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ABSTRACT

This thesis presents the development and evolution of the Flight Computer and
Science Instrument Subsystem for the Delaware Atmospheric Plasma Probe Experi-
ment (DAPPEr), a 3U CubeSat mission designed to study ionospheric plasma. The
research details two major iterations of these systems, with the rst successfully tested
on NASA's RockSat-C sounding rocket mission in 2024, and the second designed for
DAPPETr's planned launch. The work validates these designs through the successful
collection of electron density and temperature measurements in the lower ionosphere
during the UDIP-4 mission, where data showed strong agreement with the International
Reference lonosphere model. DAPPEr will expand upon this foundation by deploying
dual Langmuir probes at 400-450 km altitude to investigate plasma characteristics and
spacecraft charging e ects by alternating between grounding to the rocket-skin or the
Langmuir probes. As the rst spacecraft led by a Delaware team, DAPPEr will act as
a stepping stone for Delaware's space program development, while advancing both the
scienti ¢ understanding of ionospheric plasma through CubeSat-based measurement

techniques.
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Chapter 1
MISSION OVERVIEW

1.1 Solar Wind and the lonosphere

The Sun, a rotating sphere of plasma, is characterized by intense magnetic
activity that results in an ever-changing atmosphere, with poles ipping approximately
every 11 years in contrast to the hundreds of thousands of years for the Earth [1]. This
results in kinks and breaks in magnetic elds lines as they break through the surface,
resulting in huge bursts of energy materializing as sunspots and Coronal Mass Ejections
(CMEs). These are bubbles of coronal plasma with intense magnetic eld lines that
are ejected from over the course of several hours. The thermal energy of the plasma
in the corona, the outermost layer, is able to overcome the Sun's gravity and radiate
outward perpendicular to the magnetic eld lines of the Sun in the form of Solar Wind
[2].

Most of this solar radiation is blocked by the Earth's magnetic eld, and instead
circles around the Earth to form the magnetosphere. The magnetosphere extends
from about 1000km above the surface, with occasional penetration at the poles that
materializes in the form of aurora. The ionosphere is the layer below the magnetosphere
that also contains a high concentration of plasma and extends from about 80-1000
kilometers above the Earth's surface. The concentration of the charged patrticles in
the ionosphere varies with solar exposure and activity, as the ionosphere \thins out"
as charged particles recombine into neutral atoms during times of low solar exposure
at night. Figure 1.1 illustrates how the ionosphere can be divided into three main
layers: the D, E, and F layers. The D layer occurs at altitudes between 70 and 95

kilometers, where weak ionization absorbs high-frequency radio waves. The E layer



Figure 1.1: Layers of the atmosphere and corresponding electron density pro les [3].

occurs at altitudes between 95 and 150 kilometers, containing primarily oxygen and
nitrogen ions. The F layer occurs at altitudes between 150 and 400 kilometers, and
separates into F1 and F2 layers during daytime before recombining at night. DAPPEr
will be launched into the F2 layer at altitudes between 400 - 450km above Earth's

surface to measure electron density and temperature.

1.2 Plasma
1.2.1 Debye Sheath

Plasma is an ionized gas characterized by collective behavior driven by long-
range electric forces. While high temperatures (like those found at the Sun) can create
plasma, ionization can also occur at lower temperatures, producing what's known as
cold plasma. Plasma typically maintains quasi-neutrality, wherein the charge density

varies (in space and time) on small scales but remains nearly zero on large scales.



