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Abstract

The Tonospheric Dynamics Exploration and Attitude Subsystem Satellite (IDEASSat/ INSPIRESat-2) is a three-unit (U) CubeSat
developed with the objective of providing in-situ measurements of the Earth’s ionosphere in order to quantify both global scale iono-
spheric variability and small scale irregularities. The science payload is the Compact Ionospheric Probe (CIP) - an all in one in-situ
plasma sensor developed at Taiwan National Central University (NCU), which is the miniaturized version of the larger Advanced Iono-
spheric Probe (AIP) that is carried and operational aboard the 450 kg FORMOSAT-5 spacecraft. The spacecraft has been developed by
NCU in partnership with the International Satellite Program in Research and Education (INSPIRE) consortium, and is funded by the
Taiwan National Space Organization (NSPO), Ministry of Science and Technology, and Ministry of Education as part of the first
national effort to encourage small satellite development at Taiwan universities. The development of IDEASSat offers students a
hands-on opportunity to learn about space science and technology and will work in conjunction with FORMOSAT-5 and
INSPIRESat-1 to provide ionospheric observations spanning different altitudes and local times. The IDEASSat spacecraft subsystems
are a combination of commercial off the shelf (COTS) and self-developed components designed by NCU in partnership with other
INSPIRE member universities. IDEASSat is expected to be launched in late 2020. In this report, we describe the IDEASSat mission
and spacecraft design, as well as unique lessons learned as part of the development process.
© 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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understand the operation and interfaces of subsystems,
providing a great opportunity for student education. Cube-
Sats allow students to develop a full spacecraft in a period
as short as 2 years, with a much lower price compared to
larger satellites. After almost two decades, it has become
more and more common to see CubeSats in project-based
learning class, and the miniaturized components are sold
by a large variety of companies. At this stage of develop-
ment, CubeSats are not only an educational tool, but also
a viable platform to perform scientific measurements.

The International Satellite Program in Research and
Education (INSPIRE) consortium was formed in 2015,
with the objectives of developing small satellites to perform
science missions, building a project-based learning curricu-
lum for space science and engineering, and establishing a
supporting network of ground stations. The consortium
was initially comprised of the University of Colorado at
Boulder (CU), National Central University in Taiwan
(NCU), and the Indian Institute of Space Science and
Technology (IIST). The consortium has since expanded
to eleven institutions as of 2019, with six small satellite
science missions funded from sources secured by the partic-
ipating institutions (Baker and Chandran, 2018; Chang
et al., 2018b). A large number of these missions are focused
upon the study of the Earth’s upper atmosphere, including
the neutral thermosphere (~90 - above 500 km altitude)
and mesosphere (~60-90 km), as well as the ionosphere
(~60-1000 km).

The ionosphere is the ionized part of the upper atmo-
sphere, formed by the photoionization of neutral atmo-
sphere in the mesosphere and thermosphere through
absorption of solar extreme ultraviolet (EUV) and X-ray
radiation. There are strong day-night differences as well
as day-to-day, seasonal, and solar cycle variability in the
ionosphere. Changes in the ionosphere affect radio propa-
gation and Global Navigation Satellite System (GNSS) sig-
nals. High frequency (HF) radio transmissions propagating
obliquely into the ionosphere can be refracted over the
horizon for long distance communications or surveillance
purposes (Frissell et al., 2014). Ionospheric plasma can also
cause electrical charging of spacecraft flying in the space.

Modern society relies heavily upon terrestrial and satel-
lite radio communications that are affected by the iono-
sphere. Trans-ionospheric radio signals, such as those
from Global Navigation Satellite Systems (GNSS) are
refracted by ionospheric plasma, introducing time and
range errors proportional to the integrated electron content
along the propagation path (Zhong et al., 2008). Smaller
scale irregularities in plasma distribution such as plasma
bubbles and Travelling Ionospheric Disturbances (TIDs)
can diffract GNSS signals, resulting in scintillation and sig-
nal fading at the receiver end, which can render the signal
unusable (Afraimovich et al., 2004). Terrestrial high fre-
quency (HF) radio transmissions are also refracted and
reflected by ionospheric plasma allowing for over the hori-
zon communications and surveillance (Daniel et al., 2016).
Measurement of ionospheric plasma parameters at plane-

tary scales, with sampling frequency high enough to resolve
small scales irregularities is therefore crucial for under-
standing ionospheric variability and its effects on human
technology.

This paper focuses on the mission objectives and design
of the Ionospheric Dynamics Exploration and Attitude
Subsystem Satellite (IDEASSat/ INSPIRESat-2) - a Cube-
Sat that is designed to measure and study planetary-scale
wave structures in the ionosphere, the distribution of iono-
spheric irregularities and Travelling Ionospheric Distur-
bances (TIDs), as well as the electric fields driving
vertical plasma drifts, and their relation to the ionospheric
F region wind dynamo.

2. Mission overview

The Ionospheric Dynamics Exploration and Attitude
Subsystem Satellite (IDEASSat/ INSPIRESat-2, hereafter
referred to as IDEASSat) is a 3U CubeSat whose develop-
ment began as one of the missions in the International
Satellite Program in Research and Education (INSPIRE)
consortium in May 2017 (Chang et al., 2018a). As shown
in the Science Traceability Matrix (Table 1), the primary
objectives of this mission are (1) Measuring planetary-
scale wave structures in the ionosphere, and quantifying
their variability and contribution to ionospheric morphol-
ogy; (2) Measuring the distribution, and structure of iono-
spheric  irregularities and Travelling Ionospheric
Disturbances (T1Ds); (3) Inferring the electric fields driving
vertical plasma drifts, and their relation to the ionospheric
F region wind dynamo. The corresponding measurement
and functional requirements imposed upon the ionospheric
science mission by these objectives, as well as the payload
will be further described in the following sections. A sec-
ondary mission involving the capture of star tracker images
for attitude determination algorithm tests is specified in
Table 2 and will be performed. This report focuses upon
the primary ionospheric science mission.

IDEASSat has been funded with support from the Tai-
wan National Space Organization (NSPO), Ministry of
Science and Technology, and Ministry of Education.
Fig. 1 shows the engineering model (EM) prototype of
IDEASSat that was fabricated in April 2019 as part of
a fit check for the spacecraft components. Fabrication
and integration of the flight model (FM) was initiated
in May 2019, and is scheduled to be launched on the
Indian Polar Satellite Launch Vehicle (PSLV - ISILaunch)
in late 2020. The IDEASSat FM will have an expected
one year life time in a 500 km Sun-synchronous orbit
(SSO, 97.41° inclination) with a local time of descending
node (LTDN) between 10:00 and 12:00. This is close to
the 720 km orbital plane of the FORMOSAT-5 with
LTDN at 10:30, allowing for observations at different alti-
tudes within this local time sector. This section provides
an overview of the ionospheric science objectives and its
relation to other recent and ongoing ionospheric science
missions.
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typical plasma bubble.
Orbit:
Pointing knowledge (<0.1°).
Pointing stability (<0.5°). Lifetime: 6 months
Data Processing Requirements (Capabilities)
Onboard Storage (1 month of data): >5 GB
Daily Downlink:
24.8 MB/day, 1 raw data packet per second, full mode cycle per

Measurement Requirements (Capabilities)
Horizontal resolution: At least 0.5x the horizontal scale of a
3 s (4.6 MB/day, if sampled as 1 raw data packet per 15 s).
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Table 1

Pointing Knowledge: <0.1degr
Science Data Packet Size:280 bytes/ packet

2.1. Science objectives

The ionosphere and its effects on human technology
have been the subject of several past and ongoing satellite
missions. In this section, we briefly summarize some of
these recent missions and how IDEASSat serves to comple-
ment and extend these observations. Table 3 lists a selec-
tion of ionospheric satellite missions using in-situ
instruments over the past 20 years (Yeh et al., 1999;
Reigber et al., 1999; Le et al., 2003; Gwal et al., 2005;
Rodrigues et al., 2009; Lin et al., 2017). Though more lim-
ited in observational coverage than remote sensing meth-
ods, using the in-situ instruments to measure from close
range, without complicated calibration of large distance
and angle projections inherent in remote sensing missions,
decreases measurement uncertainties and results in higher
resolution (Teillet et al., 2003). In-situ instruments sample
along the spacecraft orbit. The ionosphere is highly vari-
able with local time, latitude and altitude, making the incli-
nation and altitude of the spacecraft orbit, as well as the
choice of a Sun-synchronous or non-Sun-synchronous
orbit crucial in determining the region to be sampled.
Many in-situ sensors, such as retarding potential analyzers,
and Langmuir probes perform measurements through cur-
rent sensors exposed to ionospheric plasma at various elec-
tric potentials, forming an I-V curve (Reifman and Dow,
1949). A complete I-V curve is required in order to derive
specific ionospheric plasma parameters, such as ion and
electron density and temperature (Merlino, 2007).

