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Chapter 1

General information related to the
context of the document

1.1 Scope of the document

This document de�nes the purposes, explains the objectives of the product and provides
a possible concept of the mission speci�cations that could satisfy the preliminary technical
requirements speci�cation (TS).
The document provides a complete description of the concept, considering performance drivers,
constraints, main events and operational scenarios.

1.2 Abbreviated Terms

ADCS Attitude Determination and Control Subsystem

ASIC Application Speci�c Integrated Circuit

C.R. Compression Ratio

CCD Charge Couple Device

CCSDS Consultative Committee for Space Data Systems

CMOS Complementary Metal-Oxide Semiconductor

CPU Central Processing Unit

CWICOM CCSDS Wavelet Image COMpression ASIC

DPU Data Processing Unit

DSO Deep Space Object

DWT Discrete Wavelet Transform
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ECC Error Correction Code

ECSS European Cooperation for Space Standardization

EEPROM Electrically Erasable Programmable Read-Only Memory

EOL End of Life

FOV Field of View

FPGA Field Programmable Gate Array

GCR Galactic Cosmic Ray

GS Ground Station

HEO Highly Elliptical Orbit

HW Hardware

I/O Input/Output

I2C Inter Integrated Circuit

KO Knight Optics

LET Linear Energy Transfer

LVDS Low-voltage di�erential signaling

LWP Long Wave Pass

MLI Multy-Layer Insulator

NIR Near Infrared Radiation

OBC On-Board Computer

OBDH On Board Data Handling

OS Operating System

PC Personal Computer

PCI Peripheral Component Interconnect

PCU Power Control Unit

PDHS Payload Data Handling Subsystem

PRDC Payload Rice Data Compressor

QE Quantum E�ciency

S/C Spacecraft

SEU Single Event Upset

SNR Signal-to-Noise Ratio

SOC System-on-Chip
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SPI Serial Peripheral Interface

SPU Science Processing Unit

SRAM Static Random Access Memory

SRP Solar Radiation Pressure

SW Software

SWP Short Wave Pass

TBD To Be De�ned

TCS Thermal Control Subsystem

TID Total Ionizing Dose

TRL Technology Readiness Level

VIS Visible Spectrum

1.3 Reference Books

[1] Pierre Y. Bely
The design and construction of large optical telescopes

[2] Jingquan Cheng
The Principles of Astronomical Telescope Design.

[3] Lee Feinberg, Lester Cohen, Bruce Dean, William Hayden, Joseph Howard, Ritva Keski-
Kuha
Space telescope design considerations.

[4] Mark R. Ackemann; John T. McGraw; Peter C. Zimmer
An Overview of Wide-Field-Of-View Optical Designs for Survey Telescopes.

[5] Pierre-Yves Bely; Christopher J. Burrows; Garth D. Illingworth
The Next Generation Space Telescope.

[6] Charles A. DiMarzio
OPTICS for Engineers.

[7] Dennis Dolkens
A Deployable Telescope for Sub-Meter Resolutions from MicroSatellite Platforms.

[8] Karl Dieter M •oller
Optics, Learning by Computing, with Model Examples Using MathCad, MATLAB, Mathe-
matica, and Maple.

[9] Mohamed M. Abid
Spacecraft Sensors.

[10] A.M. Cruise; T.J. Patrick; J.A. Bowles; C.V. Goodall
Principles of space instruments design.
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[11] George O. Abell
Abell Galaxy Clusters Catalogue.

[12] Murray Cragin, Emil Bonanno
Uranometria 2000.0 Volume 3, Deep Sky Field Guide.

1.4 Reference Articles

[13] William R. Arnold Sr.; H. Philip Stahl
Structural design consideration for an 8-m space telescope.

[14] Tongtong Wang; Jinsong Gao; Xiaoyi Wang; Hong Chen; Xuanming Zheng
Surface modi�cation on a silicon carbide mirror for space application.

[15] Anna Maria Di Giorgio; Paolo Bastia; Scige J. Liu; Giovanni Giusi; Roberto Scaramella;
Mark Cropper; Richard Cole; Ady James; Jérôme Amiaux; Yannick Mellier.
The Command and Data processing Unit of the Euclid Visible Imager:impact of the data
compression needs on the unit design.

[16] Rice, Robert E; Pen-Shu Yeh ; Warner H. Miller.
Algorithms for High-speed Universal Noiseless Coding.

[17] Pen-Shu Yeh; Warner H. Miller.
A Real Time Lossless Data Compression Technology for Remote-Sensing and Other Applica-
tions.