The Debye length is a measure of the distance over which mobile charge carriers
(such as electrons) screen out electric elds in a plasma. This redistribution of charges
creates an internal electric eld that opposes the external eld, leading to a screening
e ect referred to as Debye shielding. The Debye length is the characteristic distance
required for elds to fall to 1/e of the value it would have been in the absence of plasma.
In order to maintain quasineutrality, the charge distribution needs to be nearly uniform.
In other words, the system can be considered quasineutral on the scale where the Debye
length is much smaller than the system it is contained in. This is a key assumption
in many plasma physics models and simpli es the analysis of the system by allowing
us to assume that any local charge imbalances are e ectively screened out over larger

distances. The mathematical de nition for the Debye Length is given by:

r
oks T

D — Nee? ; (1.1)

where:
o Is the permittivity of free space

kg is the Boltzmann constant, which is a proportionality factor that relates the
average thermal energy of particles in a gas with the temperature of the gas

Te is the electron temperature, since electrons are primarily responsible for shield-
ing due to their higher mobility over ions so as to create a surplus or de cit of
negative charge

Ne is the electron density

A fundamental characteristic of a plasma is its ability to shield out applied
electric potentials. When an external charge is introduced into a plasma, the charged
particles redistribute themselves such that the resulting elds are partially cancelled
out or 'shielded’, as electrostatic potential drops exponentially over a distance from the
charge (Figure 1.2). The electrostatic potential (r) of a point chargeq at a distance

r in a plasma is given by:

(1.2)



Figure 1.2: Electrostatic Potential distribution near a charge in plasma versus distance
[4].

whereq is the charge of the particle, o is the permittivity of free space, and p
is the Debye length.

A consequence of Debye shielding is the formation of sheaths at the interface of
a plasma with an external surface. When plasma is contained in a chamber, it's surface
will charge up due to the di erence in relative speeds between the heavy ions and the
comparatively light electrons in the plasma. Eventually the motion of the electrons
to the wall will be balanced by their electrostatic repulsion, and a region of charge
imbalance will be formed; the Debye sheath.

Using Langmuir probes - electrodes that measure current from both ions and
electrons - we can characterize the Current-Voltage relationship of plasma. The mea-
sured current varies based on the probe's bias voltage and the relative temperatures
of the electrons and ions. When biased, a stable sheath forms around the Langmuir
probe, governed by the Bohm sheath criterion, which dictates that ions must enter the
sheath with kinetic energy equal to half the electron temperature [12]. The properties
and thickness of this sheath in uence the probe's accuracy in measuring electron and
ion currents. Beyond the Debye sheath, which is typically 5-7 Debye lengths thick,
the plasma returns to quasi-neutrality. By sweeping out an IV curve, electron den-
sity and temperature can be inferred. However, electrons and ions in plasma often

exhibit distinct temperatures. Space plasmas often display non-Maxwellian velocity



distributions due to external forces and gradients, in contrast to an ideal gas in ther-
mal equilibrium. These plasmas are described using various distribution functions,
such as the bi-Maxwellian, kappa, and Druyvesteyn distributions, which commonly
feature suprathermal tails that decrease according to a power law of velocity. Ad-
ditionally, interpreting these measurements is further complicated in the presence of
strong magnetic elds, which cause anisotropic conductivity in the plasma and alter
the interaction between the probe and the plasma. Charged particles in a magnetic
eld follow cyclotron motion, making data interpretation challenging if the probe size

is comparable to or smaller than the ion gyroradius.

1.2.2 Plasma Criteria

The mathematical criteria that de ne a plasma are de ned as [4]:

D L (1.3)
Np 1;and (1.4)
> 1 (1.5)

Equation 1.3 requires that the Debye length p of plasma must be much smaller
than the size of the systeniL it is contained in.

Equation 1.4 simply states that there must be a considerable number of particles,
Np, in a charge cloud in order to be able to observe collective behavior and characterize
a plasma. This criterion is crucial because collective behavior - a de ning characteristic
of plasmas - can only emerge when there are enough particles within a Debye sphere
to e ectively shield perturbations through their collective motion. If there are too few
particles, the statistical assumptions underlying Debye shielding break down, and the
medium cannot properly exhibit plasma behavior.

In Equation 1.5,! refers to the plasma frequency and to the mean free path, or
the mean time between collisions with neutral atoms. Plasma frequency is characterized

by the oscillation of electrons around their equilibrium position. When electrons are



displaced from their equilibrium position in a background of positive ions in plasma,
they overshoot when trying to return to their original position as a result of their
inertia. This results in oscillations that model a capacitor and generate an oscillating
electric eld. Equation 3 states that the plasma frequency must be greater than the
collision frequency to ensure that collective electromagnetic behavior dominates over
collisions with neutral particles. One notable e ect of electron oscillations is that if
the plasma response time is shorter than the period of a external electromagnetic eld,
then it will be shielded or re ected. This has been exploited to extend the range of

transmission of long-wave radio signals [7].