The Ionospheric Plasma and Electrodynamics Instru-
ment (IPEI) was developed by the University of Texas at
Dallas. The IPEI was carried by FORMOSAT-1 (also
known as ROCSAT-1) satellite (Su et al., 2001), launched
in 1999 into an orbit of 588 x 601 km, with 35° inclination
angle. IPEI consisted of four sensors: A Retarding Poten-
tial Analyzer (RPA), two Ion Drift Meters (IDM), and
an Ion Trap (IT), to measure the ion concentration, ion
temperature, ram velocity, and arrival angle of the incom-
ing ions. In 100% duty cycle, the IT can measure ion satu-
ration currents at a sampling rate of up to 1024 Hz (Yeh
et al., 1999), and the data package sampling rate is up to
16 Hz. Considering the orbital velocity in low Earth orbit
(LEO), the IPEI was capable of sub-kilometer spatial
resolution.

Since then, there have been several missions launched to
perform in-situ measurements of the ionosphere. In 2000,
the Challenging Minisatellite Payload (CHAMP) mission
was launched into non sun-synchronous polar orbit at
450 km, carrying a Planar Langmuir Probe (PLP) and a
Digital Ion Drift Meter (DIDM) payload provided by the
U.S. Air Force Research Laboratory (AFRL). The DIDM
operated with a measurement sampling rate of up to 15 Hz,
measuring magnitude and direction of the incoming ion
flux (Reigber et al., 2001), and the data package sampling
rate is 16 Hz. In 2003, the Defense Meteorological Satellite
Program (DMSP) F-16 spacecraft carried a thermal plasma
instrument, the Special Sensor to measure lons, Electrons,
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and Scintillation-3 (SSIES-3), to an 833 km SSO along the
20:03 local time sector. The SSIES-3 observed ambient
electron density and temperatures, ion density, average
ion temperature and molecular weight at the satellite alti-
tude (Kihn et al., 2006). The IDM in the SSTES-3 package
sampled at the rate of 6 Hz, while the ion density was sam-
pled at 24 Hz resolution. (Le et al., 2003). The Detection of
Electromagnetic Emissions Transmitted from Earthquake
Regions (DEMETER) mission was launched in 2004, to
a 710 km SSO along local time 22:15 sector, with Instru-
ment d’Analyse du Plasma (IAP) to observe and character-
ize the state of the ionospheric plasma and detect
perturbations (Berthelier et al., 2006). The data packages
are sampled at a rate of 2.7 Hz, the ion density fluctuations
were measured at a sampling frequency of up to about
160 Hz, and provided a complete set of plasma parameters
every ~360 ms (Gwal et al., 2005). In 2008, the Communi-
cations/Navigation Outage Forecasting System (C/NOFS)
mission carrying the Ion Velocity Meter (IVM), Planar
Langmuir Probe (PLP), Neutral Wind Meter (NWM),
the C/NOFS Occultation Receiver for Ionospheric Sensing
and Specification (CORISS), the Coherent Electromagnetic
Radio Tomography (CERTO), and Vector Electric Field
Instrument (VEFI) was launched. C/NOFS is measuring
the in-situ ion velocity vector, ion temperature, and ion
composition. The PLP and VEFI are with a measurement
sampling rate up to 512 Hz at an elliptical orbit with alti-
tude extrema varying from between 400 and
138 x 850 km, before finally de-orbiting (Rodrigues
et al., 2009), while the RPA in the IVM had a nominal sam-
pling rate of 2 Hz for a complete I-V curve (Stoneback
et al., 2011). With a similar Sun-Synchronous Orbit and
local time sector as DEMETER, FORMOSAT-5 was
launched in 2017 carrying the Advanced Ionospheric Probe
(AIP). Intended as a follow-on to FORMOSAT-1 IPEI,
the AIP is an all in one in-situ plasma sensor containing
RPA, IDM, PLP, and IT operating modes with a current
reading rate of up to 8192 Hz. The data package sampling
rate varies for different operating modes. In the nominal
mode it is 1 package (1024 bytes) per 3 s, the fast mode
sampling rate is 8 times that of nominal mode, and the
burst mode is 64 times that of nominal mode. At the time
of launch, AIP was one of the lightest and fastest sampling
rate payloads to perform in-situ measurement of iono-
sphere physical parameters (Lin et al., 2017).

The science payload carried by IDEASSat is the Com-
pact Ionospheric Probe (CIP) - an all in one in-situ plasma
sensor developed at Taiwan National Central University
(NCU), which is the miniaturized version of AIP. Intended
for use aboard small satellites, the CIP is being carried
aboard the INSPIRESat-1 and IDEASSat/INSPIRESat-2
small satellite missions, both of which will be delivered
for launch by February 2020 and May 2020, respectively
(Evonosky et al., 2018b). Both spacecraft will be launched
into 500 km orbits. IDEASSat will be launched into an
SSO, while the inclination of INSPIRESat-1 has not yet
been finalized.

requirements allow.

Attitude Determination
Experiment: Daily Downlink
12.05 MB/day

Measurement Requirements (Capabilities)
Operation during eclipse
Campaign to be performed when scheduling and power
Data Processing Requirements (Capabilities)

velocities.
Spacecraft position and time.
Mass: 500 g.

Objectives
Measurement
Spacecraft attitude and angular
Star tracker imagery.
Instrument Requirements (Capabilities)
Image Size: 2.811 MB
Volume: 1U.
Chassis Aperture: 25 mm.
FOV: 7 degrees.

Science Traceability Matrix (2)

Subsystem (ADCS).
Instrumentation
GPS
Blue Canyon
Technologies (BCT)
XACT ADCS
module

Science Objectives
El. To collect Star tracker images from Attitude Determination and Control

IDEASSat Secondary Science Traceability Matrix (2).

Table 2
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Fig. 1. The IDEASSat engineering model prototype unit.

2.2. Plasma irregularities and Traveling Ionospheric

Disturbances

Smaller scale irregularities in the ionosphere can diffract
trans-ionospheric radio signals used for satellite navigation
or communications, causing rapid fluctuations in the
received signal to noise ratio - a phenomena known as scin-
tillation. Severe scintillation can render satellite communi-
cations and global navigation satellite systems (GNSS)
unusable (Kelly et al., 2014). There are several types of
plasma irregularities occurring in the ionosphere. Plasma
bubbles are associated with density depletion, while blobs
are related to density enhancement (Kil et al., 2015).
Plasma bubbles occur during the nighttime, when less
dense plasma at lower altitudes, caused by higher recombi-
nation rates, rises to the denser plasma above it. The phys-
ical mechanism that leads to plasma bubbles are largely

Table 3

Selected satellite missions with in-situ ionospheric instruments (Yeh et al.,

2009; Lin et al., 2017).

attributed to the Rayleigh-Taylor instability, which is trig-
gered when a positive vertical density gradient exists at the
interface of two fluids, similar to water placed on top of oil.
Plasma bubbles form around the magnetic equator in the
early evening, when there is a vertical density gradient asso-
ciated with the vertical plasma drift (Kil, 2015). During
their vertical drift, the magnetic field aligned bubbles, also
extend their extremities to higher latitudes (Sultan, 1996).
The structures of bubbles can be hundreds of kilometers
across in longitude and extend hundreds of kilometers up
in altitude above the F-layer (Kil, 2015), and can transport
along magnetic field lines to higher latitudes far from their
initiation site. The 3-dimensional simulation of plasma
plume by Retterer (2010) showed that the equatorial
plasma could rise in height by 200 km in 7.8 min, the ver-
tical growth rate being 427 m/s, which means that to study
the growth process of plasma irregularities, a high mea-
surement sampling rate is required. Plasma bubbles are
identifiable in in-situ ion density measurements as sharp
drops from the background plasma. A single satellite pass-
ing through a plasma bubble will garner a 1-D spatial per-
spective of the bubbles shape and size at some instant in
time.

