as instrumental error-free. The field
of view of each fiber head is necessarily small, accepting at normal incidence a 1° x 1° beam.

The components of the instrument can be presented, basing the description on [3] and
its predecessor, the SPEX instrument [10] [30] [31] [32].
A general scheme of the set-up of the SPEX instrument is shown in Figure (1.7).
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('l ) achromatic y multiple-order retarder
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Figure 1.7: Figure from [29] adapted for FlySpex (two plates used as a quarter wave-plate). Set up of the instru-
ment (a) and illustration of the spectral modulation principle on the Poincaré sphere (b).

From the figure, it is possible to see how the beam is modulated: first the quarter wave-
plate exchanges the Stokes U in V and vice versa, then the two Multiple order retarders mod-
ulate the signal present in the plane Q — V that is spectrally encoded. The polarizing beam
splitter then has the effect of projecting the modulation on the Q axis, creating two signals
that are 1807 shifted. The image only represents the spectral modulator part of the instru-
ment, that will be followed in FlySpex by two optical fibers connected to a spectrometer.

FlySpex differs from SPEX set-up since instead of the achromatic quarter wave-plate re-
tarder it has two thin plates of quartz and MgF, with their fast axes normal to each other to
form a 3/4-wave plate: this choice was made due to the compactness of this set up (with re-
spect to the Fresnel romb used for SPEX [3]) and because it can accommodate polishing. The
Multiple Order Retarder (MOR) consists as well of two plates of quartz and MgF,, with the
fast axis normal to each other and inclined 45° and —45° with respect to the transmitting axis
of the first channel of the polarizer, that is a beam splitter. This beam splitter is composed,
in the realized prototype, of a rhomboid with a dielectric coating at the hypotenuse to split
the beams perpendicularly between each other, and a triangular prism that through internal
reflection redirects the second beam to the entrance of the second fiber, to be parallel with
the first beam.

An example of the spectral modulation of SPEX is shown in Figure (1.8), where the polar-
ization information is encoded in the spectra on the first part of the image and extrapolated
and normalized in the second part (through the difference over the sum of the two beams
that will isolate the polarized properties of the wave, as it is possible to notice in the general
formula of eq. (1.17)). Similar results will be presented for the calibration outcomes of Fly-
SPEX.
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Figure 1.8: Figure from [10], results from one snapshot of SPEX (a, green and red lines), and intensity of the
spectra from the sum of the signal. Normalization of the spectrum by the subtraction of the sum of the two

signals (b).
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INTRODUCTION TO PART 1

The focus of Part I is the identification of the principal polarimetric errors introduced by
the different elements of the FlySPEX instrument. The work has been performed in the opti-
cal laboratory of the Astronomical department of Leiden University.

An initial set of raw data is acquired using a 100% polarized light oriented in a set of different
angles ranging from +Q to —Q.

Before the calibration procedure, corrections for transmission difference of the two chan-
nels and for the non perfect extinction ratios of the polarizer beam-splitter are applied. A
fitting algorithm is then used to the set of data to obtain the fitting parameters of the curve
corresponding to the Angle of Linear Polarization (AoLP), the Degree of Linear Polarization
(DoLP) and the MOR retardance A(A).

From these parameters efficiency curves are obtained. The fully polarized light in the +Q
direction will produce a DoLP that will be used as efficiency curve eporp(A).

As a second order correction, another calibration curve is extracted from the DoLP in-
tensity variations at different AoLP along all the wavelength. This variation is modelled as
periodic of 7/2 due to the non-perfect behaviour of the QWP that decrease the retrieved po-
larization along the + U direction, as discussed further in the chapter.

Chapter (3) will explain the optical elements used for this research and the general set-
up. Chapter (4) will illustrate the numerical model built to simulate the instrument, used
finally to check for consistency of the results. Chapter (5) will explain the calibration proce-
dure used and will show the calibration curves obtained. Finally, Chapter(6) will show the
procedure selected for the data retrieval process and the results of the laboratory work.

16



CALIBRATION SET-UP & ELEMENTS USED

The experiments addressed in this section have been performed at the optical laboratory
of the Astronomical department of the university of Leiden. In order to perform a polariza-
tion calibration of the instrument, a 100% polarized light is used as an input for the instru-
ment, through the use of a halogen lamp to ideally produce an homogeneous unpolarized
source. The polarimeter will completely polarize the source.

The elements used were a tungsten halogen source, model HL-2000 from OceanOptics
(wavelength range: 360 — 2400 nm ), a Glan-Taylor calcite linear polarizer, model GT10 from
Thorlabs, with an extinction ratio of 100000 : 1 with a rotation mount that will allow to change
the angle of linear polarization of the source. A neutral density filter is just an additional el-
ement to prevent the saturation of the spectrograph’s detector. The spectrograph used for
all the experiments is a dual channel fiber optic spectrometer produced by Avantes, with a
wavelength range from 200 to 1100 nm, with a 2048 pixels CCD detector and a grating that
features 300 lines/mm, 1,3 nm resolution.

The experiment consists of acquiring a data-set of the instrument response for a varying
input sources, composed by a 100 % linearly polarized light set at different polarization an-
gles. This angle was varying between 0 and 360 deg. with a step of 10°. Exposure at + 45°
and + 135° were also taken being the directions of the + Q polarized light. The angle of linear
polarization is periodic of 180, thus the data-set taken from 180° to 360° are repeated, but
still acquired for redundancy.

This experiment was repeated with different campaigns, from February 2017 to June
2017, and a different configuration was also adopted for some of the experiments, replac-
ing the collimated light source with an homogeneous integrating sphere, as shown in Figure
(3.2). These configuration was used in order to have a more homogeneous light source an it
proved to be more precise, thus it was adopted for the last experiments.

17
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Figure 3.1: Instrumental Set-Up used for the calibration procedure. From left to right: the fibre carrying the
light source collimated through the lens (1), the neutral density filter(2), the polarimeter (3), FlySPEX polarime-
ter (4) and the spectrometer featuring two entrances for the two channels (5).

Figure 3.2: Instrumental Set-Up used for the calibration procedure. From left to right: the fibre carrying the
light source inside the integrating sphere (1), the neutral density filter (2), the polarimeter (3), FlySPEX po-
larimeter (4) and the spectrometer (5) featuring two entrances for the two channels.

The second experiment was performed in order to acquire precise values of the extinc-
tion ratios of the beam-splitter manufactured for the polarization optics inside FlySpex. The
element is described in [3] and consists of a cube with a dielectric splitter coating at the
hypotenuse that creates the two channels with opposite polarization directions, and a trian-
gular prism in contact with the splitter surface, that deviates the second channel, through
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internal reflection, so that they become parallel to each other.

During the calibration analysis it appeared that one of the possible error causes could
have been the inaccurate extinction ratio of the two channels of the beam-splitter, therefore
an analysis of the single optical element was required in order to retrieve these parameters.
To perform the experiment, 100 % polarized light in the +Q and —Q directions was used. A
complete explanation will be presented in chap. (5) together with the results obtained.

The Set-Up is similar to the one used for the entire calibration, but an iris diaphragm
has been used before the polarizer in order to limit cross talk between the two channels and
stray light, and another one after the beam-splitter in order to select one beam only to be
collected at the final lens. This lens is a collimator used to direct the light inside the fiber and
inside the spectrometer.

The last three elements in Figure (3.3) are mounted on one-axis moving mountings, in
order to allow a better alignment and to move the iris diaphragm and the collimator from
one channel to another, since they are parallel at = 11 mm distance between each other.
Figure (3.4) shows a schematic representation of the Set-Up: it is possible to notice how the
moving platforms allow to retrieve at the detector the two beam, sequentially.