1.2.3 Langmuir Probe Theory

Plasma potential is characterized as the space potential, and used as the refer-
ence or ground potential. Contrary to expectations, a conducting object inserted into
plasma (such as a Langmuir Probe or the spacecraft itself) will acquire a net negative
charge in respect to the plasma potential due to the higher ux of electrons in com-
parison to ions as a result of their higher thermal velocities. This negative potential is

characterized as the oating potential,V; [5].

ke Te

_ e
Vi = eIog.

(1.6)

wherej and j; are electron and ion currents respectively.

Figure 1.3 depicts the negative o set of the oating potential in relation to
the Plasma Potential when observing the IV curve of plasma. It is notable that the
plasma potential occurs at the in ection of the curve, at the transition from the electron
retardation to electron saturation region. However, it would be an oversight to equate
the current at the calculated plasma potential toj in order to compute n, since the
knee can occur beford&/ is reached [8]. Additionally, sincg . depends exponentially
on the assumed value ofs according to Equation 1.8, small errors may induce a large
error in the inferred value of density. The only sure way to measuré is to use a

hot, or emitting, probe, for whichV; Vs [8]. This essentially necessitates that the



Figure 1.3: Current Voltage Characteristic of Plasma [5].

reference potential be set as the plasma potential, which presents di culties due to the
behavior of conductors in space plasmas.
The electron random current densityj o, which represents the number of elec-

trons striking the probe per unit area per second is given by [5]:

(1.7)

If the area of the probe isA, the current collected by the probe at plasma
potential j, or the saturation current, is simply a product of the electron current
density and area. In the retarding potential regime, the current collected by the probe
is essentially only in uenced by the electrons whose kinetic energy is high enough to
overcome the potential barrier at the probe surface. This is in contrast to when the
probe is biased negatively with respect to plasma potential, where the probe current is

predominantly due to ions and some part due to electrons [5]. The retarding current



(a) Langmuir probe connected to UDIP-4 (b) Langmuir probe CAD exploded
canister View, special credit to Nicholas Ulizio

Figure 1.4: First iteration UDIP-4 Langmuir probe

of the electronsl, as a function of the applied voltageV in this regime can then be

expressed as:

le = je€Xp (1.8)

kg Te
whereV =V, - Vs. The applied DC potential to the probe isV, and the reference
potential is Vs.
On DAPPEr, which will carry two Langmuir Probes, the reference potential
will be manually alternated between the spacecraft potential and the opposing probe
in order to observe the e ect of di erent grounding methods on spacecraft charging.

The slope of a semi-log plot (In) V, of the current collected by the probe is

kB Te
e 1

which yields the electron temperature.

1.3 Mission Overview

The Delaware Atmospheric Plasma Probe Experiment (DAPPEr) is a 3U Cube-
Sat mission led by a team of students at the University of Delaware. This is a small
satellite measuring 10cm x 30cm x 34cm that was selected for launch by NASA CubeSat

Launch Initiative (CSLI). The spacecraft will be launched into orbit in the ionosphere



at an altitude of 400 - 450 km and carry a pair of Langmuir probes. These probes serve
as sounding electrodes that will be used to map the current-voltage characteristics of
plasma in the ionosphere. Measuring the I-V curves of plasma will allow DAPPEr
to map electron density and temperature in the ionosphere, which is crucial for space
weather data and studying solar wind activity. DAPPEr's electronics draw consider-
able heritage from those developed and successfully own on the RockSat-C mission in
2024, where the rst iteration of the Flight Computer and Science Board were devel-
oped in a CubeSat form factor. RockSat-C is a NASA program for students to design,
build, and y an experiment on a Terrier-Improved Orion sounding rocket in a sealed
and pressurized container with access to the space environment through multipurpose
ports [9]. Considering nearly half of CubeSats end in failure [10], RockSat-C provided
the opportunity to test the functionality of sensitive electronics in an uncontrolled en-
vironment since it is a short-duration mission with a retrievable payload. DAPPEr will

be the rst spacecraft led by a team from the state of Delaware.