The traveling ionospheric disturbances (TIDs) are iden-
tified as propagating perturbations in the ionospheric elec-
tron density (Fedorenko et al., 2013), and they can be
detected in the night airglow emission variation (Ogawa
et al., 2001). TIDs can be driven by propagating acoustic
gravity waves (AGWs) in the upper atmosphere that per-
turb the ionospheric electron density. Based on the phase
velocity and wavelength, TIDs are often classified into
two classes: medium-scale (MS) and large-scale (LS) waves,
the features of which are indicated in Table 4 (Hocke and
Schlegel, 1996).

1999; Reigber et al., 1999; Le et al., 2003; Gwal et al., 2005; Rodrigues et al.,

Spacecraft FORMOSAT-1 CHAMP DMSP F-16
Duration 1999 ~ 2004 2000 ~ 2010 2003 ~
Orbit Altitude 588 x 601 km 450 km 833 km
Inclination 35° 87.18° 98.8°
SSO X X O
Local Time - - 20:03
Payload IPEI DIDM SSIES-3
Science Data Sampling Rate 2/16 Hz 16 Hz 6 Hz
(IT: 32/1024 Hz) (IT: 1/15 Hz) (IT: 24 Hz)
Payload Mass 9.26 kg 2.2 kg 96 kg
Spacecraft DEMETER C/NOFS FORMOSAT-5
Duration 2004 ~ 2010 2008 ~ 2015 2017 ~
Orbit Altitude 710 km 400 x 850 km 720 km
Inclination 98.23° 13° 98.28°
SSO (0] X O
Local Time 22:15 — 10:30/22:30
Payload IAP IVM AIP
Science Data Sampling Rate 2.7 Hz 2 Hz 0.3/2.7/21.3 Hz
(IT: 160 Hz) (IT: 512 Hz) (IT: 128/1024/8192 Hz)
Payload Mass 50 kg 70 kg 4.5 kg

Please cite this article as: Y. Duann, L. C. Chang, C. K. Chao et al., IDEASSat: A 3U CubeSat mission for ionospheric science, Advances in
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The LSTIDs are observed as usually travelling from the
poles to the equator after auroral disturbances during mag-
netic storms, but not always (Francis, 2003). On the other
hand, MSTIDs can move parallel to the earth surface in
guided wave-mode (Gossard and Hooke, 1975) as well as
in free wave-mode (Francis, 1974). The theory of how
AGWs interact with TIDs is far from being completed,
the assumptions have not been confirmed experimentally
and understood completely yet. The phase speed of
LSTIDs is approximately 700 m/s (Pradipta et al., 2016),
while the phase speed of MSTID is around 100-300 m/s
(Hunsucker, 1982). The horizontal velocity of the MSTIDs
is less than 0.25 km/s and that of the LSTID is 0.4-
1000 km/s. The spacecraft is required to be able to measure
the ion velocities cross track and in the ram direction
within a range of 2.5 km/s (cross track) and
—7.5 £ 1 km/s (ram) at a sensitivity of 10 m/s (cross
track) and £100 m/s (ram), with an accuracy of 50 m/s
(cross track) and £200 m/s (ram). Since the CIP is oriented
in the ram direction, relative to the CIP, the ion velocity is
detected when the ions are moving into the ion trap. There-
fore, the baseline velocity is negative. Owing to the high
value of the spacecraft velocity relative to the phase veloc-
ities of MSTIDs and LSTIDs, the IDEASSat CIP will be
able to provide a snapshot of the spatial structure of these
irregularities.

The close relationship between Equatorial Plasma Bub-
bles (EPBs) and MSTIDs over South American Equatorial
regions in July 2014 were observed by Takahashi et al.
(2018). MSTIDs have been discussed as a possible source
to generate plasma bubbles. There are two groups of
MSTIDs classified by the different causes: (1) The MSTIDs
generated via electrodynamical forces under the condition
of the Perkins instability (Perkins, 1973). (2) The MSTIDs
generated via atmospheric gravity waves propagating in the
F-layer bottom side (Otsuka et al., 2013). However, the
conditions and types of MSTIDs that are effective in gener-
ating EPBs are still unknown. To have a deeper under-
standing of the relationship between plasma bubbles and
MSTIDs, it is useful to have stable long-term satellite-
based observation during night-time to improve the current
models.

Despite some speculation about the initiation of various
plasma instabilities by AGWs, the relation between AGW
and MSTID, day-to-day variability, zonal separation of
plasma bubbles, and the relation between the electric fields
driving vertical plasma drifts and the ionospheric F region
wind dynamo are not understood. The multiple small satel-
lites of the INSPIRE consortium carrying CIP will con-
tribute to collecting additional data that will aid in the
study of these phenomena.

2.3. lonospheric planetary scale structure
Planetary-scale structures are defined as having wave-

lengths that are harmonics of the Earth’s circumference.
In the ionosphere, such planetary-scale structures can be

the result of in-situ ionospheric processes such as photoion-
ization, as well as vertical coupling from atmospheric tides
and planetary waves (PWs) that propagate into the iono-
sphere from below (Chang et al., 2013a; Chang et al.,
2013b; Chang et al., 2014).

Planetary wave type oscillations (PWTO) which are
observed in ionospheric F2-layer parameters have been
linked to middle atmospheric PWs (Borries and
Hoffmann, 2010). Numerous observations show that global
planetary-scale wavy perturbations having scale length lar-
ger than 1000 km exist in the ionosphere regularly
(Aburjania et al., 2004). Sharadze et al. (1989) and
Cavalieri et al. (1974) verified that the slow, long-period
and large-scale waves present in the ionosphere, with phase
velocities equal to local wind velocity, can have wave-
lengths of 1000-10,000 km and can last for a few days
and longer.

The most dominant planetary waves in the winter
stratosphere and mesosphere are Quasi-stationary plane-
tary waves (QSPWs) (Liu and Richmond, 2013), QSPWs
are usually constrained below the winter mesospause by
critical layers formed by wind reversal (Smith, 1997).
QSPWs can modulate atmospheric tides propagating
upward from the lower atmosphere, which are capable of
reaching ionospheric altitudes. PWs with multi-day period-
icities are referred to as propagating planetary waves, and
have also been linked to similar periodicities in ionospheric
measurements (Chang et al., 2011; Gan et al., 2015).

PWs and atmospheric tides capable of propagating into
the ionospheric E region can modulate vertical plasma
drifts of the equatorial fountain formed by the wind
dynamo mechanism. This allows for the periodicities and
zonal wavenumbers of these PWs and atmospheric tides
to be reflected in the ionospheric F region above. The
effects of the E-region dynamo combined with transport
effects in the F region is related to the wave-4 structure
observed at high altitudes in ionosphere (Onohara et al.,
2018). The wave-4 is defined as the four-peaked longitudi-
nal structure that is a persistent feature of the low-latitude
ionosphere system and is believed to be related to vertical
coupling from the nonmigrating diurnal tide with eastward
zonal wavenumber 3 (DE3) produced by tropospheric
latent heat release (Immel et al., 2006; Chang et al.,
2010). Atmospheric PWs and tides with long vertical wave-
lengths such as DE3 and ultra fast Kelvin waves are also
capable of direct propagation into the ionospheric F
region, allowing for direct modulation of the F region wind
dynamo (Chang et al., 2010; Gasperini et al., 2015).

The global scale observations of IDEASSat will allow
for the identification of such planetary-scale structures in
the low latitude ionosphere.