[18] Pen-Shu Yeh; Warner H. Miller.
Application Guide for Universal Source Coding for Space.

[19] B. Giraud ; J. Vaillant.
CCD Reliabity And Failure Mechanisms Study.

[20] Ibsen photonics
Spectrometer Design Guide

1.5 Applicable Documents

[21] TS-Zwicky-I1 Rev.0 Zwicky technical requirements speci�cation, 28 May 2018.

[22] CCSDS 120.0-G-3 Lossless Data Compression, Green Book, April 2017.

[23] CCSDS 122.0-B-2 Image Data Compression, Blue Book, September 2017.

[24] ECSS-E-ST-32-08C-Rev.1, Space engineering, materials, 15 October 2014.

[25] ECSS-E-ST-10-06C6, Technical requirements speci�cation, 14 March 2009.

[26] ECSS-E-ST-10-04C, Space environment, 31 July 2008.
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1.6 Datasheets & User Manuals

[27] www.magellan.aero
Power Control Unit Datasheet

[28] www.esa.int
CWICOM Datasheet

[29] www.baesystems.com
RAD5545 SpaceVPX Datasheet

[30] www.baesystems.com
RAD5510 SpaceVPX Datasheet

[31] www.microchip.com
MG1RT Datasheet

[32] www.microchip.com
AVR ATMegaS128 Datasheet

[33] www.microchip.com
ATMEL ATC18RHA Datasheet

[34] www.e2v.com
CCD231-84 Datasheet

[35] Ariane 5 User's Manual

[36] Ariane 6 User's Manual
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Chapter 2

Concept Description

2.1 Mission Analysis

The aim of Zwicky Space Telescope, from now Zwicky, in memory of the �rst Dark Matter
theorist Fritz Zwicky, is to improve the knowledge of Dark matter and Dark energy through
distant galaxy observations. These kind of matter and energy cannot be directly detected, but
their e�ect can be appreciated due to their gravitational interactions.
In particular dark matter contributes to the total gravitational �eld of galaxies and clusters,
which can be measured observing the de�ection of light and velocities of nearby particles.
Dark energy, instead, is an anti-gravitational energy theorized to justify the expansion of the
universe in continuous acceleration; it is supposed to be smoothly distributed and to a�ect the
geometry of space-time.
There are three main phenomena that can be directly linked as direct consequence of Dark
Matter and Dark Energy's presence:

ˆ Weak gravitational lensing

ˆ Galaxies' angular rotation

ˆ Distant galaxy clusters acceleration

Gravitational Lensing is a phenomenon that arises from the distortion of the light coming from
a source behind a very massive object like a galaxy. What usually happens is that the huge
distortion of the light is not justi�ed just by the visible mass present in front of the light source;
in order to �ll up this gap, the presence of an undetectable type of mass called "dark matter"
has been theorized. In order to study this phenomenon, Zwicky shall be able to acquire and
provide images of far galaxies in visible spectrum.
The study of the angular rotation of galaxies is linked to the dark matter in a way similar to
the previous phenomenon. According to gravitational theory, the stars which are far from the
center of a galaxy should have a lower orbiting velocity compared to the nearer stars. However
it has been noticed that near and far stars move almost with the same orbiting velocity, and
this can be justi�ed theorizing the presence of more mass around the far stars than what can be
detected.
The study of galaxy clusters' acceleration, instead, is linked with the theory of the Dark Energy.
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According to physical theories, galaxies are supposed to collapse in one point of the universe
because of the gravitational attraction; what inexplicably happens is that galaxies tend to
accelerate more and more, moving away one from each other, expanding the universe dimensions.
To justify this phenomenon the dark energy has been theorized as an unknown anti-gravitational
form of energy that let the galaxy expand at an accelerating rate.
In order to provide data on the galaxies angular rotation and on galaxy clusters velocity,
exploiting the Doppler e�ect, an optical sensor capable to collect both visible and infrared
radiation has been chosen.
Two main detectors have been selected to achieve the aim of the mission:

ˆ a Charge Couple Device (CCD) Detector that shall acquire images in the visible spectrum.

ˆ a spectrometer that shall acquire data in the Near-Infrared spectrum.

Figure 2.1: Science Flowchart

Figure 2.2: Artist's impression of the Zwicky space telescope
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2.1.1 Mission Information

Zwicky is the only payload on board and is expected to be launched in 2025, depending on
the launch window selected considering stakeholders needs. The Ariane 6 A64 is the selected
launcher; a 7 years life cycle has been estimated in order to allow a complete survey of the
interested region of space.