1.4 Mission Objective

DAPPETr's primary objective is education: to provide hands-on learning expe-
riences with ight systems to Delaware students, who are overseeing all aspects of the
mission's development.

These will be used for DAPPEr's rst secondary objective, which is scienti c:
to map average variations in electron density and temperature versus latitude and time
of day in the ionosphere's F2 layer.

Both probes will be spherical, and of the same size (3cm). DAPPEr will test
the e ect of di erent grounding methods on data collection by alternating grounding
between alternate probes and the rocket skin. DAPPEr's second secondary objective
relates to technology development: to determine the preferred size for a Langmuir

probe to measure ionospheric electrons from a CubeSat.



Figure 1.5: DAPPEr General Block Diagram, special credit to TJ Tomaszewski

1.5 Outline

This dissertation focuses on the electrical and software development and inte-
gration of the Flight Computer and Science Instrument Subsystem of the spacecratft.
The second chapter of overviews the development of the rst iterations of the subsys-
tems that was successfully own on RockSat-C and presents the data collected from
the mission. The third chapter outlines the development of the second iteration of the
Flight Computer, which is the primary onboard computer (OBC) for the spacecraft
and is responsible for all data handling, processing, and communication between the

subsystems. The fourth chapter outlines the development of the second iteration of the

10



Science Board, which interfaces with and collects data from the Langmuir probes. The
second iterations of both the Flight Computer and Science Board are intended to be
own on DAPPEr upon launch in 2026. Figure 1.5 illustrates the DAPPEr functional

block diagram, covering how all subsystems on the spacecraft will be interacting, with

the Flight Computer acting as the central communication subsystem.
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Chapter 2
HERITAGE: UNIVERSITY OF DELAWARE IONOSPHERIC PROBE

Figure 2.1: lonosphere regions with each phase of UDIP-4 operation in ight, special
credit to Science Team

DAPPET''s development draws heavily on UD's ongoing experience with RockSat-
C, an annual program based at NASA Wallops Flight Facility in which teams of un-
dergraduates from across the country develop experiments that y onboard a sounding
rocket. Since 2019, Prof. Bennett Maruca has mentored successive teams of UD stu-
dents in developing and re ning the University of Delaware lonospheric Probe (UDIP),
a Langmuir probe designed for Earth's lower ionosphere. UDIP-1 and UDIP-2 success-
fully measured electron densities and temperatures, while UDIP-3 su ered a critical
failure 15 s after launch due to a faulty power connector.

In June, 2024, the team involved in the current development of DAPPEr sucess-
fully ew UDIP-4. This provided DAPPEr with an opportunity to transition to a
CubeSat form factor to establish its compatibility with the DAPPEr External Power
Supply (EPS) and batteries. Since ionospheric plasma conditions are di cult to repli-

cate in the laboratory, ight testing is the most e ective way to verify the Langmuir

12



probe's electronics. During the assembly of the UDIP-4 rocket canister, due to inade-
guate epoxy application, the wired connections to the photodiode, which sat between
the probes on the collar, broke. The absence of this data would have proved useful for
correlating electron density with light exposure, but the mission proceeded smoothly

otherwise.

2.1 First Iteration: Flight Computer

The Data Handling and Communication Subsystem consists of a Flight Com-
puter board that was developed in-house and is responsible for controlling and moni-
toring all subsystems on the satellite and communicating with the ground station. Its
main functions on DAPPEr include:

A

Instructing and collecting data from various sensors and interfaces such as a
photosensor, gyroscope, accelerometer, thermistor, magnetometer, various tem-
perature sensors, and cameras.

Instructing and collecting sweep data from the Science Board Subsystem.

Compressing, packetizing, externally storing, and downlinking data to the ground
station.