2.4. Multi-platform INSPIRESat observations
As described above, measuring ionospheric variability

requires observations of multiple plasma parameters at
high sampling rates, as well as different local times,
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latitudes, longitudes, and altitudes. As such, the ionosphere
is well suited for observations using multiple small satellites
and is one of the major scientific targets for small satellites
developed by the INSPIRE consortium. The first small
satellite project initiated by the INSPIRE consortium is
INSPIRESat-1, which is a ~9U micosatellite being devel-
oped by the collaboration of NCU, CU, and IIST
(Evonosky et al., 2018a). Leveraging the experience from
participation in the development of the INSPIRESat-1
mission, a follow-on 3U CubeSat mission named IDEAS-
Sat (Ionospheric Dynamics Explorer and Attitude Subsys-
tem Satellite)/INSPIRESat-2 (hereafter referred to as
IDEASSat) was proposed by NCU in 2017, and was
funded by the Taiwan National Space Organization
(NSPO) and Ministry of Science and Technology (MOST)
in Taiwan. Both INSPIRESat-1 and IDEASSat are carry-
ing the Compact Ionospheric Probe (CIP), an in-situ mul-
timode plasma sensor developed by NCU from heritage of
the Advanced Ionospheric Probe (AIP) aboard the 450 kg
FORMOSAT-5 satellite launched in 2017 (Lin et al., 2017).
AIP and CIP are able to measure ion concentration, ion
velocity, ion and electron temperature. FORMOSAT-5
AIP has been operational and returning nightside observa-
tions since September 2017. The top panel of Fig. 2 shows
the ion density global distribution measured by
FORMOSAT-5 AIP in November 2017 at 22:30 local time.
The well-known wave-4 structure of the equatorial ioniza-
tion anomalies is visible along the magnetic equator, with
peaks over South America, Africa, Southeast Asia, and
the Central Pacific (Immel et al., 2000).

INSPIRESat-1 is scheduled to be launched in May 2020
into a 500 km orbit, with the lifetime expected to be more
than 1 year. IDEASSat is scheduled to be delivered in May
2020 for launch in Q4 2020. We therefore expect an overlap
of at least 2-4 months for both spacecraft. In conjunction
with INSPIRESat-1 and FORMOSAT-5, IDEASSat
allows for mutlipoint in-situ measurements of the iono-
sphere using AIP and CIP, forming what has been termed
the Smallsat Tonosphere Exploration at Several Times and
Altitudes (SIESTA) constellation (Evonosky et al., 2018b).

As a 3U CubeSat, significant challenges that must be
overcome in the design and operation of IDEASSat,
include limited space, mass, and power margins. In the fol-
lowing sections, we describe the mission concept and sys-
tem design of the IDEASSat spacecraft, as well as lessons
learned throughout the development process.

Table 4
The parameters of MSTID and LSTID.
MSTID LSTID
Wavelength (km) 100-600 >1000
Temporal Period (h) 0.25-1 0.5-4
Horizontal Velocity (km/s) <0.25 0.4-1000
Phase Speed (m/s) 100-300 ~700

3. Mission architecture

The ionospheric F-region is located between 200 and
~1000 km altitude, dictating the orbit altitude range for
a spacecraft performing in-situ measurements. A horizon-
tal resolution of 20 km is needed to resolve ionospheric
irregularities, corresponding to roughly half of the horizon-
tal scale of a typical plasma bubble (Kil, 2015). Combined
with an orbital velocity in the range of 7-8 km/s at these
altitudes, this necessitates a sampling rate of at least 0.5—
1 Hz for an in-situ plasma sensor. The latitude range shall
exceed £30°, in order to fully resolve the low latitude
region where plasma bubbles occur, thereby imposing a
minimum requirement on the orbit inclination. Finally,
the mission lifetime is required to be longer than 6 months
in order to resolve the seasonal variation of the ionosphere,
but with de-orbit within 25 years to satisfy space debris
mitigation guidelines. This imposes a range of valid orbital
altitudes higher than 400 km based on reentry simulations
using the Systems Tool Kit (STK) software from Analyti-
cal Graphics Inc (Saunders et al., 2009).

We have therefore selected a nominal 500 km Sun-
synchronous orbit (97.41° inclination) with a local time
of descending node (LTDN) between 10:00 and 12:00.
Besides being more readily available in terms of secondary
launch opportunities, the LTDN of the nominal orbit for
IDEASSat is close to that of FORMOSAT-5 at 10:30,
though the latter is at 720 km altitude. Combining observa-
tions from IDEASSat and FORMOSAT-5 will allow for
taking measurements at similar orbit planes, but different
altitudes, which will provide a much more comprehensive
coverage of the ionosphere.

3.1. Science payload: Compact Ionospheric Probe

As mentioned previously, the payload for IDEASSat is
the NCU-developed Compact Ionospheric Probe (CIP) -
an in-situ plasma sensor that meets the ionospheric Science
objectives of IDEASSat (Table 1). To function within a
Cubesat, CIP is itself a miniaturized version of the
Advanced Ionospheric Probe (AIP) carried aboard the
FORMOSAT-5 spacecraft, which was launched in August
2017 (Lin et al., 2017). Both instruments are all-in-one sen-
sors with four different measurement modes yielding the
following ionospheric parameters:

e Planar Langmuir Probe (PLP): electron temperature.

e Ion Trap (IT): Ion density.

e Retarding Potential Analyzer (RPA): Light/ heavy ion
mass ratio, ion temperature, ion ram speed.

e lon Drift Meter (IDM): Ion arrival angles.

The mechanical structures of IDEASSat and CIP are
shown in Fig. 3. The gold assembly on top of CIP corre-
sponds to the Aperture and Meshes Module (AMM),
which contains the PLP electrodes, grids and collectors
for the three other modes, and a floating potential device,
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which are exposed to the plasma environment. There are
three printed circuit boards behind the AMM. These are
the Analog Preprocessing Unit (APU), Digital Control
Unit (DCU), and Power Management Unit (PMU). In
order to satisfy the constraints of a CubeSat, the mass of
CIP is 0.4 kg, with a volume of about 0.8U.

When in operation, the aperture of CIP is required to
face in the direction of the spacecraft velocity vector. The
instrument requires a Field Of View (FOV) that is a 90°
angle centered about the velocity vector and originating
at the perimeter edge of the CIP aperture plane. The uncer-
tainty in pointing accuracy is required to be less than 0.5°,
and the pointing knowledge uncertainty is required to be
less than 0.1°.

The CIP measurement modes operate in a time sharing
fashion. The ion velocity magnitude from RPA mode and
the ion arrival angle in IDM mode can be combined to
yield the relative ion velocity vector. There are 3 instrument
modes for CIP: Safe, Normal, and Fast modes. In Safe
mode, CIP will send 24 bytes of data containing the state
of health (SOH) to the spacecraft command and data han-
dling (C&DH) subsystem. The I-V curve sampling rates of
CIP are different under Normal mode and Fast mode. In
each mode, the raw data collected is in the form of voltage
- current (I-V) curves sampled at 128 Hz in the Normal
mode or 1024 Hz in the Fast mode. For 100% duty cycle,
this results in a science data rate of 24.1 MB per day for
Normal mode and 193.5 MB per day in Fast mode.

In both Normal and Fast mode, CIP typically cycles
through three measurement modes every 3 s (PLP-RPA-
IDM), returning 3 data packets in Normal mode, or 24
packets in Fast mode, from which the ionospheric param-
eters can be derived. This science data sampling rate of up
to 8 Hz easily allows for horizontal resolution of iono-
spheric features with scales on the order of 1 km, thereby
satisfying the previously mentioned mission objective with
respect to ionospheric irregularities. Ancillary data

appended to the science data packets formed by C&DH
includes the following parameters: universal time (UT),
spacecraft position, spacecraft velocity, and spacecraft atti-
tude knowledge such as roll angle, pitch angle, and yaw
angle in LVLH (Local Vertical Local Horizon) coordinate.
By imposing a requirement for one month of onboard data
storage, the onboard storage size for the IDEASSat C&DH
is required to be larger than 5 GB.

3.2. Spacecraft

At a system level, IDEASSat is a 3U CubeSat that meets
mass and volume constraints for most though not all Cube-
Sat deployment modules. This is due to lateral protrusions
and mass of just under 0.7 mm and 4.26 kg, respectively.
These meet the CalPoly CubeSat Design Specifications of
0.9 mm and 4.5 kg (Mehrparvar et al., 2014). The
C&DH and Electric Power Subsystem (EPS) have been
developed by the INSPIRE team at NCU and IIST, while
the deployable UHF tape measure antenna is also made in-
house based on the Miniature X-ray Solar Spectrometer
(MinXSS) Cubesat heritage design (Woods et al., 2013).
Power requirements are satisfied with 4 Lithium ion batter-
ies and 20 AzurSpace TJ 3G30A solar cells, with the latter
arranged on two deployable and one body mounted solar
panels. COTS components with prior flight heritage are
utilized for spacecraft ADCS and communications subsys-
tems, in order to satisfy development time and personnel
constraints, as well as for risk mitigation. The fine pointing
requirements of CIP are satisfied with a Blue Canyon Tech-
nologies (BCT) XACT ADCS with Global Positioning Sys-
tem (GPS) receiver (Mason et al., 2018). Data downlink as
well as tracking telemetry and command (TT&C) uplink
requirements are satisfied with a Clyde Space STXC-01-
00031 S-Band Transmitter and a SpaceQuest TRX-U
UHF Transceiver (Louw et al., 2016), respectively. The
configuration of all subsystems in the mechanical structure

Latitude
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Fig. 2. The average ion density global distribution in 2017 November at 22:30 local time as observed by AIP.
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is shown in the left panel of Fig. 3. The spacecraft coordi-
nate system is defined with the CIP aperture pointing in the
-Z direction, and the normal of the deployed and body
mounted solar panels pointing in the -Y direction.