2.1.2 Orbit Related Aspects

The S/C will be placed on a highly elliptical orbit (HEO) around Earth with a perigee altitude
of 15 000 kmand an apogee altitude of150 000 km(�g. 2.3); the orbit will have a period of � 73
hours and its orbital parameters are reported in table 2.1. The HEO orbit has been chosen in
order to maximize the time spent near the apogee, because in that region Zwicky shall acquire
images. Moreover the HEO orbits are relatively less demanding in terms of energy. When the
S/C is in the apogee zone, de�ned on the orbit by an angle of� 30° from the apogee, Zwicky
acquires images; the data obtained are then processed and stored on board till the S/C reaches
the perigee zone, de�ned by an angle of� 80° from the perigee. It is expected that in this part
of orbit that data will be transmitted to the ground by the S/C after a proper compression.
The amount of time estimated for taking images is computed starting from the angular amplitude
of the zone and from parameters of the orbit through the following procedure:

Firstly the Eccentric Anomaly is computed for the two angular limits of the zone:

tan
�

�
2

�
=

r
1 + e
1 � e

� tan
�

E
2

�

Then the time needed to reach that point of the orbit starting from the perigee has been
computed:

t =

s
a3

�
(E � e � sinE)

At the end the Dt spent in the zone has been computed, considering a di�erence between times:

� t = t � 2 � t � 1 for the apogee zone

� t = t � 1 + ( T � t � 2 ) for the perigee zone

The estimated amount of time for obtaining images and for downloading data are respectively
around 46 hours and 4 hours.
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Orbital Parameters

ha 150000km

hp 15000km

a 88871km

e 0; 7595

i 63; 7�

W 0�

w 0�

µ 398600km 3

s2

T 73; 2401h

Dtapogee zone 46; 0705h

Dtperigee zone 4; 0035h

Table 2.1: Parameters of the operative orbit

Figure 2.3: Orbit
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Figure 2.4: Ground Track after 1 day

Figure 2.5: Ground Track after 1 period
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Figure 2.6: Ground Track after 10 days

2.1.3 Environment Description

The S/C operates on a Highly Elliptical Orbit around Earth, spending a big amount of time far
from the Earth, operating in deep space conditions.
This last consideration will drive the choice of the orbit in which the S/C will operate its mission,
since the disturbances which comes from orbital perturbation and radiations must be taken into
account.
During its life-cycle, in fact, the S/C will be continuously exposed to the e�ects given by the
Earth's oblateness (J2), the lunar gravitational �eld and solar radiation pressure which will
lead to a variation of the orbit. If not properly corrected, these kind of perturbations could
in�uence the performances of the mission, therefore the S/C must be able to properly correct
its trajectory in order to limit the e�ects of those perturbations.
A source of disturbance for electronics comes from radiations, under the form of ionizing particles.
Those kind of particles can have di�erent origins: they could be trapped in Van Allen belts; they
could come from solar wind or solar �ares; they could be cosmic rays. Ionizing particles interact
with the electronic parts of the payload, causing short-circuit, latch-up events and single event
upset which would lead to the malfunction of the electronics itself. In the subsections below, a
brief analysis of each orbital perturbation and radiation source has been performed.

Orbital Perturbations

ˆ Earth's Oblateness (J2)
This perturbation is given mainly by the fact that Earth is not a perfect sphere. The
perturbing potential of Earth can be divided into two contributions: the zonal harmonic
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potential and the tesseral harmonic potential; their e�ects on the operative orbit are the
precession of perigee and the nodal regression. A MATLAB simulation that shows the
e�ect of Earth's Oblateness on the orbit has been performed (�g. 2.7).

Figure 2.7: Perturbation due to J2 (over 1 year)

ˆ Lunar Gravitational Field
The lunar gravitational �eld has a perturbation e�ect on the orbit of the S/C. Its main
e�ects are changes of inclination, eccentricity andw. Due to the fact that Zwicky works
on a HEO, this e�ects can be signi�cant. A MATLAB simulation that shows the e�ect of
lunar gravitational �eld on the orbit has been performed (�g. 2.8).

Figure 2.8: Perturbation due to lunar gravitational �eld (over 1 year)
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ˆ Solar Radiation Pressure
This perturbation is given by the continuous radiation coming from Sun. It a�ects mostly
small bodies because of their high area-mass ratio and its main consequence is to circularize
the orbit by decreasing eccentricity; however this perturbation has secular e�ects and,
during the life-cycle of the satellite, the orbit is not strongly perturbed. A MATLAB
simulation that shows this e�ect on the orbit has been performed (�g. 2.9).

