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1 Introduction

Earth, as well as every other body in the Solar System, is constantly exposed to charged

particles emitted by the Sun’s heliosphere. The complex interaction of these particles

with the magnetic �eld lines of Earth’s magnetosphere leads to a quantity of events,

such as the generation of the radiation belts or Auroral phenomena [1].

The observation of the ionospheric plasma environment delivers information

about solar activity and geomagnetic phenomena, and their interactions with Earth’s

magnetosphere. These observations have allowed the scienti�c community to deliver

accurate models covering a wide range of disciplines: from the study of the e�ects

of the solar wind on spacecraft to improvements in reliability and resilience of

telecommunication networks. Traditional ground-based methods of observation are

subjected to atmospheric attenuation and man-made interferences, often needing

highly specialized or sensitive equipment. For this reason, a direct in-orbit observation

has been proven to be the most reliable method.

Over the past �fty years, specialized scienti�c satellites and sounding rockets,

designed and assembled by space centers or industrial providers, have been the

de-facto standard platforms for these kinds of missions. Unfortunately, the research

and development costs for a classic medium-size satellite, and the resources required

to validate and launch an instrument this complex and heavy, prevent small research

centers and universities from performing their own measurements, having to rely on

commercial partners. In the last decade, advancements in small satellite technology

have allowed an increasing number of research projects to be performed in space at

a reduced price and with proven reliability. Recently, the Suomi100 small satellite

was built by Aalto university [2] hosting HEARER, an instrument devised to measure

high-frequency signals propagation in the Solar System. While the mission has been

successful, the reduced spectral resolution of the instrument has been a limiting factor

during the analysis phase.

1.1 Purpose and Methods

Based on the heritage from Aalto’s space science research group [3, 4], the goal of

this thesis is to develop an engineering model of HEARER-2, a novel high-resolution

low-cost wideband radio spectrometer, designed for integration in commercially

available cubesat architecture. The core of the system will be the VersalTM high-

performance Field Programmable Gate Array (FPGA) module, a newly developed

radiation-hardened system speci�cally designed for Digital Signal Processing (DSP)

applications [5].

With respect to HEARER, the new system will see an increase in the spectral

range from 5-10 MHz to 0.1-30 MHz, and an increase in sampling frequency from

1000 Samples Per Second (SPS) to 130 MSPS at a sampling depth of 32 bits/sample.

To accomplish this task, an electrical schematic of the instrument will be developed,

integrating all necessary subsystems into a cohesive structure. Each subsystem will be

separately tested to validate the electrical behavior and operative window, and �nally a

Printed Circuit Board (PCB) will be developed. Simulation Program with Integrated

10



Circuit Emphasis (SPICE) simulations will be performed, when required, in order to

con�rm operativity.

1.2 Scope

The goal of this thesis project is the integration of all subsystems necessary for the

operation of HEARER-2, the design of a space-grade power supply system and one

only with o�-the-shelf components (for testing only), and the manufacturing of a

board including all systems.

The scope of this thesis is limited to the hardware part of the device, and the

PCB will be designed with common o�-the-shelf components and without accounting

for space limitations in a proper cubesat environment. The electrical schematic will

also include a space-rated alternative of the power subsystem, and guidelines on the

modi�cation required to adapt the whole system to withstand the space environment.

The development of the architecture for the instrument was started as part of the

ELEC-E4930 Space Technology Project course. The goal of the course was to develop

expertise in a space-related project by performing research and practical work. In this

stage, the preliminary architecture and �rst draft of the space-grade power supply was

developed.

Once the architecture has been validated, this study can be used as a base for the

development of a complete �ight model. The development of the onboard software is

currently being conducted by the research team.

The complete project can be found as a git repository in the Aalto Version Control

System: https://version.aalto.�/gitlab/dalpoa1/hearer-2.git.

1.3 Structure

The remainder of the thesis is organized in 5 chapters. Chapter 2 reviews the literature

and theory on both the scienti�c and technical parts, with emphasis on the European

Cooperation for Space Standardization (ECSS) standardization system. Chapter 3 lists

the requirements and the block diagram representation of the system. Chapter 4 shows

in detail the development process of the electrical schematics and the design process

for the PCB. Chapter 5 focuses on testing and validation, listing the objectives and

methodology for each test, as well as acceptance criteria and results. Finally, chapter

6 concludes the thesis by evaluating the completed design and by de�ning the future

work needed to �nalize the �ight model.
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2 Theoretical Background

2.1 Principles of Radio Astronomy

Radio astronomy focuses on the study of objects in space by analyzing the emitted

electromagnetic radiation spectrum at wavelengths higher than visible light.

2.1.1 Emission of RF waves

The most common mechanisms of Radio Frequency (RF) emission in radio astronomy

are cyclotron radiation and plasma waves. The following demonstration is adapted

from "Space Physics" by C.G. Falthämmar [1].

Considering a particle of charge @, velocity E and mass <, immersed in an electric

�eld � and a magnetic �eld �, the equation of motion can be obtained through the

Lorentz force law:

<v⁄ = @„E ‚ v � B” ‚ <g (1)

The velocity of the particle can be decomposed between the parallel and perpen-

dicular direction with respect to the magnetic �eld. Because of the cross product, the

parallel component doesn’t contribute to the Lorentz force.

If the magnetic �eld is homogeneous and the electric and gravitational components

are negligible, the equation can be rewritten as:

<v⁄ = @„v? � B”

Remembering that the external product of Ek with � is always zero. It follows that the

motion of the particle will be constrained in a circular trajectory on a plane orthogonal

to the magnetic �eld lines, with a gyration radius (or Larmor radius) of:

A2 =
<E?

j@ j�

The particle will then gyrate around the magnetic �eld lines at a cyclotron frequency

(or Larmor frequency) of:

52 =
1

2c

E?

A6
=

1

2c

j@ j

<
� (2)

It follows that the cyclotron frequency is directly linked to the intensity of the

magnetic �eld and on the mass of the charged particle. In non-relativistic conditions,

the electric dipole moment induced by the particle depends only on the charge and on

the position vector of the article itself: p„C” = @rc„C”. At a distance ’ from the dipole

(assuming ’ � A2), the electric �eld equation for a moving dipole is expressed as:

E = �
‘0

4c’

m2p

mC2
= �

‘0

4c’
@
m2rc

mC2
(3)

Given the harmonic motion of the particle, the radiated electric �eld will be modulated

proportionally to the Larmor frequency, phase-shifted by half a period.
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The second mechanism for the emission of RF waves is due to the propagation of

plasma waves (also known as Langmuir waves), localized oscillations in the plasma

electron/ion density.

A region of plasma at rest has an overall neutral charge and is characterized by an

electron density =4 »1�<3…, that depends on the plasma temperature and electrostatic

equilibrium. At any moment an instability can be triggered by thermal �uctuations,

interaction wih a suprathermal electron beam, or parametric decay induced by an

external electromagnetic pump wave [6].

As a result of the instability, the variations in the EM �eld will locally displace the

charged particles. The Coulomb force and the magnetic tension will then naturally act

as a recovery force pushing and pulling the ions and the magnetic lines in the opposite

direction to their motion. The large-scale consequence of this motion is an harmonic

oscillation in the electron density, propagating as a wave through the plasma at an

electron plasma frequency 5?:

5? =
1

2c

s

=4@
2
4

<4Y0

(4)

These oscillations can be stimulated by the instabilities, and are limited in a

determined frequency band by a process called Landau dampening, where waves

approaching a threshold frequency are subjected to an increasingly stronger dampening

because of the intrinsic repulsion force between electrons.

A perturbation in the magnetic �eld can also propagate along the magnetic �eld

lines, transporting energy between regions and varying the distribution of electron

density. A summary of the most common types of plasma-induced radio waves is

given in Table 1.

Frequency Propagation Source

AlfvŁn waves Low [KHz-MHz] Along B lines
Response to

magnetic tension

Magnetosonic

waves
High [MHz-GHz] Spherical

Mass transport

and di�usion

Whistler waves High
Perpendicular

to B lines
Electron gyration

Bremsstrahlung

radiation

Proportional to the

de�ection of the particle
Spherical

Deceleration of

charge carriers

Langmuir waves High Spherical

Electrostatic oscillation

from uneven electron

density distribution

Table 1: Common sources of plasma waves
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As an example of the typical distribution of plasma waves around a planetary

object, the Cassini’s Radio Plasma Wave Science Instrument (RPWS) has measured

the distribution of plasma wave phenomena and the spectral density of the emissions

around Saturn’s magnetosphere [7] (see �g. 1 and 2).

Figure 1: Radio Spectral Density in Saturn’s magnetosphere

Figure 2: Plasma wave phenomena at di�erent Saturn Radii ’(

Other secondary sources of RF emission include relativistic e�ects on charged

particles, magnetosheath turbulence (Kelvin-Helmholtz instability) and nuclear pro-

cesses. A more advanced study relies on statistical analysis (kinetic theory of plasma)

or on the numerical integration of the Magnetohydrodynamics (MHD) equations.
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2.1.2 Astronomic Sources

Deriving an estimate for the electron density allows researchers to categorize the type

of plasma that is being observed, and from that trace back to the type and behavior of

the source.

Figure 3: Plasma density as function of electron temperature [8]

At cosmological and galactic scale, the most prominent radio sources are well

distinguished by the intensity of emitted power: nebulae, supernovae remnants, pulsars

or other energetic bodies emit a narrow and intense band of frequencies. In particular,

the 21 cm wavelength emitted by ionized atomic hydrogen has been the most reliable

source of observation to characterize these objects [9], and has lead to the direct

observation of the �rst nebulae (Taurus A, Crab) [10].

At a lower energy, di�use phenomena [11] such as interstellar scattering and

refraction, absorption of low-frequency radio waves by the Warm Ionized Medium

of the Milky Way (also known as Galactic di�use free-free absorption), cosmic

rays and relativistic synchrotron emission, contribute to the Cosmic Microwave

Background (CMB) [12, 13] in a wider spectral range (See �g. 4).

Within the heliosphere, the most relevant source of RF waves it the interaction of

the solar wind with various bodies and objects. Meeting the faster interstellar wind

at the termination shock, the compression of the �ow induces an increase in plasma

density [15].

Closer to the Sun, the solar wind can collide with the planets magnetosphere

and form a bow shock. In this region the ionized particles are funneled towards

the surface of the magnetopause, and can either accumulate in the radiation belts
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Figure 4: Density map of the visible universe’s CMB sources [14]

in the plasmasphere, or follow the ring current �owing on the Neutral Sheet, in the

electrojets or in the tail current. The accumulated energy will then be released in

Auroral phenomena or during tail reconnection.

Figure 5: Earth’s magnetospheric current systems [16]

Meteoroids traversing the ionosphere can also introduce disturbances and produce

radio signals, and the Doppler delay can be used to estimate speed and bearing.

Lastly, arti�cial sources such as ionosondes and active radars for ionospheric

sensing [17] emit signals to gauge the properties of Earth’s ionosphere, such as

transmissivity or permissivity. Signals generated by ground systems or by satellites

in orbit are re�ected, refracted and scattered by the ionosphere, and the frequency

response can be analyzed [18].

16



2.1.3 Detection and Analysis

The ionosphere is a conductive region of Earth’s atmosphere where the majority of

particles appear in their ionized state, spanning from 50 km of altitude up to 1000 km,

driven primarily by the in�ux of solar Ultra Violet (UV) radiation and by the presence

of high energy X-rays and W-rays. The ionosphere tents to separate in layers (D, E,

F) depending on the disassociation of speci�c chemical species. Depending on the

intensity of the solar in�ux, the F layer can separate in two distinct layers F1 and F2.

Whenever a radio signal reaches the ionosphere, the wave’s electric �eld forces

the electrons to oscillate at the same frequency. Part of the energy will be dispersed

during the interaction, while, depending on the density of the electron layer, the rest

will be re-emitted by the resonant oscillation.

