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Preface to the Proceedings

The 18th Australian Space Research Conference, held at the Gold Coast from September 24 to 26, 
2018 (http://www.nssa.com.au/18asrc/), was a very successful event, where over 150 presentations 
from Australian and international groups working in the field of space research, business, policy and 
culture, were presented. Following the conference some of the works were submitted as full-length 
papers. These proceedings collect the papers accepted after a rigorous process of peer-review. 

Each paper published in these proceedings has been peer-reviewed by two assessors selected by the 
Chair of the Program Committee with inputs from members of the committee, and revised by the 
authors accordingly.  Final decisions to accept or reject manuscripts in their submitted or revised form 
were taken by the Editor of these proceedings in consultation with the Editor-in-Chief. 

More than 20 scientists, engineers and space professionals from Australian and international 
organizations participated in the peer-review process, with some referees assessing and providing feed-
back on more than one manuscript. We list below (in alphabetical order) only the referees who agreed 
to be identified:

Travis Bessell, Iver Cairns, Brad Carter, Rowena Christiansen, Graham Dorrington, Robert Mueller,  
Mark Rutten, Israel Vaughan

All the reviewers including those who asked to remain anonymous, responded enthusiastically to our 
invitation to assess and provided timely reviews; we express our gratitude and special acknowledgments 
for their generous support: they are highly regarded experts in their disciplines, affiliated to 
universities, and research and professional organizations all over the world.
 
All reviewers made constructive criticism and suggestions that greatly improved the manuscripts and 
contributed to the quality of these proceeding. Responsibility for the published content remains with 
the authors of the papers, as well as the intellectual property of the work described. The publisher 
retains copyright over the published Proceedings. Papers appear in these Conference Proceedings with 
authors’ permission.  

We thank the Mantra on View for providing the venue and conference facilities, the ASRC 2018 
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Organizing Committee, the members of the Program Committee chaired by Iver Cairns, and all 
the members of the Australian Space Research Community for giving generously of their time, 
suggestions, and efforts. We also thank the Australian Academy of Science and  Mars Society Australia, 
who co-sponsored various conference events. 
 
We trust that you will find the 2018 Conference Proceedings enjoyable and informative.

Iver Cairns 
(Editor, 18th ASRC Proceedings; conference cochair)
Wayne Short 
(Editor-in-Chief, ASRC Proceedings; conference cochair)

August 2019
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Conference Background

The Australian Space Research Conference (ASRC) is the focus of scientific cooperation and discussion 
in Australia on research relating to space. It is a peer reviewed forum for space scientists, engineers, 
educators, and workers in Industry and Government.

The conference is of relevance to a very broad cross section of the space community, and therefore 
generates an enlightening and timely exchange of ideas and perspectives.

   The 2018 conference had a comprehensive program of plenary talks and special sessions on the 
national context for space including the foci and the programs of Australian Government units with 
interests in space.  In addition, the program contained a special planetary science session, with a 
strong preponderance of projects involving the Mars Society of Australia. The program also contained 
multiple sessions of invited and contributed presentations, both oral and poster, on Propulsion, 
Planetary Science, Earth Observation and GNSS, Space Capabilities, Space Physics, Space Situational 
Awareness, Space Technology, Life Sciences and space medicine, Space Archeology, Education and 
Outreach.

Appendix A lists all abstracts accepted for presentation at the conference. A call for abstracts was 
issued in April  2018 and researchers were invited to submit abstracts intended for presentation at 
the conference. Following the conference itself, a call for written papers was issued in November 
2018: this invited presenters to submit  a formal written papers for this Proceedings that covered their 
conference presentations.
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The National Space Society of Australia is the coming together of like-minded space enthusiasts who 
share a vision for the future in which there is an ambitious and vigorous space program leading to 
eventual space settlement.

To this end the National Space Society (worldwide) promotes interest in space exploration, research, 
development and habitation through events such as science and business conferences, speaking to the 
press, public outreach events, speaking engagements with community groups and schools, and other pro-
active events. We do this to stimulate advancement and development of space and related applications 
and technologies and by bringing together people from government, industry and all walks of life for 
the free exchange of information.

As a non-profit organisation, the National Space Society of Australia draws its strength from an 
enthusiastic membership who contributes their time and effort to assist the Society in pursuit of its goals. 

For more information, and to become a member:

http://www.nssa.com.au

Ad Astra!
Wayne Short
NSSA President
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The National Committee for Space  and Radio Science (NCSRS) is chartered by the Australian 
Academy of Science to foster space science, to link Australian space scientists together and to their 
international colleagues, and to advise the Academy’s Council on policy for science in general and 
space and radio science in particular. The NCSRS was formed in 2012 by combining the former 
National Committee for Space Science (NCSS) and the National Committee for Radio Science 
(NCRS). The NCSRS web page can be reached at

https://www.science.org.au/committee/space-and-radio-science

NCSRS believes that ASRC meetings provide a natural venue to link Australian space scientists and 
foster the associated science, two of its core goals. As well as ASRC, NCSRS is also sponsoring the 
VSSEC – NASA Australian Space Prize. 

This is the eighth ASRC meeting following launch of the first Decadal Plan for Australian Space 
Science. NCSRS encourages people to work together to accomplish the Plan’s vision: “Build Australia 
a long term, productive presence in Space via world-leading innovative space science and technology, 
strong education and outreach, and international collaborations.” 

Fred Menk 
National Committee for Space and Radio Science 
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How does the spacecraft environment increase host 
susceptibility to infectious diseases?  

 
Vienna Tran 1  

 
1 The University of Adelaide, North Terrace, Adelaide 5005, Australia 

 
 

Summary:  This paper reports the results of a literature review examining the impact of 
spaceflight on an astronaut’s susceptibility to infectious diseases. Both the astronaut and the 
microbe are affected by spaceflight, as shown by studies both in-flight and on Earth. Stress, 
microgravity, and the isolated nature of the spacecraft have been found to compromise the 
immunity of the astronaut, while microbes have demonstrated rapid adaptation to their 
unfamiliar environment, including genetic mutation and increased virulence. This paper also 
argues that further research and development into infectious diseases are essential for the future 
of human space travel. 
 
Keywords:  infectious diseases, immunity, spacecraft 
 
 

Introduction 
 
The first manned mission in the Apollo program, Apollo 7, flew in October of 1968. By day 
two, all three crew members had contracted an upper respiratory infection. Due to the lack of 
foresight and treatment availability, the crew were forced to tolerate the discomfort for the entire 
eleven-day mission, sparking tension amongst themselves and with Mission Control. The 
mission objectives were nevertheless completed. The ‘common cold’ of Apollo 7 was a critical 
event and the first of many perilous infectious diseases onboard a spacecraft. It highlighted the 
necessity to conduct further research and development into infectious diseases in the context of 
space medicine. (1)   
 
Throughout the history of human spaceflight, each in-flight medical event has been documented 
and categorised.  For instance, during the NASA Space Shuttle program (STS-1 to STS-89, 
1981-1998), there were 26 instances of infectious disease, comprising 1.4% of all medical 
events. (2) Today, knowledge of microbial behaviour continues to expand as microbial studies 
are conducted both on the International Space Station (ISS) and on the ground. (3) 
 
The past decade has seen a ‘reincarnation’ of interest of space exploration amongst industry 
and the public. Commercial spaceflight is slowly becoming not only a trend but also an exciting 
reality. (4). If humans (that is, the ‘host’ of the microbes) are to continue living and working in 
space for more complex missions and longer durations, then it must be further understood how 
spaceflight affects the host-microbe dynamic, so that countermeasures can be developed to 
prevent disruptive and even fatal infectious diseases. 
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Literature Review 
 
The host in spaceflight 
Measuring indicators of immunity 
 
There is substantial evidence to show that the human immune system is altered during short-
term and long-term spaceflight.  
 
One way that immunity can be assessed is by using an analytical technique called enzyme-
linked immunosorbent assay (ELISA), which involves obtaining a sample from the test subject 
and reacting it with a series of agents in order to detect the presence of a specific type of cell, 
pathogen or protein. During the US Space Shuttle program, pre- and post-flight immunologic 
assays were obtained from astronauts who had lived in space for up to ten days. The results 
demonstrated that the peripheral lymphocyte counts and eosinophil counts, as well as mitogenic 
stimulation of lymphocytes, had decreased. Neutrophil numbers had almost doubled. (5) These 
cells are classified as white blood cells, which assist with human immunity by ingesting 
microbes in a variety of ways. The decrease in these cell counts strongly suggests that the host 
undergoes immunomodulation in response to the space environment.  
 
A virus is deemed to be latent when it lives within a host but does not cause symptoms due to 
host immunity. It has been found that there is an increased rate of reactivation of latent viruses 
in space. This suggests a weakening of the immune system, thus allowing the virus to reactivate, 
proliferate and cause disease. A study by Pierson et al on Epstein-Barr virus (EBV)-seropositive 
Space Shuttle astronauts and Russian cosmonauts found that the concentration of EBV copies 
per mL (i.e. ‘viral load’) increased by tenfold in space compared with pre- and post-flight. Many 
studies on the herpes virus species, including varicella zoster virus (VZV) and cytomegalovirus 
(CMV), have reached a similar conclusion. Therefore, measuring viral load has become an 
indicator of immunity. (6) This has implications for long-term space travel, whereby measuring 
viral load may provide the best indication of the astronaut’s current immunity. 
 
 
Stress response 
 
During spaceflight, the astronaut is subjected to isolation, anxiety, physical discomfort, mission 
objectives, and disruptions in circadian rhythm. These factors induce a physiological stress 
response, which is a normal part of evolution, but can become problematic when excessive. The 
stress caused by spaceflight can disrupt the feedback system between the central nervous system 
(CNS) and the host immune system, either through suppression or overstimulation. Some of the 
clinical consequences of upsetting this balance include delayed healing of physical trauma and 
increased infection susceptibility. (2) 
 
Furthermore, the psychological stress of living and working in a confined and unnatural habitat 
may predispose the astronaut to making errors that compromise their ‘first-line-of-defence’ 
immunity, such as neglecting hygiene and imprecise handling of biological equipment.  
 
Microbes in spaceflight 
 
Adaptability of microbes in general 
 
Throughout natural history, microbes have evolved to adapt to their environment to survive. 
Organisms known as ‘extremophiles’ are able to survive in environments which would be lethal 
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to other terrestrial life-forms. For example, strain 116 of the species Methanopyrus 
kandleri thrives at a temperature of 122 °C (252 °F), while other extremophiles have tolerated 
a pressure of up to 110 MPa – more than one thousand times the atmospheric air pressure at sea 
level. (7) Therefore, it is logical that microbes can also adapt to the spacecraft environment. 
This has been shown in studies on the Space Shuttle and the ISS. It has commonly been 
observed that microbes can increase their ‘potency’ in space, and that microbes tend to become 
more robust and virulent than their Earth-dwelling counterparts. 
 
The mysterious differences that have been studied between microbes cultured on Earth and 
those cultured in space are observational and categorical, and they cannot yet be fully explained 
by our current knowledge in microbiology.  
 
 
Virulence factors 
 
Microgravity appears to be the main factor contributing to the alteration of the growth 
mechanisms in microbes. An investigation of Escherichia coli by Klaus et al revealed that, in 
space, ‘the lag phase [of E. coli] was shortened, the duration of exponential growth was 
increased, and the final cell population density was approximately doubled’ compared with the 
control group on Earth, indicating that E. coli multiplies faster in space. It was observed that 
the suspension of the E. coli cells within in their respective fluid medium was more aggregated, 
thus affecting their behaviour and reproduction. (8) It is hypothesised that microgravity is 
responsible for this phenomenon. 
 
A more recent study by Nickerson et. al collected data from the ISS from three microbial species 
that have a high potential to affect crew health. Mice were inoculated with Salmonella typhi 
that were either cultured in space or on Earth. The former group of mice exhibited a higher 
mortality rate, perishing sooner and in greater numbers. Genetic studies of S. typhi revealed that 
167 genes were expressed differently in the S. typhi that were cultured space. A noteworthy 
finding was the upregulation in expression of the hfq gene, which is ultimately responsible for 
the bacterium’s environmental stress response. This suggests that Hfq is one of the factors 
responsible for microbial virulence changes in space. Furthermore, S. typhi displayed increased 
cellular aggregation and the formation of an extracellular matrix, which was not present in the 
Earth control group. Both factors are known to facilitate greater tolerance of heat and oxidative 
stress, thus increasing the survival of the bacterium. 
 