Figure 2.9: Perturbation due to SRP (over 1 year)

The total e�ects of the above mentioned perturbations on the orbit selected for Zwicky can be
seen in �g. 2.10

Figure 2.10: Perturbation due to J2, Moon and SRP (over 1 year)
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Radiations

ˆ Trapped Protons and Electrons Flux
A lot of charged particles gets trapped into Van Allen belts. Below these radiation belts
is possible to consider the environment almost safe.
What happens however, is that inside of these belts a very high density of charged particles
would hit the surface of the S/C. A SPENVIS simulation of the trapped proton �ux and
trapped electron �ux has been performed for the selected orbit (�g. 2.11).

(a) Trapped Proton Flux (b) Trapped Electron Flux

Figure 2.11: Trapped particles Flux

ˆ Solar Wind
The Solar Wind is a continuous neutral plasma that is directed approximately away from
the Sun. Along the years it changes speed, density, magnetic �eld strength and direction.
This plasma is composed of a relatively constant �ux of charged particles, mainly electrons
and protons, plus ions of various elements. A SPENVIS simulation of the e�ects of charged
particles like Protons and Heavy Ions coming from the sun has been performed (�g. 2.12).
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(a) Solar Proton Flux (b) Solar Heavy Ion Flux

Figure 2.12: Solar particles Flux

ˆ Galactic Cosmic Rays
The Cosmic Rays are high-energy charged particles, originated and accelerated outside of
the solar system, they are approximately made of 83% of protons, 13% alpha particles,
3% of electrons and 1% heavy ion nuclei. A SPENVIS simulation of ions' e�ects has been
performed (�g. 2.13).

Figure 2.13: GCR Ion Spectra

ˆ Single Event Upset
A single event upset (SEU) is a change of state caused by one single ionizing particle (ions,
electrons, photons...) striking a sensitive node in a micro-electronic device, such as in a
microprocessor, semiconductor memory, or power transistors.
The state change is a result of the free charge created by ionization in or close to an
important node of a logic element (e.g. memory "bit"). A SPENVIS simulation of SEU's
e�ects has been performed (�g. 2.14 and 2.15).
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(a) Spacecraft shielded LET spectra (b) Spacecraft shielded proton spectra.

Figure 2.14: Short-term SEU rates and LET spectra

(a) Spacecraft shielded LET spectra (b) Spacecraft shielded ion spectra

(c) Spacecraft shielded proton spectra

Figure 2.15: Long-term SEU rates and LET spectra
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Total Ionizing Dose

The total ionizing dose predicted for an Al slab with SHIELDOSE-2 model, for a highly elliptical
orbit mission of seven years, is shown in �gure 2.16

Figure 2.16: Total Ionizing Dose

2.2 Overview of the Concept

Here a brief description of the Technical Flowchart in Fig. 2.17 is provided. The science
that Zwicky is required to perform consists in the analysis of the weak lensing and red shift
phenomena. An optical telescope and two detectors are needed. The data collected by the
detectors must be handled by the OBDH that has a CPU capable of doing on-board processing
and a storage to save the information. Both the telescope and the detectors have an operating
temperature range in which they must be kept, so a thermal subsystem must be present in order
to control the temperature on the payload. The instruments of Zwicky must be kept running,
so a power subsystem capable of controlling and distributing power is required.
Zwicky must be able to look to di�erent region of the sky to meet the requirements de�ned in
[21], so the S/C shall be able to perform slew maneuvers with an high degree of precision.
Last but not least, a structural subsystem capable of damping vibrations must be present.
All the subsystems shall be interfaced with the S/C.
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Figure 2.17: Technical Flowchart
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2.2.1 Optical Architecture

Optical System Trade-O�

The aim of the mission is to collect data and images in visible and infrared spectrum of light; in
order to do this the best solution is the usage of an optical telescope. There are mainly three
kinds of telescope available:

ˆ Refracting (using lenses to collect and focus light)

ˆ Re�ecting (using mirrors to collect and focus light)

ˆ Catadioptric (using both mirrors and lenses)

Due to the necessity to look at the infrared spectrum, the use of lenses is not convenient, because
those usually absorb the infrared spectrum, except for some particularly expensive and complex
lenses design. As consequence, refracting and catadioptric options have been discarded and the
re�ecting type has been considered the optimal solution.
Re�ecting telescopes are divided in di�erent categories in function of the position of mirrors
and eyepiece. The choice of the category is driven by the following statements:

1. the telescope operates in space, on a highly elliptical orbit; limitations in terms of weight
and dimensions have to be considered due to launcher capability constraints.