Internally, the EPS, C&DH and S-Band transmitter
boards are arranged in a PC104 stack. The C&DH board
includes connectors used for cable interfaces with other
non-PC104 subsystems, including the UHF transceiver
and ADCS. The batteries are attached to a separate mod-
ule that includes a battery heater. The UHF tape measure
antenna is deployed in the +Z direction. S-Band and GPS
patch antennas are respectively attached to the —Y and +Y
sides of IDEASSat. In a deployed state, the deployable and
body mounted solar panels, as well as a coarse Sun sensor
are located on the -Y side of the spacecraft.

3.3. Concept of operation

There are four modes of IDEASSat mission operation
implemented in flight software (FSW): Phoenix mode, Safe
mode, Charging mode and Science mode. Mode transitions
are defined by the state of charge (SOC) of the spacecraft
battery module, as well as ambient lighting conditions, as
illustrated in Fig. 4. The transition SOCs in this figure
are defined in a reconfigurable parameter table in FSW.
All modes can only transition to adjacent modes according
to the order denoted by the arrows in Fig. 4.

The states of the spacecraft subsystems in each mode are
shown in Table 5. Emergency modes include Phoenix and
Safe modes, and correspond to operation with minimal
power draw to allow the batteries to recharge as quickly
as possible. The Nominal modes are Charging and Science
mode, which allow for a wider range of actions to be taken.
Only C&DH, EPS and UHF Receiving will be as ON in
every mode, and the UHF Transmitting function is always
beaconing data packets containing state of health and
tracking data for receipt by INSPIRE and amateur radio
ground stations. The XACT ADCS is OFF in Phoenix
mode, during which the spacecraft can be assumed to be
tumbling. During Safe mode, the XACT ADCS is in Sun
Point mode, which uses the coarse sensors as an absolute
attitude reference to hold solar arrays pointing to the
sun. During Nominal modes, the XACT ADCS is in Fine
Reference Point mode, which is a high-performance mode
for actual mission operations. CIP will only be ON during
Science mode, and the S-band transmitter will be ON as
required only in Nominal modes. The battery heater is
always switched on as required.

Right after deployment and power on, the spacecraft will
go into Phoenix mode. As the spacecraft tumbles with no
ADCS, the deployable solar panels and UHF antenna are
deployed using a thermal knife mechanism. Deployment
attempts will continue periodically until the spacecraft is
commanded to halt deployment by ground command.

After checking and configuring the EPS, the spacecraft
will go to Safe mode if the state of charge (SOC) exceeds
a threshold value currently set at 65%. If the SOC is lower

than 55%, the spacecraft will go back to Phoenix mode.
In Safe mode, the ADCS will be switched on and orient
the coarse Sun sensor (CSS) and the solar cells on the -Y
face towards the Sun in order to maximize the charging of
the spacecraft batteries. In the event the UHF transceiver
does not receive commands from a ground station for over
a day, the FSW will assume that the TRX-U UHF transcei-
ver is not working, and will perform a power cycle of the
spacecraft. Although the spacecraft can transition between
Safe to Phoenix mode autonomously, the spacecraft will go
from Safe to Charging mode only with a command from a
ground station when the SOC is higher than 75%, as
denoted by the red arrow in Fig. 4. The spacecraft can go
back to Safe mode without any command from the ground
station when the SOC drops below 70%. This is intended to
minimize risk in the event the spacecraft shifts unexpectedly
from one of the Nominal modes to Safe mode.

During all modes except Phoenix mode, the XACT
ADCS continuously provides FSW with spacecraft body
rates, as well as the ambient lighting state. In Nominal
operations, the spacecraft is in Charging mode on the Sun-
lit side, with the CSS and the solar cells oriented towards
the Sun. The spacecraft transitions into Science mode dur-
ing eclipse when SOC is higher than 85%, and orients the
CIP aperture on the -Z face into the ram direction, allow-
ing for plasma measurements to be made. As equatorial
plasma bubbles are a nighttime phenomena, operating
CIP during eclipse allows for measurements of these promi-
nent scintillation causing irregularities. The spacecraft will
go from Science mode to Charging mode when SOC is
lower than 80% or when it is in sunlight. The standard of
SOC values is updatable, depending on the healthy state
of batteries as time goes by.

To execute this concept of operation, the IDEASSat
team developed the spacecraft Flight Software (FSW) with
the programming language C, and the hardware description
language Verilog for the microprocessor on C&DH board.

The power consumption and generation per orbit in
Table 6 is made under the assumption of operation under
the Nominal modes. EPS, ADCS, GNSS, C&DH and
UHF Receiving mode are operating at 100% duty cycle.
UHF Transmitting mode is only 1.67%, while S-Band
transmitting is 0.86%, and in standby mode for the other
99.14%. The CIP will be only operated at 40% duty cycle
per orbit, while the solar panels are active for 60% corre-
sponding respectively to the expected eclipse and sunlight
ratios of the spacecraft orbit. The battery heater will be
turned on for 10 s and rest for 60 s in eclipse in each mode
as required to maintain the battery temperature in the
operational region. The power consumption of battery hea-
ter is also included in the calculation.

3.4. Command and Data Handling Subsystem (C&DH ) and
Flight Software (FSW)

The C&DH of IDEASSat is comprised of a COTS
Emcraft SmartFusion2 System-on-Module (M2S50-
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Fig. 3. The structures of IDEASSat (left) and CIP (right). The body mounted solar panel on the —y face is not shown, in order to elucidate the spacecraft
interior. For CIP, APU is Analog Preprocessing Unit, DCU is Digital Control Unit, and PMU is Power Management Unit.

FG484 SOM), which includes a System-on-Chip (SoC)
containing a microprocessor embedded in an FPGA. This
is one of the lowest power consuming SOCs which contains
a processor as well as an FPGA for flexibility of interfaces.
The fully integrated Fight Software developed by IDEAS-
Sat team is written into the microprocessor and executed.
To stack with EPS and S-band transmitter through a PC-
104 interface, the SOC module is integrated to an interface
card with a PC-104 connector sized according to that of the
S-band transmitter. The C&DH interface card also
includes pin socket connectors to the UHF, ADCS, GPS
and GSE (Ground Support Equipment), which do not uti-
lize the PC-104 interface. Data storage is on two redundant
SD cards also located on the interface card.

To account for the possibility of variable data downlink
access times for the spacecraft, the C&DH is required to
store 3 months of data, necessitating an SD card larger
than 18 GB. The SD-card sectors are allocated for each
packet which is being sampled at the rates and sizes listed
in Table 7. The Beacon packet contains the critical infor-
mation about every subsystem which ground station can
use to diagnose the spacecraft, and it will be downlinking
through UHF band. The science packet contains the iono-
spheric data measured by CIP, and will be downlinked
through S-band every time the spacecraft is in the access
region above a ground station. The ADCS telemetry
packet is provided by the BCT XACT. The information
included in the ADCS telemetry packet are important for
data retrieval according to the position and attitude condi-
tion when the science data were obtained. The ADCS
image packet is provided by the star tracker, for attitude

determination algorithm tests on the ground which meets
the secondary mission objective described in Table 2. The
Log packet is formed whenever some malfunction is
detected by the flight software, it contains the message
describing the malfunction.