Figure 3.3: Set-Up used for the extinction ratios retrieval from the beam-splitter. From right to left: the collima-
tor (1),the neutral density filter (2), the iris (3), the polarimeter (4), the polarimeter beam-splitter (5), another
iris (6) and a second collimator (7) that conveys light through a fiber directly in the spectrograph. Three one-
direction moving platform are used to align consecutively the first and the second beam coming out of the
polarimeter beam-splitter.
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Figure 3.4: Set-Up used for the extinction ratios retrieval from the beam-splitter. From right to left: the collima-
tor (1),the neutral density filter (2), the iris (3), the polarimeter (4), the polarimeter beam-splitter (5), another
iris (6) and a second collimator (7) that conveys light through a fiber directly in the spectrograph. Three one-
direction moving platform are used to align consecutively the first and the second beam coming out of the
polarimeter beam-splitter.
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INTRODUCTION TO PART 11

In order to provide an accurate first level of a feasibility study for the implementation of
the instrument in a small satellite space mission, two approaches will be used with the pur-
pose of delivering a complete design.

The first approach will be a Bottom-Up method: beginning from the detector of the in-
strument, designed with an initial standard size, the design will then be expanded to the
optical parts of the spectrometer (i.e. gratings, lens or mirrors) in order to lead to a general
overview of the maximal performance of the instrument.

The second approach will consist of a Top-Down method instead: a general look at the
common small-satellite sub-systems, their performances and sizes will give an insight on
the possibilities and technological requirements for the instrument, e.g. size, power or view-
ing directions. These requirements, together with the scientific ones that drive the general
instrument development, will be a starting point for the instrument design, that will be
developed with increasing details. The research will start investigating the general instru-
ment possible configurations, through the fibers orientations, spectrometer performances
and then optical performances.

A comparison between the results from these two approaches and the general require-
ments will be carried out, and the results of this iteration will be presented. This process will
constitute the main verification method.

8.1. SATELLITE STANDARDS

The miniaturized nature of FlySPEX suggests a possibility to be integrated as a payload
of a small satellite mission, a procedure that could lead to an extremely cost-effective and
standardized solution.

A market research reveals the extensive use in the past years of the CubeSat standards,

vastly implemented for scientific missions and very compatible in terms of power, pointing
and aperture size for passive sensor payloads ([33]).

45
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A standard 3U is then selected, given the overwhelming presence in the small-satellite
production with respect to the other standards, and also because of the availability of nu-
merous platforms sold with already assembled modular subsystems that save development
time and cost and maximize the payload space (data shown in Figure 8.2). According to [34],
the 3U platforms are able to host up to a 2.3U payload size with a power supply up to 3.68 W
and have a TRL of 9 (data for the GOMX platform developed by GomSpace ApS).
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Figure 8.1: Updated statistics on types of launched/to be launched CubeSats. [35] Last update: 14-03-2017.
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Figure 8.2: Figure from [1]. Statistical analysis of launched CubeSats.
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From this standard the major technical constraints are derived, which are the payload
dimension, the payload mass, the power available for the payload, the data rate allowed and

the fiber-head configuratio

n. These constraints are shown in table (8.1).

Technological constraints
Structure
SZ-001 The Payload shall only occupy 1U of the spacecraft, in-
cluding microelectronics, thermal control units and BUS
for power and data access.
S7-002 The configuration chosen for the payload shall be able to
stand high vibration phenomena present at launch.
SZ-003 The Mass of the entire spacecraft shall be below 4000 g.
Power Constraints
PW-001 The instrument shall ask for an amount of power below
1.5 Watt.
PW-002 The voltage required for the instrument alimentation
shall be 3 or 5V, compliant with the CubeSat standards.
Data Constraints
DT-001 The Data Bus shall be compliant to the I°C protocol.
DT-002 The Data Rate of the instrument shall remain below
1000bit/s.

Table 8.1: Technological constraints imposed from the CubeSat standards [36].






BOoTTOM-UP APPROACH

The Bottom up approach followed during this project is shown in fig (9.1) below. The
design of the detector will be the starting point of this investigation, further expanding it to
the spectrometer components, its general properties and finally the entire instrument.

Size Detector Fibers Size

MAX Resolution

Detector
Grating Size Mirrors Size
Grating Design
Max Resolution Spectrograph Final
Grating ‘ Design

MAX N ° of Viewing

points Power Required

Spectrograph Size

Figure 9.1: Concise representation of the essential step to be made to create the design of the instrument using
a Bottom-Up approach. The starting point will be the choice of the detector, that will constraint the design of
the diffracting elements and the lens or mirrors of the spectrometer. Once designed, the general performance
of the instrument is retrieved and presented as a design result.

9.1. SPECTROGRAPH SELECTION

Spectrograph are widely used, with numerous purposes, from scientific investigation (as-
tronomy, biology, physics etc.) to telecommunication. [37] reviews all the state-of-the-art
spectrograph classes, to be implemented for future telescopes in order to improve the com-
pactness, stability (fewer moving parts) and improve performances. These review is then
very useful to discuss the best technology compatible with the FlySPEX instrument, since it

49
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requires a compact and very stable spectrograph that primarily can fit in the CubeSat stan-
dard.

The reviews divides the spectrographs in different classes, that will be analyzed here in
order to identify the possibility for FlySPEX. These categories are: direct detection, grating
and phased array, Fabry-Pérot and cavities, Fourier transform spectrometer and direct de-
tection.

Based only on the resolving power of the instruments (defined as R = A%), direct detec-
tion can be excluded, since the maximum performance reachable is R = 100 while values
for astronomical observation, in the visible domain, are typically higher. Fourier transform
system are not considered an option for this instrument, since fringes created can interfere
with the modulation pattern of the polarized signal, thus it may be troublesome to imple-
ment a similar device. Good options are then represented by grating and phased array, and
Fabry-Pérot and cavities technology. These instrument can be characterized by their resolu-
tion and resolving power (defined in Section (9.3.3)) and another important parameter, the
Technology Readiness Level (TRL). This parameter indicates the development level of a cur-
rent technology, rating it from 0 to 10. In order to have a space-proven element, a TRL of 8 or
higher is requested.

The first group refers to spectrograph that uses classical dispersing elements, like grat-
ings and prisms. This category is the most used and currently the most sensitive [37]. While
prisms always lead to bulky solution and a general increase of space, gratings are expanding
their popularity given their compactness and the flexibility on the resolution obtainable [38].

Current new technologies are in development, and a system like Semi-integrated Com-
pact Grating Spectrometer (CGS) can probably be very interesting for future development.
This system is a combination of a double grating system in a non collimated beam and it is
extremely compact (volume of the prototype 0.135 cmd), reaching a resolution up to 3 nm
and high enough resolving power (presented with all the detail in [39]). This technology is
still new and not tested, thus it will not be considered during the feasibility study, but it can
be selected in further development of the instrument.

Fabry-Pérot and cavities technology enable the separations of the wavelength through
filtering the unwanted range (by reflection). Filtering results to be quite inefficient if the re-
flected light is not utilized, but some solutions allow high resolution and efficiency. Between
these solutions notable are the Photonics Crystal Outcoupling Spectrometer (PCOS), that
will be not treated here since it is still not space proven (TRL equals to 4), and MEMS-Based
optical mini spectrometers (MEMS) that can be discussed, given their TRL of 8.

MEMS are systems that employ a tunable Fabry-Pérot technology on a micro-chip to al-
low the retrieval of spectra with a limited range and resolution. This technology appears to
fulfill the requirement for an astronomical application and it is used in the visible and in-
frared spectral range, thus it fulfills the requirements for the FlySPEX instrument [40].