The response of the electron cloud to the incoming wave depends on the density

of the electrons and on the proper excitation frequency of the chemical species: the

higher the density, the lower the frequency needed to start the resonance. It follows

that the ratio of transmitted to refracted energy (the refractive index of the plasma)

depends directly on the critical frequency 52A . If an incoming wave has a frequency

that is lower than the critical frequency of the plasma, then it will not have enough

energy to penetrate the layer and will be re�ected or scattered. As each ionospheric

layer has a distinct electron density, a di�erent frequency band of the electromagnetic

spectrum gets refracted. Summing all di�raction and attenuation e�ects for each

frequency band, it’s possible to estimate the transmittance spectrum (�g. 6) of Earth’s

atmosphere.

Figure 6: Atmospheric transmittance spectrum (NASA, Wikimedia Commons)

The International Telecommunication Union (ITU) subdivides the radiofrequency

spectrum from 3 Hz to 3 THz in twelve bands, each comprising a decade. Earth’s

atmosphere is reasonably transparent to the Very High Frequency (VHF) - Ultra

High Frequency (UHF) bands (30-300 and 300-3000 KHz), while the Medium

Frequency (MF) and High Frequency (HF) bands (0.3-3 and 3-30 MHz) are particularly

a�ected by the ionospheric attenuation, since the cuto� happens at around 5 MHz,

or at a wavelength of 50 m [2, 13]. This behavior of the ionosphere has been known

since the introduction of radio systems, and poses a signi�cant limitation to the type
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of phenomena observable from ground receivers.

To overcome this limitation, space-borne observatories can be employed. The �rst

successful mission was the soviet KRT-10, launched in 1979, and since then a signi�cant

number of other observatories has been built or planned. For example, CNSA’s

Chang’e 4 spacecraft, hosting the Netherlands-China Low Frequency Explorer (NCLE)

instrument, made a successful landing on the far-side of the Moon in 2019 and has

been performing observations in the 80 KHz- 80 MHz range. Between the planned

missions it’s worth mentioning the ESA SunRISE radio interferometer, a cubesat

mission planned for launch in summer 2026, and the Lunar Crater Radio Telescope, an

early proposal by NASA’s Institute for Advanced Concepts for a 1km wide deployable

radiotelescope spanning the concave surface of a lunar crater.

The spectral and angular resolution of a radio telescope depends on the numerical

aperture #� of the telescope, which in turn depends on the physical dimension of the

receiving element. To increase the resolution without resorting to larger elements,

interferometry can be employed: the correlation of the output of two receivers separated

by a baseline distance 1 � #� is equivalent to the output of a single receiver with

an aperture equivalent to the baseline distance itself. When observing far objects,

physically moving the receiver across the baseline distance results in the same e�ect (if

the time di�erence can be neglected). This method is often employed in satellite-based

observations to increase the equivalent antenna dimension, in turn increasing the width

of the spectral band that can be received.

Figure 7: Simplest model of an interferometric radiotelescope [19]
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The in�nitesimal element of power received by a radiometer depends on the surface

area mf, the solid angle of the ray ml, the incidence angle \, the frequency band

ma and the speci�c intensity �a (spectral brightness per unit frequency) through the

following relation:

3% =
m�

mC
= �a „mf � ml � 2>B\ � ma” (5)

If the source of the signal is a discrete object, laying in a de�ned solid angle, it’s

possible to calculate its �ux density (a as the integral of the speci�c intensity over the

source angle:

(a =

„

>1 9

�a2>B\ 3l

And �nally, the total luminosity of the source ! can be obtained by integrating the

�ux radiated by an isotropic source at a distance 3 over the spectral range:

! =

„ 1

0

4c32(a 3a (6)

In an instrument of the same typology of HEARER-2, the signal processing

pipeline aims to estimate the spectral power density of a source from the received

signal strength with a process called Welch’s method.

The wide spectrum signal received by the antenna is �ltered with a band-pass �lter

to remove unwanted high-frequency harmonics and low-frequency aliasing artifacts.

The signal is then digitized and split in a number of overlapping samples for the Fourier

analysis. Given the discrete nature of the sampling process, when performing the

transform on a subsection of the data there is a possibility that higher-order artifacts

(such as aliasing and spectral leakage) may arise when computing the edges of the

sample (See �g. 8). A window function, a bell-like curve that attenuates the amplitude

of the sample around its central point, is applied to consecutive samples to reduce the

e�ect of truncation.

Figure 8: DTFT process and artifacts [20]

The periodgram of the samples is �nally obtained, and the power spectral density

can be calculated. On these basis, the derivation of the properties of the object and

the identi�cation of the radio source follows naturally.
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2.2 Spacecraft Environment Interactions

The operation of an instrument in space presents, however, unique limitations. Exclud-

ing the (non-negligible) di�culties deriving from the miniaturization of the systems

and integration with the satellite bus, the instrument would need to operate with limited

supervision in a severely harsh environment. The study of the Spacecraft-Environment

interactions is a fundamental part of the design of any spaceborne device.

The main e�ects of the permanence in space can be categorized between me-

chanical, chemical and radiative degradation. The most obvious mechanical e�ect

is the impact with other bodies. Hypervelocity Impact Damages happen when two

or more bodies collide at orbital speed. Between satellites, the relative velocity can

reach up to 15 km/s, while an impact with micrometeoroids can reach up to 72 km/s

[21]. Avoiding these kind of impact proves to be a signi�cant challenge: the majority

of (natural or arti�cial) debris below 10 cm in size orbiting Earth is not mapped or

easily detectable. Depending on the materials, relative velocity and angle of impact,

and excluding catastrophic impacts, a hypervelocity impact can result in a permanent

plastic deformation of the satellite’s structure, ejection of material or puncturing

of systems. Current solution methods rely on sacri�cial Whipple shields, �exible

composite �bers layered in a cloth-like fashion that absorb the energy of the impact,

or more traditional aluminum panels.

Another mechanical e�ect is due to the atmospheric drag: if the satellite is orbiting

a body that possesses an atmosphere, it will experience a drag force proportional to

the orbital speed, exposed surface and atmospheric density. This drag is su�cient to

considerably decrease the orbital height and potentially de-orbit the satellite. If not

accounted for, the drag load can also stress sensitive parts of the satellite, like solar

panels or telecommunication equipment.

The absence of pressure has also an impact: when exposed to vacuum, some

materials might release any gas that was trapped inside their structure. Outgassing

can alter the mass distribution of the satellite and the plume can obscure sensors and

solar arrays. At the chemical level, the presence of ionized particles poses a threat:

these highly reactive radicals can attack the outer surface of the satellite, damaging

and oxidizing equipment.

The most prominent e�ect is however due to transfer of heat, radiation, and charge

carriers. The solar wind saturates Earth’s upper atmosphere with ionized atomic

nuclei (U-radiation, mainly H‚ and He2‚) and free electrons (V-radiation) with an

energy in the range between 1 and 30 MeV. Furthermore, Galactic Cosmic Rays (GCR)

can interact with the charged particles and increase their energy up to hundreds of

MeV. Lastly, sporadic Solar Energetic Particles (SEP) can be detected with an energy

spanning few KeV to GeV [23].

The contact with plasma can transfer charges to the spacecraft in a process known

as spacecraft charging, and the accumulated charge can lead to coronal discharges or

dielectric breakdowns. Furthermore, an arc can spark if the di�erential charge between

two sections of the spacecraft is high enough, with the release of heat, gamma rays
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and electromagnetic interferences. The onboard electronics are particularly sensible

to dielectric breakdowns, but the exterior structure is also a�ected since charging

enhances the oxidation e�ects.

The on-board electronics is particularly susceptible to radiations. The Linear

Energy Transfer (LET) represent the amount of energy exchanged between an incoming

high-energy photon and the electronic devices. This interaction can have e�ects on

the impacted areas, breaking molecular bonds and releasing high-energy photons and

electrons (�g. 9).

Figure 9: Common e�ects of photon-matter interactions [22]

Over time, these e�ects can degrade the oxide substrate of the semiconductors, with

variations in capacitance or isolation for the whole component leading to alterations

in the nominal behavior (derating) and, eventually, failure.

Each compound possesses a de�ned Electronic Stopping Power (ESP) „ 3�
3j

”�, as

a function of the atomic number j of the element �, that quanti�es the capacity of

the compound to absorb a free electron. It follows that denser elements have a higher

capacity to stop high-energy particles, and can as such be used for shielding. The total

in�ow of radiation, calculated as the LET times the incoming ray �uence, de�nes the

Total Ionizing Dose (TID).

If an incoming photon hits a transistor at the right energy and direction, the

transferred energy might be enough to change the logic value of the transistor itself.

This Single Event Upset (SEU) can lead to the accumulation of errors and the disruption

of the program �ow inside memories and processors. The e�ect of a SEU can be

temporary but, if the damage is too extensive, the transistor could latch in a single

con�guration or be permanently destroyed (Single Event Burnout) (see �gure 10).
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Figure 10: Electron energy increase

during ionization [24]

Figure 11: Charge enhancement after

ionization [25]

Space-grade equipment should be dimensioned to maintain its functionality for

the entire duration of the mission. To resist damage from ionizing radiation, the two

main philosophies of design are Radiation Tolerance and Radiation Hardening.

Radiation Hardened components (commonly referred as Rad-Hard or RH) are

devices that have been designed to signi�cantly reduce the in�ux of radiation by means

of integrated shielding, usage of denser element around sensitive areas, or usage of

substrates that reduce the charge collection [26].

Radiation Tolerant component are not characterized by a speci�c architecture or

production technology, but comprise a series of design choices that aim to reduce the

e�ect on the component. An example could be the usage of error-correction systems in

memories and storage, usage of redundant processing systems with error detection and

fault voting, or technologies that are naturally less prone to the in�uence of radiation

(e.g. current-controlled BJT against voltage-controlled FET transistors).

Correctly dimensioning the radiation shielding and estimating the TID is a

fundamental step to ensure the reliability of the satellite over the course of its

planned mission duration. At this scope, the Space Environment Information System

(SPENVIS) [27], a space environment and interaction calculation suite developed by

the European Space Agency, can be employed to estimate the radiation e�ects for a

speci�c orbit. From the orbital parameters, the estimation pipeline follows:

1. Trapped particles radiation �ux: Amount of charged particles caught in the

magnetosphere of the target planet at the orbital height. It includes mainly free

protons and electrons, with a minor percentage of heavier ionized atomic nuclei.

These particles contribute to spacecraft charging and to long term ionization

dose deposition. The models implemented in the SPENVIS simulation, AP-8

and AE-8 for protons and electrons respectively, cover the whole spectral and

spatial range of the Earth’s radiation belts.

2. Long Term Linear Energy Transfer (LET): The LET is determined as the

rate at which energy is deposited per unit path length of an ionising particle.

Knowing the �uence of the incoming radiation and the cross sectional area of
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the IC in exam, the Upset Rate [18C�1B�1] can be computed. Knowledge on

the expected error rate for a given Integrated Circuit (IC) allows to determine

the reliability of each component. The calculation is performed through the

CREME-96 model.

3. TID and shielding thickness: From LET and mission time, the Total Ionizing

Dose can be obtained. Comparing the ionizing dose to the maximum allowable

TID for a given IC, the expected useful lifetime can be estimated. A shielding

element of known ESP (for example, an aluminum pane), can be added to reduce

the dose reaching the ICs. The model implemented in the SPENVIS simulation

is SHIELDOSE-2.

4. Solar electron current: An estimate of the solar current consequent to the

charging of the satellite can be obtained with the LEOPOLD model (for Low-

Earth Orbit (LEO)) and SOLARC (for extraplanetary orbits). The EQUIPOT

model then estimates the likelihood of charging for a given exposed surface.

The SPENVIS system can also deliver information on the expected heat �uxes,

atmospheric density and temperature, chemical composition and meteoroids impact.

A preliminary analysis is performed in subsection 3.3.2.