Monitoring the rest of the subsystems and power cycling as needed.
Handling time synchronization for ground system communication.

Receiving, executing, and forwarding mission commands received from the ground
station to the rest of the subsystems.

On the rst iteration of the Science Board on UDIP-4, since the payload was re-
trievable, it was not necessary to develop functionality for downlinking data or commu-
nicating with the ground station. Due to the short duration of the ight (30 minutes),
time synchronization was also not needed.

The Arduino Portenta H7 Lite SoM was selected as the onboard computer for
the Flight Computer subsystem. The onboard dual core processor is the STM32H747
which includes a Cortex M7 running at 480 MHz and a Cortex M4 running at 240
MHz. There are also two 80-pin high-density connectors on the SoM which are used
for integration into the Flight Computer Board. Other subsystems that the Flight
Computer interfaces with in the stack include the OTS EPS, OTS Attitude and Control

13



Determination subsystem (ACDS), two cameras, the Relay and Thermal Sensor board
(RATS), and the ground station where it would be relaying transmission packets using

an OTS UHF communication board and patch antenna.

2.1.1 On-Board Computer: Arduino Portenta H7 Lite

The Arduino Portenta H7 Lite was chosen as the System-On-Module due to
its minimal size, measuring only 6.6cm x 2.54cm [15]. Opting for a SoM allowed sub-
stantial savings on development time. The Lite version of the Portenta H7 also lacked
wireless connectivity (Wi-Fi / BLE) compared to the standard version, which would
have required special licensure to y on a spacecraft. Additionally, the Portenta H7
is considered industrial grade, with some notable resistance to radiation and operable
from -40C to 125C, which is the expected thermal exposure of the interior of the space-
craft. Other notable components of the Portenta accessible through the High Density
Connectors include [15]:

" 4x UART, 3x 12C, 1x SPI Interfaces

~ 10x PWM and 8x ADC Pins

8-bit Parallel Camera Interface

" 16MB QSPI Flash

" Chrom.ART graphical hardware Accelerator(DMA2D) to reduce CPU load

During prior UDIP missions, the ight computer and science board were operated by a
single microcontroller, the Arduino Due. Due to the environmental conditions DAPPEr
will be exposed to, such as long-term radiation and thermal exposure, alongside the
more extensive stack of components that the Flight Computer will be interfacing with,
using the Arduino Due as a ight computer was impractical. Initially, an OTS Flight
Computer was considered, but due to the extensive cost that the ight software and
board would incur, the ight computer was instead developed in-house. The Portenta
H7 Lite was chosen as the System-on-Module, and for the sake of modularity, a separate
microcontroller, the Arduino Nano Every, was chosen for the Science Board for the rst
iterations intended for UDIP-4. In the ionosphere the Science Board was controlled by
the Flight Computer, and when commanded, collects plasma current data by issuing

voltage sweeps across two individual Langmuir probes.

14



Other boards that the rst iteration of the Flight Computer interfaced with in
the stack included the OTS External Power Supply (EPS). There were also multiple
sensors and other interfaces on the board, including a photosensor, 9DOF board, high

altitude accelerometer, microSD card, and an SSD as a status display.

(a) Assembled UDIP 2024 Stack (b) Exploded CAD View

Figure 2.2: UDIP 2024 RockSat-C Final Stack

2.2 First Iteration: Science Board

UDIP-4 had a pair of Langmuir probes which interfaced with the rst iteration
of the Science Board. Voltage sweeps were issued only through one probe while the
other served as a ground. This is in contrast to DAPPEr, which will have two Langmuir
probes each with it's own respective set of electronics on the second iteration of the
Science Board. UDIP-4 utilized an Arduino Nano Every to apply a series of voltages to
the probe and sample the resulting current through a transimpedance ampli er. The
microcontroller then relayed the data to the Flight Computer over UART for storage
on the onboard microSD Card, which is then used for data analysis once the UDIP-4
cannister is retrieved from the rocket. The Langmuir probe electronics drew substantial
heritage from the circuit developed originally for the UDIP-1 sounding rocket mission,
which successfully measured the electron density and temperature of Earth's lower
ionosphere with a Langmuir probe. The Arduino Nano Every interfaced with 12-bit

external digital-to-analog converter (DAC) for the voltage sweep, which consisted of
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Figure 2.3: UDIP-4 First Iteration SB Block Diagram
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Figure 2.4. UDIP-4 First Iteration SB Schematic