The IDEASSat Flight Software (FSW) is FPGA-based
software written in the programming language C and the
hardware description language Verilog, installed on the
On-Board Computer (OBC), which forms the spacecraft
Command and Data Handling Subsystem (C&DH). The
FSW is critical to mission success, both in development
and execution. The main tasks to be performed by flight
software are to check the state of each subsystem, recognize
risks and handle emergencies autonomously when the
spacecraft is out of contact with ground stations.

3.5. Attitude Determination and Control Subsystem
(ADCS)

For IDEASSat, attitude knowledge must be to within
0.1°, while attitude control must be to within 0.5° in order
to satisfy the requirements of CIP. The ADCS subsystem
controls the orientation of the spacecraft in space and
tracks by updating the satellites orbital elements via the
ADCS computer and GPS information. The ADCS
subsystem for use in IDEASSat was procured from Blue
Canyon Technologies (BCT). The BCT XACT is a self-
contained ADCS with a suite of software controls and
information available to the mission. It provides 3-axis stel-
lar attitude determination in a 0.5U micro-package, as well
as a CSS, magnetometers, and inertial measurement unit.
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Fig. 4. The concept of operation of IDEASSat. Emergency mode includes Phoenix and Safe modes, and Nominal mode includes Charging and Science

modes. Safe mode will only go to Charging mode with a command from

Table 5
IDEASSat Operational Modes.

ground stations, as denoted by the red arrow.

Subsystems Emergency

Nominal

Phoenix

Safe Charging Science

C&DH
EPS
ADCS
CIP

OFF

UHF Rx
UHF Tx
S-Band Tx OFF

Battery Heater

ON
ON
Coarse Sun Fine Reference
OFF ON
ON
Beacon
As Required

As Required

The star tracker points in the +X direction of the space-
craft frame. The XACT provides 3-axis attitude control
with multiple pointing reference frames using three reac-
tion wheels, as well as magnetorquers for detumble and
momentum dumping. The XACT is TRL 9, having been
flight qualified aboard the MinXSS spacecraft (Mason
et al., 2017).

3.6. Electric Power Subsystem (EPS)

The IDEASSat EPS is comprised of two deployable
solar panels, one body mounted solar panel, as well
as a self-developed power control board, and a battery
module.

3.6.1. Solar cells and batteries

There are a total of 20 AzureSpace 3G30A solar cells
(24.32 W) on the 3 panels, with a total cell area of
30.18 cm?. In order to accommodate the CSS and ensure
that the solar cells are exposed to maximum sunlight in
ADCS coarse Sun pointing mode, the body mounted panel
has 6 solar cells, as opposed to the 7 solar cells per panel on
the deployable panels.

Sanyo NCR18650B-HOOBA lithium ion batteries are
selected for this mission, which are TRL 9. NCR18650B-
HOOBA cells have been used in multiple CubeSat missions,
including NASA’s GeneSat, SporeSat, O/OREOS and
PharmaSat missions (Weston et al., 2018). 4 cells are used
for the battery module, and are connected in two parallel
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lines, each with two cells in series (2S2P) to supply the
stable voltage as required. The battery module is sized to
be same as the EPS power control board, and can handle
cell balancing, as well as battery over charge protection.

3.6.2. Power generation

To design a suitable flight software sequence of opera-
tion, the battery SOC variation under each mode was sim-
ulated with charge/discharge calculations in MATLAB,
with the objective of ensuring the spacecraft is power pos-
itive in all operational modes. The simulation setup for
power consumption is indicated in Table 6. Considering
the conversion efficiency of the solar panel regulator, the
Nominal mode simulation was performed using a power
draw of 3.5 W for CIP, 091 W for C&DH, 9 W for
UHF Tx, 0.19 W for UHF Rx, 4.6 W for S-Band Tx and
6.1 W for the battery heater. In Safe mode, the EPS draws
3.08 W when charging and 0.22 W when it is not charging.

The SOC simulation for the spacecraft under Nominal
operations after transitioning from Safe mode is shown in
Fig. 5(a). The blue line corresponds to the variation of
the battery SOC, while the orange line denotes the lighting
state of the spacecraft, with sunlight indicated by high val-
ues and eclipse indicated by low values. The initial SOC at
this transition point is 65%. The power requirements and
duty cycles for this simulation are in accordance with the
values shown previously in Table 6.

The simulation indicates that with the active attitude
control for modes with battery SOC at Safe mode or

Table 6
IDEASSat Nominal Power Consumption and Generation.

above, the power balance is net positive and the spacecraft
will not drop back to Phoenix after de-tumbling.

The SOC variation under the Emergency modes were
also simulated to ensure that the spacecraft is capable of
recovering from low charge conditions, and is shown in
Figs. 5(b) and 5(c) for deployed and undeployed solar pan-
els, respectively. The simulation of Phoenix mode is differ-
ent from modes with higher SOC, because the spacecraft in
Phoenix mode is still tumbling with ADCS powered down.

For de-tumbling analysis, a satellite attitude dynamics
model was created. The model took into account the differ-
ent disturbance torques arising from drag, solar radiation
pressure, gravity gradient and magnetic dipole moment,
and the initial spin rate was setup as 10 deg/s. The model
utilizes Runge-Kutta 4th order integration scheme to prop-
agate the attitude dynamics and kinematics equations
(Schaub and Junkins, 2018). The initial SOC for these
two simulations is assumed to be 60%. In Phoenix mode,
the EPS draws 1.03 W when charging, and 0.1 W when it
is not charging due to the efficiencies of buck converters
utilized to regulate the solar panel voltage, as well as the
DC-DC converters on the voltage outputs.

In Phoenix mode, the power draw for the battery heater
is 6.1 W in Fig. 5 and 4.2 W in Fig. 5(c). Due to the power
generation being most efficient when the solar panels are
deployed and pointing directly to the Sun, the values are
different for deployed and undeployed states. The simula-
tion was set initially as 60% SOC, and can be seen from
the Fig. 5, it does not drop lower than 50% in both of these
situations. The SOC is slowly climbing after several orbits

Nominal Power Consumption (per orbit)

Nominal (W) Duty Cycle
Battery heater 6.1 Turn on 10(s) and rest 60(s) each time as required in eclipse.
EPS Phx (Charging) 1.03 100.00%

Phx (Uncharging) 0.1
Safe (Charging) 3.08
Safe (Uncharging) 0.22
Charging 3.08
Science 0.35

ADCS 2.82
GNSS 0.90
C&DH 0.91
UHF Tx 9.00
UHF Rx 0.19
S-Band Tx 4.60
CIP 3.5

100.00% except for Phx
100.00% except for Phx
100.00%

Beacon
Phx & Safe: Rx 60 (s) & Tx 1(s)
Charging & Sci: Rx 30 (s) & Tx 1(s)

Beacon
Phx & Safe: Rx 60 (s) & Tx 1(s)
Charging & Sci: Rx 30 (s) & Tx 1(s)

Access time over US&Taiwan&India

Eclipse

Nominal Power Generation (per orbit)

Solar Panels 23.11

60.00%
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Table 7
SD card sizes and sectors per packet for different data packet types
recorded by FSW.

Size (bytes)

NO. of sectors  Sampling Time (s)

Beacon 223 1 1

Science 2291 5 1

ADCS 2061 5 30

ADCS Image 1749005 3417 20

Log 69 1 Malfunction conditions

which indicates that even under the Emergency modes, the
SOC can still reach the 65% threshold to switch to Safe
mode after a few orbits, and power up the ADCS to per-
form de-tumbling. Further simulations found that the low-
est initial SOC value that will result in discharge to Phoenix
mode levels is 60%.

3.7. Communications Subsystem (COMM)

The communications subsystem is required to receive
uplinked commands from INSPIRE ground stations in
Taiwan, Colorado, and India. COMM is further required
to downlink science data from CIP and housekeeping data
in the form of beacon packets. Beacon packets are intended
for receipt both by INSPIRE ground stations, as well as
the amateur radio community for tracking and SOH mon-
itoring purposes. In the case of the latter, the telemetry def-
inition of the beacon packets will be publicized. Following
the operational concept of MinXSS, as well as other uni-
versity small satellites operating on the amateur bands,
reception reports from the amateur radio community will
be encouraged through the distribution of QSL cards, as
well as other memorabilia for frequently reporting stations
(Mason et al., 2017).