Figure 12: SPENVIS calculation work�ow [28]
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2.3 Space equipment development and model philosophy

The lifetime of a mission is commonly subdivided in phases, covering everything

from the initial de�nition and development, to validation, utilization and end-of-life

management.

Phase Description

Phase 0 Mission analysis and identi�cation

Phase A Feasibility

Phase B Preliminary De�nition

Phase C Detailed De�nition

Phase D Quali�cation and Production

Phase E Utilisation

Phase F Disposal

Table 2: Mission lifetime phases [30]

A model philosophy is conventionally applied in the development and veri�cation

phase. The ECSS formally de�nes the model philosophy as "an iterative process which

combines programmatic constraints, veri�cation strategies and the integration and

test programme, taking into account the development status of the candidate design

solution" [ST-1]. For this scope a number of di�erent models are developed to verify

the design at each mission phase. The goal of this thesis project is to develop an

Engineering Model, to integrate existing technologies and validate the design.

Figure 13: Veri�cation models [29]
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3 System Description and Requirements

3.1 State of the Art

Radio spectrometers all share the same common architecture: a radio receiver with

�lters and ampli�ers, a sampling system, and a data processing unit.

The Atacama Path�nder Experiment (APEX) [31] is currently the state-of-the-art

for Earth-based sensing. Able to operate both in narrow band and wide band, it can

perform FFT decomposition of the signals with a spectral range of 1 GHz and a

spectral resolution of 30 KHz, for a datarate of over 2 GBPS.

Regarding space-based observatories, the National Aeronautics and Space Admin-

istration (NASA) Parker Solar Probe (Previously known as Solar Probe Plus (SPP))

employs a four-channel Radio Frequency Spectrometer (RFS) [32] (see �g. 14), with

a spectral range up to 19.2 MHz and a sampling rate of 34.8 MSPS at a depth of 12

bit/sample.

Figure 14: SSP Radio Frequency Spectrometer

The goal of HEARER-2 is to achieve similar performances in a smaller form factor

and at a fraction of design and production cost.

The previous HEARER instrument had a sampling frequency of 1KSPS and

operated in the 5-10 MHz range. HEARER-2, equipped with a new generation

composite FPGA module with an embedded microprocessor, will be able to sample

the 0.3-30MHz band with a sampling frequency of 130 MSPS, greatly increasing

resolution and quantity of available data.
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3.2 Data Processing Unit design

The main component of the HEARER-2 payload is the Data Processing Unit (DPU),

responsible for handling all on-board functions and monitoring the status of the

instrument.

3.2.1 Functions

The DPU is subdivided in several subsystems, each one entrusted with the execution

of a di�erent function:

� Software De�ned Radio (SDR): Reception, �ltering, ampli�cation and sam-

pling of the incoming radio signal;

� Versal FPGA: On-board analysis and compression of the radio signal, data

routing to storage or to the satellite bus;

� Micro Controller Unit (MCU): Instrument mode selection, housekeeping data

gathering, telemetry generation, Fault Detection, Isolation, Recovery (FDIR),

data routing arbitration, communication with the bus’ processing unit;

� Peripheral Control: Deployment of the loop antenna;

� Bus Interface: Interface for data, commands and power with the satellite bus;

� Data Storage: Long-term storage of raw and elaborated data, along with

telemetry and operation history;

� Power Controller Unit (PCU): Regulation and delivery of power from the bus

to each subsystem, current and voltage monitoring, protection functions.

3.2.2 Processing pipeline

The full processing pipeline, from acquisition to transmission, consists in a series of

operation that will be coordinated by the MCU as a function of the current mission

parameters and telecommands received by the satellite bus.

In general, under nominal operations the process will be the following:

1. A radio signal is received by the SDR. The signal is �ltered, ampli�ed through a

�xed-gain low-noise ampli�er, converted in a di�erential signal by a di�erential

ampli�er, attenuated to limit its voltage in the operative range of the sampler,

and quantized by an Analog to Digital Converter (ADC);

2. The digitized data is received by the FPGA, windowed for the analysis with the

Welch’s method, and the Power Spectral Density is computed;

3. The result of the calculation is stored in memory, along with the necessary

metadata;

4. Depending on the mission schedule, the data is routed from storage to the bus’

radio subsystem, to be transmitted to Earth.
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3.2.3 Mission modes

The system will include di�erent operation modes, subdivided between Nominal,

Stand-by and Safe.

1. Nominal Mode:

(a) High Power Mode HPM: The data from the SDR is received by the FPGA

and the power spectral density is computed directly. A second core of the

FPGA applies a compression algorithm to the output data, which is then

stored in the storage module.

(b) Raw Mode RM: The data from the SDR is directly stored in a dedicated

memory area of the storage module.

(c) Low Power Mode LPM: The FPGA retrieves the raw data from memory,

then executes the analysis and compression at a slower datarate to reduce

the instantaneous power consumption. The data is then stored back in the

storage module.

(d) Transmission Mode TM: The MCU negotiates with the satellite On Board

Computer (OBC) the schedule for data transmission. Depending on the

memory area targeted by the microcontroller, the data contained in either

the elaborated data area or the raw data area of the storage module is then

routed through the FPGA to the satellite bus.

2. Stand-by Mode:

(a) Stand-By Mode: All subsystems are powered on and enabled. The FPGA

performs periodic cleanups and error correction on the storage module.

The MCU monitors the housekeeping data and generates periodic telemetry

packets, to be either stored in memory or sent to the bus.

(b) Energy Saving Mode: Only the MCU, the FPGA and the power module

are powered, while all other subsystems are shut down. The FPGA and

storage shall switch to their internal low-power mode.

3. Safe Mode:

(a) Deployment Mode: Only the MCU and the fundamental power channels

are powered on. When the MCU receives the deployment command from

the satellite bus, it shall actuate the antenna deployment system. When

deployment is con�rmed, the system shall revert to safe mode.

(b) Safe Mode: Only the MCU and the fundamental power channels are

powered on. The MCU logs its housekeeping data periodically and stores

them in the internal �ash. All non-essential functions shall be powered o�.

Should this not be possible, in case of fault, the MCU shall communicate

the malfunction to the satellite bus that will completely disconnect the

instrument.
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Figure 15: Payload modes diagram

3.3 System and Mission Requirements

The main system requirements are listed in table 3. These general requirement are

based on the project de�nition and on the capabilities of the available hardware. In

section 4, the requirements will be expanded and di�erentiated for each subsystem.

Req. Description

R01 The instrument useful lifetime shall be of at least 10 years

R02 The instrument shall determine the Power Spectral Density (PSD) of the input

signal in a range from 0.3 to 30 MHz

R03 The instrument shall perform the analysis at a frequency of at least 1 Hz

R04 The width of the sampling bin shall be of at most 100 KHz

R05 The depth of each sample shall be of 32 bit/sample

R06 The system shall store measurements and calculation results

R07 The instrument shall exchange data, commands and telemetry with the host bus

R08 A failure in any subsystem shall not compromise the satellite bus

R09 The power consumption in safe mode shall be less than 250 mA

R10 The maximum power consumption shall be less than 25 W1

R12 The instrument shall deploy the receiver antenna

R13 The instrument shall autonomously switch operative modes

and perform measurements

R14 The instrument shall be able to coordinate its operation with the host bus

R15 The instrument shall collect and store telemetry data from each subsystem

R16 The instrument shall detect faults and activate FDIR functions

R17 The total cost of the EM shall be less than 2500=C

Table 3: HEARER-2 System Requirements

1Considering worst case scenario of all subsystems active at the same time.
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3.3.1 Block diagram

The high-level block diagram of the system, as developed during the Space Project

Course, is shown in �g. 16.

Figure 16: High level diagram of the Data Processing Unit

The data processing pipeline follows the procedure described in section 2.1.3, and

is summarized in �g. 17.

Figure 17: VERSAL processing pipeline
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3.3.2 Orbitography and Space Environment

The deployment environment of the instrument determines the majority of mission

requirements: mission time, link budget and timing, component derating and power

budget all depend on the selected orbit.

To respect the "general-use" requirement of the instrument, the system shall be

able to withstand a range of di�erent conditions. For this thesis, the instrument

will be designed for operation in the inner solar system, in particular in Low-Earth

Orbit (LEO), Low-Lunar Orbit (LLO) and Lunar surface, and Low-Mars Orbit (LMO)

and Mars surface. It is possible to extend the operations in the outer solar system

(an object of particular interest would be the Jovian system), but the link budget and

radiation shielding would need to be severely overhauled.

For the scope of this thesis only the e�ects of thermal and ionizing radiation should

be considered. For each orbit listed in sec. 3.3.2, the simulation parameters, orbit plot

and preliminary analysis results are highlighted.

Low-Earth Orbit (LEO) For relative ease of access and environment, a Low Earth

Orbit is representative of a typical cubesat mission around Earth. Given that the focus

of this �rst approximation analysis is the total radiation �ux, the inclination of the

orbit doesn’t play a relevant role and both equatorial and polar orbits are considered as

similar. The simulation orbit was chosen as the current orbit of the Suomi100 satellite,

whose Two Line Element (TLE) description and orbital parameters are listed below.

1 43804U 18099AY 26211.72973679 .00013525 00000=0 47594=3 0 9996

2 43804 97 .4159 271 .9823 0011437 123 .4591 236 .7744 15.29390949420076

Parameter Value

Satellite Name SAT-43804

NORAD ID 43804

International Designator 18099AY

Inclination 97.4159�

RAAN 271.9823�

Eccentricity 0.0011437

Argument of Perigee 123.4591�

Mean Anomaly 236.7744�

Mean Motion 15.29390949 rev/day

Table 4: Suomi100 Orbital Parameters
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Figure 18: Suomi100 orbit and Solar Fluence

Low-Lunar Orbit (LLO) Lacking a magnetic �eld, the radiation environment of

the Moon is independent from the orbital height and only depends on the exposure to

solar wind. No model is currently implemented in the SPENVIS environment, but the

irradiation spectra can be obtained from [33, 34] (see �g. 19, 20).

Figure 19: Particle spectra on the moon surface

Figure 20: Secondary sources of charged particles on the Lunar Surface
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Low-Mars Orbit (LMO) Possessing a weak atmosphere and partial magnetic �eld,

the radiation environment at Mars’ surface is milder than in a Low Mars Orbit. An

orbital height as low as 150 Km [35] is of interest for this type of mission, however

data is mainly available for elliptical orbits above 300 Km of altitude, and the latter is

considered for the analysis. The accumulated dose analysis has been performed with

the Mars Energetic Radiation Environment Models (MEREM) model considering

both solar ions and Galactic Cosmic Ray �uxes.

Figure 21: Possible LMO orbit and accumulated dose

Complete simulation A complete simulation would include the calculation of solar

proton and electron �uxes, solar particle �uences and Galactic Cosmic Rays �uxes,

with the goal of obtaining an estimate for the LET spectra and total ionizing dose.

Knowing the maximum allowed dose of each IC, the thickness of the shield can be

determined.

Lacking the exact orbital parameters and geometry of the instrument, the simulation

has not been performed for this thesis and is left for the �nal integration phase.
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4 Electronics Design

Having determined the architecture and general requirements, in this section the

detailed electrical schematic and PCB layout for each subsystem are de�ned. The

Electronics Design De�nition (EDD) constitutes the bulk of the project, comprising

all design choices for the development of the board.

4.1 Schematic design considerations

As previously stated in section 1.2, a space-grade and a non space-grade version of the

project have been designed. Since the main objective of the Engineering Model (EM)

is to facilitate testing of the single subsystems and propose a preliminary integration

architecture, it was decided to manufacture a board without space-grade components.

The main di�erences from this EM to the Flight Model (FM) are then the Power

Controller Unit and the FPGA unit. In this version, the latter is not directly integrated

on the board, instead a System on Module (SoM) alternative with embedded power

regulation is employed.