Between the technologies here presented, some new and advance spectrometer concepts
can be very adaptable to future spectral observations, thus are cited here in order to give a
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general overview. From this discussion it appears that classic gratings and MEMS can be the
feasible concept at the moment for FlySPEX. Since the grating technology is currently vastly
used and customizable, the following discussion will focus on that, in order to have a first es-
timation of the size and properties of this spectrograph. The MEMS option is cited in order
to consider it as an off-the-shelf option for further development of the instrument.

9.2. DETECTOR DESIGN

9.2.1. CCD or CMOS

The detector size is derived from the specification of the space qualified model STAR250
by Cypress, the selected detector. Its choice derived from its use for the SPEX instrument,
where it was proven to be fully compatible with the instrument standards. Moreover, it is
a readily available off-the-shelf product, ready and tested for a space mission, and its main
advantage is the high resistance to radiation (up to a total radiation of 300 Krad).

As a general remark, the choice of the detector is very flexible at this stage of the design,
since the only elements needed for the preliminary spectrograph design are the pixel size
and the number of pixels. No specification are required on the typology of detector, that
mainly distinguish between Charged Coupled Detector (CCD) and Complementary Metal-
Oxide-Semiconductor (CMOS). These choice can be made later on during the design pro-
cess, basing on performances (read-out speed, spectral range, Signal to Noise Ratio) and
cost. The choice of the CMOS produced by Cypress is then just a starting point for the initial
quantification.

Choosing this detector will directly determine the power used by the instrument, since
this element is the only one requiring power. For the STAR 250 model, the power required
correspond to 350 mW, 5 V. The detector comprise the Analog Digital Converter (ADC), but
the micro-controller responsible for the payload operations is not comprised in this evalua-
tion, future design will take that part into account. The power required is still expected to be
much lower than the one required (1.5 W).

9.2.2. SIZING

The CMOS model mentioned before features 512 pixels, 25 pm wide each. The height of
the spectra is the first quantity that has to be assessed: since the fiber is rounded, the de-
tector will image a rounded element, thus the height will be equivalent to the width of the
resolution element. The height of the spectra is then fundamental to assess the minimal res-
olution required from the spectrograph.

The instrument operational wavelengths go from 400 to 800 nm, thus the spectral range
is assumed to be S =~ 400 nm. We also assume that the spectra will occupy a width of
Whyix =~ 400 of the total 512 pixels available, leaving the sides free. Given that, the required

resolution r = AA can be found as: S

r:AA:F
el

9.1)
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with,

9.2)

where N:;l is the number of resolution elements, w is the width of one resolution element
(expressed in pixels), W); is the total number of pixel used and S is the spectral range.

Knowing the minimal resolution permitted at the CCD, it is important to continue the
sizing process at the gratings in order to determine some fundamental properties for the
spectrograph.

It will be important, in the last phase of the design, to make sure that the single resolution
element completely contains the image, whose size will be determined by the other param-
eters in the spectrograph (diffraction limits of the mirrors, line spacing of the grooves in the
grating, focal distances, etc.). For that reason, the size of the resolution element will be a key
constraint for a first order design of the spectrograph.
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Figure 9.2: Schematic representation of the detector with 512x512 pixels (represented in light blue). The res-
olution element is chosen to be 4 pixel tall and, given the rounded shape of the fiber that is imaged, the width
will then be 4 pixels as well. The resolution box is shown in dark blue, the three dots represent the repetition of
the same elements. No distinction between CMOS and CCD detectors has been made.

9.3. DIFFRACTION GRATING DESIGN

9.3.1. PLANE VS CONCAVE GRATING.

Once a grating is selected, a decision on the shape is fundamental for the design of the
entire spectograph, since the different existing categories (plane and concave) feature differ-
ent mounts.

A plane grating has a flat surface and can be used in collimated (with its focus at infinite)
light only, thus auxiliary optics need to be placed before and after the lens in order to first
collimate and then focus the light on the detector.

A concave grating is a concave mirror with the ability to diffract light. The advantage
of this element is that it provides focusing without the need of a separate element. A sepa-
rate optical element will still be needed to collimate the light before the grating, not to have
a straight focal curve imaged on the detector. Nevertheless, new classes of concave gratings
with varying groove patterns can receive light from a point source and image on a focal curve
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which is nearly linear (flat-field spectrometer, [38]).

In this discussion, we chose to design the spectrometer with a plane grating, since it of-
fers different advantages: the absence of astigmatism aberrations in the grating, a simple
design and large alignment tolerances (due to the collimated beam) [41].

9.3.2. GRATING MOUNTS.
The mount of a grating comprehends all the auxiliary optics that modify the angular con-
figuration of the instrument and the wavefronts.

In this work only the mounting with mirrors will be discussed, given their major com-
pactness with respect to lenses and the fundamental properties of having no chromatic
aberrations (even though they will still show astigmatism and coma aberrations). The main
mounting designs present in literature (e.g. [38], [42],[43]) are the ones shown in Figure (9.3).

a) collimator b)

entrance sht
entrance slit

exit sl mirror

camera

c) d)

grating

eident light

entrance slit

grating

nuror
exit slit

Figure 9.3: Different Spectrometer designs for a plane grating. a) Czerny-Turner mount, b) Ebert mount, c)
Monk-Gillieson mount, d) Littrow mount. Figures from [38].

The simplest mount is the Monk-Gillieson (Figure 9.3¢) since it is formed by a converging
beam that passes through a mirror and a grating to be imaged in the exit slit. This config-
uration is very simple and cheap to realize, but it introduces wavelength-dependent errors
due to the non-collimated light at the grating, therefore nowadays it is just used for very low-
resolution applications.

The Littrow configuration (Figure 9.3d) is very popular since, reflecting at the same an-
gle, can provide the maximum attainable resolving power [38]. This configuration is not used
here because of the too small off-set created between the entrance and exit slits, that will not
allow for a physical assembly of fibers and detector. This off-set introduces also additional
out-of-plane aberrations.

The Czerny-Turner spectrometer (Figure 9.3a) is a configuration that directs collimated
light to the dispersing element (the grating) and then refocuses the beam at the exit slit
(through the mirror called camera in Figure (9.3a)). Aberration will then only be introduced
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by the mirrors (spherical mirrors are often used, leading to spherical aberrations).

The Eber-Fastie design (Figure 9.3b) is a special case of the Czerny-Turner, that uses only
one mirror as a collimator and camera. The fabrication of such a mount is easier than the
Czerny-Turner and all the misalignment errors of camera and collimator are avoided, even
though aberration and stray-light are more difficult to control due to the reduced design pa-
rameters.

Between these options, the one chosen is then the Czerny-Turner since it allows for a
better control of aberrations, more degrees of freedom in the design (compared to the Eber-
Fastie) and a compact design.

9.3.3. GRATING KEY PARAMETERS.

The key elements for the design of the diffraction grating are the groove frequency (the
number of lines per mm requested in the grating) and the inclination angles a and £ as
defined in figure 9.4.
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Figure 9.4: figure from [38], @ and f are the angles of the incoming and reflecting ray respectively, taken from
the normal to the grating plane. The figure shows the principle of the grating on two incident rays, that are in
phase if the difference of their path lengths dsina + dsinf is an integral number.