Likewise, Pseudomonas aeruginosa also demonstrated an upregulation of the hfq gene. There 
was also an upregulation of the AlgU gene, creating a protective alginate biofilm that was not 
present in cultures grown on Earth. (9)  
 
 

Discussion 
 
Knowledge gaps and future directions 
 
The current body of literature about microbes and immunity in space is far from complete. 
Understanding host-microbe interactions in space will be particularly challenging, because 
microbes are organisms themselves. Each organism has its own way of adapting, and the 
potential to mutate unpredictably. Unlike other medical events, such as heart palpitations or 
indigestion, harmful microbial activity is not immediately obvious to the naked eye, especially 
with limited laboratory equipment. Finally, countermeasures against infectious diseases are 
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difficult to develop, as neither the host nor the microbe can be fully ‘trained’ to prevent disease. 
It is unrealistic to eliminate every possible infectious disease, as this would mean eliminating 
the host-microbe relationship altogether. No microbe can be absolutely classified as beneficial 
or harmful to human health.  
 
The NASA Human Research Roadmap (10) identifies key knowledge gaps in space medicine. 
In the microbiology category, the gaps are as follows (paraphrased): 

1. How effective are our current countermeasures, and how do we develop new ones?  
2. Does the spaceflight environment induce clinically significant changes in microbes? 
3. Which microorganisms induce what changes? 
4. What are the mechanisms by which these changes occur?  
5. How do we accurately identify microbial risks using new technologies, in the context 

of future mission scenarios? 
 
Simulations 
 
Traditionally, analogue habitats have been created to simulate a spacecraft environment as 
closely as possible. (11) These studies have produced useful results for many aspects of human 
health during spaceflight, however, studies in immunology and microbiology rely on the unique 
conditions of an in-flight mission, and especially on microgravity. Technologies such as 
centrifuges or aircraft are useful for immediate results but are impractical for longer term 
studies. Therefore, this paper proposes that only the immunological and microbial studies 
conducted in space will yield significant results for long-term space travel.   
 
 

Conclusion 
 
Observation of astronauts, as well as in-vivo and in-vitro studies on ISS, have contributed to 
our knowledge of the host-microbe relationship. It is recommended that studies be conducted 
in the spacecraft environment where possible and be directed towards long-term space travel 
with a view to travel beyond low-Earth orbit. The more that is understood about the fine balance 
between the host and the microbe in the spacecraft environment, the better the outcome will be 
for future astronauts and space travellers.  
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The Modulation of Electromagnetic Ion Cyclotron (EMIC)
Waves in the Inner Magnetosphere

Joshua S. Williams1, Brian J. Fraser1, Colin L. Waters1, Murray D. Sciffer1,2

1Centre for Space Physics, University of Newcastle, Callaghan, 2308, NSW, Australia
2English Language and Foundation Studies Centre, University of Newcastle, Callaghan, 2308,

NSW, Australia

Summary: EMIC Waves are important in magnetospheric wave-particle interactions leading to
depletion of radiation belt MeV electron populations and erosion of ring current keV ions. A sub-
set of EMIC waves exhibits regular time varying amplitude, appearing as discrete packets of wave
energy. The mechanism responsible for this structure is unknown, but may relate to changes in the
convective growth rate caused by varying plasma parameters. Coexistent long period hydromag-
netic waves may provide the source of this variation. Two such observations from Van Allen probe
A are examined. On 23 April 2013 wave growth in regions of local enhanced cold plasma density
and minimum local Alfvén speed were observed. A second event on 25 July 2013 shows strong
EMIC packet occurrence with a modest hydromagnetic compressional and stronger radial compo-
nent below 30mHz. These represent some of the first observations of such growth rate modulation
as observed by the Van Allen Probes.

Keywords: EMIC waves, convective growth rate, plasma microinstability, pearl pulsations

Introduction

Electromagnetic Ion Cyclotron (EMIC) waves are field-aligned, transverse plasma waves observed
in situ below the hydrogen cyclotron frequency, corresponding to between 0.1 - 5Hz as observed on
the ground. The generally accepted source of free energy for this wave growth involves energetic
anisotropic ring current ions in regions of minimum magnetic field around the magnetic equator
within approximately 1− 2RE of the plasmapause [1]. These warm ions allow wave growth in
the left hand polarised mode via the temperature anisotropy instability [2], with the frequency of
maximum wave growth dependent on local plasma conditions. The presence of very small concen-
trations of heavier ions (typically singly ionized helium and/or oxygen) can alter the frequency at
which maximum wave growth occurs and damp wave growth at previously unstable frequencies.
Stop bands are created that prevent both the growth and propagation of waves within frequency
ranges determined by the local ion cyclotron frequency of each species [3].

The convective growth rate (CGR) of EMIC waves depends upon the temporal growth rate γ and
the wave group velocity Vg

CGR =
γ

Vg
(1)
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where both γ and Vg depend on local plasma conditions and the magnitude of the magnetic field.
Cold plasma density enhancements may play a role in intensifying EMIC wave growth through
modification of the Alfvén speed (vA) by lowering the phase velocity and proton resonant energy,
allowing less energetic particles to participate in the energy exchange from the ions to the waves
[4]. Subsequent reduction in the group velocity also allows the waves to spend more time in the
generation region, increasing their total energy gain [5]. The ratio of cold to energetic ion densities
also appears in linear [3] and non-linear [6] convective growth rate equations. Observations [7] and
modelling [8] have indicated that increased EMIC wave growth may also occur at gradients in the
cold ion density, though recent statistical analysis does not show significant correlation [9].

EMIC waves are a key mechanism for energetic particle loss from the magnetosphere [10, 11].
Doppler-shifted EMIC waves resonantly interact with relativistic electrons in the outer radiation
belt causing MeV electron precipitation and belt depletion over a timescale of hours during geo-
magnetic storms [12, 13]. These waves may also play a role in ring current erosion through pitch
angle scattering of keV ions [14, 15].

A subset of EMIC waves exhibits time-varying amplitude, appearing as packets or “pearls” on
frequency-time graphs [16]. This phenomenon was initially attributed to a single packet gener-
ated at the equator travelling along the geomagnetic field and being reflected from conjugate iono-
spheres. This was supported by observations of wave packets 180 degrees out of phase as seen
from conjugate points along a single field line [17]. Subsequent observations have shown this
phase difference is not always 180◦ as required [18], and less than 20% of EMIC wave energy is
observed to reflect from the ionosphere [19]. The repetition rates observed by conjugate satellite
and ground stations are also inconsistent with this model [20]. EMIC Poynting vector observations
have shown unilateral propagation of packets beyond ±11◦ MLAT [21]. A survey of 291 structured
(pearl) EMIC waves using data from the Van Allen probes identified that only 29 of these exhibited
Poynting flux oscillation [22]. Guglielmi et al. [23] posited that the presence of heavy ions at the
equator may provide mid-latitude turning points for wave reflection, potentially explaining such
observations.

Pearl EMIC waves are often observed in association with hydromagnetic (HM) waves in the Pc3-
5 (2-100mHz) range. Rasinkangas and Mursula [24] observed a strong correlation between an
EMIC event seen in Viking spacecraft data and a concurrent Pc3 wave magnetic field observed on
the ground. For the duration of this event, the EMIC wave packets consistently occurred on the
minimum of the HM wave cycle. This anti-phase relationship was again observed by Loto’aniu
et al. [25] with CRRES data, where 2 events showed the same anti-phase relationship between
compressional HM waves (perturbed field-aligned component, Bµ ) and EMIC wave envelopes,
and one event where the packets were in-phase with the HM wave. Such a relationship has been
thought possible for some time [26].

Time varying plasma parameters or fields (e.g. the magnetic field associated with a HM wave)
may be sufficient to cause wave growth in a marginally stable plasma [27]. This paper examines
two pearl-type emission events with accompanying long period HM waves and investigates their
relationship to concurrently varying plasma parameters and wave fields.
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Instrumentation

The two identically instrumented Van Allen probe spacecraft were launched on 30 August 2012
as the Radiation Belt Storm Probes (RBSP-A and RBSP-B) with a comprehensive suite of particle
and field instruments [28]. The spacecraft are in highly elliptical orbits with a 10◦ inclination, a
perigee of 600km and apogee of 5.8RE , allowing observations to magnetic latitudes (MLAT) of 0◦

to ±21◦. These orbits precess westward at a rate of approximately 220◦/yr, allowing all magnetic
local times to be sampled equally every 19.6 months [29].

The Electric Field and Waves (EFW) instrument measures the ambient electric field at a sample
frequency of 32Hz using three orthogonal pairs of sensors mounted on booms in the spin plane and
spin axis of the spacecraft. Due to the shorter length of the spin axis booms only the spin plane
vector electric field components are valid below 10Hz [30].

The Electric and Magnetic Field Instrumentation Suite (EMFISIS) instrument contains a tri-axial
fluxgate magnetometer that samples the total vector magnetic field at 64Hz [31]. This suite also
contains a tri-axial magnetic search coil which when used in conjunction with electric field mea-
surements from EFW is known as the WAVES instrument. WAVES allows observation of plasma
waves into VLF ranges and identification of the upper hybrid resonance, used to estimate back-
ground cold electron density [32].

Analysis

The magnetic field vector was converted into mGSE coordinates [30] using spin axis orientation
values obtained from EFW data. To approximate the missing δEx component of the electric field,
plane wave propagation was assumed [21, 33]. The perturbed field vectors then satisfy δE ·δB = 0
such that

δEx =−
δBy

δBx
δEy −

δBz
δBx

δEz (2)

The error in δEx scales as the magnetic field ratios times the absolute error in δEy,z. For times
when these ratios were above a threshold of 5.5, a linear interpolation between nearest valid points
was used. The background vector magnetic field was separated by low-passing at 1mHz with a
fourth-order forwards-and-reverse Butterworth filter. This background field was used to transform
the remaining wave fields to a field-aligned coordinate system via the method discussed by Chi and
Russell [34].

Dynamic power spectra were generated with a sliding Hanning FFT window of 1,280 data points
and 99% overlap, giving a frequency increment of 50mHz. The Poynting spectra were generated in
the frequency domain using the method of [21] and window parameters as above. For the Fourier-
transformed vector wave fields δB(ω) and δE(ω) , the time averaged Poynting flux matrix was
calculated as
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Sav(ω) =
1

4µ0
(δE∗(ω)×δB(ω)+δE(ω)×δB∗(ω)) (3)

The polarity of the field aligned component (Sµ ) indicates the group packet propagation direction
with respect to B0.

A preliminary survey of RBSP-A probe data spanning August 2012 to December 2015 was con-
ducted by visual examination of 3 hour dynamic power spectra up to 5Hz, identifying a total of
362 EMIC events, with few exhibiting clear ‘pearl’ packeting. Of those that did, two were selected
based on a consistent phase relationship of the EMIC wave packets and hydromagnetic waves be-
low 30mHz. These events represent times when the spacecraft may be present during the growth
of the pearl EMIC wave packets.

High-Resolution OMNI 1-minute data were extracted from NASA/GSFC’s OMNI data set through
OMNIWeb. These data represent the time-shifted solar wind plasma parameters and Interplanetary
Magnetic Field (IMF) components at the bow shock nose as calculated from ACE, WIND, IMP 8
and Geotail measurements [35].

Results

23 April 2013 Event

At 2000 UT (Fig. 1) the IMF turned southward concurrent with a decrease in the solar wind
pressure (Pdyn) and proton density (nH+). A decline in Dst and SYM-H was observed over the

Fig. 1: Solar wind, Kp, Dst and SYM-H data showing solar wind and geomagnetic activity. Red
lines indicate when EMIC wave activity was observed by RBSP-A here seen with decreasing Dst

and during intense southward IMF.
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Fig. 2: EMFISIS data showing EMIC emissions from 2252-2311 UT on 23 April 2013. Panels 1-5
show transverse power spectra, Poynting flux spectra (Sz), HM compressional magnetic field (Bµ ),
perturbed density (δn), and local Alfvén speed (vA), respectively. Dotted lines show approximate

times of EMIC wave packets and their general agreement with depressions in vA.

Fig. 3: A magnified portion of the above data between 2255-2258 UT (shaded green in Fig. 2)
showing packets occurring in anti-phase with Bµ and reduced vA

next several hours, indicating increased ring current activity. During this time the IMF gradually
turned southward to around -10nT just before 2300 UT. From 2249-2251 UT, RBSP-A observed a
decrease in the local magnetic field strength from ∼180nT to ∼150nT (not shown).

Between 2252-2311 UT RBSP-A observed EMIC waves with wave frequency f < fHe+ as shown
in the top panel of Fig. 2. The transverse power of the packets (panel 1) shows a repetition rate of
25-30s. After this initial burst the waves become more regular with spacings of 30-50s and tend to
decrease in amplitude. The Poynting flux of the packets (panel 2) is almost completely positive.

During this time, the spacecraft was outbound and close to apogee (L ∼ 5.5) on the night side
(MLT ∼ 22.5) and approximately 7◦ north of the geomagnetic equator. Hence the wave packets
were propagating toward the northern ionosphere away from the equator. Concurrent with EMIC
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wave activity were compressional hydromagnetic waves with small to moderate amplitude (< 3nT)
at approximately 22mHz (panel 3). During the most regularly repeating portions of the pearl waves,
the packets tended to fall on or close to minima in Bµ , e.g. between 2255-2258 UT (highlighted,
Fig. 3) and 2305-2308 UT.