Two bands will be used for telemetry purposes, the
70 cm UHF amateur band is for receiving commands from
the INSPIRE ground stations and transmitting beacon
packets, while the 13 cm amateur S-band will be used for
downlinking the science data due to the higher bandwidth
available. Commercial Off-the-Shelf (COTS) UHF trans-
ceivers and S-band transmitters are available that can sat-
isfy our COMM requirements.

3.7.1. UHF

The SpaceQuest (SQ) TRX-U transceiver is used for
UHF communications on the spacecraft end, in conjunc-
tion with a monopole tape measure antenna. The mono-
pole antenna is advantageous compared to a dipole
antenna as the monopole only requires one deployable ele-
ment, whereas the dipole requires two. This comes with the
tradeoff of reduced antenna gain, due to the small area of
the ground plane provided by small surface area of a 3U
CubeSat.

Fig. 6 shows the Feldberechnung bei Korpern mit belie-
biger Oberflache (FEKO) simulation of a quarter wave
UHF tape antenna 3 dimensional radiation pattern assum-

ing a ground plane corresponding to the IDEASSat struc-
ture. The peak gain is 6 dBi. The broad ominidirectional
main lobe results in less stringent requirements of pointing
direction to close the link budget, even in the event of a
tumbling spacecraft.

The UHF telemetry of IDEASSat uses 9600 bits per sec-
ond (bps) GMSK modulation with the AX.25 data link
protocol. In ground tests, a National Instruments USRP-
2900 software defined radio (SDR) was used to transmit
a GMSK modulated signal at 9600 bps corresponding to
the TRX-U sync word. If received successfully by the
TRX-U, the sync word results in one of the pins of the
TRX-U to be pulled high, and can be used in uplinked
telemetry to distinguish real telemetry from spurious noise.
During testing, the sync word was received and detected
successfully by the TRX-U. During FlatSat tests and flight
model functional tests, all commands and telemetry were
transmitted to and from the spacecraft using the UHF
radio link, in order to better represent actual operational
conditions.

The use of the amateur bands by IDEASSat is subject to
considerable uncertainty, both due to interference and fre-
quency coordination reasons. In the case of the latter,
spacecraft operating on the amateur bands are required
by many regulatory agencies and launch providers to
undergo frequency coordination by the International Ama-
teur Radio Union (IARU). This process requires the sub-
mission of Advance Publication Information (API) to the
International Telecommunications Union (ITU). This is
not possible for IDEASSat as Taiwan is excluded from par-
ticipation in the ITU due to political reasons (Lin, 2004).
Due also to congestion on the UHF amateur bands, use
of the 400.15-402 MHz band is being considered as a
backup option. This band is allocated by both the Taiwan
National Communications Commission (NCC) and the
ITU Region 3 to meteorological and Earth exploration
satellites, as well as space to Earth satellite communications
and operations (Ministry of Transportation and
Communications, 2017). Although this reduces the risk of
interference and ensures voluntary compliance with [ARU
and ITU procedures, the tradeoff is a reduced number of
ground stations available for beacon packet reception on
non-amateur bands.

3.7.2. S-band

For the S-band transmitter, the Clyde Space STXC
transmitter developed by Cape Peninsula University of
Technology (CPUT) is selected, which also satisfies related
data downlink requirements. This PC/104 base module is
TRL 9. The STXC is connected to the CPUT S-band
antenna (SANT). SANT is a circularly polarized all metal
patch antenna mounted on the +Y side of the spacecraft.

In the case of the S-band downlink, the downlink fre-
quency was originally envisioned to be on the 13 cm ama-
teur band, which is again subject to the difficulties of ITU
and IARU registration for a Taiwanese satellite. Addition-
ally, RF surveys near the NCU campus revealed significant
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(a) Power Simulation start from Safe Mode
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Fig. 5. Power simulation starts from (a) Safe mode with initial SOC = 65%, (b) initial SOC = 60% with battery heater drawing 6.1 W, then dropped below
55% and going into Phoenix mode directly before deploying solar panels, (c) initial SOC = 60% with battery heater drawing 4.2 W then below 55% and
going into Phoenix mode directly before deploying solar panels. Blue line is battery SOC variation, and red line denotes lighting conditions, with low
values corresponding to Eclipse and high values corresponding to sunlight.

interference in this band. As a result, downlink on the 2.2—
2.290 GHz band was selected. This band is allocated by
both the Taiwan NCC and ITU Region 3 to space
research, space operation, and Earth exploration satellites
(Ministry of Transportation and Communications, 2017).
The housekeeping and science data transmitted via S-
band will use The Consultative Committee for Space Data
Systems (CCSDS) (CCSDS Secretariat, 2007) as an encod-
ing standard and modulated by QPSK (quadrature phase
shift keying).

Analyzing the access of IDEASSat to each ground sta-
tion, the mission data downlinking capability is indicated
in Table 8. The UHF Data rate is 9.6 kilobits per second
(kbps), and the S-Band rate is 2 Megabits per second
(Mbps), which is 0.25 Megabytes per second (MBps). How-
ever, for S-band, a 1 Mbps data rate is assumeed, as half-
rate convolutional encoding is implemented. The access
times to the ground stations are only considered for data
downlink if they are longer than 5 min, due to the
transceiving process requiring 1 min for connection estab-
lishment, 3 min for downlink data, and 1 min for command
uplink. The average total daily access time is 83.40 min, the
downlink data amount over both UHF and S-band is
308.69 Megabytes (MB), while during the Fast mode, with
40% CIP duty cycle, the data generation per day is
212.90 MB. Combining the Boulder, Taiwan, Singapore
S-band ground stations, this is sufficient to downlink the
expected CIP science data produced.

The ground side receiver system utilizes the USRP-2900
software defined radio (SDR) with signal processing and
demodulation using GNU Radio, which is a free and
open-source Python toolkit that provides signal processing
blocks for SDR (Summers et al., 2018). A program in
GNU Radio is shown as a flow graph constructed by
blocks. Each block in GNU Radio corresponds to a differ-
ent signal processing function, with the terminals at both
ends of the flowchart indicating the input source and out-
put sinks.

Fig. 7 is the flow graph of the Ground Station GNU
Radio receiver system. The USRP source is connected with
the ground station antenna via a low noise amplifier. The

received signal is first low pass filtered to remove noise,
with the cutoff frequency larger than half of the sampling
rate. The clock recovery is applied for the purpose of ensur-
ing that the receiver clock is properly aligned to the incom-
ing data. The phase lock loop is applied to ensure that the
input and output frequencies are the same, allowing for the
phase of the signal to be effectively retrieved. To process
the data received by the ground station, we perform QPSK
demodulation with GNU radio and CCSDS decoding
using spacecraft command software.

3.8. Structure

The structure of IDEASSat is mainly composed of alu-
minum (AL 6061-T6). The thickness of the walls is between
2 and 5 mm depending on location.

The Normal modes of the spacecraft are required to
comply with requirements defined by the launch vehicle,
in this case, the Indian Polar Satellite Launching Vehicle
(PSLV). PSLV payload requirements dictate that the
spacecraft fundamental frequency is required to be higher

Total Gain [dBi]
6.000
l 3.000
0.000
-3.000
-6.000
-9.000
-12.000
-15.000
-18.000
I -21.000
-24.000

v

Fig. 6. Antenna pattern simulation of a quarter wave UHF antenna with
ground plane using FEKO. The length of antenna is set as 17.14 cm in this
simulation.
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than 135 Hz. Frequency analysis for the spacecraft was
performed using SolidWorks and the first 10 Normal mode
frequencies computed, as shown in Fig. 8 The lowest Nor-
mal mode frequency was found to be 588.81 Hz, which
complies with the PSLV requirements.

A static simulation of spacecraft structure was also per-
formed, to determine the ability of the spacecraft structure
to withstand launch loading. The maximum mass of a 3U
CubeSat is required to be 4.00 kilograms according to the
Cubesat Design Specification by Mehrparvar et al.
(2014). The Factor of SAFEty (FOS) value indicates how
much larger the maximum structural loading is relative to
the expected load.

An FOS larger than 100 was defined as adequate mar-
gin. The results of the FOS simulation using SolidWorks
is shown in Fig. 9. Dark blue colored regions indicate
FOS values exceeding 100, accounting for nearly the entire
spacecraft. The lowest FOS value found was 30, corre-
sponding to a screw on the APU board in CIP.