From the resolution computed beforehand, it is possible to obtain the resolving power of
the grating and the linear dispersion, knowing the following relations:

AN
dl w'
TN 4)

where R is defined as the grating resolving power, w’ is the slithwidth corrected for anamor-
phic magnification and spectral magnification, in this case corresponding to the spectra
width imaged on the detector, and % is the linear dispersion of the element. The angu-
lar dispersion A can then be obtained as:

1

=— (9.5)
%fcam
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where f.qm is the focal length of the camera optics, here assumed to be equal to the focal
length of the collimator. The groove spacing d is defined by the illuminated lines and the
width of the grating. The illuminated lines can be obtained from the relation:

R=Nm (9.6)

where N is the number oflines and m is the order of the grating. The order m is here assumed
to be 1, since it avoids the overlapping problems of different order dispersion: as defined in
[38], the free spectral range is, in fact, F) = %, where A is the smallest wavelength in the con-
sidered range. Since our range starts at 400nm, in order to have a free spectral range until
800nm, m should be equal to 1.

If we then assume that the angle 8 presented in Figure (9.4) is at —55° with respect to
the normal to the grating plane. It will then be possible to retrieve the required line spacing
d and the angle a using respectively the formula of the angular dispersion and the general
grating formula, presented in eq. (9.7) and (9.8).

A
mA=d(sin(a)+ sin(f)) (9.8)

9.3.4. SPECTROGRAPH SIZES COMPUTATION
In parallel to this computation, analysis on the other end of the spectrograph needs to be
performed, in order to generally retrieve the dimensions of the single optical elements.

One known element is the numerical aperture of the optical fiber, that always come as a
specification of the selected fiber and was chosen to be N A = 0.22 [3]. From this value the F#
(F number, defined as the focal length over the diameter of the element) of the optical fiber
can be retrieved, since, according to [44]:

=t L 9.9)
D 2NA
Knowing that the collimator and the optics before it (in this case the fiber) need to have the
same F#, we have that:
ffiber _ feoll
D fiber Dconn

(9.10)

From this expression it is possible to retrieve the values for the diameter of the first mirror,
which is the collimator, assuming a fixed focal length for the mirror (in this case a 2.5 cm
focal length has been chosen for compactness).

Assuming that a collimated beam is received by the grating, then the same dimension
can be assumed for both the elements.

The dimension of the camera can be assessed by roughly knowing the dimension of the
cone of light created by the grating. This light will still be collimated but dispersed by the
grating, so the camera diameter is expected to be larger than the grating diameter. In order
to compute its dimensions we need to roughly estimate the aperture of this cone of light,
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thus the dispersion angle f is computed for the wavelengths at the extreme of our spectral
band, respectively 400 nm and 800 nm using formula (9.8). These two values indicate the
total dispersion of the light cone and lead to the dimension of this cone at the camera, using
the following formula:

Deam = Dot + 1 tan(ﬁBOO nm— ,6400 nm) (9.11)

where [ is the path from the grating to the camera followed by the light at A = 600 nm (the
wavelength in the middle of the spectral range) that is found, once the height distance be-
tween the grating and the camera h; is known, as [ = hy/sin(f).

The value we need to establish now is the height of the system, from which we can asses
the height between collimator and grating, h;, and grating and camera, h,, that will lead to
know the dimensions of the camera.

Nevertheless, the total height of the spectrograph H cannot be lower than the sum of the
camera and collimator mirrors or the height of the aperture plus the grating and the detector,
otherwise, referencing to the chosen mounting (Czerny-Turner in figure 9.3) they will have
to overlap with each other.

Since the spectrograph height and the camera diameter are both unknown and linked
by the mathematical relations shown before, iterations have to be performed to assess these
two parameters. The process is illustrated in figure (9.5).

Horizontal distance W Grating-camera

¢ ‘ ) Camera mirror
Initial value Total Gratmg—Co\I\rr_\ator d|5tanvcve d diameter
Height H and camera mirror d= d
W= 5 cos(—f) Deam = Deon +
tan(—pg) + tan(a) cos(AB)

Max allowed Total Height

H =max(Deam + Dot Dgrating +Dentrance + Haotector)

Figure 9.5: Visualization of the iteration performed to assess the spectrograph height and camera mirror diam-
eter.

This first order analysis will help to know what the expected size of our spectrograph is
and it will be a first step for the assessment of the feasibility of the mission.

To conclude, a more detailed and in depth analysis is necessary for spectrometer char-
acteristic values here presented to be optimized. For this process a specific optical software
needs to be used, while the values here mentioned will be a good initial guess for the design,
accurate enough to assess the feasibility for this primary study. A software as Zemax Optic-
Studio can be ideal for this type of process.
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Table 9.1 shows the results computed using the formulae described in this section. A first
sketch of the spectrograph is presented in figure (9.6).

Spectrograph Design
Assumptions
Resolution Element [pixel] 4
N# of pixels [pixel] 4
Spectral Range [nm] 400
grating order (-] 1
Pixel length (um] 25
Focal length Collimator [em] 2.5
Focal length Camera [cm] 2.5
Angle 8 [deg] -55
Spectrometer vertical height [cm] 44
Fibers Numerical Aperture NA (-] 0.22
Results
N# resolution elements (-] 100
Resolution [nm] 4
Resolving Power [-] 150
N# of lines [-] 150
1/linear Dispersion [A/mm] 400
Angular Dispersion [rad/um] 1
groove spacing d [um] 1.7434
line frequency [lines/mm] 573.57
Angle a [deg] 66.652
F# [-] 2.27
Deour [cm] 1.1
Wgrating [cm] 1.1
Angle Bsoonm [deg] —27.34
Angle Bioonm [deg] —43.53
Dcam [ecm] 1.695

Table 9.1: Spectrograph design parameters.
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Figure 9.6: Impression of the first arrangement and dimensions of the spectrograph. Entrance of the ~ 40
beams at the lower left, only one is represented for clarity. The beam then encounter the first mirror that
collimates and reflects the beam into the grating, the element in the middle, that disperse the beam into the
second mirror, the camera, that image the dispersed beam into the detector, the last element on the upper left.

9.3.5. NUMBER OF FIBERS ON THE FOCAL PLANE

The assumption of maintaining the focal lengths of collimator and camera equal results in
an easier design of the spectograph and also in a 1 : 1 ratio between the slit width and the
width of the detector.

This consideration is useful for the computation of the maximum number of fibers that
can be connected to the spectrometer and can produce a spectrum on the detector. We con-
sidered that at the detector 1 pixel length is 25 um and that one spectrum is 4 pixels high. We
also consider that we are leaving margin at the extremities of the detector, thus, we assume
to use only 400 pixels out of the standard 512, in order to avoid the typical transmission drop
at the boundary of the detector. Therefore, leaving an equivalent space of four spectra be-
tween two different spectral line, the maximum number of allowed spectra at the detector
will be 50. If a more conservative approach is used, leaving a space between the spectra of 6
pixels instead, then the spectra allowed at the detector will be max 40.
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This first order computation is very useful in order to find how many fibers can be plugged
in in the focal plane (or slit) of a single spectrograph. Given that each viewing direction im-
ages 2 spectra, then the maximum viewing points are 20, using the more conservative ap-
proach.
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TOP-DOWN APPROACH

To adapt FlySPEX for a space mission using a top-down approach, the starting point is
the analysis of the requirements, derived from the scientific objective of the mission.

The objective of the mission will be remote sensing of the Earth atmosphere with a multi-
angle, multi-wavelength snapshot innovative technology to allow for a precise retrieval of
aerosols properties.

The paper by Hasekamp [12] demonstrated that, if provided with sufficient viewing an-
gles and high polarimetric accuracy (0.002 — 0.004), the instrument may be also capable of
retrieving cloud deck properties (i.e. cloud effective radius, effective variance, droplet num-
ber concentration and cloud fraction). This objective is not fundamental but will be taken
into account for the instrument design. The main scientific requirements, needed to assure
the quality of the retrieved data, are listed in table (10.1).