Enhancements in local perturbed density (Fig 2, panel 4) and hence depressions in the local vA
(panel 5) are observed, and correlate with the time of the wave packets. Not shown is the general
trend of the background density, decreasing from 150cm−3 to around 30cm−3 over the duration of
the event.

25 July 2013 Event

On 25 July, geomagnetic conditions were progressively becoming more unsettled, with Kp rising
from 1 to 4 over the course of 6-8 hours (Fig. 4, panel 1). This was associated with repeated
polarity changes in the IMF Bz component (panel 6) and general unsettled conditions in the solar
wind velocity, pressure, and density (panels 3-5).

RBSP-A detected an EMIC wave event between 2127-2145 UT (Fig. 5) consisting primarily of
dispersive wave packets. The spacecraft was again close to the midnight sector (22-22.5MLT)
inbound around L ∼ 5 and travelling equatorward from MLAT ∼ 7.3◦. This was again concurrent
with HM wave activity at approximately 20mHz, containing both a compressional component and
a stronger transverse component with amplitudes less than 5nT.

The mean frequency of the packets increased with respect to the local cyclotron frequencies, indi-
cating they were likely locally generated. A phase skip in the compressional HM field and spike in
vA just after 2132 UT coincides with a reduction in EMIC wave power. This, as well as the weaker

Fig. 4: OMNI data and activity indexes in the same format as Fig. 1. Emissions are observed after
a southward turning of the IMF concurrent with reductions in the solar wind pressure and

increasing geomagnetic activity.



Proceedings from 18th Australian Space Research Conference, 2018     Page 13

Fig. 5: EMIC wave activity on 25 July in the same format as Fig. 2. Panel 4 has been altered to
show the radial HM field component (Bν ).

Fig. 6: A magnified portion of the above data between 2255-2258 UT again showing emissions
occurring with minima in Bµ .

and less dispersive shape of the packets before 2132 UT may indicate the presence of two separate
EMIC events demarcated by this time.

Wave growth appears to occur generally with reductions in vA though the fine structure in density
present during the previous event is not as evident. Here, the correlation is clearest between the
packets and the hydromagnetic field components. An in-phase relationship with the radial com-
ponent, Bν , is most evident from 2133-2137 UT and more generally throughout the event. From
2136-2142 UT the wave packets and the compressional HM field, Bµ , tend toward an anti-phase
modulation (Fig. 6).
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Discussion

Both events occur in the He+-band near the midnight sector and within ∼ 7.5◦ of the geomagnetic
equator, and are concurrent with moderate hydromagnetic wave activity and southward IMF. This
southward IMF would allow magnetic flux to build in the tail, potentially resulting in a substorm-
related injection of energetic ions from the plasma sheet, providing the necessary free energy for
wave growth. This is supported by observation of increased AE around the time of both events (not
shown)[38] and decreasing Dst . Accurate determination of the plasmapause position is beyond the
scope of this initial selected event study though examination of WAVES high frequency data (not
shown) indicate the spacecraft is likely just inside the plasmasphere in each case.

For the April 23 event, it is likely that the 30nT decrease in local magnetic field strength allowed
previously stable plasma to become unstable to the temperature anisotropy instability. If the plasma
were marginally stable, relatively small changes in vA and/or convective growth rate would effec-
tively switch the wave on and off. The HM wave amplitude is only ∼ 2% compared to the back-
ground field and the density perturbations are up to 50% of the total cold plasma density. Thus the
plasma density is the major contribution to the vA variation. Previous observations by Fraser et al.
[5] have shown EMIC wave growth at broad minima in vA, corresponding to lower group velocities
and a higher convective growth rate by equation 1. The current study is the first known instance of
this mechanism being observed at the fine-scale with individual packets in a single event. Many of
the wave packets occur near minima in Bµ , though they correlate more clearly with perturbations
in the cold plasma density. Thus it is uncertain what role the HM wave plays in this instance. It is
possible that the HM wave electric field may act to organise the spatial structure of the cold plasma,
and this will be investigated.

The second event on July 25 is more likely driven directly by the hydromagnetic wave fields as large
fine-scale density variation correlating with the EMIC wave packets is not present or is hidden by
the low resolution of the electron density data. Vg is sensitive to the magnitude of the magnetic
field and may vary the convective growth rate. It is also possible that the temporal variation (time
derivative) of the HM wave field may play a role in the growth or organisation of the wave packets,
and this will be considered in subsequent studies. Gamayunov et al. [36] posited that hydromag-
netic waves in the 2-22mHz range may provide seed fluctuations for EMIC wave growth through a
nonlinear wave energy cascade. This idea is an alternative to the direct modulation of the convec-
tive growth rate by compressional waves and this cascade would only occur with transverse HM
field components. As this event shows compressional and transverse wave amplitudes of similar
magnitude, it is difficult to determine which may be the dominant mechanism.

Previous statistical analyses have shown that pearl-type EMIC waves represent only about 20%
of total EMIC wave satellite observations [22]. For these pearl-type events, HM activity is often
observed though consistent phasing between the HM wave and packets is not. Coupled with uncer-
tainty in whether the satellite is in the generation region and the shortage of clear pearl-type EMIC
wave observations, it is difficult to determine how important the phase relationship is and what other
factors may contribute to the EMIC wavetrain structure. For example, substorm injected energetic
ions often contain heavy ions like He+ and O+ which can substantially modify the wave growth,
in addition to cold ions that are often already present in the background cold plasma [3]. The ion
composition of the plasma will be considered in subsequent data and simulation investigations.
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Conclusion

EMIC waves are commonly observed in Earth’s magnetosphere and are known to have important
roles in ion ring current decay and relativistic electron precipitation. The time-varying modulation
mechanism of the pearl-EMIC waves is still not understood. This paper presents observations
from one of the Van Allen probes of the direct relationship between low frequency hydromagnetic
oscillations, cold plasma density, and EMIC wave growth via the convective growth rate. In both
cases hydromagnetic waves with periods similar to the pearl repetition rates are observed, and
may provide the required time dependent modulation of plasma parameters. As there are several
potential and competing mechanisms for wave growth in each of the two events, further work is
required to isolate the effect of each. Future studies will involve simulating plasma parameters
derived from these events via a hybrid model such as that detailed by Winske & Omidi [38], with a
greater emphasis on the role of cold and energetic particles in the presence of HM waves.
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Summary:  The long-term sustainability of Earth orbit depends on the ability to monitor, track 
and predict the motions of all objects in Earth orbit.  The steady increase in the number of space 
objects in recent decades has driven the research community to develop new techniques to 
catalogue and characterise these objects.  Research institutions rely on affordable, small-
aperture telescopes to develop and test algorithms to achieve these objectives.  This paper 
describes the installation of a new 0.4m telescope at RMIT University near Melbourne, 
Australia, as part of a joint project with researchers at the Massachusetts Institute of Technology 
and University of Arizona.  An overview of the system hardware and software is provided, as 
well as results from several observation campaigns conducted in 2018. The paper concludes 
with a discussion of next steps and future research applications to be undertaken with the 
telescope. 
 
Keywords:  Small-aperture optical telescope; photometry; orbit determination; space 
situational awareness 
 
 

Introduction 
 
In recent years, Earth orbit has become increasingly congested with artificial space objects.  The 
large population of resident space objects (RSOs) has driven the need for space situational 
awareness (SSA), in particular to avoid collisions between active satellites and inactive debris 
objects. Because the number of objects vastly outstrips available sensor resources, the problem 
is data sparse, leading to a key challenge for researchers. In order to facilitate research in areas 
such as orbit determination, object characterisation, and sensor management [1-4], research 
institutions have begun deploying small-aperture optical telescopes to collect additional data, 
both individually [5-7] and in networks such as the International Scientific Optical Network 
(ISON) [8], Falcon Telescope Network [9,10], and SMARTnet [11,12]. 
 
Recent work has demonstrated the ability of low-cost, small aperture telescopes to perform 
useful research in space situational awareness. The Optical tracking and Spectral 
characterisation of Cubesats for Operational Missions (OSCOM) system developed at Embry-
Riddle University cost only $10K and is capable of producing high rate photometric 
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measurements of cubesats in Low Earth Orbit in order to estimate spin rates [6]. Similar 
experiments have been conducted with the Swisscube and Buccaneer cubesats, in which 
observations were compared against telemetry downlinked from the spacecraft [13,14]. 
Another low-cost optical system, Tracker Of Things In Space (TOTIS), was developed by the 
Defence Science and Technology Group (DSTG) in Australia to solve the joint search and track 
sensor management problem, allowing for the automated build-up and maintenance of a space 
object catalogue [7]. Across numerous other institutions and applications, similar projects have 
facilitated the development of innovative solutions to challenging problems in SSA. 
 
This paper provides an overview of the recently constructed Robotic Optical Observatory 
(ROO) hosted at RMIT University in Melbourne, Australia. In partnership with the 
Massachusetts Institute of Technology and University of Arizona, the 0.4m telescope is 
primarily intended for SSA research, in particular to gather astrometric and photometric data 
for objects in geosynchronous Earth orbit (GEO). By providing complementary data to sensors 
in North America, the ROO telescope enables collaborative research on space objects across 
the GEO belt. The paper provides a detailed description of the observatory hardware, software, 
location, and operations, as well as the results of the first observations collected with the 
telescope. Additional discussion highlights applications including community outreach and 
Science, Technology, Engineering, and Mathematics (STEM) engagement with primary and 
secondary schools. Finally, conclusions and proposals for future research are discussed. 
 
 

System Overview 
 
Hardware Description 
 
The main instrument is a 16-inch (0.4m) Starizona Hyperion Astrograph mounted on a Software 
Bisque Paramount ME II (Fig. 1).  The telescope is a Cassegrain reflector based on the Harmer-
Wynne optical design, which uses a parabolic primary mirror, spherical secondary mirror, and 
a doublet lens to correct the comatic aberration and astigmatism introduced by the mirror pair 
[15]. The telescope is equipped with a focal reducer that converts the focal ratio from f/7.3 to 
f/5.2. The main camera is a monochrome Atik 16200 charge-coupled device (CCD), with 6-µm 
square pixels in a 4499x3599 array, which results in a field of view (FOV) of 0.73x0.59 degrees 
with the reduced focal ratio. A colour version of the same camera has recently been purchased 
for astrophotography and STEM outreach applications, as discussed in the results section 
below. A shutter latency test was performed on the Atik 16200 CCD using the MaximDL 
software package. It was determined that a delay of 0.81 seconds exists between the computer 
sending the command to begin the exposure and the camera shutter opening. As such, each time 
stamp given to each exposure must have 0.81 seconds added to it to correct for this effect. In 
addition, a GPS receiver – the Sidereal Technology Time Server – is used to correct the 
computer’s operating system time to within 1ms every 30 seconds; this ensures that the images 
collected by ROO have an accurate time stamp. A secondary guider telescope and camera are 
mounted on top of the main telescope to assist with target acquisition and additional data 
collection. The entire assembly is housed in a fully automated 3m dome with a retractable 
shutter and rotating base.  A full summary of system specifications is provided in Table 1. 
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Fig. 1: Observatory hardware; (Left) Main and guider telescopes, cameras, focal reducer, 
and telescope mount.  Dome slit is open allowing clear view of sky.  (Right) Observatory 
control system (computer and dome control panel) and access point for power and data 

connectivity.  Telescope pier and dome are fixed to a concrete slab. 
 

Table 1: System Specifications 
 

Main Telescope Starizona Hyperion Main Camera Atik 16200 CCD 
Aperture 16-inch (406 mm) Pixel Size 6-µm x 6-µm 
Focal Length 2960 mm Array Size 4499 x 3599 pixels 
Focal Ratio f/7.3 (f/5.2 with focal reducer) FOV Size 0.52º x 0.42º (0.73º x 0.59º with focal reducer) 
  Scale 0.55 arcsec/pixel 
    
Guider Telescope Orion ShortTube 80 OTA Guider Camera Starlight Xpress LodeStar X2 
Aperture 80 mm Pixel Size 8.2-µm x 8.4-µm 
Focal Length 400 mm Array Size 752 x 580 pixels 
Focal Ratio f/5 FOV Size 0.92º x 0.68º 
  Scale 4.35 arcsec/pixel 

 
Location and Installation 
 
The observatory is located at RMIT University’s Bundoora West Campus, on the roof of 
Building 201 as shown in Fig. 2 and with coordinates provided in Table 2. The location is 
approximately 20km northeast of Melbourne city centre, providing some respite from the city’s 
background light pollution. The view is partially obstructed by a brick wall to the west, as seen 
in the inset of Fig. 2 and Fig. 3; however, the telescope has an otherwise unobstructed view to 
the north, in particular, to the GEO belt.  
 