Hierarchical design criteria To facilitate future development it was chosen to

develop the schematic in hierarchical modules by inserting each subcircuit in a design

block. This approach has a number of practical advantages: by specifying the type

of signal incoming or outgoing from a block it’s easier to keep track of the netlist,

reducing possible misconnection errors. Furthermore, in case of repeated instances

of a block in the schematic, a symbolic link is created to the page de�ning the block

instead of repeating the drawing. Updating the parameters in the �rst block leads to

all connected blocks to be updated. Finally, grouping the blocks by subsystem makes

for an intuitive way to describe the design and facilitates future development: if a

subsystem needs an update the single block can be easily swapped with a newer one

without need to rewire the schematic, provided that the block interface requirements

are respected.

Net classes Three main net types are present in the project: power transmission

nets, general mixed-signal nets, and Low-Voltage Di�erential Signaling (LVDS) nets.

Given the low electrical noise requirement for an instrument of this type, in this �rst

iteration the �rst two types of nets can be treated as equal. The LVDS lines, however,

have strict requirements in term of noise, length-matching and impedance-matching.

To ensure that these requirements are respected in the routing phase a separate netclass

is dedicated to the signal lines. This allows the automatic Design Rule Checker (DRC)

and Electrical Rule Checker (ERC) to ensure the integrity of the signal lines.

Bus Aliases To facilitate connection between components and between blocks,

buses are employed to collect a number of share nets in a single bus entity. The

contents of each bus are de�ned by their Bus De�nition Alias.
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4.2 PCB Design considerations

The design criteria for PCB design are listed in this section. To improve readability,

whenever not strictly necessary the copper areas will be hidden while describing the

PCB layout of the subsystems. The complete layout can be found in appendix B.

Footprint With the objective of easing debugging and testing, components have been

placed on the top layer of the board whenever possible, keeping a sparse disposition.

Four layers have been utilized for routing: the top and bottom layer are mainly used

for signal routing, while the two central layers provide an almost uninterrupted ground

plane and a path for power delivery. It is advisable, in the future version, to change

this parameter to six layers to ease routing and improve the separation between signal

types. The �nal shape of the PCB without components resulted in a rectangle of size

181.5 by 220 mm, at a thickness of 1.6 mm.

Power considerations All four layers feature interconnected ground referenced

copper areas, to provide a stable ground plane and attenuate interferences. Each power

regulator is built on top of a continuous ground plane to minimize return loops and

improve thermal dissipation, as recommended by The Institute for Interconnecting

and Packaging Electronic Circuits (IPC) regulamentations [37]. The thickness of the

power lines depends on the connected load, and is between 0.3 to 1.2 mm.

Signal Integrity To improve the board’s Electro Magnetic Compatibility (EMC),

strict keep-out zones for power nets are enforced under LVDS di�erential pairs and

in proximity to sensitive analog circuitry. A continuous ground plane is also placed

under LVDS lines, and whenever the signal lines traverse a via, ground vias are placed

in the proximity to ensure continuity in the copper area. The LVDS lines themselves

have a thickness of 0.1 mm and are kept at a constant distance of 0.15 mm. Ensuring

that the distance is constant reduces signal distortion from variations in the parasitic

capacitance. The majority of the mixed signal lines are kept at a thickness of 0.2 or

0.3 mm, with a minimum spacing of 0.2 mm.

4.3 Materials Sourcing

All raw materials have been sourced through European resellers and following Aalto

University’s guidelines on ethical and safe sourcing, the object of the concern being

geographical source and presence of contaminants. For metals and raw resources

(such as copper and tin for the PCB), following the sanctions adopted by the European

Union against the Russian Federation over the military aggression on Ukraine of 2022

[38] (speci�cally the 12th package of sanctions, Art 1.12), it has been decided to

delegate the manufacturing exclusively to an EU based company. The board has been

manufactured by Eurocircuits N.V., a PCB manufacturing company based in Belgium.

Regarding the components and integrated circuits, the international reseller Digikey

has been selected. The complete Bill of Material (BoM), along with a cost estimate,

can be found in appendix C.
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4.4 SDR Subsystem

4.4.1 Architecture

The SDR subsystem is based upon the precedent iteration of HEARER [36].

Figure 22: SDR functional diagram

The radio signal is received by the loop antenna and fed to a low pass �lter with a

cuto� frequency of 60 MHz, to select the correct range for the signal.

An ADL8120 �xed-gain Low Noise Ampli�er (LNA) [DAT-1] ampli�es the

signal by 14 dB, then the LTC6409 di�erential ampli�er [DAT-2] is used to obtain a

fully-di�erential output.

Figure 23: SDR LNA and di�erential ampli�er

The signal now is attenuated by 6 dB by means of a balanced T-type resistor

network, to adapt it to the input voltage requirement of the LTC2163 Analog to Digital

Converter (ADC) [DAT-3]. For an attenuation a of 6dB and an input and output

impedance of 50
, given:

! = 10
0�10

� = „! ‚ 1”�„! � 1”

The resistor values are given as:

’8= 5 = 2 �
p

„! � /8= � />DC”�„! � 1” = 66�9


’BD? = /8=�>DC � � � ’8= 5 = 16�6


The ADC digitizes the signal and outputs it as Double Data Rate LVDS. On a

rising edge of the clock the Least Signi�cant Bit (LSB) (bit 0-15) are outputted, while

on a falling edge the Most Signi�cant Bit (MSB) (bit 16-31) are outputted. Auxiliary

vias are added in the ADC’s ground pad to improve heat dissipation.
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Figure 24: SDR Attenuator and ADC

4.4.2 Subsystem-speci�c requirements

Req. No. Description Parent

SDR01 The input shall be �ltered above 2 � �B R02

SDR02 The ADC shall employ Double Rate LVDS data transmission R05

SDR03 The di�erential shall be powered with 3.3V at 58mA -

SDR04 The ADC shall be powered with 1�8 � 0�1V at 60mA -

SDR05 The ADC output driver shall be powered with 1�2 � 0�1V at 5mA -

SDR06 The SDR data lines shall be shielded against EM interference -

SDR07 The impedance from the radio input shall be of 50
 -

Table 5: SDR System Requirements
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4.5 MCU Subsystem

4.5.1 Architecture

The Microcontroller subsystem is based on the MSP430FR5739IRHAR microcon-

troller [DAT-4]. This device was chosen for the low power consumption (1.5 mA at

24 MHz absolute maximum, 0.3‘� sleep mode), radiation hardening and number of

functionalities.

A drop-in commercial alternative is available (MSP430FR5739x). In this phase

of the project the commercial version of the microcontroller has been integrated to

reduce costs, for the �ight model the hardened device will be employed.

Figure 25: Microcontroller Unit

The role of the microcontroller is to coordinate all functions of the instrument and

exchange commands with the bus. It directly controls the enable signal for the power

regulators of each subsystem, receives the voltage and current readings from the Inter

Integrated Circuit (I2C) channel monitors, commands the activation of the burnwires

in the antenna deployment mechanism, and commands all VERSAL mode changes.

The MCU is powered through a dedicated 3.3V power regulator. The voltage

is applied directly to the digital supply input DVCC and, through a ferrite bead to

attenuate transients and ripple, to the analog supply input AVCC. A 3V zener diode

generates the reference voltage for the internal ADC.

Figure 26: MCU Power Filters and analog reference

The reference clock for the MCU is generated by an 8MHz crystal oscillator. An

external watchdog timer listens for a periodic signal from the MCU to ensure that the
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program is executing correctly. In case of crash or unforeseen delays, the watchdog

timer will trigger a system reset.

Figure 27: MCU watchdog timer and crystal oscillator

Two MAX14789 RS-422 transceivers [DAT-5] connect the MCU unit with both

the VERSAL and the satellite bus. RS-422 is an electrical protocol for a balanced

full-duplex di�erential bus architecture, where data can be exchanged between nodes

in a network. Each transceiver element �gures an inverting and a non-inverting I/O, to

increase robustness: an interference on the signal lines would modify the signal on both

lines with the same polarity without changing the di�erence between voltage levels.

This architecture is widely employed to interface Serial Digital Interfaces (SDIs)

devices, as speci�ed by the ECSS-E-ST-50-14C standard on discrete interfaces.

Figure 28: Balanced di�erential bus for SDI [ST-2]

Being an electrical only speci�cation, the transceiver is adaptable to a wide range

of low-frequency digital protocols. For this project, the two Universal Asynchronous

Receiver-Transmitter (UART) ports of the MCU are used to communicate with the

peripherals. Termination resistors connected between the data lines near the receiver

side reduce signal re�ections.

For the Engineering Model, the distance between subsystems might not be the same

as for the �ight model. It is recommended to maintain the transceiver for the MCU-bus

communication, but if the FPGA will be physically close to the microcontroller then it
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may be possible to directly interface the UART lines, with an appropriate copper area

underneath.

Figure 29: MCU RS-422 Transceivers

The complete PCB layout for the MCU subsystem is shown in �gure 30. A copper

area is drawn underneath the entire subsystem for both EMC and thermal dissipation.

Figure 30: Microcontroller Subsystem PCB

4.5.2 Subsystem-speci�c requirements

Req. No. Description Parent

MCU01 The MCU shall communicate with the bus through RS-422 UART R07

MCU02 The MCU shall communicate with the FPGA through UART R14

MCU03 The MCU shall deliver the Enable signal for each subsystem R13/16

MCU04 The MCU shall collect voltage and current measurements R15

MCU05 The MCU shall compare the current telemetry with an internal

status register to determine if the system is nominal

R16

MCU06 The MCU shall activate the antenna deployment mechanism R12

MCU07 The MCU shall generate telemetry to be stored in the storage unit R12

Table 6: MCU System Requirements
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4.6 VERSAL Subsystem

4.6.1 Architecture

The VERSAL subsystem includes a RS-422 transceiver for the communication with the

Microcontroller and the backplane connector to host the TE-0955 VERSAL Module

[DAT-6].

Figure 31: VERSAL connections dia-

gram Figure 32: VERSAL Processing

System Architecture [39]

The TE-0955 module receives power mainly through the V_MOD1 (main module

power), then internal power regulators generate the voltages needed for operations.

1.8V and 1.2V are also delivered externally respectively to power the High-Density

I/O (HDIO) Bank 302 and the AMD’s eXtended Performance I/O (XPIO) Bank 703.

A socket for a standard CR2032 chargeable Li-ION battery provides power for the

internal real-time clock and RAM.

When embedding the FPGA on the board, di�erent power levels are required

to separately power the I/O interfaces, on-board RAM, the CPU core voltage and

auxiliary functions. A preliminary design for these regulators is outlined in section

4.8, assembled on the board as proof of concept.

Regarding the interfaces, Bank 302 operates the Ethernet, UART and I2C con-

trollers, while bank 703 controls the input/output drivers for the LVDS lines of the ADC

(double-rate LVDS) and storage (Peripheral Component Interconnect Express (PCIe)).

All data lines are provided with an uninterrupted ground plane and avoid crossing

power lines, for signal integrity.

Lastly, a Boot Mode Dual In-line Package (DIP) switch selects the startup mode

of the module between boot from internal memory, boot from uSD card, debug and

programming (via the Joint Test Action Group (JTAG) terminal).
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Figure 33: VERSAL PCB Layout

4.6.2 Subsystem-speci�c requirements

Req. No. Description Parent

VE01 The module shall receive 12+ � 5% (V_MOD1) at 2A R10

VE02 The module shall receive 1�8+ � 3% (V_IO_X3) -

VE03 The module shall receive 1�2+ � 3% (V_IO_W01) -

VE04 The module shall receive 1�35+ � 10% (V_BAT) -

VE05 The module shall communicate with the MCU

through the RS-422 serial protocol

R13

VE06 The module shall exchange data with the storage unit

through PCIe protocol

R06

VE07 The module shall receive data from the SDR system -

VE08 The module shall communicate with the satellite bus

through the Ethernet protocol

R07

VE09 The system shall compress the output data before storage R06

Table 7: VERSAL System Requirements
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4.7 Data Storage Subsystem

4.7.1 Architecture

The storage subsystem consists in a standard o�-the-shelf Non Volatile Memory

Express (NVMe) solid state drive in an M.2 form factor. In future implementations,

the memory module will be physically soldered to the board to improve reliability. In

this test phase, four di�erent anchoring points are added to ensure full compatibility

with the di�erent standardized sizes for the memory boards.