17



256 steps. The DAC had an output range from 0 to 4 V which was then linearly
converted from -12V to 12V applied across the probes through a transimpedance am-
pli er. This outputs a voltage that is proportional to current through the probe. On
the rst iteration in UDIP-4, the measurable range was limited to 12 A with most
measurements in the nA range. However, on DAPPEr, a wider range of current has
been calculated: from 1nA to 100A. Due to the limitations of the existing hardware,
for greater dynamic range, the output voltage was measured three times: once directly
from the transimpedance ampli er, then at 2@ ampli cation, and nally at 400 O
ampli cation. The internal 10-bit analog-to-digital converters (ADC) of the Arduino
Nano Every were used to sample each voltage, which was linearly conditioned to an

acceptable 0-4V range in order for the pins on the Nano Every to safely sample them.

2.3 UDIP-4 Mission Results

Figure 2.5 presents the acceleration versus time plot for the UDIP-4 experiment,
as measured by the onboard accelerometer. The z-axis was aligned along the rocket's
long axis, initially oriented radially outward from the Earth, in the direction of the
rocket's initial launch trajectory. The x and y axes were positioned perpendicular to
the z-axis and to each other.

The data demonstrates that no forces acted on the rocket prior to launch, apart
from the acceleration due to gravity, measured in the z-direction at approximately
9.8 m/s2. The launch occurred approximately 57 seconds after the instruments were
powered on and began data collection. Once activated, all instruments continued to
operate throughout the entire ight.

Data from the Langmuir probes indicates that voltage sweeps commenced around
T+51 seconds, shortly after the rocket's coast phase began. The sweeps continued un-
til prior to splashdown, including through apogee. I-V curves, representing current as
a function of voltage, were generated near apogee at approximately T+180 seconds.
Ground radar data con rms that the rocket reached a maximum altitude of approxi-

mately 114 km, marking its deepest penetration into the E-layer of the ionosphere.
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Figure 2.5: 3-axis plot of acceleration for the rst 800 seconds of UDIP-4 measurements,
based on data from the accelerometer on the 9DoF on the FC, special credit to DAPPEr
science team members Josh Goodwill and Jarrod Bieber

Voltage sweeps alternated between two distinct data sampling pro les and two
grounding methods, yielding four operating modes in total. The standard sampling
pro le, referred to as full" or \linear" sweeps, applied evenly spaced voltage steps
throughout each sweep. In contrast, the \dense" sweeps focused more heavily on the
nonlinear portions of the ideal I-V curve, allocating approximately 90% of the 256
voltage samples above 0 V. A total of 903 full sweeps and 101 dense sweeps were
recorded during the ight, re ecting the preference for full sweeps as the primary data
collection method.

For dense sweeps, the highest measurement density occurred in the O to 2 V
range, where the I-V curve was expected to transition from linear behavior in the
ion saturation region (negative sweep region) to square-root behavior in the electron
saturation region (positive sweep region). A small intermediate region exhibiting ex-
ponential behavior, known as the electron retardation or transition region, may also
have been present. Due to the complexity of this central voltage region, the highest
possible data resolution was desired, making the dense sweep regime more suitable for
precise electron measurements. Figure 2.7 illustrates adjacent full and dense sweeps

recorded near apogee, using two di erent grounding methods.
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Figure 2.6: 3-axis plot of magnetic eld for the rst 800 seconds of UDIP-4 measure-
ments, based on data from the magnetometer on the 9DoF on the FC, special credit
to DAPPEr Science team members Josh Goodwill and Jarrod Bieber

For the UDIP-4 experiment, the source of grounding for the Langmuir probe
sweeps alternated between an adjacent probe (Ground 0) and the rocket's outer skin
(Ground 1). The goal was to assess the impact of limited surface area grounding
(Ground 0) compared to a larger surface area ground (Ground 1). Spacecraft literature
suggests that limited surface area may lead to a phenomenon known as \spacecraft
charging,” where the spacecraft attempts to maintain current balance between the
Langmuir probe and the spacecraft itself [5] [6]. Both full and dense sweeps were
conducted with roughly equal numbers of samples for each grounding source.