Table 2: Location Parameters 
 

Latitude Longitude Height 
37.68º S 145.06º 172 m 

 
Installation of the observatory was completed in October 2017, with the assistance of multiple 
staff and graduate students (Fig. 3). The ScopeDome 3m dome required two days to assemble 
and is fixed to the concrete slab with a series of bolts. The telescope mount is attached to a 24-
inch pier fixed to the slab with four bolts. Power and data connections are run through conduits 
in the slab to the equipment inside. The observatory is equipped with a weather station and 
uninterruptible power supply in order to support remote and automated operations. In the event 
of bad weather or a loss of power, the system will execute a shutdown procedure and close the 
dome shutter. 
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Fig. 2: Observatory location in Bundoora, VIC, approximately 20 km northeast of Melbourne. 

 

 
 
Fig. 3: Some members of the “ROO Crew”, from left: J. Daquin, J. Currie, Y. Yang, S. Gehly, 

R. Norman, S. Le May, H. Cai 
 
 
Operations 
 
At this stage in the project, observations are collected manually onsite or through remote login 
to the observatory computer. TheSkyX software package produced by Software Bisque is used 
to connect to and operate all equipment, including the dome, mount, and cameras. At the 
beginning of an observation session, a set of Two Line Element (TLE) data is downloaded for 
all objects to observe that night. After loading the data into TheSkyX, objects can be observed 
in satellite tracking mode, in which the telescope follows along the satellite orbit and stars 
appear as streaks in the background of camera images, or they can be observed in sidereal 
tracking mode, in which stars show up as points and objects streak across the image. The former 
case is more useful for photometric data analysis, while the latter is more suited to astrometric 
measurements to be used in orbit determination.  
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Fig. 4: Automation Architecture 
 
Work is currently underway to automate operation of the observatory, first to allow users to 
schedule lists of objects to observe in advance of sessions, and ultimately to allow automated 
scheduling by the observatory software to produce data needed to achieve research objectives 
in orbit determination and object characterisation, similar to the TOTIS system [3]. The overall 
software architecture of the system is presented in Fig. 4. When and where possible, the 
observatory will be tasked to collect data complementary to partner organisation research 
objectives, such as performing simultaneous observation of UNSW Canberra cubesats with 
Falcon network telescopes. 
 
 

Observation Campaign Results 
 
First Light 
 
The first satellite image collected from the telescope was of the National Broadband Network 
(NBN) Skymuster 1, as seen in Fig. 5, on 2018-01-16. The telescope was operated in sidereal 
tracking mode, such that stars show up as points and satellites streak across the image. In Fig. 
5, the streak closest to the right is the NBN Skymuster satellite, with two additional satellites 
also captured in the field of view.  

 
 

Fig. 5: (Left) First satellite image collected 2018-01-16 12:43:20 UTC. NBN 1A Skymuster 
(NORAD 40940) appears as streak to far right of image. Additional streaks correspond to 

EXPRESS AT-2 (NORAD 39613) and EXPRESS AM-5 (NORAD 39487). Stars used for 
astrometric solution indicated in yellow. (Right) TLE data mapped to topocentric 

measurement space at this time depicting Skymuster and nearby objects. FOV is indicated by 
dashed line allowing for identification of objects in image. 
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The Flexible Image Transport System (FITS) file was processed in AstroImageJ [16] and plate 
solved using astrometry.net to produce accurate astrometric locations for all objects in the 
image; stars used for this solution are indicated in the left subfigure. The right subfigure plots 
the location of the NBN Skymuster satellite (NORAD 40940) in topocentric spherical 
coordinates along with several nearby objects. Additionally, the field of view is indicated by a 
dashed line allowing for visual identification of the objects captured in the image. 
 
GEO Photometry Campaign 
 
As a first application for the observatory, a set of six objects in GEO and geostationary transfer 
orbit (GTO) were observed on the nights of 19-21 April, 2018. The objects included active and 
inactive satellites and a rocket body, and the telescope was commanded to track each object 
along its orbit for a period of approximately ten minutes, using the TLE as the state estimate 
and the SGP4 propagator included in TheSkyX software. Object tracking was not updated based 
on the images collected. After cycling through all objects, the schedule was repeated to collect 
a total of three passes for each object. On the night of 20 April, 2018, the Falcon telescope at 
UNSW Canberra was commanded to observe the same objects simultaneously, allowing for 
comparison of the lightcurves generated at each location. This section presents a subset of the 
lightcurves generated from the dual collection, for the inactive GTO satellite Sloshsat-FLEVO 
(NORAD 28544) with osculating orbital elements provided in Table 3. 
 

Table 3: Sloshsat-FLEVO Osculating Orbital Elements at Epoch of First Observation 
 

SMA [km] Eccentricity Inclination RAAN AoP Mean Anomaly 
22916.8 0.709 7.193º 343.299º 347.480º 74.469º 

 
To collect images for photometric analysis, the telescopes were operated in satellite tracking 
mode, using the TLEs to follow each object along its orbit. Fig. 6 provides a sample image for 
each telescope tracking Sloshsat-FLEVO at approximately the same time. In both images, the 
object appears as a point with background stars captured as streaks. The Falcon telescope has a 
significantly smaller field of view, approximately 0.18 degrees on each side, which accounts 
for the difference in scale between the images and the number of stars present. 
 

 
 

Fig. 6: Images of Sloshsat-FLEVO (circled in red) and surrounding starfield. (Left) ROO 
FOV is significantly larger, capturing additional stars and reducing scale of object.  Sloshsat-

FLEVO identified using time series of frames.  (Right) Falcon image in smaller FOV. 
 
Fig. 7 presents the set of dual-collect lightcurves from the ROO and Falcon telescopes. In all 
cases, the images were processed using AstroImageJ to compute the signal-to-noise ratio (SNR) 
at each time. Higher values of SNR indicate points of increased brightness relative to the 
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background noise; sharp peaks indicate specular glints from various surfaces of the spacecraft. 
The FITS file headers contain timestamps in UTC for each image. The timestamps 
have been used to generate a common time axis for the data from each telescope, measured in 
seconds from the start of the pass, which allows for direct comparison of the SNR values. The 
peaks in the left subfigure likely correspond to reflections from the spacecraft body, which is a 
90cm cube as shown in the right of Fig. 7. The overall profile suggests a rotation of the Sloshsat-
FLEVO satellite. The peaks for the lightcurves collected by both ROO and Falcon systems line 
up well and the time between peaks throughout the pass is about 40 seconds. If these represent 
body panels 90 degrees apart, the apparent rotation rate is approximately 2.25 degrees per 
second, without correcting for orbital motion and assuming that the camera frame rates are high 
enough to capture glints without aliasing the object rotation rate. Both ROO and Falcon used a 
5 second exposure for this object, leading to a frame rate of approximately 0.1 Hz for ROO and 
0.13 Hz for Falcon after accounting for camera shutter close and readout time. 
 

 
 

Fig. 7: (Left) Lightcurves from both ROO and Falcon for the inactive GTO object Sloshsat-
FLEVO.  (Right) Sloshsat-FLEVO and engineering team. Copyright 2004 

ESA/CNES/Arianespace-Photo Service Optique Video CSG. 
 
It is also apparent in the left panel of Fig. 7 that the magnitudes of the peaks change during the 
course of the pass. The Falcon lightcurve shows a periodic variation, beginning with high 
amplitude peaks before dropping and increasing twice more during the pass. By contrast, the 
ROO lightcurve starts with small amplitude and steadily increases during the pass. This may 
indicate the object is rotating about more than one axis, with a fast spin axis and slower 
precession or nutation that causes the orientation relative to the Sun and observation location to 
change.  Finally, the overall SNR for the ROO data is higher than that for the Falcon data.  In 
other lightcurves collected that night, the Falcon generally has a higher SNR, due to the larger 
aperture of the main telescope and location of the sensor at higher altitude and in an area with 
less background light pollution. Collectively, these features enable the telescope to collect more 
light while suffering less from noise and atmospheric attenuation. It is possible that the 
spacecraft is oriented in such a way as to produce a more direct reflection to ROO at this 
particular time. 
 
GEO Orbit Determination Campaign 
 
In addition to the photometry experiments, several GEO and Global Navigation Satellite 
Systems (GNSS) satellites were observed to demonstrate an orbit determination application. 
Results are presented for the Japanese GNSS satellite QZS-1, which is in an inclined GEO orbit, 
observed on 29 October, 2018. The reference orbit is obtained from the Multi-GNSS 
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Experiment and Pilot Project (MGEX) of the International GNSS Service (IGS) in the format 
of an SP3 file1. 
 
ROO images spanning approximately 11 minutes have been processed to extract topocentric 
right ascension and declination angles measurements for the object. A total of 48 pairs of angles 
are used in the orbit determination process.  First, the precision of these angles is assessed by 
calculating the pre-fit residuals. The QZS-1 reference orbit is used to obtain the calculated 
angles, and the difference between these calculated angles and the angles extracted from ROO 
images are shown in Figure 8. For right ascension, the mean and standard deviation of the pre-
fit residuals are -0.71 arcsec and 3.0 arcsec, respectively. For declination, the values are 12.8 
arcsec and 2.7 arcsec. 
 
A batch least squares estimator is used to determine the orbit of the QZS-1 satellite based on 
these angles. A set of TLE data is used for filter initialisation. A standard deviation of 5 arcsec 
is applied as the measurement noise for both right ascension and declination in the minimum 
variance estimate. The orbit is predicted by a numerical propagator that considers a 20×20 
spherical harmonic expansion of the Earth gravity model, third-body attractions from the Sun, 
Moon and other planets, and a simple cannonball solar radiation pressure model. Three tests 
have been run with 16, 32 and 48 pairs of angular measurements, respectively. The position 
errors in cartesian coordinates with respect to the reference orbit are given in Table 4. The 
results indicate that the 3D error reduces as the number of measurements increases in the orbit 
determination process. 
 

Table 4: Orbit Determination Accuracy for QZS-1 Satellite at Epoch Time 
 

 X Error [km] Y Error [km] Z Error [km] 3D Position Error [km] 
Case 1 (16 obs) 11.214 -14.381 -9.318 20.480 
Case 2 (32 obs) 1.939 -2.502 -3.760 4.915 
Case 3 (48 obs) 1.674 -2.178 -3.610 4.536 

 
 

 
Fig. 8: Pre-fit residuals for QZS-1 angles 

                                                             
1 http://mgex.igs.org/IGS_MGEX_Products.php 

0 2 4 6 8 10 12
-15

-10

-5

0

5

R
A 

An
gl

e,
 A

rc
se

c

0 2 4 6 8 10 12
Minitues Since the First Epoch

5

10

15

20

25

D
ec

 A
ng

le
, A

rc
se

c



Proceedings from 18th Australian Space Research Conference, 2018     Page 27

 
Asteroid Tracking/Monitoring 
 
Another application of ROO is asteroid/comet identification and tracking for both education 
and research purposes. Following ROO’s installation in late 2017, asteroid (276033) 2002 AJ 
129 made a close approach to Earth on 4 February, 2018 at 21:31 UTC. At this time, 2002 AJ 
129 came within 4.2 million kilometres of Earth (within 11 Lunar distances), travelling at 
approximately 34 km/s2. Figure 9 is a composite of three 15-second exposures of the 2002 AJ 
129 pass captured by ROO approximately 10.5 hours prior to its closest approach. This time 
corresponded to just prior to midnight local time. The arrows indicate the location of the 
asteroid within each of the three exposures at 12:52, 12:54 and 12:57 UTC, from left to right. 
The images were taken at the low elevation angle of ~11°, so additional image processing for 
presentation purposes was necessary.  
 
Normally, the identification of asteroids in optical images requires at least two images of the 
same location in the sky that are separated by an extended period of time (i.e., hours to days, 
depending on the relative angular velocity of the asteroid). In the case of this close pass, the 
asteroid was close enough and travelling fast enough for the asteroid to appear as a noticeable 
streak in each 15-sec exposure. In addition, the exposures also show a significant change in the 
position within the star field within only a few minutes. These observations of the 2002 AJ 129 
asteroid pass demonstrate that ROO has capabilities beyond its primary function of satellite and 
debris tracking in Earth orbit that will prove beneficial for both education and research 
activities. 
 

 
 

Fig. 9: Three stacked images taken of asteroid 2002 AJ 129 on its closest approach to Earth 
on 4 February, 2018. The asteroid locations at 12:52, 12:54 and 12:57 UTC are indicated by 

the arrows from left to right. 
 