The NVMe device communicates with the FPGA through a single lane standard

PCIe communication protocol [40].

A crystal oscillator generates the reference 32.768 KHz clock, and a mosfet network

connected to the PWAKE pin allows the VERSAL to enable the mass storage unit’s

low power mode.

Figure 34: Storage connector schematic

Figure 35: Storage connector PCB Layout
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4.7.2 Data volume estimation

The LTC2163 can sample the radio signal at a maximum frequency of 125 MSPS.

Considering operation in double data rate LVDS, with a bus width of 2 � 16 bits (plus

1 over�ow bit), the data volume entering the VERSAL amounts to:

�’A0F = ,1DB � �<0G = „2 � 16 ‚ 1” � 125"(%( = 515�625"1�B

Sampling the 0.3 to 30 MHz spectrum with 100 Kb wide bins, the total number of

frequency bins amounts to # = 290. The output size for the elaborated FFT data is a

32 bit unsigned int. The data rate generated by the VERSAL, without compression

and at a sampling frequency �B of 1 Hz, amounts to:

�’��) = # � �B � ��)F = 290 � 1�I � 3218C = 1�16 1�B

Depending on the operative mode, the worst-case data volume can be estimated as:

Mode Sampling time DR Measurement size

HPM 24 h 1.16 Kb/s 100.224 Mb

RM 60 s 515.625 Mb/s 3.0938 Gb

LPM 60 s 1.16 Kb/s 69.6 Kb

Table 8: Estimated data volume for each measurement mode

Operating the ADC at a lower sampling frequency of 121.2 MSPS, the data rate

would diminish to exactly 500 Mb/s, equal to the maximum data rate for a single lane

PCIe device. If higher frequencies are needed, then it would be necessary to connect

the other PCIe lanes to the VERSAL. The RM data size for a 60 seconds measurement

would then amount to exactly 3 Gb/sample.

4.7.3 Subsystem-speci�c requirements

Req. No. Description Parent

STO01 The system shall store at least 365 HPM measurements R06

STO02 The system shall store at least 40 RM measurements R06

STO03 The mass storage shall have a capacity of at least

365 � 100�224"1 ‚ 40 � 3�0938�1 � 160�1

STO01/2

STO04 The mass storage shall receive 3�3+ � 5% at 3A -

Table 9: Storage System Requirements
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4.8 PCU Subsystem

The Power Control Unit (PCU) subsystem performs regulation of the input bus voltage

(in the range from 12V to 28V) to the exact level required by each component, following

the correct power sequencing. It also performs FDIR functions in the eventuality that

a component exceeds its nominal operative range, and collects housekeeping data to

be interpreted by the MCU.

4.8.1 Architecture

The PCU’s architecture is subdivided in two stages, divided in channels. Single or

groups of channels are provided with an independent protection circuit, that monitors

the instantaneous current and manages the enable signal. The voltage is sensed at the

output of each regulator while the current for a group of regulators in the protection

circuit itself. Both feedbacks are collected by a bank of I2C ADCs. Finally, each

regulator features a fault indicator signal that gets pulled to ground whenever the

output voltage is below the nominal value. All fault signals are connected by an I2C

multiplexer and broadcasted to the MCU.

The �rst stage regulators provide 12V, 5V and 3.3V at a current of at least 1.2A.

These voltage are regulated again by the second stage regulators, that precisely generate

the exact voltages for the integrated circuits. This two-stage approach has two main

advantages: by diminishing the relative voltage drop, the e�ciency of two regulators in

a cascade con�guration is higher than a single regulator operating at a low duty cycle,

especially in the case of Low Drop-Out regulator (LDO). Secondly, by distributing

the load across three di�erent regulators, the tolerance to failure increases. In the

speci�c case of this circuit the failure of any of these regulators would still severely

hinder the ful�llment of the mission, but it’s possible (and recommended) to include

redundancy in future developments.

The channels from 6 to 15 are needed only if the FPGA is completely embedded

on the board. In this revision, since the TE-0955 module is used, only 1.2V, 1.8V and

12V are required for operations.

Both a Space grade and Non Space Grade version of the PCU have been developed,

but only the Non Space Grade version has been manufactured. For completeness, the

two versions will be compared whenever the architecture of a space grade channel is

signi�cantly di�erent from the assembled one.
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4.8.2 Electrical schematic and PCB design

Protection/Enable circuit The protection/enable circuit absolves the main safety

requirement of the PCU, enabling the regulators it is connected to and monitoring

(and limiting) the instantaneous current �owing through the system.

The space-grade version of the protection circuit is based on the TPS7H2201/2211

eFuses [DAT-7, DAT-8], a MOSFET-based IC with enable control, soft start and

automatic fault shutdown with a radiation rating of 100 krad. The TPS7H2211 IC is

not provided with a current sense output, so a discrete sensor is needed.

Figure 36: PSU Space Grade Protection circuit

The non space grade version of the protection circuit features a high-side PMOS

switch controlled by an optoisolated enable signal. The output of the switch is

connected to a shunt resistor to measure the current. Lastly, a comparator toggles o�

the enable signal whenever the current is above a set threshold. For the next iteration is

recommended to add a latching circuit to increase the hysteresis and avoid oscillations

in case of overcurrent.

Figure 37: Protection circuit simpli�ed equivalent schematic and layout
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First Stage Regulators The �rst stage regulators step down the bus voltage to

three di�erent levels:

� VBUS_HIGH_POWER: Main power source for VERSAL and burnwire actua-

tors. The line has been dimensioned for 12V at 2.5A, for a maximum power

consumption of 30W. Obtained directly from the main regulated bus or through

a TRACO THN 30-1212 power converter;

� V_BUS: Power source for the majority of onboard regulators, dimensioned for

5V at 2A, for a maximum power consumption of 10W. Obtained from a TRACO

TEL 10-1211 power converter;

� V_BOOT: Primary supply source for the microcontroller and source for all

logic circuits before the channels. Dimensioned for 3.3V at 3A (10W), obtained

through a TRACO TES 5-2410 power converter.

The selected converters have a maximum e�ciency of 92% and operate in a

temperature range from -40 to 80 degrees Celsius [DAT-9]. Both regulated and

unregulated power lines connect �rst to a protect/enable circuit.

Figure 38: PCU First Stage diagram

During integration it will be required to measure the instantaneous power consump-

tion in the di�erent operative modes and during mode changes. When transitioning

from a low power to a higher power mode, variations in the inrush current can devolve

in voltage �uctuations, which can compromise the correct behavior of the system.

This e�ect can be compensated by a bank of capacitors, to source the extra current

required during transients (�B>DA24 = �
3 „’;>03��”

3C
). Finally a soft-start network will

limit the rate of charge. A simpli�ed model of the phenomena is shown in �g. 39.

Figure 39: Model of the voltage drop in a load discontinuity
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Second stage architecture The second stage generates all voltage levels required

for the operation of each subsystem.

Figure 40: PCU Second Stage diagram

2nd stage - SDR Channels Channel 1 and 2 generate the 3.3V and 1.8V levels

required for the SDR. The regulators are based on the TPS7A94 [DAT-10], a low noise

LDO speci�cally designed for instrumentation and radio equipment. The regulators

are equipped with an automatic current limiter and enable control. Since linear

regulators lose e�ciency the higher is the dropout voltage, the input of the 1.8V

regulator is connected to the output of the 3.3V regulator. This cascade con�guration

reduces regulation losses and maintains a constant output noise, with the voltage drops

becoming 1.7V and 1.5V for the 3.3 and 1.8V regulators respectively.

2nd stage - MCU Channels The primary supply for the microcontroller is directly

given by the �rst stage V_BOOT regulator.

The architecture of the MCU channels o�ers the possibility to also generate the

reference and peripheral voltages. In the current application the reference voltage is

directly generated in the MCU subsystem, but the schematic can be easily modi�ed to

centralize all regulators in a single area.

Originally a separate dedicated 3.3V regulator had been evaluated, but was ulti-

mately excluded. Because of its role, the microcontroller represents the principal point

of failure of the entire board, and a failure on its power supply would compromise the

entire mission. The recon�guration and consequent enabling of a redundant regulator

would be necessary to recover the instrument, however this would require auxiliary

logic and possibly a direct intervention from the satellite bus. The development of

such system represents a challenge itself, and has been left for the proto-�ight model.
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2nd stage - VERSAL Power Sequencer Complex ICs requiring multiple power

supplies have strict requirements regarding the order in which the supplies are

activated. To reduce stress on the devices, a sequence is delivered by the manufacturer

indicating the required voltage level, timing for activation or de-activation, and fallback

procedures in case of fault [41].

Conventionally the memory supply is activated �rst, then the core Point of

Load (PoL) supply, auxiliary supply for RAM, interfaces and secondary functions,

and �nally the I/O supply for the communication lines.

The Versal sequencer is based on two ADM1185 voltage monitors and sequencers

[DAT-11]. The monitors inputs are connected through a voltage divider to the output

of the regulators. Once the voltage level overcomes the 0.6V threshold, the respective

open-drain Enable pin is tied to GND and the next regulator in the sequence is

activated.

Figure 41: VERSAL PSU Sequencer

The space grade version of this circuit is based on the TPS7H3014 [DAT-12], that

along all functions previously listed includes controls to regulate the delay timers and

hysteresis.

Figure 42: Sequencer ICs comparison
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2nd stage - VERSAL Channels The Versal channels (6-15) represent the discrete

implementation of all PoL regulators required for the FPGA. The power regulators are

subdivided in 6 rails, activated sequentially by the power sequencer (�g. 43).

Figure 43: VERSAL Power Tree

The main variation between space grade version and non space grade version is

the architecture of channel 11 (0V8_CORE).

� Ch. 6 (Rail 1): the 3V3_VCCO channel is responsible for the generation of

the supply 3.3V level required by the XPIO and HDIO banks transceivers. The

channel employs a TPS53316 [DAT-13] regulator, the schematic and output

characteristics can be found in appendix E.1.

� Ch. 7 (Rail 1): the 1V2_VCCO channel generates the 1.2V level for the XPIO

and HDIO banks data lines employing a TPS7A94 low noise LDO [DAT-14].

� Ch. 8 (Rail 1): 2V5_DDR, supply voltage for RAM and clocking network.

Based on a TPSM828303 regulator [DAT-15], see appendix E.2.

� Ch. 9/10 (Rail 1): 1V2/0V6_DDR, logic level for RAM and clocking network.

The voltages are both generated by the TPS51216 regulator [DAT-16], a

synchronous buck converter that ensures that the termination supply is mantained

at half the memory supply voltage within a 0.8% tolerance. The performances

are listed in appendix E.3.

Figure 44: VERSAL Rail 1
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� Ch. 11 (Rail 2), 0V8_CORE primary logic supply. At maximum performances,

this channel must source up to 44A. In the non space grade implementa-

tion, a placeholder voltage reference generator has been integrated (Microchip

MCP1824), to test the power monitors.

The space grade architecture is based around the TPS7H5006 PWM con-

troller [DAT-17], that generates the switching waveform required to drive the

TPS7H60x5-SP GaN FET gate driver [DAT-18].

Figure 45: Ch. 11 PWM Controller

Figure 46: Ch. 11 Gate Driver

The gate driver controls the output stage EPC7019G radiation hardened eGaN

High Electron Mobility Transistors (HEMTs) [DAT-19]. Because of the heavily

asymmetric duty cycle of the regulator, three HEMT are connected in parallel

at the low side to better distribute the load.

Figure 47: Ch. 11 Power Mosfets

A TPS7H2211 switch provides enable control and soft start, then auxiliary

capacitors, a �lter, a current sensor and a rail discharge circuit complete the

architecture of this channel.
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� Ch. 12 (Rail 3): 1V5_VCCAUX, supply for the programmable logic Platform

Management Controller. The channel is based on the TPSM828303 regulator

(appendix E.4).