Both grounding con gurations produced similar I-V curves, with the spacecraft
potential occurring at approximately the same position and yielding similar maximum
currents. For Ground 0, hysteresis was more prominent in the full sweeps, although the
variation between full and dense sweeps was less than 100 nA. For Ground 1, hysteresis

was more signi cant in the dense sweeps, with a higher degree of error observed between
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Figure 2.7: UDIP-4 plot of two IV Curves taken near apogee att = 187.1 s. The above
plot is ground O (grounded to 2nd probe), and the below plot is ground 1 (grounded
to rocket skin) for both dense and full sweep, special credit to DAPPEr science team
members Josh Goodwill and Jarrod Bieber

Figure 2.8: UDIP-4 Electron (Top) density and (Bottom) temperature versus time,
special credit to DAPPEr Science team members Josh Goodwill and Jarrod Bieber

21



the ts of the di erent sweep types. Hysteresis refers to a phenomenon where the |-
V relationship exhibits a loop-like behavior, meaning the current response at a given
voltage depends on whether the voltage is increasing or decreasing. This behavior
indicates that the plasma's state (e.g., density, ionization level, or sheath structure)
depends on its history, rather than being solely a function of the instantaneous applied
voltage.

Based on the voltage sweep data, an electron density for the lower ionosphere
was calculated that closely aligns with the International Reference lonosphere (IRI)
model during the period between apogee and parachute deployment. The IRl model is
a widely used empirical model for the description of the Earth's ionosphere. It provides
a set of standard pro les for various ionospheric parameters, including electron density,
ion densities, temperature, and the height of the ionospheric layers, as a function of
geographic location, time of day, solar activity, and season. The electron temperature,
however, is consistent only between approximately= 180 s andt = 205 s. Despite
this limitation, the overall data shows strong agreement, indicating that the experiment
operated as intended. The data obtained will provide critical insights for system design
in the upcoming DAPPEr mission.

It was also observed that the experiment exhibited a oating potential near
2V, which is signi cantly higher than anticipated. Previous missions, such as UDIP-1,
had indicated an expected oating potential (or spacecraft potential) in the range of
0 to 1V. The dense sweep mode was designed with an anticipated oating potential of
approximately 1V. As a result, the densest data sampling in the voltage sweep did not
align with the actual oating potential of 2V, which fell between the ion saturation and
electron retardation regions of the plasma. This discrepancy reduced the e ectiveness
of the dense sweep mode in accurately tting the I-V curve for determining the target

plasma parameters.
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Chapter 3
SECOND ITERATION: DAPPER FLIGHT COMPUTER

3.1 Flight Software Overview

DAPPETr will feature four operational modes { safe, science, camera, and trans-
mit modes { which are detailed below. In each of these four modes, DAPPEr will keep
its communications system powered on. The radio reciever will always be active to re-
ceive commands from the ground, and the transmitter will send out 256-byte \beacon"
packets of housekeeping data at nominally 30-s intervals. Safe mode will be DAPPETr's
default mode on the boot-up of the ight computer. In this mode, non-essential com-
ponents (e.g., the cameras and science board) will be powered o by default. Safe mode
will be utilized for spacecraft commissioning and after critical upsets. DAPPEr will
spend the majority of its time in science mode, during which the science board will be
powered on and collecting plasma data. An IV curve from a Langmuir probe consists
of about 1 kB, so the two probes together produce about 6 MB/day of raw data. The
ight computer will also process each IV curve to extract the electron density and

temperature from each. This will produce only about 81 kB of processed data per day.