Astrophotography and STEM Outreach 
 
In addition to SSA applications, the observatory provides an ideal opportunity to do community 
outreach in science and engineering, and in particular, to promote STEM education in local 
primary and secondary schools. An important goal of the project is to develop and implement 
a process by which teachers and students can propose objects to observe, modelled after the 

                                                             
2 https://ssd.jpl.nasa.gov/sbdb.cgi?sstr=2276033;cad=1 
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Falcon Telescope Network’s First Light project. ROO operators can work with students to 
refine requests and ensure they are feasible and sufficient to achieve the desired outcomes. In 
addition, the group can host viewing parties open to the community and other departments at 
RMIT to encourage collaboration and interest in astronomy and science more broadly. In 
support of these activities, the observatory can be used to collect images of astronomical objects 
of interest, including planets, galaxies, stellar clusters and nebulae. As an example, Fig. 10 
shows four 300-second exposures of popular astronomical objects for astrophotographers taken 
by ROO using the Atik 16200 colour camera, using only limited post image processing. Despite 
being located in the greater Melbourne area where light pollution is an issue, Fig. 10 shows that 
ROO is still capable of capturing beautiful images of space. 
 

 
 

Fig. 10: Examples of astrophotography performed using ROO, fitted with an Atik 16200 
colour camera. On the top, left to right, is the Flame Nebula (NGC 2024), the globular cluster 

Omega Centauri (NGC 5139), and on the bottom is the Orion Nebula (NGC 1976) and the 
Horsehead Nebula (B33). 

 
 

Conclusions 
 

This paper provided a detailed description and initial results from the newly installed Robotic 
Optical Observatory in Melbourne, Australia. Comparisons of photometric data between ROO 
and the UNSW Canberra Falcon telescope showed good agreement, and allowed for the 
inference of spin rates associated with an inactive space object.  Orbit determination was 
successfully performed for a GEO satellite using angles-only measurements derived from 
optical images.  Use of the telescope is not limited to tracking objects in Earth orbit, and plans 
are currently being developed to work with local schools to promote STEM education. A 
number of tasks remain to transition the observatory to fully automated operation. Software is 
being developed and tested to compute astrometric and photometric measurements from images 
in order to streamline data processing. Previous research by the authors has examined methods 
to correlate tracklets to perform data association and initial orbit determination, which would 
make ideal research applications for the telescope. In addition, when the system is fully 
automated and able to compute orbits from data, it will be possible to develop and test higher 
level algorithms to perform sensor management, object characterisation, and event detection. 
Ultimately, the objective is for the observatory to facilitate the development and testing of novel 
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algorithms to perform autonomous collection and exploitation of data for objects in the near-
Earth space environment. 
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Summary: Mars Society Australia continues to research and develop micro and nano-rover 
class vehicles for planetary science applications. Such a small vehicle uses open source 
electronics and sensors to make the project more affordable. In this work open source sensors 
were trialled to determine their utility in sampling environments analogous to Mars. One such 
experiment investigated the utility of conducting thermal inertia measurements at surface 
level. Although conducted from Martian orbit, no lander mission has ever undertaken thermal 
inertia measurements on the Martian surface. In this work, thermal inertia experimentation 
using non-contact thermometer measurements of basalt was trialled over a 24-hour period.  
Additionally, reflectance experiments using a low-cost spectrometer were conducted and 
results compared with a laboratory-grade instrument. The data returned from these 
experiments will assist in optimizing the science package of small roving vehicles. 
  
Keywords:  Mars, rover, vehicle, geology, analogue. 
 
 

Introduction 
Mars Society Australia continues to research and develop micro and nano-rover class 
vehicles for planetary science applications [1]. One of the tradeoffs of vehicles of this size is 
the limited number of science experiments that can be carried on board [2, 3]. This is a result 
of limited size, weight and power availability for these vehicles. Though not able to compete 
with rovers the size of MER or Curiosity [4, 5], the smaller size and lower cost of nano-
rovers would make them more attractive options for space agencies with limited budgets. The 
advancement of microelectronics has placed low cost sensors and instruments into the 
capability of small groups and individuals. Such a small vehicle using open source electronics 
and sensors, at least in the engineering mockup stages, would make projects more affordable 
[1, 3]. 

In this work, open source sensors were trialled to determine their utility in sampling 
environments analogous to Mars. One such experiment investigated the utility of conducting 
thermal inertia measurements at surface level. Although conducted from Martian orbit [6, 7], 
no lander mission has ever undertaken thermal inertia measurements on the Martian surface. 
In this work, thermal inertia experimentation using non-contact thermometer measurements 
of basalt was trialled over a 24-hour period.  Additionally, reflectance experiments using a 
low-cost spectrometer were conducted and results compared with a laboratory-grade 
instrument. The data returned from these experiments will assist in optimizing the science 
package of small roving vehicles. Results from the sensors are detailed below. 
 
Thermal Inertia 
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Sensors that were used to generate global thermal inertia coverage have been carried on board 
Mars orbiters [6, 7]. Thermal inertia is useful for inferring surface geology as it exploits 
objects of different sizes heating and cooling at different rates. Smaller materials such as fine 
sand heat and cool faster than larger materials, such as pebbles [8, 9, 10]. Although thermal 
inertia measurements can be affected by local factors such as topography, surface induration 
and atmospheric effects, it has been a useful tool for inferring surface geology where direct 
measurements are not possible [11, 12]. 

To date no thermal inertia experiments have been carried out on the surface of Mars. 
Such an undertaking would be useful in helping to ground-truth and refine previous 
measurements from orbit [6]. This would assist in a better understanding of Martian geology. 
Our A4 Rover carried a Melexis non-contact thermometer that was used to generate 
temperature readings over a 24-hour period. The Melexis was sensitive to temperatures 
between -40 and 125oC [13]. Basalt, a common material on Mars [14], was chosen as a 
substance on which to conduct a thermal inertia experiment. The experiment was set up using 
basalt samples of three different sizes: coarse sand containing particles 2–3mm in size, gravel 
containing particles 5 mm in size and a rock consisting of a 20 cm diameter basalt stone. 

In order to test thermal inertia a swing arm was built that rotated the Melexis from the 
rover over the three basalt samples, measuring every minute over a 24-hour period. 
Following the experiment, temperature measurements of the three samples were graphed and 
differences between the temperature curves analysed. Thermal inertia (TI) was calculated 
using the formula [15]: 
 
TI = 1-Ab/(Tmax-Tmin)           (1) 
 
Where Ab was the surface albedo, Tmax was the maximum recorded sample temperature and 
Tmin was the minimum recorded sample temperature. Sample albedo was measured by using 
calibrated photographs of the samples under even lighting. Calibration was achieved by 
photographing colour swatches coincident with the samples. The colour swatches had their 
spectral reflectance values measured using an SR-3500 spectro-radiometer. These reflectance 
values were plotted with digital numbers from the equivalent swatches in the photographs 
and a fitted relationship was generated in a similar manner to previous research [16, 17, 18]. 
These relationships were used to generate albedo for the basalt samples. The resulting 
thermal inertia calculations using albedo measurements are shown in Table 1. 
 
Table 1. Thermal inertia results. 
Sample Thermal Inertia 
Rock 0.066 
Gravel 0.065 
Coarse sand 0.059 
 
 
Figure 1 A–C shows the basalt rock, gravel and coarse sand, respectively, as well as the 
colour swatches used in radiometric calibration. As shown in Fig. 1D and E the gravel (red 
line) reached the highest and lowest temperatures during the diurnal maxima and minima, 
respectively, while the temperature range of the gravel and coarse sand was more muted. 
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Fig. 1(A–C) Basalt rock, gravel and coarse sand. (D) Temperature curves over a 24-hour 
period. (E) Inset of temperature curves showing differences. 
 
Spectra 
 
Optical spectrometers have been invaluable instruments for understanding the physical 
properties of light for the past two centuries [19, 20, 21]. Spectroscopes have also been 
carried on board planetary science missions, including stationary and mobile landers to the 
surface of Mars. Examples have included the use of spectroscopy to identify the presence of 
hematite at Meridiani Planum with the Opportunity Mars rover [22, 23]. Terrestrial 
precursors of these missions included versions of spectroscopes in order to provide proof of 
concept prior to designing flight versions of the hardware. These have included the Rocky 
series of rovers that preceded the Sojourner rover mission, the Field Integrated Design and 
Operations (FIDO) rover used to test operations for Mars Exploration Rovers [24], and 
Marsokhod field trials [25]. 

Recent advances in low-cost microprocessors and sensors have allowed for the 
development of low-cost spectrometers for robotics research. Sparkfun AS7262 and AS7263 
spectral sensor boards were chosen for our A4 Rover and provided 10 spectra readings 
between 450 and 860 nm [26]. Two boards were chosen, the first providing readings at: 450, 
500, 550, 570 and 610 nm and the second board sampling at: 680, 730,760, 810 and 860 nm. 
The boards were trialled for reflectance performance with seven materials and seven colour 
swatches and results compared against the laboratory grade SR-3500 spectro-radiometer. 
Measurements were performed using a photo lamp with a setup similar to our previous 
research [27]. 
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Figure 2 shows the fitted relationships between the A4 Rover readings and the 
laboratory instrument. R2 values were typically 0.95 or greater, indicating good performances 
for the Sparkfun sensors. 
 

 
 
Fig. 2 Comparison between SR-3500 spectroradiometer and custom spectrometers in visible 
and NIR spectrums. 
 
Figure 3A–D shows comparative spectra for a leaf, olivine, rust and hematite. The spectra 
have been normalised for reflectivity, giving a range between 0 and 1. As shown in Fig. 3 A–
D, minor variations were observed between the Sparkfun and SR-3500 spectro-radiometer. 
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Fig. 3(A–D) Normalised spectral responses between the Sparkfun and SR-3500 
spectrometers for leaf, olivine, rust and hematite samples. 
 
Surface Roughness 
 
A three-axis accelerometer was initially included in our A4 Rover design to experiment with 
inertial navigation. We found that readings from the device were too noisy for this purpose, 
so instead accelerometer readings were used to characterise surface roughness. The use of 
accelerometers in this way has been performed in previous research and has shown utility in 
inferring surface properties [28]. The accelerometer used in this test was a GY-521, also 
known as an MPU6050. This sensor has been used for inertial navigation and self-balancing 
robots [29]. 

The A4 Rover was driven over differing surfaces including: a custom high stick ramp 
for a control, dry beach sand, wet beach sand, 1–2 cm pebbles, and 5–10 cm stones. 
Examples of some of the surfaces are shown in Fig. 4A–D. The rover was driven over these 
surfaces three times and accelerometer measurements were sampled 10 times per second. Of 
these, the x-axis measurements were found to be most sensitive to differences in traversed 
surfaces. X-axis output from the averages for the five surfaces is shown in Fig. 5A. 
Measurement standard deviations were used to infer surface roughness and are shown in Fig. 
5B. 

As shown in the graph, dry sand appeared to show the least variation, being able to 
deform to the wheels of the rover and dampen impacts between the wheels and the terrain. 
Variations increased on trials of the wet sand and loose regolith, respectively. The large 
stones were the roughest, with wheels of the A4 Rover recording higher energy impacts with 
this surface than the other trialled materials. The rocky regolith test (dark red line, Fig. 5A) 
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presented large spikes in the x-axis. These coincided with the rover climbing particularly high 
(5 cm size) rocks. 
 

 
Fig. 4(A–D) Surface types used for IMU measurements by the A4 Rover. Note the 10 cm 
rocky surface is not shown. 
 

 
Fig. 5(A) Plot of IMU roughness readings from driving the rover on five different surfaces. 
(B) Standard deviation outputs of the IMU results. 
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Discussion 
Obtaining useful science from a small rover has been a persistent challenge due to size, space 
and power generation constraints [30]. Thus, intelligent choices of a scientific payload, as 
well as maximizing the amount of science returned from the limited number of instruments 
carried are paramount for micro-rover operation. The Sojourner Rover, which landed on Mars 
in 1997, carried one primary science instrument beside the camera [31], whereas our A4 
Rover, although smaller, was able to return data from three open source sensors. Thermal 
inertia results were successfully returned from the Melexis non-contact thermometer sensor. 
This research sampled temperature data from basalt every minute over a 24-hour period. On 
Mars, such a regime carries risk as it would require a rover to remain stationary over a feature 
of interest for an entire Martian day, excluding mobility or other science operations during 
that time. Field capture of thermal inertia could instead be achieved by reducing temperature 
readings to dawn, at the coldest period, and just after midday where local temperatures would 
be highest. This would minimize the requirement for the rover to remain stationary. 
 This work also demonstrated that scientifically repeatable spectroscopy measurements 
could be achieved using low-cost sensors and a small rover (Fig. 2, Fig. 3A–D). Although the 
sensors were only sensitive to visible/near infrared wavelengths [26], our research 
demonstrated that these are sufficient to distinguish between oxidised minerals such as iron 
oxide and hematite, and olivine minerals which are commonly found on Mars [32, 33, 34]. 
Sampling of discrete wavelengths was also sufficient to measure the characteristic 
photosynthetic vegetation curve (Fig. 3A). This allows for future investigation into analogous 
astrobiological environments, such as hot springs and cold environments on Earth [35, 36]. 
 Further scientific return was also achieved using the on-board IMU (Fig. 5). Although 
intended for inertial navigation, the raw measurements were sufficient to characterise surface 
types that would be found on Mars [14]. The variation in IMU sensor readings was found to 
be a function of the hardness of the surface the rover travelled. Moving forward, these results 
obtained from Earth analogue trials can be used as baselines for inferring surface types in a 
Martian environment. 
 