� Ch. 13 (Rail 4): 0V92_VGTYP_AVCC, GTYP transceiver primary analog

power supply, based on the TPS7A85A LDO [DAT-20] (appendix E.5)

� Ch. 14 (Rail 5): 1V5_GTY_AVCCAUX, GTY and GTYP transceiver auxiliary

analog power supply, based on the TPS7A85A LDO (appendix E.6).

� Ch. 15 (Rail 6): V2_AVTT, GTY and GTYP transceiver termination power

supply, based on the TPSM828303 regulator (appendix E.7).

2nd stage - AUX These channels route power to the burnwire actuators. 12V from

the main bus is directly delivered to two protect/enable circuits, whose output is

directed to the peripheral control subsystem. This supply is double-redundant: only

one actuator is required to deploy the antenna.

2nd stage - Storage The supply for the storage unit is generated by an independent

TRACO TES 5-2410 3.3V regulator, enabled by the microcontroller.

Power controller A multiplexer is used to accumulate all fault signals from

the di�erent channels (PI4IOE5V6416 [DAT-21]), and multiple ADCs (TLA2528

[DAT-22]) converts the voltage and current readouts to I2C messages for the MCU.

Figure 48: PCU Monitor diagram
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Figure 49: Voltage monitor and fault signal multiplexer

In this iteration of the project, the I2C lines connect directly to all devices on the

bus. This is not optimal from a safety perspective: a failure in the I2C interface of

one device might interfere with the communication and compromise the entire bus.

A discrete isolation system (as the one in �g. 50 [42]), or choosing devices with

integrated protection, mitigate the risk.

Figure 50: I2C discrete isolation circuit
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4.8.3 Subsystem-speci�c requirements

Note: these requirements do not include the power channels necessary for the

embedded version.

Req. No. Description Parent

PCU01 Each group of power channel shall be protected against faults R08

PCU02 Each group of power channel shall be enabled by the MCU MCU03

PCU03 The PCU shall monitor the voltage of each channel MCU04

PCU04 The PCU shall monitor the current of each channel group MCU04

PCU05 The PCU shall deliver 3.3V at 60mA to the SDR SDR03

PCU06 The PCU shall deliver 1.8V at 60mA to the SDR SDR04

PCU07 The PCU shall deliver 3.3V at 1A for the MCU -

PCU08 The PCU shall deliver 12V to the FPGA (V_MOD1) VE01

PCU09 The PCU shall deliver 1.8V to the FPGA (V_IO_X3) VE02

PCU10 The PCU shall deliver 1.2V to the FPGA (V_IO_W01) VE03

PCU11 The PCU shall deliver 3.3V to the Storage Unit STO04

PCU12 The PCU shall deliver power to the burnwire actuators -

Table 10: PCU System Requirements

4.9 Bus Communication Subsystem

4.9.1 Architecture

The design for the bus communication subsystem has been left purposely vague.

Currently, a standardized universal interface has not been adopted, and the architecture

for smaller systems is often left to the satellite designer.

Common cubesat payload interfaces such as UNISEC’s CubeSat Subsystem

Interface [43] have been considered, but ultimately it was decided to simply expose

the UART, Ethernet and power connectors for debug purposes.
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4.10 Peripheral Control Subsystem

4.10.1 Architecture

The Peripheral Control Subsystem is deputed to the actuation of the antenna deployment

mechanism. The antenna is built from a tightly coiled steel strip, held in place inside

the instrument bay by a fusible cord. Both ends of the wire are in contact with a two

coils of high temperature wire (such as NiChrome), in turn connected to the J5 and J6

terminals. When a voltage is applied to each coil, the �owing current rapidly heats the

wire and melts the holding cord, releasing the antenna.

Figure 51: Burnwire actuation channel

A high-side P-type and a low-side N-Type BJTs control the �ow of current in

the wire. As a safety measure and for redundancy, only one of the AUX channels

is required to melt one side of the cord, but both enable signals are required for

deployment. This way the risk of an early deployment is limited while maintaining

the capability in case of a partial failure in the PCU.

By activating the �ring signals with a low duty cycle PWM waveform, while at

the same time monitoring voltage and current, it’s possible to let a small current �ow

through the wire without melting the cord and so verify if the coil circuit has been

interrupted.

Figure 52: Burnwire actuator PCB
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4.11 Complete requirements list

Req. Description Parent

R01 The instrument useful lifetime shall be of at least 10 years -

R02 The instrument shall determine the Power Spectral Density (PSD)

of the input signal in a range from 0.3 to 30 MHz

R03 The instrument shall perform the analysis at a frequency

of at least 1 Hz

-

R04 The width of the sampling bin shall be of at most 100 KHz -

R05 The depth of each sample shall be of 32 bit/sample -

R06 The system shall store measurements and calculation results -

R07 The instrument shall exchange data, commands and telemetry

with the host bus

-

R08 A failure in any subsystem shall not compromise the satellite bus -

R09 The power consumption in safe mode shall be less than 250 mA -

R10 The maximum power consumption shall be less than 25 W -

R12 The instrument shall deploy the receiver antenna -

R13 The instrument shall autonomously switch operative modes

and perform measurements

-

R14 The instrument shall be able to coordinate its operation

with the host bus

-

R15 The instrument shall collect and store telemetry data

from each subsystem

-

R16 The instrument shall detect faults and activate FDIR functions -

R17 The total cost of the EM shall be less than 2500=C -

SDR01 The input shall be �ltered above 2 � �B R02

SDR02 The ADC shall employ Double Rate LVDS data transmission R05

SDR03 The di�erential shall be powered with 3.3V at 58mA -

SDR04 The ADC shall be powered with 1�8 � 0�1V at 60mA -

SDR05 The ADC output driver shall be powered with 1�2 � 0�1V at 5mA -

SDR06 The SDR data lines shall be shielded against EM interference -

SDR07 The impedance from the radio input shall be of 50
 -

MCU01 The MCU shall communicate with the bus through RS-422 UART R07

MCU02 The MCU shall communicate with the FPGA through UART R14

MCU03 The MCU shall deliver the Enable signal for each subsystem R13/16

MCU04 The MCU shall collect voltage and current measurements R15

MCU05 The MCU shall compare the current telemetry with an internal

status register to determine if the system is nominal

R16

MCU06 The MCU shall activate the antenna deployment mechanism R12

MCU07 The MCU shall generate telemetry to be stored in the storage unit R12

VE01 The module shall receive 12+ � 5% (V_MOD1) at 2A R10

VE02 The module shall receive 1�8+ � 3% (V_IO_X3) -

VE03 The module shall receive 1�2+ � 3% (V_IO_W01) -

VE04 The module shall receive 1�35+ � 10% (V_BAT) -
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VE05 The module shall communicate with the MCU

through the RS-422 serial protocol

R13

VE06 The module shall exchange data with the storage unit

through PCIe protocol

R06

VE07 The module shall receive data from the SDR system -

VE08 The module shall communicate with the satellite bus

through the Ethernet protocol

R07

VE09 The system shall compress the output data before storage R06

STO01 The system shall store at least 365 HPM measurements R06

STO02 The system shall store at least 40 RM measurements R06

STO03 The mass storage shall have a capacity of at least 160 Gb STO01/2

STO04 The mass storage shall receive 3�3+ � 5% at 3A -

PCU01 Each group of power channel shall be protected against faults R08

PCU02 Each group of power channel shall be enabled by the MCU MCU03

PCU03 The PCU shall monitor the voltage of each channel MCU04

PCU04 The PCU shall monitor the current of each channel group MCU04

PCU05 The PCU shall deliver 3.3V at 60mA to the SDR SDR03

PCU06 The PCU shall deliver 1.8V at 60mA to the SDR SDR04

PCU07 The PCU shall deliver 3.3V at 1A for the MCU -

PCU08 The PCU shall deliver 12V to the FPGA (V_MOD1) VE01

PCU09 The PCU shall deliver 1.8V to the FPGA (V_IO_X3) VE02

PCU10 The PCU shall deliver 1.2V to the FPGA (V_IO_W01) VE03

PCU11 The PCU shall deliver 3.3V to the Storage Unit STO04

PCU12 The PCU shall deliver power to the burnwire actuators -

Table 11: Complete requirement list

Figure 53: Rendering of the complete board
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5 Design Veri�cation

The Design Veri�cation phase is a fundamental step in the development of space

hardware. From the ECSS standard ECSS-E-ST-10-02C on design veri�cation, the

goal of the veri�cation process is to: "demonstrate the quali�cation of design and

performance, as meeting the speci�ed requirements at the speci�ed levels" [ST-1].

Completing a validation campaing ensures that the product has been developed

following the desired standards and that is able to achieve all requirements.

A high-level veri�cation plan is proposed in Table 12. Each item in the list

indicates the objective of the veri�cation, and is thoroughly described in its dedicated

subsection.

Test name Objective Test plan

Preliminary Design Veri�cation Con�rm high-level architecture 5.1

Electronic Design Veri�cation Con�rm electrical schematic 5.2

PCB Design Veri�cation Con�rm electrical design 5.3

Integration Test Con�rm system performances 5.4

Manufacturing Veri�cation Con�rm cost of production C.2

Table 12: Development and Veri�cation Plan

When testing is required, standard ECSS-E-HB-10-03A [ST-3] is followed with

regards to the de�nition of the test procedures and the objectives for quali�cation

testing. The complete test procedures are presented in appendix D. The electrical

simulations have been performed with Texas Instruments’ WEBENCH Power Designer

toolbox, and the simulation outputs for the power supply subsystems are presented in

appendix E.

5.1 Preliminary Design and Veri�cation

The preliminary design for the board had been de�ned as part of the Space Project

course, along with the mission requirements and objectives.

Step Scope Veri�cation

Mission requirement

de�nition

Fix development

objectives
-

Architecture review
Con�rm high-level

architecture

Space Project Course

ELEC-E4930 03/02/2026

Table 13: Preliminary Design and Veri�cation
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5.2 Electronic Design De�nition and Veri�cation

The EDD is performed after the preliminary schematic has been developed on the basis

of the approved architecture. The components are chosen comparing performances,

signal noise, power requirements and sourcing availability. Often multiple ICs can

absolve the same duty with similar performances, in this cases cost and ease of

integration play a role. Whenever possible, it’s preferred to choose components from

the same manufacturer as it guarantees the consistency of test criteria and internal

structure. The entire process is repeated iteratively as all subsystem gets developed in

detail, until all necessary components are present and connected as needed.

In this phase the net type is also de�ned to maintain a separation between power,

high speed and low speed signals. This separation is fundamental for the physical

dimensioning of the lines during PCB routing.

Lastly, an Electrical Rule Checker (ERC) algorithm is run to verify the correctness

of the connections. The ERC veri�es that each net connects input/outputs of the same

type (e.g. power output to power input, see �g. 54), labels are correctly applied, IC

identi�ers are unique and other parameters.

Figure 54: KiCAD’s ERC Con�icts Map

Step Scope Veri�cation

Component adequacy Con�rm component choice Datasheet review

Net type adequacy Con�rm correct net classes Wiring review

Connection correctness Con�rm connections ERC

Table 14: Electronic Design and Veri�cation
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5.3 PCB Design and Veri�cation

The design and veri�cation of the PCB begins with the positioning of the components

on the board. The components are �rstly separated by subsystem, then an initial routing

is performed for the signal nets. Once the subsystems are routed, the �nal disposition

of the subsystems is chosen and the interconnection nets are routed. Finally, the power

nets are connected and the copper areas for grounding are applied. Whenever possible

the components are connected to ground directly through the copper area, to minimize

the current loop surface.

After routing, the Design Rule Checker (DRC) algorithm veri�es if all design

constraints have been met, such as net spacing, thickness, classes and physical

disposition.