Scientific Requirements
Spectral Requirements
SP-001 | The spectral range of the instrument shall be inside the visible-NIR spectrum.
SP-002 | The spectral resolution of the instrument shall be higher than the polarimetric
modulation period along all the spectra.
Attitude Requirements
AT-001 | The orientation of the Spacecraft shall be known with an accuracy of TBD.
Coverage Requirements
ST-001 | Theinstrument shall not be mounted on any movable platform such as scanners.
ST-002 | The Ground Object Length of the instrument when nadir pointing shall be TBD
long.
ST-003 | The Field of View (FOV) of a single viewing point shall not be lower than 1°x1°.
ST-004 | The viewing points shall not be less than TBD in the along-track direction.
ST-005 | The viewing angles in the along-track direction shall be at interval of TBD deg.
ST-006 | The instrument shall be able to cover the same scene at least once a day.
Polarimetric Requirements
PL-001 | The Polarimetric accuracy shall be equal or better than 0.1.
PL-002 | The Polarimetric spectral resolution shall allow to obtain at least one polarimet-
ric value for the blue, green and red part of the spectra.

Table 10.1: Scientific Requirements list.

60
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As it is possible to notice, some fundamental requirements are not quantified (hence the
"To Be Determined", TBD acronym). Objective of this part of the thesis is trying to quantify
the required quantities and derive a possible design solution beginning from them and from
the technological constraints presented in Table (8.1). This work will give a better insight on
the expected spacecraft orbit, expected attitude accuracy and expected viewing points con-
figuration.

Once this is done, a clear idea of the required configurations of the viewing points in-
side the CubeSat can be inferred and from this, the space remaining for the spectograph
is obtained. This value will then lead to final considerations about the expected nature and
performances of the spectrometer as for resolution, power required, and data rate requested.
In order to clarify the main passages of the design here presented, the block diagram below
has been developed.

Simulation and
Viewing Points Scientific Computation for
(Number & Position) Requirements Scientific
Requirements

3U Cube-Sat:
Technological
constraints

Spectrometer
MAX size

Validation of BU
COTS evaluation

spectrograph
design
Instrument
Specifications
Instrument Instrument Data Biskriment
Size Rate

Power Required

Figure 10.1: Concise representation of the essential steps to be made to create the design of the instrument
using a Top-Down approach. The scientific requirements and the available space for the payload in the satellite
will represent the constraints of the design of the instrument, this will give a hint on the spectrometer maximum
performances and a first estimate on the real resolution of the spectrometer, made through an evaluation of
COTS present in the market and a customized spectrograph design. As for the Bottom-Up, the results are the
general performances of the payload that will be used as input for the other subsystem design.

10.1. DISCUSSION ON REQUIREMENTS

10.1.1. ATTITUDE REQUIREMENT

This is a fundamental requirement for the assessment of the quality of the scientific data
produced from FlySPEX: its ability to keep the track of one point on the ground is fundamen-
tal in order to provide multi-angle information of the aerosol particles present in a region.

Pointing accuracy represents the attitude error of the spacecraft with respect to the des-
ignated target and it is the fundamental parameter to be assessed to complete the require-



62 10. Tor-DOWN APPROACH

ment.

CubeSat performances greatly improved in the last year regarding Attitude Determina-
tion and Control: in 2011 the leading performance was recognized to the Canadian Advanced
Nanospace eXperiment (CanX) [45], reaching a pointing accuracy better than 2°. The last
presented reviews [33][34] show a big improvement regarding this subsystem performances:
state of the art integrated units (that combine multiple elements such as actuators and sen-
sors into a single part with the aim to provide a simple, single component solution for Guid-
ance Navigation and Control, GNC, requirements) can reach now pointing capability up to
0.007 deg occupying as little as 0.5U in the spacecraft (mass of 0.91 Kg)[46, Blue Canyon
tech., Xact Unit]. Pointing error depends only weakly on the viewing angles of the space-
craft, thus how close to the horizon we are observing [44, p.130]. This leads to a very initial
estimation of the pointing accuracy required for the spacecraft.

If we estimate the pointing accuracy with the only purpose of keeping at least one target
always inside the field of view, then a virtual certainty will be obtained if the distance from
the center to the border of the field of view corresponds to FOV/2 = 60. The pointing ac-
curacy, usually estimated with 30, will then be 30 = FOV/4 = 0.25 deg. lllustration in fig
(10.2a) illustrates this geometrical consideration.
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Figure 10.2: Geometrical scheme applied for pointing accuracy requirement study. First order estimation of
the pointing accuracy based on two different geometrical approaches. a) calculated accuracy based on the
assumption that the target is ideally centered. The expected attitude uncertainties (30) still allow the target to
be inside the FOV (FOV = 19). b) The second approach requires two consecutive images to have a continuous
coverage. This objective is fulfilled if the images are taken with a distance S equal to the instrument FOV minus
the uncertainties (30).

On the other hand, a more stringent requirement is obtained if we want to obtain a con-
tinuous coverage on the ground without overlapping of the pictures. In order to reach this
objective, two consecutive exposures need to have a spacing d equal to the field of view size
minus the pointing error. Figure 10.2b illustrates geometrically this condition. This implies
that increasing the pointing accuracy will lead to a larger spacing between consecutive pic-
tures, thus a larger covered area for a given number of pictures (less picture taken per time
unit).
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According to [44, p. 130], the ideal range of pointing accuracy in order to diminish the im-
age overlapping is between 20 % and 10 %. A lower level will only slightly increase the overall
coverage. For this reason, we finally assessed the requirement on coverage to the more strin-
gent value of 0.19, being the 10 % of our FOV, and lower than the one assessed with the first
consideration.

As itis possible to notice, current state-of-the-art technology can deliver almost a 2 mag-
nitude order better accuracy than our current requirement. The GNC system is then believed
to be not a killing requirement for our payload design, and the spacecraft will be assumed
from here on to be virtually perfectly stable.

10.1.2. COVERAGE REQUIREMENTS

One of the main constraints for a remote sensing mission is the type of orbit that the
satellite will follow. Its parameters (altitude, inclination, eccentricity, node) will directly af-
fect the performance of the satellite (such as coverage, repeating time, swath width, resolu-
tion on the ground, etc.). Orbit design requires numerous iterations and it is highly influ-
enced on the other sub-systems requirements: general indications are shown in this work in
order to have some preliminary estimations. As stated in [44], one of the fundamental pa-
rameters to assess is the orbit altitude, since it greatly influences the payload performances.
A first estimation has to be performed supposing a circular orbit.

In order to assess the altitude value some considerations are done, specifically address-
ing the peculiarity of this type of mission and creating a reasonable range of values for the
altitude parameter:

* Coverage of the same scene at least once a day has to be granted, giving a constraint
on the maximum altitude.

* Low earth Orbits (LEO) below 600 km are strongly affected by atmospheric drag, that
reduce drastically the satellite’s operational lifetime (altitude lower than ~ 300 km will
not be considered, having a lifetime lower than 1 year) [44, p.210].

* CubeSats are not radiation hardened thus they are designed for orbits in Low Earth
Orbit, well below the Van Allen belts (altitude less than 1000 km ).

* CubeSats are exclusively launched as second payload of a principal mission, thus a
large flexibility is required during the design process, so that changes can be performed
if launch opportunities arise.

These considerations are already limiting the altitude range of possibilities, that is clear to
be from 400 km to 1000 km.