Figure 3.1. DAPPETr second iteration Flight Computer Block Diagram
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Figure 3.2: DAPPEr second iteration Flight Computer PCB

Figure 3.3: DAPPEr second iteration Flight Computer 3D
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At a time set by a command from the ground, DAPPEr will enter camera mode and
capture about 20 images at a speci ed cadence. Each image will be reduced to 88-bit
color and a resolution of 640680 pixels { 614 kB per image. A 6864, 1-bit grayscale
thumbnail will also be produced for each image. The DAPPEr team will rst downlink
the 20 thumbnails (82 kB) before selecting which (if any) of the higher-resolution im-
ages to downlink. Aside from the beacon packet, all data downlink will occur during
transmit mode. Based on an ISS-like orbit, DAPPEr will pass above the UD Cube-
Sat Ground Station about ve times per day, with each pass having about 300 s of
usable downlink time. For a baud rate of 25 kbps, DAPPEr will downlink about 4.7
MB/day. Conservatively assuming 50% overhead (for packet headers, housekeeping,
etc.), DAPPEr will return 2.3 MB/day of science and/or camera data. Even without
compression, this provides su cient bandwidth to downlink the electron densities and
temperatures from the onboard analysis of all IV curves and to downlink at least 10%

of the raw IV curves themselves.

3.1.0.1 STM32H747: Dual Core Architecture

The STM32H7 processor features an asymmetric architecture in order to achieve
the best trade-o between power and performance. The Core M7 consumes 1.5W of
power while running at 480Mhz compared to the 0.5W of the M4 at 240Mhz. 1.5W is a
substantial fraction of the total available power that can be generated using the existing
solar panels, so there is a need to o oad to the M4 as much as possible and invoke the
M7 very deliberately. E cient interprocess communication between the processors is
necessary in order to e ciently manage power costs while still consistently collecting
and storing data.

Based on the existing dual-core architecture of the STM32H7, the Cortex-M4
(CM4) acts like a co-processor rather than a traditional multiprocessor. The boot-
up sequence of the Portenta H7 Lite is con gured to boot the Cortex-M7 (CM7) by
default when powered. The master processor, the CM7, then remotely boots the

uninitialized slave CM4 as needed. Additionally, the two processors have either shared
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or sole ownership over various hardware interfaces. This is to minimize bus congestion
when multiple master processors are attempting to access peripherals to maximize
simultaneous operation. The CM7 has sole ownership over the Serial Monitor / UARTO
interface, which necessitates the CM4 to remotely communicate to the CM7 in order
to print to the Serial Monitor. These considerations necessitate having an e cient

memory management and communication system.

3.1.0.2 Remote Procedure Call

The RPC API that is built on top of the OpenAMP framework enables the
development of applications for asymmetric multi-processing (AMP) systems. It allows
for inter-processor communication between applications running on di erent CPUs. It
is a virtual I/0-based messaging library that enables RTOS and bare metal applications
on a master processor to communicate with remote CPU rmware through standard
APIs. The CM7 is de ned as the master according to the framework, while the CM4
is the slave. The CM7 allocates bu ers from shared memory used for transmission,
writes RPMsg header and data payload to it. Finally, it enqueues the bu ers in the
ring bu er to make it available for CM4.

The UART interface in the microcontroller is considered a stream bu er, which
enables the CM4 and CM7 channels to communicate. However, since these sorts of
bu ers are optimized for single-reader single-writer scenarios, the CM7 technically has
ownership over it, which necessitated that data be sent from the CM4 to the CM7
using the RPC library, which the CM7 would then poll for and upon receiving data,
print to the serial monitor output. Data is passed by copy: the data is copied into the
bu er by the sender and copied out of the bu er by the reader.

This polling and copying wastes a lot of resources. For a single variable, it took
287 s to call it, and 342 s to transmit it from CM4 to CM7 over RPC compared to
the 2us for the Shared Memory Procedure. For one 256 sample ADC reading for a
full sweep, it took 21200s for setup time, and 3376s for transmission, for a total

execution time of 24576s compared to the 1070s for the shared memory procedure.
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