Step Scope Veri�cation

Layout
Con�rm component

positioning

Schematic and

EMC requirements

Signal nets routing
Routing for high-speed

and signal lines

Schematic and

EMC requirements

Power nets routing
Routing for power nets

and ground planes

Schematic and

EMC requirements

Design correctness
Con�rm global

PCB rules
DRC

Table 15: PCB Design and Veri�cation

5.4 Integration Test

In the integration test the board is powered and analyzed to verify that its behavior

corresponds to the planned design. The complete test procedures can be found in

appendix D, while the results are outlined in section 5.5.

Step Test Veri�cation

Optical Inspection T-01 Pass/Fail

Short Circuit Test T-02 Pass/Fail

First Stage Regulators Test T-03 Pass/Fail

Second Stage Regulators Test T-04 Pass/Fail

Protection Circuit Test T-05 Pass/Fail

Housekeeping Test T-06 Pass/Fail

Table 16: Integration Tests

59



5.5 Tests and results

5.5.1 Assembly and Inspection

As soon as the board was received, the ground planes and power terminals were

checked for continuity. Solder paste was then spread over the stencil, itself �xed to the

board, and the surface mount components were positioned on the board.

Figure 55: PCB and stencil

Following the speci�cations of the solder paste, the PCB was then processed in a

re�ow oven for the time indicated by the paste re�ow pro�le. A thermocouple attached

to the board provided feedback to the oven.

Figure 56: Assembled PCB in re�ow oven
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Each subsystem on the PCB was then examined with a microscope to identify

short circuits or imperfect solder joints, that were then manually reworked with an hot

air gun and soldering iron. Finally, the through hole components were installed and a

last inspection concluded the assembly.

Figure 57: PCB optical inspection, as seen through the microscope ocular

From top left to bottom right:

SDR RF input, SDR ampli�er, MCU, Storage connector, Sequencer, Channel 1,

Channel 2, 6 to 8, 9-10,

Channels 12 to 15, Fault multiplexer, Voltage monitor, Current monitor.

Figure 58: Assembled PCB during testing
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5.5.2 Testing

The testing for the PCB followed the procedures listed in table 16. The board was

tested to detect short circuits and to verify that all elements were functioning correctly.

Optical test No scratches or other visible defects were identi�ed on the board.

Some components had moved during the re�ow phase and were either out of position

or had leads shorted together, both issues were solved by cleaning the excess solder

with abundant �ux paste and a solder wick. If needed, the components were removed

using a hot air gun, the pads cleaned and then manually soldered in place.

Short/Open circuit test After reworking the misplaced components no short

circuits were detected. The test was performed between all power pins and ground,

between di�erent ground pads to con�rm continuity, and between all adjacent pins for

each IC. Two defects were identi�ed:

1. Missing connection between the output ground pin of the 12V main regulator

(U17, pin 5) and board ground. The defect was due to a design error and was

corrected by soldering a jumper wire on the back side of the board.

2. Missing pull-up resistors on the enable outputs of the Versal sequencer (ICs U33,

U34, pins 7, 8, 9). The defect was due to a design error. Without the pull-up

resistors the active low Enable signal is left �oating when in the "disabled" state,

the consequence of this is that the power regulators might get randomly enabled

following interferences.

The corrected defect do not compromise the board and was accepted. Regarding

the Versal sequencer, since in this iteration the Versal power channels are not employed

the defect was not corrected, but it can be �xed in a second moment using dicrete

10K
 resistors between the enable pins and VCC. The test was deemed successful.

First Stage Regulators Test The board was powered externally from both regulated

(Vin: 11.98V) and unregulated (Vin: 28.05V) inputs (with the correct enable signal

applied), then the output voltage was measured from all three main regulators.

The cumulative standby current amounted to 100mA total for all three regulators.

Item Output voltage [V] Ripple amplitude [Vpp] Pass/Fail

12V regulator 12.60 0.32 Pass

5V regulator 5.08 0.24 Pass

3.3V regulator 3.29 0.18 Pass

Table 17: First Stage Regulators test results
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Figure 59: 12V main regulator startup transient and ripple

Second Stage Regulators Test The second stage channels were enabled sequen-

tially: �rst the SDR channels, then Versal, then Burnwires and Storage.

Item Output voltage [V] Ripple ampl. [Vpp] Current [mA] Pass/Fail

SDR Ch. 1

Ch. 2

3.18

0.95

0.32 120 Pass

Fail

VE Ch. 6

Ch. 7

Ch. 8

Ch. 9/10

3.30

3.1

1.30

1.2, 0.6

0.63 80 Pass

Fail

Pass

Pass

VE Ch. 11 - - - N/A

VE Ch. 12

Ch. 13

Ch. 14

Ch. 15

1.5

0.91

1.5

1.18

0.43 33 Pass

Pass

Pass

Pass

BW Ch. 16

Ch. 17

11.8

11.8

0.11 630 Pass

Pass

STO Ch. 18 3.30 300 27 Pass

Table 18: First Stage Regulators test results

The failure in Ch. 2 and 7 are due to a wrong resistor value. The schematic has

been updated with the correct values.
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Protection Circuit Test Because of a delivery issue, crucial components for the

Protection/Enable circuit were not received (Mosfet driver and current trimmer). It

was not possible to submit another order, so for the time being the circuit was bypassed.

The circuit was validated in simulation with the LTSPICE tool.

Figure 60: Protection-enable circuit LTSPICE schematic

Figure 61: Protection-enable circuit LTSPICE simulation plot

Housekeeping Test Since the onboard MCU was not programmed, this test was

not applicable.

Summary All tests have been performed. Of the 6 physical tests, three passed

without remarks, one passed with a defect, one passed in simulation and one was not

applicable.

Test name Test plan Result

Preliminary Design Veri�cation 5.1 Pass

Electronic Design Veri�cation 5.2 Pass with defect on schematic

PCB Design Veri�cation 5.3 Pass

Integration Test 5.4 5 Pass, 1 N/A

Manufacturing Veri�cation C.2 Pass, total cost 1336.40=C

Table 19: Test results
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6 Conclusions

Space-based radio spectrometry is a fundamental tool in Space Science, and HEARER-

2 represents a unique opportunity to perform ionospheric observations not only for

advanced space centers but also for universities and independent researchers. The

research carried out in this thesis has demonstrated the feasibility of the proposed

system, and the assembled engineering model will greatly ease the development and

testing of the processing algorithms and the Flight Model.

The proposed electrical system will act as a base framework for the integration of

space-quali�ed hardware and for miniaturization. The modular nature of the system

will allow researchers to modify and adapt di�erent parts of the systems without being

concerned with interconnection rules and requirements.

The assembled device has validated the design based on the requirements, however

minor modi�cations are in order to improve the reliability of the instrument.

For future versions, it is recommended to better de�ne the power architecture:

this iteration has been kept as generic as possible to test di�erent power delivery

methods and regulators, coming however at the cost of increased complexity or

keeping unnecessary components. Furthermore, a study of the failure modes and a

risk evaluation should be performed while designing the redundancy mechanisms, to

be integrated on the board.

Regarding the FPGA and data storage, it is advisable to solder the devices directly

to the board to reduce mechanical stresses and vibrations during launch, however if

possible the FPGA should be integrated as a module and not directly embedded: all

power delivery regulators present on the module are considerably smaller than their

counterpart in the assembled PCU, and more importantly more precise and stable.

Lastly, temperature sensors and more precise power monitors should be distributed

across the board to better measure performances and detect faults more precisely.
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C Bill Of Materials

C.1 Components

Reference Qty Value Digikey No.

3V3_ENABLE1 1 FCR7350 4654-FCR7350R-ND

BACKUP_EN1,MASTER_EN1 2 L101011ML04Q CKN11874-ND

BT1 1 1058TR 36-1058CT-ND

C2,C3,C24,C25,C27,C28,C30,C31,

C33,C34,C37,C38,C40,C41,C54,C55,

C56,C57,C61,C67,C68,C70,C71,C75,

C76,C82,C83,C88,C89,C91,C92,C94,

C95,C127,C129,C130

36 10uF

C4,C5,C6,C7,C8,C9,C10,C11,C12,

C13,C14,C15,C16,C17,C18,C19,C20,

C21,C35,C36

20 1uF

C22,C46,C50,C52,C99,C100,C108,

C111,C113,C114,C115,C116,C119,

C121,C125,C126,C128,C131,C132,

C133,C134

21 0.1uF

C39,C42,C58 3 4.7uF

C43,C106 2 100pF

C44,C45 2 3.3nF

C47,C48,C49,C51,C59,C72,C86 7 22uF

C60,C64,C65,C78,C79,C85 6 100nF

C62 1 100uF

C63,C110,C112 3 1nF

C66 1 22nF

C73,C77,C84 3 10nF

C74,C80,C81 3 47uF

C96,C107 2 1.3pF

C97 1 12pF

C98 1 20pF

C101 1 43pF

C102 1 75pF

C103 1 68pF

C104,C105 2 0.1 uF

C109 1 10pF

C117,C118 2 2.2uF

C120,C122 2 15pF

C123 1 470nF

C124 1 2.2nF

CR1 1 STWD100NPWY3F 497-6841-1-ND

D1,D4,D5,D6,D7,D8,D9,D10,D11,D12 10 BAT48JFILM 497-5711-1-ND
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Reference Qty Value Digikey No.

D2,D3 2 B340 150-5822SMJE3/TR13CT-ND

D34 1 LM4040D30IDBZR 296-19437-1-ND

D35 1 LEDG 5962-XL-1608UGC-04TR-ND

D36,D37 2 STTH212U 497-5762-1-ND

D38 1 BURNWIRE 1 FIRE 5962-XL-1608BGWC-06TR-ND

D39 1 BURNWIRE 2 FIRE 5962-XL-1608BGWC-06TR-ND

D40 1 SS310 1801-SS310CT-ND

D41 1 SS310

FB1 1 Ferrite_Bead_0603 732-6703-1-ND

GND1 1 FCR7350 4654-FCR7350B-ND

IC1 1 PI4IOE5V6416ZDEX

IC2 1 LTC6409IUDB#TRMPBF 505-LTC6409IUDB#TRMPBFCT-ND

IC3 1 ADL8120ACPZN 505-ADL8120ACPZN-ND

IC4 1 LTC2163IUK#PBF LTC2163IUK#PBF-ND

J1 1 RF_IN ARFX1232-ND

J2 1 SBW

J3,J12 2 JTAG

J4 1 MDT420M01501 609-MDT670M01501CT-ND

J5 1 BURN WIRE 1 2946-2059-322/998-403CT-ND

J6 1 BURN WIRE 2 2946-2059-322/998-403CT-ND

J8 1 SS-74401-001 380-1476-ND

J9 1 UART 277-12156-ND

J10,J11 2 ADF6-60-X-X-4-0-X ADF6-60-03.5-L-4-0-A-TR

J14 1 I2C_M 664-G800W302018EU-ND

J15 1 I2C_U 664-G800W302018EU-ND

JP1 1 WD_RST 664-G800W302018EU-ND

L1 1 1uH 3442-MWSA0518S-1R0MTCT-ND

L2 1 3.3uH 3442-MWSA0603S-3R3MTCT-ND

L3,L4 2 160nH 3442-MCL1608NR22KTCT-ND

L5 1 130nH 3442-SDWL1608CR13GSTFM01CT-

ND

L6,L8 2 56nH 3442-SDCL0603Q68NJT02B03CT-ND

L7,L9 2 MMZ1005A222ET000 445-6404-1-ND

PS1 1 TEL_10-1211 1951-3463-ND

PS2,PS3 2 TES_5-2410WI TES5-2410WI-ND

Q3,Q4,Q7,Q8,Q11,Q12,Q15,Q16,Q19,

Q20,Q23,Q24,Q29,Q30,Q33,Q34,Q37,

Q38,Q41,Q42

20 DMN62D0U DMN62D0U-7DICT-ND

Q25,Q26,Q43,Q44 4 DMG1012T DMG1012T-7DICT-ND

Q45,Q48 2 ZXTP25040DFH ZXTP25040DFHCT-ND
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Reference Qty Value Digikey No.