3.9. Thermal Control Subsystem (TCS)

The main function of the thermal control subsystem is
to ensure that all of the components on the satellite can
be maintained within their operational temperature ranges
in all modes and orbital attitudes.

Thermal analysis of the spacecraft on the component
level was performed using Thermal Desktop to simulate
the expected spacecraft temperatures under worst case cold
(Phoenix mode eclipse), worst case hot (Charging mode
sunlight) conditions, as well as Nominal operations. The
results of the thermal simulations for these three conditions
are shown in Table 4. It can be seen that the exposed solar
panels experience the largest range of possible temperatures
with a range of —51.86 °C to 65.73 °C. Subsystems con-
tained entirely within the spacecraft chassis such as EPS
and C&DH experience a much narrower range of temper-
atures, from 10.24 °C to 43.35 °C.

The temperature tolerances of the spacecraft subsystems
are shown in Table 10. The solar panels temperature range
is according to the experiments of relation between temper-
ature of solar panels and power efficiency performed by
Landis (1994) and Brandt et al. (2013). Comparing to the
thermal simulation results in Table 9, it can be seen that
all components are within an operational temperature
range. Passive control mechanisms are preferred, owing
to the limited power budget of the spacecraft. Components
at risk of overheating were placed to maintain thermal con-
tact with the spacecraft chassis in order to facilitate heat
conduction.

4. Discussion

From the preceding analysis, it can be seen that the
requirements of CIP can be satisfied using a 3U CubeSat.
However, key challenges include the fine pointing knowl-
edge and control requirements of CIP, the comparatively

smaller area available for power generation on a 3U Cube-
Sat, the buffer limitation of C&DH and FSW that causes
the issue of data packets not being received by C&DH
when the buffer is in the process of being cleared, as well
as the large data volume and limited bandwidth of UHF
communications.

In the case of the power constraint, this can be mitigated
through the use of the Sun pointing mode of the XACT
ADCS to maximize power generation capability. Con-
versely, power margins are extremely tight with the loss
of ADCS capability in Phoenix mode and the resulting
tumbling of the spacecraft. Although our simplified simula-
tions show the spacecraft is still power positive in this state,
this is dependent in large part on the nature of the tumbling
motion, as well as changes to battery charging and power
distribution efficiency at lower solar panel voltages and
loads. In order to supply power in the most efficient way
for a 3U CubeSat, Maximum power point tracking
(MPPT) is applied to keep the charging state always effi-
cient. The duty cycle of some components could be
decreased in the worst case, and the electronic components
on the EPS board with lower power consumption could be
selected. For instance, the diode initially intended to pre-
vent reverse charging of the solar cells by the battery dur-
ing eclipse were replaced by Metal-Oxide-Semiconductor
Field-Effect Transistors (MOSFETs).

Data from various subsystems transmitted to the
C&DH are temporarily stored in a memory buffer. Initial
Flat Sat tests showed that the C&DH was incapable of
reading and clearing the memory buffer quickly enough
when interfacing with high data rate subsystems such as
CIP. To resolve this issue, the Ring buffer method was
applied to the FSW to handle buffer read/ write functions.
The ring buffer is a data structure that uses a single, fixed-
size buffer as if it were connected end-to-end
(Chandrasekaran, 2017). Using Ring buffer method, there
is no need for buffer clearing, therefore the conflict is
removed.

In the case of the data volume constraint, this is miti-
gated through the use of an S-band transmitter for science
data downlink, at the cost of increased power draw, heat-
ing, and reduced space. Finally, the telecommunications
licensing and frequency coordination process for IDEAS-
Sat is complicated by Taiwan’s exclusion from the ITU,

Table 8
Access and Data Downlink Details. 50% CIP duty cycle when it is in Fast
mode.

UHF Data rate 9.6 kbps S-Band rate 0.125 MBps

Gnd St Avg Access UHF SBand
(>5 Min/Day) (MB/Day) (MB/Day)

Boulder, CO 15.84 - 118.82

IIST, India 11.32 0.81 -

NCU, Taiwan 13.11 - 98.34

NTU, Singapore 11.80 - 88.47

Muscat 12.76 0.92 -

Paris 18.57 1.34 -

Total 83.40 3.07 305.62

Data Gen/Day (MB, 40% CIP duty cycle) 212.90
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Fig. 7. The IDEASSat Ground Station S-band system diagram.

Mode NO. Freq (rad/sec) Freq (Hz) Period (sec)
3699.6 588.81 0.0016983
2 39456 627.96 0.0015925
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4 42161 671.01 0.0014903
5 4617.2 73484 0.0013608
6 46785 7446 0.001343
7 5274.2 839.42 0.0011913
8 53494 851.38 0.0011746
9 54706 870,67 0.0011485 AMPZ
10 6130.1 975.64 0.001025 I 1.171e+001
\ - 9.451e+000
- 7.195e+000
1 4.938e+000
-1.832e+001 - 2.681e+000

I 4.249e-001
-1.832e+000

ll 1.171e+001

Frequency Amplitude 1
Value = 588.81 Hz

Model name: Simplify IDEASSat Simulation e
Research name: Static analysis 1 (default) -
Factor of Safety (FOS)
Standard: Auto ‘
Minimum FOS = 30 |

FOS

1.000e+
8.333e+001
6.667e+001
5.000e+001

3.333e+001 .
1.667e+001 -
0.000e+000l

Fig. 9. The Factor of SAFEty (FOS) analysis in static simulation of IDEASSat spacecraft structure.
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Table 9
Temperature ranges of each component with simulation of IDEASSat.

Components Worst Case Cold (°C) Nominal(°C) Worst Case Hot (°C)
Battery 7.26-12.8 20.43-24.75 29.35-33.26
EPS&C&DH 10.24-27.79 24.25-34.93 39.61-43.35
CIP —2.23 to 19.25 17.53-26.46 31.78-38.83
STXC 4.17-20.64 18.65-27.29 30.14-37.28
TRX-U —3.82 to 14.12 10.41-22.73 30.46-34.22
Solar Panels —51.86 to 39.11 —20.44 to 51.83 34.52-65.73

Table 10
Temperature tolerance range of each component.

Subsystem Component Operating (°C) Survival (°C)
CIP CIP —10 to 50 —20 to 60
ADCS BCT XACT with GPS —30 to 50 —30to 70
COMM (UHF) SQ TRX-U —30 to 50 —30 to 70
COMM (S-Band) CPUT STXC —25to 61 —40 to 85
EPS Batteries 5-35 0-40
C&DH C&DH PCB Board —35 to 80 —40 to 85
Solar Panels Solar Panels —100 to 95 —105 to 230

which limits access to launch providers, as well as the use of
ground stations outside Taiwan.

The IDEASSat spacecraft integration commenced dur-
ing May 2019, with testing during September 2019 through
March 2020, and FM delivery in May 2020. Lessons
learned during this phase have included the need for early
prototyping, testing, and revision of self-developed hard-
ware components. The amount of hardware debugging that
can be accomplished without physical testing of a subsys-
tem component was found to be extremely limited. Turn-
around and delivery time for PCB fabrication and
electrical components were also found to introduce consid-
erable delays to the fabrication and testing process. Deliv-
ery times for several of the nano-D MILspec connectors
required to interface with the COTS subsystems were
found to be especially long, sometimes over two months.
Combined with the high cost of such MILspec connectors,
the EMs of several self-developed subsystems were
designed to use more rapidly available micro-D connectors.
While PCBs using the larger micro-D connectors were not
compliant with the CubeSat volume constraints, the result-
ing EMs were still functional for functional testing and
debugging, as well as FlatSat tests using single ended
nano-D jumper cables.

5. Conclusions

The IDEASSat is a 3U CubeSat carrying the CIP pay-
load with the mission objectives to study ionospheric vari-
ability, including structures on planetary scales and smaller
scales on the order of 1 km. In this manuscript, we detail
the feasibility study, concept of operations, and design of
IDEASSat. This mission has benefited greatly through
international collaboration via the INSPIRE consortium,
and has served as a useful capacity building exercise for
spacecraft engineering at NCU. The flight model of
IDEASSat is scheduled to be delivered in May 2020, and

launched in Q4 2020. Combined with AIP and CIP obser-
vations at different altitudes and local times from
FORMOSAT-5 and INSPIRESat-1, IDEASSat will
greatly expand observational capability for in-situ iono-
spheric measurements.
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