Conclusion 
 
This research demonstrated the ability of a micro-rover to obtain a number of useful scientific 
measurements using small size and low-cost sensors. Thermal inertia measurements were 
successfully obtained, opening up the possibility of ground-truthing Mars orbiter 
measurements. Spectroscopy and surface roughness measurements were also successfully 
obtained, which would supplement thermal inertia and separate imaging experiments. These 
science tests are also successfully being used to promote science and engineering to schools 
and interest groups. 
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Summary: No nano-rover (2 kg) class vehicle has ever landed on Mars. Such a small vehicle 
would make it an ideal secondary payload with its own independent mission in a similar 
manner to Cubesat missions. Two nano-rovers, approximating the footprint of an A4 sheet of 
paper (29.5 x 21 cm) were constructed to characterise and evaluate the application of skid 
steer drive system on which was conducted a series of mobility tests on surfaces expected to 
be found on Mars. Metrics from these tests were generated that were able to identify mobility 
limitations and potential catastrophic failures for the vehicle. The tests were used to improve 
the design of the A4 Rover project, as well as provide informed decisions on generating 
engineering constraints for Martian landing site selection. 

Introduction 

This work builds on previous research into designing and testing an efficient suspension 
system for a small rover.  In 2015 we proposed the design of an A4 sized rover, smaller than 
the Sojourner Truth rover that went to Mars as part of the NASA Pathfinder mission [1], that 
could be flown as a secondary payload and increase the data returned from a robotic Mars 
lander mission [2]. Rovers this size would make it more affordable to design, build, test and 
fly, compared to larger vehicles such as Curiosity [3, 4]. Open source electronics also 
facilitate the inclusion of useful scientific sensors. [5]. 

In this research two rover chassis designs were tested on a variety of surfaces and slope 
angles to characterise performance on potential Martian surfaces that might be encountered 
[6, 7, 8]. Traversing the Martian surface has significant advantages compared to a fixed 
lander mission as more science is able to be returned [9, 10, 11, 12], though the diversity of 
the terrain has also presented significant challenges to robotic mobility [13, 14]. Although our 
work has tested mobility designs of this size, ongoing refinement of chassis suspension to 
characterise mobility remains crucial in the design process and has implications for selecting 
suitable landing sites for the mission [15, 16, 17]. Understanding of peak loads and slippage 
the surface would impart on the vehicle has been considered as paramount in previous flight 
rover testing [7, 12, 18]. The mobility testing conducted for Sojourner and the MER Rovers 
was used to determine engineering constraints that helped determine suitable landing sites for 
operations of these rovers [7, 12, 18]. Additionally, characterising the power requirements of 
the rover while traversing differing slopes will provide essential information for power 
management. In this work the mobility of two chassis designs was tested on differing 
surfaces, and overall results were compared. Additional testing included obstacle avoidance 
sensor accuracy testing, and negotiation of rough terrain.  
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Rover Operations 

Designs and Limitations 

Two rover designs were trialled in this work (Fig. 1). The Mk 2 Rover was built from 
aluminium machined by the University of New South Wales, Australia, and designed around 
a four-wheeled, rocker-bogie concept (Fig. 1A). Four wheels were chosen, as opposed to six 
wheels from previous Mars missions [8] to reduce power and size requirements that an extra 
two wheels would have required. This vehicle used two rocker bogie arms connected by an 
in-chassis differential. Although this suspension allowed for passive levelling and sealing 
moving parts from the outside environment [4], valuable space within the chassis was taken 
up by the differential and movement of the bogies was not entirely independent. 

 
Fig. 1. (A) Machined Mk 2 version of the A4 Rover. Key components are labelled. (B) Hand-
made Mk 3 version of the A4 Rover with independent suspension. 

Our previous research tested the mobility of a machine-made chassis on surfaces analogous 
to those that would be found on Mars. We found that the rocker bogie suspension limited the 
Mk 2 Rover’s ability to negotiate rough terrain. The bogies linked via differential forced 
wheels to lift off the ground and lose traction. This was particularly apparent on surfaces 
consisting of rocks 10–15cm in diameter. In extreme cases the rover was unable to drive 
forward and needed to be reversed from being stuck. 

Additionally, it was found that the 70 mm wheel diameter of the Mk 2 Rover (Fig. 1A) was 
too small for the rover. The size was chosen as a compromise between mobility and the 
amount of torque required to be provided by the drive motors. Despite this, the Mk 2 was 
unable to climb an obstacle more than half a wheel diameter on flat ground. The Mk 2 also 
frequently hung up on obstacles that contacted the underside of the vehicle. These limitations 
restricted the amount of terrain the rover could traverse on a planetary surface, and also 
limited the amount of landing sites available for exploration. 

A further limitation was the requirement to control the rover using two independent 
microcontrollers. The operation of the motors and reading of the science sensors was 
performed by an Arduino Mega, while imaging science was controlled by a Raspberry Pi 
[19]. This meant that extra power, weight and space were occupied by the separate 
microprocessors, as well as two separate communication systems consisting of a Wi-Fi link 
for the Raspberry Pi and a serial connection for the Arduino. 
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The Mk 3 Rover was constructed in order to resolve many of the limitations found with the 
Mk 2 design (Fig. 1B). The Mk 3 Rover carried the same non-contact thermometer and 
camera as the Mk 2, with the main electronics difference being the entire operation of the 
vehicle was solely controlled by a Raspberry Pi Zero. Electronics space and weight was 
reduced by half, with Wi-Fi being the only required means of communications with the rover. 

Table 1 shows the major components of the Mk 2 and Mk 3 Rovers, as well as weight and 
clearance. Data were recorded by the Arduino Mega for the Mk 2 and saved onto an SD card 
for later analysis. In the case of the Mk 3, data were stored within the Raspberry Pi SD card 
and sent via Wi-Fi to a ground station in response to a file transfer request. The scientific 
payloads were designed to provide useful data from a diversity of Martian landing sites [9, 
11]. 
Table 1. Major components of the Mk 2 and Mk 3 Rovers. 

Component  Specification 

4 x Maxon 16S Gb 24 motor (Mk 2) 45 RPM 

4 x 6 volt motor (Mk 3) 30 RPM (Mk 3) 

3 x Sony 18650 batteries 3.4 amp hour 

1 x Arduino Mega (Mk 2) 8 bit Microcontroller 

1 x VNH5019 motor controller [27] 10 amps per channel 

1 x AP220 (Mk 2) Serial modem for communication 

1 x GY-521 (Mk 2) 

(x-axis orthogonal to direction of travel) 

Inertial accelerometer 

1 x Melexis IR temp [28] Non-contact thermometer 

1 x UVM-30A UVA/UVB [29] Ultraviolet light sensitive sensor 

2 x Sharp GP2Y0A02YK IR sensors Obstacle avoidance  

Raspberry Pi Zero and RPi Camera 2592 x 1944 pixel resolution; human eye sensitivity 

Envirophat (Mk 3) Accelerometer, temperature and pressure measurement 

Base clearance (Mk2/Mk3, cm) 5/9.5  

Bogie travel (Mk2/Mk3, cm) 1.5/3 

Wheel base (Mk2/Mk3, cm) 18/24 

Weight (Mk2/Mk3, kg) 2.7/2.3 
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Following on from what was articulated in previous research [9, 11], the Mk 3 was designed 
to operate in small-scale areas of up to 100m2, on loosely consolidated terrain up to 15 
degrees slope. The science package enabled capturing of still RGB imagery, useful for 
geologic and geomorphic analysis, as well as environmental temperature and pressure 
measurements. The Melexis non-contact thermometer facilitated thermal inertia analysis at 
ground level, something which has traditionally been done from orbit [8, 9]. Although not the 
capability of the current Mk 2 and Mk 3 rovers, a degree of autonomous navigation and 
intelligent obstacle avoidance are planned for in future rover concepts. Part of optimising this 
concept of operations was to modify the rover speed to ensure greater ability to climb slopes. 
Thus the Mk 3 was planned on traversing at ~0.15 m/sec on flat, high friction surfaces. Speed 
made good estimates were considered, however time and budget constraints have precluded 
further research into rover navigation for this project and is beyond the scope of this paper. 

In lieu of the differential suspension system employed by the Mk 2, the Mk 3 rover possessed 
four bogies that were able to move independently via the use of suspension springs. As 
shown in Table 3, each bogie arm was able to travel up to 3 cm independently of the other 
arms. This would allow each wheel to encounter and negotiate an obstacle independently, 
without being linked to the remaining wheels. An additional advantage was increased space 
inside the rover chassis, as the suspension springs were located outside the body.  

The increased wheel base would have effects on the efficiency of skid steering for the rover. 
The greater skid steer angles afforded by the increased wheel separation between sides of the 
rovers, would reduce the torque required for a turn for a given mass, thus increasing the 
overall efficiency [4, 15]. In this work, similar mobility testing performed on the Mk 2 was 
also conducted on the Mk 3 to quantify the suspension performance in environments 
expected to be encountered by the rover.   

Methods 

Mobility Trial Methods 

In order to characterise the mobility of both the rovers we used the same testing regime for 
the Mk 2 [19] based on some of the methods used for testing the Spirit Rover. Spirit was 
driven over custom surfaces at angles of five-degree increments between 0 and 20° [7]. 
Surface types for the Spirit testing had included a high stick ramp, rocks (5–15 cm in size) 
and soft soil (consisting of 1.5–3 cm pebbles), dry and indurated sand (0.5–1 cm particle size) 
similar to what was expected to be encountered on Mars [7]. Figure 2 shows four of five 
surface types that the Mk 2 was trialled for mobility characterisation. The surfaces were 
chosen to provide an approximation of what may be encountered on Mars. The wet sand, for 
example, is analogous to the duricrust surfaces encountered by the Spirit Rover [8]. A fifth 
surface, consisting of a 5–15 cm rock garden was also used to characterise general obstacle 
clearance of the Mk 3 suspension. Table 2 shows the angles at which the Mk 2 was driven for 
these surfaces, typically ranging from flat to 20°. A custom-made wooden ramp coated with 
high grip paint was used for the first trials (Fig. 2A). The ramp represented the ideal surface 
for the rover to traverse [7] and provided a baseline from which to compare the other surface 
trials. The ramp was positioned at angles ranging from 0–25° and the Mk 3 commanded to 
drive forward at these angles. A similar process was conducted for the loose regolith surface 
(Fig. 2B), wet and dry sand (Fig. 2C–D). 

As the Mk 3 was driven forward on the surfaces, combined motor current was 
transmitted 20 times per second, which and recorded on a receiving laptop. Voltages were 
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also measured and logged 20 times per second using an Envirophat and analogue sensor. The 
resulting log file was then downloaded to a ground laptop for processing. Power draw was 
able to be calculated from the rover for each traverse. Measurements of the duration of the 
traverse and distance travelled enabled rover speed to be calculated. In order to compare 
these latest findings with the Mk 2, the traverses were conducted three times for each surface 
and slope, and the average was used for analysis [20]. Each rover drive command was 
executed to ensure a minimum of five seconds of rover traverse. This enabled acquisition of a 
minimum of 100 samples. The large number of samples per run, coupled with three runs, 
enabled for statistically significant results to be gathered and analysed.  
Wheel sinkage on surfaces where vehicle tracks were able to be clearly identified were 
measured. This information is important as wheel sink has led to situations where Mars 
rovers have become bogged in loose sand [8, 21]. Additionally, wheel sinkage can be used to 
infer the strength and composition of the surface, once wheel and drive characteristics are 
known [14, 22]. This has important implications to understanding the local geology of the 
exploration area [14]. 

Additional mobility trials involved tilting the rover along different angles of roll in order to 
simulate traversing a contour of the side of a hill. Both the Mk 2 and Mk 3 Rovers were 
driven at constant elevation with increasing roll angles of five-degree increments. Deviation 
from the horizontal line of travel was measured in order to obtain the degree of rover 
slippage. This experiment was conducted on the same surfaces as the slope tests; namely the 
high stick ramp, wet and dry sands, and loose regolith. As with the slope tests, tilt trials were 
conducted for a minimum of five seconds per run, repeated three times in order to generate 
statistically significant results. 
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Fig. 2. (A) Mk 2 rover on the high stick ramp. (B) Mk 3 trial on the loose regolith. (C) Mk 3 
trials on wet sand (D) Mk 2 on dry sand. 

 
Table 2. Surface types and angles trialled during mobility testing. 