Q46,Q47,Q49,Q50 4 ZXTN25040DFH ZXTN25040DFHCT-ND

R1,R74,R82,R86,R90,R131,R156,

R169,R173,R177

10 430

R2,R75,R83,R87,R91,R132,R157,

R170,R174,R178

10 PWR163S-25-R100JE 118-PWR163S-25-R100JECT-ND

R3,R4,R70,R71,R76,R77,R84,R85,

R88,R89,R92,R93,R111,R123,R127,

R133,R134,R135,R142,R148,R151,

R155,R158,R159,R171,R172,R175,

R176,R179,R180,R212,R213,R214,

R220,R221,R249,R250,R252,R253,

R254,R255,RV1,RV2,RV3,RV4,RV5,

RV6,RV7,RV8,RV9,RV10

51 10K

R5,R6,R13,R14,R21,R22,R23,R24,

R25,R28,R29,R30,R31,R32,R33,R34,

R35,R36,R37,R38,R39,R40,R41,R42,

R49,R50,R51,R54,R55,R56,R59,R60,

R61,R62,R63,R64,R65,R66,R69,R72,

R73,R122

42 47

R7,R8,R80,R81,R207,R211,R218,

R223,R251

9 0

R9,R11,R15,R19,R43,R47,R115,R119,

R130,R141,R147,R154,R163,R164,

R165,R168,R215

17 100K

R10,R16,R46,R48 4 33K

R12,R118 2 12K

R17,R18 2 11k

R20 1 150K

R26,R27,R68 3 33k

R44,R45,R52,R53,R67,R79 6 100k

R78 1 200k

R94 1 118K

R95 1 29.4K

R96,R97,R104,R105,R106,R216 6 510

R98 1 28.7K

R99 1 111K

R100,R102 2 54.2K

R101 1 34K

R103 1 44.2K

R107,R109 2 40.2K

R108 1 75K

R110 1 49.3K

R112,R137 2 732K

R113,R117,R138 3 49.9K

R114,R144,R161 3 22K

R116 1 478K
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Reference Qty Value Digikey No.

R120 1 2.0K

R121 1 2.7

R124,R136,R145 3 3.6K

R125 1 105K

R126 1 24.3K

R128,Rbot_uvlo1,Rbot_uvlo2 3 2.2K

R129 1 22

R139 1 16K

R140 1 680

R143,R166 2 280K

R146,R162,R167 3 200K

R149 1 4.87

R150 1 5K

R152 1 68K

R153 1 18.7K

R160 1 400K

R202 1 542

R203,R217 2 1K

R204,R205,R208,R209 4 16.6

R206,R210 2 66.9

R219,R224 2 33

R222 1 2K2

R225,R228 2 300

R226,R227,R229,R230 4 3.3K

R231,R232 2 15

R233,R234 2 866

R235,R236,R237,R238,R239,R240,

R241,R242,R243,R244,R245,R246,

R247,R248,R260,R261,R262,R263

18 100

R256,R257,R258,R259 4 240

REG-IN1 1 FCR7350 4654-FCR7350G-ND

RF+1,RF-1,RI+1,RI-1 4 150

RL1,RL2,RL3,RL4,RL5,RL6,RL7,

RL8,RL9,RL10

10 24.9K

Rtop_uvlo1,Rtop_uvlo2 2 1.5K

SW1 1 SW_DIP_x04 2223-DS04-254-2-04BK-SMT-CT-ND

TP38,TP39 2

U1,U12,U18,U23,U28,U38,U47,U56,

U61,U66

10 TLP2710TP4_E TLP2710(TP4ECT-ND

U3,U14,U20,U25,U30,U40,U49,U58,

U63,U68

10 SI4564DY-T1-GE3 SI4564DY-T1-GE3CT-ND
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Reference Qty Value Digikey No.

U4,U15,U21,U26,U31,U41,U50,U59,

U64,U69

10 INA138 INA138NACT-ND

U5,U16,U22,U27,U32,U42,U51,U60,

U65,U70

10 TLV9001SIDBVR 296-51823-1-ND

U6,U7,U8,U9,U10,U11 6 TLA2528IRTER

U17 1 THN_30-1212

U33,U34 2 ADM1185ARMZ-1REEL7 505-ADM1185ARMZ-1REEL7CT-ND

U35,U36,U43 3 PTPS7A9401DSCR 296-TPS7A9401DSCRCT-ND

U37 1 TPS53316RGTR

U44,U52,U55 3 XPSM828303PVCBR

U45 1 TPS51216

U46 1 MCP1824T-0802E/OT MCP1824T-0802E/OTCT-ND

U53,U54 2 TPS7A8500ARGRR

U71 1 MSP430FR5739IRHAR 296-29236-1-ND

U72,U73,U74,U75 4 MAX14789EGSA_ MAX14789EGSA+-ND

UREG-IN1 1 FCR7350 4654-FCR7350L-ND

Y1 1 AA-8.000MALV-T 887-1667-1-ND

Y2 1 ASEK-32.768KHZ-L-R-T 535-ASEK-32.768KHZ-L-R-TCT-ND

Table 20: HEARER-2 Complete BoM

C.2 Cost of Materials

� Components: 675.16=C(1st order) + 335.10=C(2nd order) = 1010.26=C

� PCB: 262.83=C(board) + 63.31=C(stencil) = 326.14=C

� TOTAL: 1336.40=C
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D Test Procedures

T-00 Preparations

These steps are common to all tests, and limit interference from factors that are

independent from the circuit.

Material

� Test-speci�c material as indicated by the "Material" paragraph;

� Antistatic mat;

� Wrist ground strap

Procedure

1. Ensure that the workbench is free of super�uous material;

2. Ensure that a antistatic mat is present or that the workbench surface is adequately

grounded;

3. Wear the antistatic wrist strap;

4. Secure the PCB to a clamp;

5. Ensure that the material required for the test is available;

6. Ensure that the instruments required for the test are ready and set to the speci�cs

of the test.

T-01 Optical Inspection

Inspect each component on the board to ensure correct manufacturing.

Material

� Microscope

Procedure

1. Ensure that the operator has concluded T-00 - Preparations;

2. For each component on the board, verify:

(a) That the component is in the correct orientation;

(b) That each solder pad is connected to the board with enough solder;

(c) That neighboring solder pads are not shorted together;

3. Verify that there are no signs of corrosion or other chemical residues;

4. Verify that components marked as "Do Not Place (DNP)" have not been placed,

and that their pads are free from solder.

T-02 Short Circuit Test

Identify possible short circuits between unconnected nets.

Material

� Multimeter in continuity check mode;

� Soldering iron (or hot air rework gun, when appropriate);

� Fume extractor;

� Flux and solder.
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Procedure

1. Ensure that the operator has concluded T-00 - Preparations;

2. For each connector, verify:

(a) That neighboring pads are not shorted together;

(b) That the mechanical fastening points are connected to ground (unless

otherwise speci�ed);

3. For each power regulator, verify:

(a) That the input side is not shorted to GND;

(b) That the input side is connected to the input voltage source;

(c) That the output side is not shorted to GND;

(d) That the output side is connected to the output voltage sink;

4. For each IC, verify:

(a) That the power pins are connected to the appropriate voltage level;

(b) That each pin is connected only to the correct component.

T-03 PCU - First Stage Power Regulators Test

Verify the functioning of the �rst stage regulators.

Material

� Dual channel variable Power Supply (30V, 3A)

� Digital multimeter and probes

� Oscilloscope and 1x probe

� Soldering iron (or hot air rework gun, when appropriate);

� Fume extractor;

� Flux, solder and jumper wire.

Procedure

1. Ensure that the operator has concluded T-00 - Preparations;

2. Set the �rst channel of power supply to 12V (�<0G = 0.05A);

3. Set the second channel of the power supply to 3.3V (�<0G = 0.05A);

4. Ready the multimeter in voltage measuring mode;

5. Using a segment of wire, bypass the Main Protection-Enable circuit by connect-

ing together Pins 1 and 8 of the mosfet driver (U14);

6. Connect the power supply to the REG_IN, 3V3_ENABLE and GND ports of

the board;

7. Toggle the MASTER_EN switch;

8. Turn on the power supply and measure the voltage at the input side of U14 in

the First Stage Protection circuit;

9. With the oscilloscope, measure the ripple on the power line;

10. Turn o� the power supply, set the �rst channel voltage to 12V and connect to

the UREG_IN port of the PCB;

11. Toggle the BACKUP_EN switch;

12. Turn on the power supply and measure the voltage at the output of regulator

U17;

13. With the oscilloscope, measure the ripple on the power line.
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T-04 PCU - Second Stage Power Regulators Test

Verify the functioning of the second stage regulators.

Material

� Dual channel variable Power Supply (30V, 3A)

� Digital multimeter and probes

� Oscilloscope and 1x probe

� Soldering iron (or hot air rework gun, when appropriate);

� Fume extractor;

� Flux, solder and jumper wire.

Procedure

1. Ensure that the operator has concluded T-00 - Preparations;

2. Set the �rst channel of power supply to 12V (�<0G = 0.05A);

3. Set the second channel of the power supply to 3.3V (�<0G = 0.05A);

4. Ready the multimeter in voltage measuring mode;

5. Connect the power supply to the REG_IN, 3V3_ENABLE and GND ports of

the board;

6. Toggle the MASTER_EN switch;

7. For each power channel:

(a) Using a segment of wire, bypass the Protection-Enable circuit at the source

of the channel by connecting together Pins 1 and 8 of the mosfet driver;

(b) Turn on the power supply;

(c) Measure the voltage at the input and at the output of the power channel;

(d) Note the total current consumption.

(e) With the oscilloscope, measure the ripple on the power line;

(f) Disconnect the power supply and remove the bypass.

T-05 PCU - Circuit Protection Features Test

Verify the functioning of the protection circuits.

Material

� Dual channel variable Power Supply (30V, 3A)

� Oscilloscope and two 1x probes

� Jumper wire

Procedure

1. Ensure that the operator has concluded T-00 - Preparations;

2. Set the �rst channel of power supply to 12V (�<0G = 0.05A);

3. Set the second channel of the power supply to 3.3V (�<0G = 0.05A);

4. Ready the multimeter in voltage measuring mode;

5. Connect the power supply to the REG_IN, 3V3_ENABLE and GND ports of

the board;

6. Toggle the MASTER_EN switch;
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7. Set the current limit by tuning the potentiometer in the examined protection

circuit;

8. Bypass the enable pin of the optocoupler to 3.3V;

9. Place the �rst oscilloscope probe at the output of the protection circuit, set the

measuring mode to "Auto" and set the trigger to 1V;

10. Place the second oscilloscope probe at the current sense output of the operational

ampli�er;

11. Turn on the power supply;

12. Brie�y short to ground the output of the protection circuit, then:

(a) Measure the peak current as measured by the operational ampli�er;

(b) Measure the peak duration;

(c) Asses whether the protection circuit has correctly interrupted the current

�ow.

T-06 PCU - Housekeeping Test

Description

Material

� Dual channel variable Power Supply (30V, 3A)

� Digital multimeter

� A microcontroller development board of choice (e.g. Arduino Uno), programmed

to read data from I2C lines

Procedure

1. Ensure that the operator has concluded T-00 - Preparations;

2. Set the �rst channel of power supply to 12V (�<0G = 0.05A);

3. Set the second channel of the power supply to 3.3V (�<0G = 0.05A);

4. Ready the multimeter in voltage measuring mode;

5. Connect the power supply to the REG_IN, 3V3_ENABLE and GND ports of

the board;

6. Toggle the MASTER_EN switch;

7. Connect the microcontroller I2C wires to the board (R213, R214);

8. Power on the power supply;

9. Read data from the voltage and current monitors;

10. Ensure that the obtained data is within tolerance to the measured value with the

multimeter.

126



E Simulation Results

E.1 Channel 6







E.2 Channel 8







E.3 Channel 9-10









E.4 Channel 12









E.5 Channel 13