In order to have a more precise idea about the key orbit design parameters, altitude and in-
clination, a wide research on the characteristic of 3U CubeSat orbits is performed, so that a
conclusion can be reached. Figure 10.3 shows a market research performed on mostly all the
published orbits of 3-unit CubeSats that reached the operational status.
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It is noticeable how the two most used orbit classes are the ones that belong to the ISS
or are typical of the Sun Synchronous Orbits (SSO). Also considering that a higher spatial
resolution for the instrument is obtained at low altitudes, the selected altitude range of our
spacecraft will be around the two peaks shown in the figure, thus from ~ 400 km to around
~ 600 km.
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Figure 10.3: Market research on 3U CubeSat orbit parameters. The database [35][47] shows only the orbits for
the 3U CubeSat class, which have reached the operational status. The numerous satellites that are grouped
around 400 Km at 51.6° of inclination are the ones launched from the International Space Station (ISS), since
the station itself has that orbit. The second large group is constituted by Sun-Synchronous Orbits (SSO) around
500 — 550 Km and with an inclination of ~ 98°.

GROUND OBJECT LENGTH

The orbit altitude directly leads to assess the swath width, since we already know that the
instrument FOV will be Oroy = 1°x1°. For an altitude of H = 400 Km the swath width will
thenbe SW =2Htan(@roy/2) =7 Km, while, for H =600 Km then SW = 10.5Km.

Figure 10.4 shows the relation between the optical payload in the spacecraft and the il-
luminated area on the ground. From that illustration it is possible to notice the relation be-
tween the detector size and the ground object area, and the pixel size and the ground pixel
size. In order to estimate the equivalent size of a pixel on the ground, knowing the total illu-
minated area on the ground, it is necessary to know how many pixels this area occupies on
the detector.

In order to know that, the design should delve more into the spectrometer properties.
Assuming that the instrument entrance slit size is the size of the entrance fiber in the spec-
trometer, thus 100 um, and assuming that the exit slit will have the same size (given that the
optical focal length is maintained constant), then the size of the ground sample at the detec-
tor will be of 100 um as well, occupying 4 pixels (since one pixel of the selected detector is
25 umy). The pixel size on the ground will then be 1/4 of the total ground object length, thus
corresponding to 1.75 Km and 2.62 K'm for altitude of 400 Km and 600 Km respectively.
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Figure 10.4: representation of the terminology used to indicate general payload design parameters. Corre-
spondence between the detector size and the ground imaged area.

VIEWING POINTS

The Sun position with respect to the spacecraft is a main constraint and has to be opti-
mized, being the payload a passive instrument that needs to receive scattered light at differ-
ent angles, in order to return widely useful scientific data.

The scattering angle was defined in Section (1.2.1). It can also be defined starting from
the phase angle, the angle between the Sun, the object and the observer. Defining this angle
as @, then the scattering angle is 7 — ®.

The scattering angle will be the main constraint regarding the scientific quality of our

observation. The type of orbit is then fundamental in order to assess the range of scattering
angles that the instrument will be capable to retrieve. In order to develop a first study about
the orientation, number and disposition of the viewing points, a Sun-Synchronous orbit is
chosen at an altitude of 550 km, that passes the ascending nodal point at alocal 12 AM. This
way the scattering angle will be 180 degrees at 12 AM every day, ensuring that the final scat-
tering angle range is the largest possible. Appendix (C) shows the case for the opposite case,
when the scattering angle range is at minimum, thus when the orbit is a so-called fwilight
orbit, having the satellite passing the nodes around 6 a.m. and 6 p.m. local solar time.
In order to simulate variations during the whole year, caused by the latitude of the Sun with
respect to the Earth equatorial plane, three convenient days have been chosen, correspond-
ing to: the highest point (northern summer solstice, 21° June 2017, when the Sun’s latitude
is 23.57), the latitude point of the Sun (which corresponds to the northern winter solstice,
21%" dec 2017, when the Sun’s latitude is —23.5°), and finally the time where the Sun is at 0°
latitude, on the equinox (northern spring equinox, 20" March 2017). These points are indi-
cated in the following discussion and figures as Summer, Winter and Spring.

Figure (10.5) shows the Sun-Synchronous Orbit selected for the simulation on the three
different days, in order to highlight the changes in the Sun position.
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Figure 10.5: Representation of the Sun-Synchronous orbit (SSO) chosen for the simulation during the 3 chosen
days. It can already be estimated from this representation that this orbit maximize the possible scattering
angles that can be retrieved, since the satellites starts close to the horizon and crosses the line that connects
Sun and Earth, delivering data at 180° scattering angle.

Once the orbit is simulated, the developed tool analyzes only the orientation of the Sun-
Earth vector with respect to the pointing vector when the satellite is in illumination time. A
typical illumination time for an entire day is shown in Figure (10.6).

Satellite-FIySPEX: Lighting Times
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Figure 10.6: Simulation of the lighting time for a simulation for 24 h. The figure shows the interval where
the satellite passes region illuminated by the Sun. the time used is the universal coordinated time UTCG with
respect to the zero meridian.

Each viewing point will have a vector associated to it that will form a particular scattering
angle with the Sun, thus a set of viewing angles has to be decided for the simulation, in order
to distinguish the best performance.

In this work, four configurations for the viewing will be shown, that will serve as a pri-
mary assessment of the dependence of the scattering angles on the various configurations.
The four configurations are shown in Figure (10.7), which is a bottom view of the spacecraft
that indicates the beam coming out of the viewing directions with different colors.
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Figure 10.7: Bottom view of the four combinations used to perform a simulation for the scattering angles
detected by the spacecraft. The x-direction indicates the along track axis (where the spacecraft velocity vector
is oriented) and the y-axis is the cross-track direction. every configuration features three lines of along track
direction with five viewing points each. The coloured lines represents the beams, as seen from a viewer placed
at the nadir. each viewing point has its on inclination with respect to the x and y axes, as reported in the legend.

These configurations vary from each other regarding the angle on the x and y directions
(directions referred to the spacecraft reference frame, with z pointing earth and x in the
velocity direction). Summarizing, the configurations are:

1. symmetric for both x and y angles.

2. aligned along the y-direction and 15 degree angle step between the in-line viewings.
3. aligned but with variable angle step between the in-line viewings.

4. variable angles both in the x and y directions.

The scattering angle is computed from the scalar product of the Sun vector and this viewing
vectors.

Figure (10.8) shows the results of this simulation for the four different configurations.
The viewing points aligned along the velocity vector of the spacecraft (along-track) are here
represented as an individual line.
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Figure 10.8: Results of the simulation of retrieved scattering angles during a 24h orbit in an generic Sun-
synchronous orbit that passes its nodal point at 12 AM local time. Three days are displayed in the plot. The
215! June 2017, the summer solstice, is called summer is represented with a circle at the extremities of the scat-
tering range. In the same way, the 215 December 2017 is the winter solstice, represented with squares and
called winter in the legend. The 20" of March, the spring equinox is called equinox in the legend and repre-
sented with rhombus. A little legend above on the right represents the viewing points of the spacecraft with the
colour as represented in the plot in the 4 different configurations.

From the simulation results it is possible to notice how this particular SSO covers a wide
scattering angle range, independently from the different along track lines of viewing points
(that look at different region, represented in the figure with different colours). The range
covered by this simulation completely fulfill the scientific requirement mention before, that
ask to cover specifically the scattering region around 140°. This region has a fundamental
peculiarity: the rainbow phenomenon originated from internal reflection of light inside the
particles [18]. This phenomenon creates a local maxima visible degree of linear polarization
and slightly in the phase function (which is the the first element of the flux vector, previously
defined as the intensity I, ). These results are clearly visible in Figure (10.10). The originated
peak is called primary rainbow, since it is created by a single internal reflection of light inside
the particles. These rainbow feature is a clear indicator of the refractive index (composition)
and shape of these particles and slightly on their size (if considered spherical, it can lead to
an estimation of the effective radius r,rr) [48] [49].