Surface (particle size) Slope (degrees) 

High grip 0, 5, 10, 15, 20, 25 

Dry sand (0.5–1 mm) 0, 5, 10, 15  

Wet sand (0.5–1 mm) 0, 5, 10, 15, 20, 25 

Rocks (5–15 cm) 0 

Loose regolith (1.5–3 cm) 0, 5, 10, 15, 20 

  

Results 

Sensing of obstacles 
Detection of obstacles is an essential element of planetary exploration, assisting rovers in 
avoiding terrain that would be hazardous to the vehicle [4]. Ultrasonic or infrared sensors 
have traditionally been used for close to mid-range detection of obstacles in previous research 
[23]. Ultrasonic sensors use the time differences between the transmission and reception of 
high frequency pulses to determine distance and have been a favoured method of obstacle 
detection [24].  As the sensor is designed for the Earth’s atmosphere, operation in the rarefied 
atmosphere of Mars would make it impractical. IR sensors provide an alternative where near 
infrared light transmitted from the sensor is reflected from an obstacle and detected by a 
receiver [25]. As the sensor is light-based, it is able to operate in the absence of an 
atmosphere. 

The Mk 2 Rover was fitted with one Sharp IR sensor above each front wheel (Table 1, 
Fig. 1A) to facilitate obstacle avoidance. In this work the IR sensors were tested for accuracy 
by comparing their output with actual measurements between the obstacle and the sensor. 
Two test regimes were conducted: indoors and outdoors in direct sunlight. This was 
performed in order to determine the degree to which direct sunlight would affect the accuracy 
of the measurements, while the indoor trial was performed as a control. Three materials were 
used for the trial (Fig. 3A–C): 50% grey card, representing the best-case scenario for obstacle 
avoidance; a house brick, representing mid-tone oxidised minerals found on Mars [8], and 
basalt, a dark-toned volcanic mineral also found on Mars [8]. The materials were placed 2 cm 
away from the sensor and moved away from it in 1 cm increments. Three measurements were 
taken at each distance, with the result being an average of these measurements. 
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Fig. 3 A4 Rover outdoor experiments for measuring the accuracy of the IR obstacle 
avoidance sensor. (A) Grey card. (B) House brick. (C) Basalt rock. (D) Indoor results of 
samples. Black line represents actual distances measured; green and blue and red lines 
represent card, brick and basalt, respectively. (E) Outdoor measurements. Symbology is the 
same as part D. 
The results of the indoor testing are shown in Fig. 3D. Despite albedo differences between 
the card, brick and basalt the IR sensor curves resembled each other to an inferred distance of 
14 cm (red, green and blue lines, Fig. 3D). The sensor overestimated the distances between 
obstacles up to 3 cm and then underestimated increasing distances. The maximum inferred 
distance from the IR sensor was 10 cm (brick, Fig. 3D) while the basalt showed a maximum 
of 8 cm. Outdoor testing revealed increased sensitivity of the IR sensor to a maximum value 
of 17 cm for the card (Fig. 3E). The brick and basalt topped out at maximum readings of 15 
cm (Fig. 3E). 

Slope Crossing Trials	

Fig. 2A shows an image of the high stick ramp on which the Mk 2 and Mk 3 Rovers 
undertook the slope trials. The power requirements of the Mk 2 Rover increased almost 
linearly with an increase in slope (black line, Fig. 4A). Power draw for the Mk 2 increased to 
a maximum of 19.2 W at 20°. The speed of the Mk 2 decreased almost linearly with an 
increase in slope (black line, Fig. 4B), decreasing from 0.25 m/s on the flat surface to 0.12 
m/s on a 20° slope. The power draw for the Mk 3, while comparable in values, was less linear 
and began to flatten out past 15 degrees (Fig. 4C). Speeds for the Mk 3 decreased almost 
linearly with an increase in slope before dropping off sharply at 25°. This angle also equated 
with the point at which the Mk 3 was unable to climb the slope before slipping down. 
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Fig. 4 Power draw comparisons of the Mk 2 and Mk 3 Rovers traversing differing surfaces. 
(A, B) Mk 2 Rover power and speed measurements. (C, D) Mk 3 Rover power and speed 
measurements. 

Both the Mk 2 and Mk 3 Rovers were able to negotiate slopes up to 20° on loose regolith, 
though the Mk 3 exhibited a more linear increase in power draw than the Mk 2 (Fig. 2B, Fig. 
4A, and C). Power draw for the Mk 3 (maximum 19.2 W, Fig. 4C) was less than for the Mk 2 
(20.3W, Fig. 4A), though both were higher than for the high stick ramp values (Fig. 4A, C). 
The Mk 3 exceeded the Mk 2 in wet sand trials and was able to negotiate slopes up to 25° at 
speeds of 0.042 m/sec (Fig. 4C and D). In contrast the Mk 2 was only able to climb 20° 
slopes though speeds were faster than the Mk 3 (Fig. 4A and B). The Mk 3 was also able to 
negotiate higher slopes on dry sand than the Mk 2 (20° Fig. 4C compared to 10° Fig. 4A). Mk 
3 speeds at 20° (0.018 m/sec, Fig. 4D) were comparable to Mk 2 speeds on 10° slopes 
(0.017m/sec, Fig. 4B). Power draw for the Mk 3 was highest on the dry sand slopes of 20° 
(23W, Fig. 4C) of all the rover trials. 

Wheel Sink	

Wheel sink was assessed only on dry and wet sand surfaces where the rover tracks were 
visible and could be measured (Figs. 5A and B). Wheel sinkage for the Mk 2 was highest in 
dry sand, increasing from 1–3 cm (Fig. 5A) where the Mk 2 had sunk to its wheel hubs. On 
wet sand wheel sinkage performance was better, ranging from 0.3–0.5 cm between 0–10° 
slopes and increasing above 1 cm on 15° slopes (Fig. 5A). The Mk 3’s wheel sinkage (Fig. 
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5B) was found to be less than that of the Mk 2 (Fig. 5A), with sink less than 1 cm up to 15° 
on dry sand and 20° on wet sand. 

 

	

Fig. 5A. Measured wheel sink for the Mk 2 Rover on dry and wet sand. (B) Measured wheel 
sink for the Mk 3 Rover on dry and wet sand. 

Roll Slope Trials 
Figure 6A and B show the results of roll trials for the Mk 2 (Fig. 6A) and Mk 3 (Fig. 6B) 
rovers. In the case of the Mk 2 Rover the degree of slip increased as a power function 
according to an increase in roll slope angle. The degree of slippage at lower slope angles of 
5–10° tended to be much lower than slippage at 15–20°. As shown in Fig. 6A, the Mk 2 was 
best able to negotiate the high stick surface before slipping completely at 25°. The Mk 2 
slipped completely at 20° for the loose regolith, wet and dry sand surfaces. 

 
Fig. 6 (A) Slippage of the Mk 2 Rover traversing differing surfaces (B) Slippage of the Mk 3 
Rover traversing differing surfaces. 

 Results for the Mk 3 Rover showed a more linear increase for the wet sand surface 
before complete slippage at 25° (Fig. 6B). The Mk 3 showed lower degrees of slip than the 
Mk 2 for the loose regolith, wet and dry sand surfaces than the Mk 2 while experiencing more 
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than double the amount of slip than the Mk 2 on the high stick ramp (black line, Fig. 6A and 
B). The Mk 3 also experienced the greatest amount of slip on dry sand, being unable to 
negotiate a roll of 20° before experiencing total slip (Red line, Fig. 6B). 
 
Obstacle Trials 

Obstacle trials revealed the Mk 3 Rover possessed better mobility than the Mk 2 Rover. In an 
initial trial the Mk 3 was driven across a small gully 10 cm deep by 13 cm long (Fig. 7A). 
The rover was successfully able to negotiate this obstacle, and y-axis accelerometer 
measurements revealed changes in the rover attitude as it crossed the gully. The Mk 3 was 
also able to negotiate terrain consisting of rocks up to 15 cm in diameter (Fig. 7C, 
accelerometer measurements Fig. 7D). The Mk 3 experienced an average total deflection of 
10 cm per 70 cm of travel. 

 
Fig. 7 (A) The Mk3 rover traversing a sand obstacle. (B) accelerometer readings showing the 
presence of the valley (C) Rover traversing rough stony surface. (D) Accellerometer readings 
indicating vibrations felt through the rover. 

Discussion 
Sensor Trial	

Testing of the IR obstacle avoidance sensors on the Mk 2 revealed discrepancies between 
actual and measured distances (Fig. 3A–D). Although the sensor was able to detect objects in 
both an indoor environment and also direct sunlight, distance readings were mostly 
underestimated. Increased inferred distances over the 2–4 cm range was probably caused by 
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the sensor receiving too much reflected IR light at short distances. Underestimation of the 
distances exceeding 4 cm appeared to be a characteristic of this sensor, with underestimation 
occurring in both indoor and outdoor tests. Future modification to programming of the rover 
will focus on increasing the gain of the sensor in order for its inferred readings to better 
approximate actual measurements. Nevertheless, the sensitivity of the IR sensors would be 
sufficient to avoid obstacles that the rover’s wheels would have difficulty negotiating. 
Navigation would be assisted by using the over-wheel IR sensors to identify obstacles to the 
rover’s path. If preliminary analysis of returned rover imagery had identified this obstacle as 
scientifically interesting, the rovers would turn towards the obstacle, using both wheel 
sensors to position it, allowing the science payload to collect data, and then the rover would 
turn away onto a saver path. Although beyond the scope of this paper, future work will focus 
on integrating wheel sensor data with visual odometry data obtained from the camera to assist 
in rover navigation. 

	

Mobility and Power 

The Mk 2 and Mk 3 Rovers were trialed on four different surfaces in field conditions to gain 
metrics on rover power usage, wheel slippage and sink. We used similar tests to those 
conducted on previous Mars rovers, such as MER that included mobility and obstacle 
clearance tests [7]. Differences in results between each trial type amounted to less than three 
per cent, indicating that spurious variables were not being introduced in each trial run. This 
provided greater confidence in the statistical significance of the results for all the tests. We 
found the Mk 3 design overcame many of the limitations of the Mk 2, enabling it to climb 
higher slopes on wet and dry sand and overcome larger obstacles. Fully independent 
suspension for each wheel arm better allowed the Mk 3 to keep all four wheels in contact 
with the ground on uneven terrain. This was enhanced by the increased ground clearance and 
wider wheel base of the Mk 3 rover. The increased ground clearance enabled the Mk 3 to 
avoid the “hang ups” encountered by the Mk 2 when trying to climb over larger obstacles 
[19]. The larger wheel base also allowed for greater ability to straddle objects, as well as 
enhancements in skid steering. The enhanced performance negotiating valleys and rough 
terrain suggest fewer requirements for travel correction should this design encounter rough 
terrain as compared to the Mk 2 Rover. The larger wheels and lighter chassis of the Mk 3 
probably gave the vehicle increased wheel sink performance over the Mk 2. Additionally, the 
motors of the Mk 3 were 30 RPM versus 45 RPM for the Mk 2, allowing greater torques to 
be generated at the wheels. This vehicle was better able to negotiate increased dry sand slopes 
without getting bogged, enabling it to climb 20° slopes on dry sand and 25° slopes on wet 
sand (Fig. 4C, D). 

In the case of the roll slope trials, both the Mk 2 and Mk 3 Rovers were generally 
comparable with respect to the roll slope tests (Fig. 6A and B). The Mk 3 performed a little 
better than the Mk 2 on the wet sand and loose regolith surfaces, though was worse than the 
Mk 2 on the high stick surface. Two possible further methods of improving slip performance 
may be to increase the number of wheels used by the rover or adding steering servos to the 
bogies. These would have the disadvantage of increasing the complexity, size, weight and 
power requirements of the rover. Skid-steer testing between the Mk 2 and Mk 3 rovers were 
planned to be undertaken as part of the roll test series. These tests would have provided 
quantifiable data on the effects that the differing wheel bases between the rovers would have 
on the skid steer efficiency. Unfortunately, time and budget constraints precluded the 
performance of these tests and will be incorporated into future work.  



Page 52  Proceedings from 18th Australian Space Research Conference, 2018

Future modification to the Mk 2 chassis will involve making the rover smaller and lighter. 
The space between the wheels will be reduced by removing 4 cm from the rover’s overall 
length, and 2 cm from the width. This modification will make the apparent wheel diameter 
larger, potentially adding the advantages of larger wheels possessed by the Mk 3. Future 
testing will compare the performance of the modified Mk 2 with results presented here. 