2. the telescope has to look at very far deep space objects (DSO) with a su�ciently high
detail.

3. the telescope has to avoid primary aberrations and other phenomena that could bring to
low quality data acquisition.

As a consequence of these considerations the choice of the telescope falls on theCassegrain
category, which is also one of the simplest, sturdy and low cost architecture that can guarantee
also high performances. In particular, two possible con�gurations have been identi�ed to correct
the aberrations phenomena: the three-mirrors con�guration and the two-mirrors con�guration.

The aberrations problem

Aberrations in an image are the result of an optical system failing to produce an exact point-
to-point correspondence between the source and its image. There are four on-axis primary
aberrations: spherical aberration, coma, astigmatism, �eld curvature.

ˆ Spherical aberration: rays issuing from a source at in�nite distance on axis do not
converge all in the same point. The focus of the marginal rays is di�erent from the focus
of the par-axial rays. In two-mirror systems, spherical aberration is due to the fact that
the mirrors do not have matching conic constants. This aberration is eliminated by using
a paraboloid mirror.

ˆ Coma: rays issuing from an o�-axis source do not converge at the same point in the focal
plane. This creates a blur which resembles a comet, hence the name. Coma aberration
is �eld-dependent and increases linearly with the o� axis angle. More present for fast
optics, so small f-ratio number. In a Cassegrain telescope coma can also appear when
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the secondary mirror axis is not exactly coaxial with the primary mirror axis. A correct
on-axis positioning of the secondary mirror can eliminate this type of aberration.

ˆ Astigmatism: the focus of rays in the plane containing the axis of the system and an
o�-axis source is di�erent from the focus of rays in the perpendicular plane. In order to
correct astigmatism, dedicated lenses or a tertiary mirror with a particular design are
needed.

ˆ Field curvature: image does not form on a �plane,� but on a curved surface. In case of
astigmatism absence, the image would be formed on a curved surface called the Petzval
surface. In order to correct this aberration, a tertiary mirror or a dedicated design of the
secondary mirror are needed.

The need of avoiding aberrations comes from the necessity to obtain high quality images in the
visible spectrum without any distortion of light due to the instruments. The presence of primary
aberrations could bring to large errors in the data related to the detection of distorted light
coming from gravitational lensing phenomena, making all measurements useless. Astigmatism is
the most problematic aberration due to the fact that its correction is not simple, in particular at
high order. A low order aberrations correction could not be enough to obtain clear acquisition
data in order to perform gravitational lensing studies with high quality. A tertiary mirror is
able to correct at the third order this aberration, ensuring a su�cient accuracy of the data; this
explains the choice of the three-mirrors con�guration as baseline solution.

Cassegrain: three-mirrors architecture (Baseline solution)

Known as three-mirror anastigmatic or Korsch con�guration, it is one of the most modern
solutions adopted for space telescopes due to its high quality correction of typical main telescopes
aberrations. It is characterized by relative compact size and the design that has been adopted
consists in the following elements:

ˆ Primary mirror

ˆ Secondary mirror

ˆ Tertiary mirror

ˆ Two plane re�ecting mirrors

ˆ Dichroic �lter

ˆ Moving mirror

Primary and secondary mirrors are able to correct spherical aberrations and coma, while the
tertiary mirror is able to correct the astigmatism and the �eld curvature.
The light is collected through the aperture of the telescope and is focused by the primary mirror
on the secondary. Then the light enters inside the internal part of the telescope where a �rst
re�ecting mirror sends it on the tertiary mirror. This mirror is characterized by a particular
curvature that enables the correction of the astigmatism and sends the light to the detectors
through a second re�ecting mirror.
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Figure 2.18: Three-mirror con�guration scheme

Before the light reaches the detectors, other two elements are positioned in between.
The �rst element is a dichroic �lter, a particular lens that allows the passage of the visible light
while re�ects the infrared radiation; in order to work properly it has to be inclined of 45° with
respect to the incoming light beam direction.
The second element is a moving mirror positioned between the spectrometer and the dichroic.
This is an essential component for the proper operation of the baseline spectrometer, in fact it
allows the selection of the line of light that has to be focused on spectrometer's imaging sensors.

Figure 2.19: Three-mirror con�guration 3D scheme
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