It is important to notice how the simulation performed for a twilight orbit gives a scat-
tering angle range that does not cover the rainbow region, thus it never provides with the
information needed. Simulations for this orbit are shown in appendix (C). The general re-
sults of this simulation is shown in Figure (10.9)
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Figure 10.9: Retrieved Scattering angles from the simulations performed using a twilight orbit. It is possible
to notice how scattering angles along the orbit never attain the rainbow scattering angle values, around 140°,
thus this orbit loses an important part of the information.
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Figure 10.10: Simulation of Intensity and Degree of polarization of observations integrated over the planetary
disk, from [2]. In this case the degree of polarization is defined as —Q/I and it has a sign to distinguish po-
larization on the parallel or perpendicular direction of the scattering plane. The Stokes U is considered zero
because the planet is mirror-symmetric with respect to the planetary scattering plane. It is possible to see how
the rainbow features is very marked for the degree of polarization and its clear wavelength dependence.

10.2. INTEGRATION

This section will investigate how the final instrument can be built and assembled inside
the CubeSat. The research here presented is an initial feasibility study, performed to investi-
gate to what extent it is possible to adapt this technology to this small satellite concept. The
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proposed design is just one of the possible applications.

Assuming a SSO type of orbit, results from Section (10.1.2) show that different configura-
tions slightly modify the range of scattering angles retrievable from the satellite. This resulted
in the choice of the simplest configuration, the one that guarantees the minimal amount of
space and the easiest integration between the fiber head and the spectrograph. For this rea-
son, the second option shown in Figure (10.7) is selected. This configuration corresponds to
identical groups of five viewing points oriented along the x axis, that repeat with the same
inclination in the cross-track direction (y axis).

This solution is selected mainly because it leads to saving a great amount of space: not
having inclined fiber heads in the y direction allows the attachment of the viewing points
one to another. The space saved in the y axis allows then to insert another row of viewing
points (another group of 5 fiber-heads). This number corresponds to the limit of allowable
fibers in the slit (which is also the focal plane) of the spectrograph. The system is then fully
exploited in its potentiality.

Other advantages are the decreased complexity of the general payload. Following the
CubeSat philosophy of designing something simple, easy to assemble and integrate, this
configuration allows the lowest possibility of relative misalignment between different view-
ing points (since they are parallel to each other in the cross-track direction). It also directly
simplifies the design of the connection between fiber-head and spectrograph. As a matter of
fact, having identical rows of viewing points allows to replicate the orientation of the fibers
for all these groups.

The integration process in the limited space defined by the 1U CubeSat standard started
with the placement of the fiber heads, symmetrically disposed in one face of the 3U CubeSat.
As arequirement the instrument cannot protrude more than 6.4 mm in the normal direction
to the face considered. This configuration is kept inside the 5 mm limit. The spectrograph is
then disposed on the opposite side of the 1U cube assumed available for the payload, in or-
der to maximize the space for the fiber connections. The spectrograph is also centered with
respect to the viewing side, in order to simplify the design of the fiber connection, since in
this way symmetry is maintained.

The biggest peculiarity of optical fibers is that, despite their noticeable flexibility, they
show a limited bend radius; if this radius is exceeded a drop in transmission level will be
registered. The bend radius value is a fundamental limiting parameter for the integration of
the instrument, together with the fibers radii (comprising the cladding thickness) and their
numerical apertures.

For the realization of this design, a market research has been performed for the selection
of out-of-the-shelf fibers with optimal bend radius properties, with a numerical aperture of
0.22. The selected ones are the Newport model F-MCB-T (Mfg. P/N: CF04406-01) [50] with
a long term bend radius of 1.4 cm ', a fiber diameter of 100 + 3 um and a coating diameter
of 140 + 5 um. With these properties the selected fibers appear to be compatible with the

long term bend radius is the technical specification that indicates the minimum radius tolerated by the fiber
over a long period, usually ~ 16 — 20 years.
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instrument, a verification can only be performed with a 3D model of the CubeSat. For this
purpose the configuration of the viewing point chosen reveals to be particularly suitable,
since it presents the extreme case: 20 viewing points, so 40 fibers to be directed in a single
spectrograph inside a limited 1U volume (less than the standard 10x10x10 c¢m? considering
the space subtracted because of the structure).

The results of this integration process are shown in Figure (10.11) that shows a 3D im-
pression of this design with some remarkable measures. Figure (10.12) shows a zoomed rep-
resentation of the proposed fiber disposition. The fibers are represented as lines, the curva-
tures are not represented, only the directions and length of the fibers, assuring that they can
always allow to realize a bending radius within the maximum tolerated. Appendix D shows
the 2D orthogonal projections of the entire instrument and the fiber disposition only.

Figure 10.11: 3D representation of the payload on board of the 3U CubeSat. This configuration is built for a
"vertical" orientation of the spacecraft. 20 viewing points are used in this configuration arranged as 4 lines in
the Along-track direction composed by 5 viewing directions each. The viewing directions comprised in one
"line" are inclined +30 deg, +15 deg and 0 deg with respect to the normal to the side of the spacecraft where
the viewing angles are positioned. These configuration forms then 4 "lines". All of these "lines" are parallel to
each other.

Figure 10.12: Detail on the optical fiber directions and length. This design respects the limit on the bent radius
of the optical fibers, which is set to 1.6 cm. The actual curvatures of the fibers are not shown here, but only the
directions they have to follow. The 3D representation still shows that it is possible to fit the instrument in the
given space. The 40 fibers are all directed at the entrance of one spectrograph.
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CONCLUSION PART II - DESIGN RESULTS

The second part of the thesis project here reported focused on the feasibility study for
the integration of the FlySpex technology inside a small satellite.

The first decision was the choice of the CubeSat 3U platform as a platform to adapt the
instrument for. CubeSats are chosen given their global standardization that would drasti-
cally ease the design, integration and production effort. Moreover, cost is cut down because
of the Off-the-shelf component for the different subsystems and for the launch platforms (P-
Pod) that allows to rapidly qualify the CubeSat standard as a secondary payload during any
launch campaign.

In the last years the 3U units CubeSat has emerged as the most used standard, adopted
by universities for educational purposes and private companies. A market research depicted
this CubeSat size as the most used, and in order to retrieve technical requirements for the
payload subsystem existing platforms have been considered. These platforms provide as-
sembled spacecraft buses that maximize the payload storing capabilities and they are very
versatile in order to adapt to a large variety of missions. According to [34], the 3U platforms
are able to host up to a 2.3U payload size with a power supply up to 3.68 W and have a TRL
of 9 (data for the GOMX platform developed by GomSpace ApS). In order to include most of
the available platforms offered in the market, this feasibility study considered a 1U size for
the payload, with a maximum usable power of 1.5 W. This research shown that the FlySpex
payload is conform to these stringent requirements.

In order to verify the feasibility of the mission, two approaches were developed, Bottom-
Up and Top-Down, that together give an insight on the design of the instrument.

11.1. DIMENSION & POWER BUDGET

From the Bottom-Up approach, dimensions of the spectrograph are studied. The spec-
trograph uses a grating as a dispersing element and two mirrors to collimate light and in-
crease the system compactness. Results from a first order estimation set the dimensions of
the spectrograph to 1.8 x2.5x 6.1 cm?®, with a resolution of 4 nm (not considering the aberra-
tion introduced by the mirrors and their diffraction limits) and capable of hosting ~ 40 fibers
at its entrance slit.
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Figure (11.1) shows the simulated effects of this resolution on the retrieved DoLP. For
comparison, the real in Lab data are shown, taken with a spectrograph with a resolution of
1.3 nm. This drop in the blue part of the spectra due to the low resolution is corrected during
the calibration phase. These effect is shown here in order to show the effect of a drop in the
instrument resolution and the procedure to predict it.
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Figure 11.1: Simulated DoLP as they are received at the detector, represented for different resolutions of the
spectrograph. Real data from the laboratory test are plotted as dashed line, together with a smoothed version
of the line that eliminates the artifacts from the data reduction (a Savitzky-Golay filtering has been applied to
the curve). Results are compliant with the expected resolution, since the used spectrograph had a nominal
resolution of 1.3 nm.

The discussion on the Detector led to select a model compatible with space and already
tested with a similar instrument (SPEX, during the airborne campaign). The detector, a STAR
250 25 um CMOS, directly defines the power necessities of the instrument, and it has a nom-
inal power specification of 350 mW.

11.2. ACCURACY & VIEWING POINTS

Using a standard Space System Engineering procedure, from the nominal FOV of Fly-
SPEX (19) the attitude requirement was derived and set to 0.1°. It has been demonstrated
that this requirement is largely satisfied by the available COTS integrated units for attitude
active control. These units feature multiple actuators and sensors combined together to in-
crease performances. One of the most promising unit features a pointing capability up to
0.007° [46], more than an order of magnitude lower error than the required one.

Giving this very high pointing accuracy, the system is assumed not to tumble during op-
erations. For this reason, it is not important to have redundancy on the viewing point direc-
tions to account for the spacecraft rotation.

The viewing points configuration is then proposed to be in two directions: along-track
and cross-track. Along track directions will help to track the same region under different
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viewing angles (thus different scattering angle). Cross-track directions are useful in order to
be able to observe a greater area simultaneously and to account for Earth rotation during
the orbit. Viewing points oriented along-track are parallel to the velocity direction, and are
inclined of +30?, £15° and 0° with respect to the normal to the cubeSat surface where the
viewing points are oriented. Fibers are all parallel to each other in the cross-track direction,
this configuration is chosen because it maximizes the number of available viewing points,
optimizing the scientific return of the instrument.

Different configurations are considered and evaluated even though they are harder to de-
sign and realize, and do not seem to provide any real improvement on the diversity of scat-
tering angles retrieved, as shown in the simulation performed (Figure (11.1)). For this reason
this is considered the preferred option, even though a one-direction configuration can also
be evaluated in future iterations if data-rate constraints or weight constraints emerge.

11.3. DATA TRANSMISSION BUDGET

From the conclusion on the number of viewing points a first estimation on the data-rate
coming out the detector can be assessed. Considering that the detector’s ADC samples at
8 bit/sample, each spectra features 400 nm/4 nm = 100 samples: the data produced are
thus D = 800 bit for every measurement. The IFOV is defined as the width of one pixel,
in this case IFOV = 0.25°. Following the estimation proposed in [44], with an orbit velocity
of vg = 7.588 Km/s and an along track ground pixels resolution of Y = IFOVxh = 2.4 km,
the data rate is then B = g = 2530 bit/s, or B =316.25 Bytes/s for every spectrum, con-
sidering that every viewing point produces 2 spectra and that the viewing points are max-
imum 20 (as established in the bottom-up analysis), the maximum data rate will then be

B =101200 bits/s=12,65Kbytes/s.

This quantity can either be directly transmitted on the ground or processed. Consid-
ering an on-board data processing system, an on-board demodulation of the signal before
the down-link is expected, thus three curves are created (Intensity, DoLP and AoLP) and the
datarate changes dramatically. If the instrument does not have to retrieve particular features
along the spectrum, such gaseous absorption bands, then only few samples are needed to be
transmitted. If we suppose to transmit around 20 samples for each of the curves, then the
data rate decreases down to B =190 bit/s.

11.4. FUTURE WORK

This work shows the potential and limits of FlySPEX, when applied to a CubeSat standard.
The steps to be taken are numerous and they begin with a series of iterations of this feasibil-
ity design once a CubeSat platform will be selected and the requirements will evolve in more
specific subsystem requirements.

For the Bottom-Up design the next step is about investigating in detail the spectrograph
performances. An optimization of the design parameters needs to be performed with a nu-
merical optical tool (e.g. Zemax OpticStudio). This process will define better the complete
spectrograph resolution and size that are expected not to diverge much from the value here
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presented, that will be used as initial parameters during the optimization process.

The Top-Down approach can be further developed once the other subsystem will be de-
fined with more detail, so that a complete overview of the technological constraints can be
used for the design of the instrument. In particular, once the orbit is well defined, a full sim-
ulation of the best instrument configurations can be performed again. The work just showed
the tool to be used for these simulations, more configurations with different orbit parame-
ters should be experimented.
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TRANSMISSION CORRECTION FORMULA

The complete result of the normalized difference of the two signals (presented on Section
4.2), integrated over a period, is here presented. In order to be more clear, the following
parameter will be used:

a= Tpl + T
b= Tpl -Tq
c= Tp2+ Tso
d= Tp2_ Ty

Substituting these parameters, the results of the integral is:
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If we assume P; = 1, similarly to the procedure used in [10], we obtain the following result.
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TRANSMISSION CORRECTION SIMULATION

Results obtained with an arbitrary chosen transmission ratios varying along the wavelength
are shown in Figure (B.1). In order to impose a transmission ratio to the second channel only,
a transmission curve was formed from a spline passing through three equidistant points. The
transmission curve is shown in Figure (B.2)
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Figure B.1: Application of the correction algorithm to a input curve sat with the use of a non-constant trans-
mission curve. The 4" and 5" iterations (dashd lines) overlap each other, showing algorithm convergence.
the red line indicates the result obtained after the extinction ratios correction.
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Figure B.2: Transmission curve used for the test of the correction algorithm (extinction ratio and transmission).
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TWILIGHT ORBIT

This appendix shows the results of the scattering angles simulation for a twilight orbit, that
passes the ascending nodal point at 6 P M local time. It is noticeable how the retrieved scat-
tering angle range is very limited, since the satellite is always moving along the twilight zone,
where the direction of the Sun does not vary much.

It is noticeable how this orbit allows no eclipse for a long period. The spacecraft has no
umbra region for simulation during the spring equinox and the summer solstice, suggesting
that for a long period (around 6 months), the spacecraft is always illuminated. This is a great
advantage for the power supply from the solar panels, but it is here shown that it is not feasi-
ble for this type of mission, since the retrieved scattering angles are too limited and they do
not cover the rainbow region around 140deg, as explained before and here demonstrated, in
Figure (C.2).

215'December 205*March 215%une
Winter Solstice Spring Equinox Summer Solstice

Figure C.1: Representation of a twilight orbit during three different period of the year. The twilight orbit does
not enter the Umbra region during the spring equinox and the summer solstice.
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Figure C.2: Retrieved Scattering angles from the simulations performed using a twilight orbit. It is possible to
notice how scattering angles along the orbit never attain the rainbow scattering angle values, around 140°, as

previously explained.



LAY OUTS

Lay Outs of the chosen configuration for the adaptation of FlySPEX for a Cubesat Standard.
A detail on the orientation of the fiber is presented in order to prove that it is possible to
connect 40 fibers to the single spectrograph used, in order to have 20 viewing points.
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Figure D.1: Orthogonal projections showing the developed concept for the FlySpex instrument. Some mea-
sures are presented as a reference. It is noticeable that the fiber head does not exceed the 0.64 cm limitation
imposed for surfaces that normally protrude the surface.
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Figure D.2: Detail of the orthogonal projections of the FlySpex instrument focusing on the fibers dispositions.
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