Conclusion 
The A4 Rover project was designed to develop and field-test a 2 kg nano-rover in Mars-like 
conditions to develop a space qualified vehicle for planetary science. Refined suspension 
design on the third iteration of the rover project enabled greater maneuverability on rough 
terrain, as well as better ability to climb slopes. The vehicle was able to traverse slopes up to 
25° on certain surfaces and 20° on dry sand. Obstacle avoidance sensor testing revealed 
limitations in distance measurements. Future sensors, possibly using laser ranging, will be 
considered for this project to enhance obstacle detection. 
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Abstract

Near-Infrared spectra of Jupiter's South Equatorial Belt (SEB) with AAT/IRIS2 in the
H and K bands at a resolving power of R ∼ 2400 have been obtained. By creating line-
by-line radiative transfer models with the latest improved spectral line data for ammonia
and methane (HITRAN2016), we derive best models of cloud/haze parameters in Jupiter's
South Equatorial Belt. The modelled spectra fit the observations remarkably well except
for small, isolated discrepancies in the trough region of H2-H2 collision-induced-absorption
around 2.08 µm and the methane absorption level between 2.16 and 2.19 µm in K band
and at the high pressure methane window between 1.596 to 1.618 µm in H band.

Keywords: Near-Infrared, H and K bands, Atmospheric modelling, Jupiter, South
Equatorial Belt

1. Introduction

The near-Infrared spectra of Jupiter can be explained by different vertical structure of
clouds and their varied composition. These spectral features are dominated by ammonia
and methane absorption in Jupiter's hydrogen rich atmosphere. Formation and structure
of absorption bands can be interpreted as scattered/reflected Sun light from clouds at
different atmospheric (tropospheric) pressure levels.

Previously published models [e.g. 1, 2, 3, 4, 5, 6, 7, 8, 9] suggest three cloud decks
in Jupiter's upper atmosphere, which have different heights and opacities depending on
their latitudinal location (zones, belts and polar). They are located at approximately 7
bar (water cloud), 2-2.5 bar (ammonium hydrosulfide cloud) and 0.6-0.7 bar (ammonia
cloud) ”respectively” from lower to higher altitudes in the atmosphere. In our models,
we considered the upper two clouds with addition of a thin haze layer on top.

Our main focus in this paper is the models of Jupiter's near-Infrared H and K spectral
bands. These spectral regions probe the absorbed/scattered sunlight of different particles,
aerosols and gas molecules in the atmosphere, from the stratospheric haze down to the
upper tropospheric clouds. Each band is sensitive to different particle sizes and cloud
optical depths, therefore different atmospheric heights will influence the spectra. K band
is mostly sensitive to the level of upper tropospheric/stratospheric haze and H band to
the upper tropospheric pressures down to around 1 bar.
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In this study we characterised cloud/haze variations in Jupiter's SEB, focusing on the
cloud pressure heights and optical depths. In our paper we provide the observation and
data reduction details in Section 2 followed by description of our VSTAR-ATMOF model
settings in Section 3. The results and discussion explained and illustrated in Section 4
followed by a concluding section at the end.

2. Observations and data reduction

The data were obtained on 31st July 2010 with the InfraRed Imager and Spectrograph 2
(IRIS2; [10]) at the 3.9 m Anglo-Australian Telescope (AAT) (Table 1). The observations
described here are long-slit (7.7 arcmin long and 1 arcsec wide) spectral 3-D cube of
Jupiter at a relatively high resolving power of R ∼ 2400 in the H and K bands and spatial
resolution of about 1405.2 km/pixel on the planet's disk.

The image of Jupiter and the selected spectra corresponding to the central meridian
are shown in Figures 1 and 2 ”respectively”. In Figure 2, the dominant gaseous methane
spectral window is present (e.g centred at 1.600 micron) which make observing possible
to the higher pressure (deeper layers) in the atmosphere. The areas are surrounded by
regions of higher absorption and lower reluctance on their neighbouring wings. This is
the case for the J and H bands deep enough to ignore the hydrogen collision-induced-
absorption and only account for the gaseous opacity of methane. In K band, e.g. from
2.04 micron to 2.12 micron, (more obvious at the centre of the planet) the gaseous opacity
of the atmosphere increases due to increasing absorption contributions from both methane
and molecular hydrogen.

For the purpose of this work we focused on the H and K bands from (1.47 to 1.82
µm) and (2.04 to 2.37 µm) ”respectively” (Figure 3). Figure 4 shows different absorption
levels of the atmospheric species in H and K band regions. Image (A) shows the CH4

absorption band (∼1.673 µm) along with the characteristic structure of reflective clouds
in the atmosphere. The Southern Hemisphere is dimmer than the Northern, which is
indicative of cloud decks at higher pressures (lower altitudes). Image (B) in Figure 4
illustrates the CH4 absorption band (∼2.189 µm) of mid-high atmospheric cloud/haze
in both polar and equatorial regions. Image (C) in Figure 4 shows the spectral region
affected by H2-H2 collision-induced-absorption around 2.12 µm which affects the planet
disk with the exception of high stratospheric haze in both polar regions.

The Figaro Package of Shortridge et al. [11] was used to process our data as described
in Kedziora-Chudczer and Bailey [9].

Table 1: Observations of Jupiter on 31 July 2010.

Spectral Centre Mean Dispersion Start Time (UT) End Time (UT) Total Exposure

Bands (µm) (nm/pixel) (h) (h) (S)

H 1.637 0.341 15:12 15:26 720

K 2.249 0.442 14:37 14:52 720
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Figure 1: Jupiter image from 31/07/2010, shows 9 regions separated by red lines provided to visualise
the limits of zones and belts based on the visible image of the planet. The yellow circle shows the
modelled South Equatorial Belt (SEB) in this study located at 16-6 degrees South planetographic latitude.
Modelling the other regions (black circles) along the central meridian and additional longitudes are in
progress.
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Figure 2: The observed spectra of the planet in the J, H and K bands covering the area from 1.04 to 2.37
µm. The numbers presented in the vertical axis are for locating and aligning the spectra in the specified
locations. The spectral region in H band (∼1.47 to ∼1.82 µm) shows a gradual clearing in the amount of
upper tropospheric haze (opacity) from the centre of the planet towards the polar regions. The thickest
haze is visible in the equatorial zone and the thinnest in the poles. In the K band, the shape of the
collisional-induced-absorption (centred around 2.08 µm) changes from the planet's centre (EZ) towards
the poles. This may suggest that the compressed (less vertically extended cloud) and optically thicker
tropospheric cloud becomes thinner as we move poleward. The region centred around 2.15 µm is sensitive
to the stratospheric haze and shows a poleward clearance of small sub-micron particles. From top to the
bottom NP (north pole), NPB (northern polar belt), NZ (northern zone), NEB (northern equatorial
belt), EZ (equatorial zone), SEB (EB) (south equatorial belt), SZ (southern zone), SB (southern belt)
and SP (south pole).
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Figure 3: The observed H and K bands spectra of Jupiter's South Equatorial Belt (modelled in this
study).

Figure 4: Near-Infrared spectral 3-D cube images of Jupiter. They show different patterns of methane
absorption in H band (A) and K band (B, C).
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3. VSTAR-ATMOF model settings

Versatile Software for Transfer of Atmospheric Radiation (VSTAR) modular package
[12] and ATMOspheric Fitting (ATMOF) routine code [13] was used for our modelling.
Jupiter's atmosphere was divided into 46 layers of increasing altitude with specific pres-
sure and temperature (P-T) profile. The chemical composition in each layer was expressed
in terms of gas mixing ratios of molecules in the atmosphere. Ammonia and methane are
the main molecular absorbers in Jupiter's atmosphere. Their mixing ratios in our models
were chosen and adjusted to match the recent findings from Juno measurements [14] and
in situ measurements of the Galileo Probe Mass Spectrometer [15, 16] (Figure 5). The
P-T profile of Jupiter's atmosphere is based on Voyager's radio occultation experiments
[1, 17] (Black curves in figures 6, 7). Voyager's occultation based data in our models
provided a broader view of the planet's P-T profile around the equator, while the Galileo
Probe descended into a single point (a hot spot) in Jupiter's North Equatorial Belt (NEB)
[18] and cannot be the representative of a broader regional value (Kedziora-Chudczer and
Bailey [9]).

Dominant molecules of Jupiter's atmosphere are molecular hydrogen and helium which
may be the source of Rayleigh Scattering and also important source of collisional-induced-
absorption in the planet's dense gaseous atmosphere. This collision-induced absorption
(CIA) gives rise to the spectrum of overlapping lines with an impression of a smooth
absorption trough centred at around 2.08 µm. Since the atmosphere of Jupiter has about
89 % and 10 % hydrogen and helium ”respectively”, the collisional interactions between
both, H2-H2 and H2-He molecules need to be included in our models. It worth mentioning
that CIA mostly affects the K band region as its effects in J and H bands are small due
to low CIA absorption coefficients between two prominent bands.

We have also assumed an equilibrium ortho/para H2 ratio and H/He ratio of 0.898/0.102
in our models. The latest spectral line lists for ammonia and methane (HITRAN2016,
Gordon et al. [19]) was used to compute our models. The far wing line shape for methane
is modified and based upon our best fits tested for Jupiter (Table 2) (Hartmann et al.
[20]). The clouds that influence spectra are formed from condensation of ammonia. We
characterise these clouds by assuming optical properties of ammonia in terms of the re-
fractive index of the cloud particles set constant for all wavelengths to be n=1.43 and
k=0.02i for the real (n) and imaginary (k) parts ”respectively” as extracted from the
literature [9].
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Figure 5: Ammonia (blue) and methane (red) mixing ratio profiles as a function of pressure used in our
models.

In our models the initial parameters are assigned to the distribution of opacities in the
three thin clouds at different pressure levels using previously published results [9]. We
then performed fitting for two cloud parameters, base pressures and opacity, by running
atmospheric models using VSTAR, and performing least square fitting with ATMOF. In
total, six parameters were modelled in ATMOF, the base pressure and opacity for each of
three clouds, including upper cloud/haze, mid-cloud and lower-cloud as shown in Table
2.

The final fitted values have been calculated for cloud base pressures and opacities.
We did not fit for other parameters such as line shape parameters (σ1, σ2 , A1), particle
size (x) and cloud effective variables (distribution width, σ) for the sake of computational
efficiency. Our cloud models along with P-T profile shown in Figures 6 and 7, simplified
as a combined two cloud model layer with a single cloud deck pressure and opacity. In
other words, the opacity of each cloud deck in our models divided between 2 layers. In
reality each cloud opacity (the red and blue horizontal lines) shown in figures 6 and 7
are a combination of 2 cloud layers represented as one. These clouds may be in fact
more extended vertically than represented as the reflectivity and scattering depend on
the opacity of the cloud tops.
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Figure 6: Jupiter's P-T profiles (black), best fitting cloud heights (base pressure of the cloud) and optical
depths (blue) for H band. The resulting base pressures for the lower cloud, mid-cloud and the top haze
are 0.94, 0.677 and 0.42 bar ”respectively”.
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Figure 7: Jupiter's P-T profiles (black), best fitting cloud heights (base pressure of the cloud) and optical
depths (red) for K band. The resulting base pressure for the lower cloud, mid-cloud and the top haze are
0.94, 0.79 and 0.542 bar ”respectively”.

4. Results and discussion

The best fit spectral models for H and K bands along with their residuals are shown in
Figure 8 (H band) and Figure 9 (K band). The best fitting parameters agree within their
error bars between both bands, except for the pressure of the upper haze which indicates
0.122 bar difference. This is justifiable as the pressure variation in K band region is mostly
affected by gaseous opacity of hydrogen rather than methane while in the H band region
it is affected mostly by gaseous methane opacity. The best fit for H band shown in Figure
8 did not fit well in the peak window regions between 1.596 and 1.618 µm. This could
be due to 1) incomplete methane line lists and variations in their transitional properties
in the deeper (warmer) regions of Jupiter's troposphere. 2) Strong absorption of the
solar photons on top of the extended clouds as result of weak reflected signal of particles
at allocated pressures (P < 0.7 bar). 3) Changes in line shape profiles, other than we
assumed in our models, capable of changing the spectral shape in both the centre and
wings and 4) changes in methane gaseous mixing ratio profile in Jupiter's atmosphere.
We are confident to say that the first three scenarios are more probable. This is because
we did not see any significant changes as result of modifying the gaseous methane mixing
ratio in our models.

Our H band's final spectral fits show an ammonia cloud based at 0.677 bar with
optical thickness of 0.877. Our model also shows the upper thin cloud/haze based at
0.42 bar with the opacity of 0.192 (Figure 6; Table 2). These results are compatible with
the findings of Bjoraker et al. [21, 22] about Jupiter's SEB, a region with lower albedo
than the neighbouring zones, thinner clouds (ammonia and ammonium hydrosulfide) and
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Table 2: Cloud/haze, particle size and line shape parameters for the modelled H and K bands

Jupiter's band Upper cloud/haze Mid-cloud (ammonia) Lower cloud (ammonium hydrosulfide) Assumed Line Shape

Region x=0.3 µm and σ=0.1 µm x=1.3 µm and σ=0.5 µm x=1.5 µm and σ=0.5 µm

P (bar) τ P (bar) τ P (bar) τ σ1 σ2 A1

H band initial fit 0.5 0.153 0.68 0.845 2.5 0.9 100 200 1.0

Final fit 0.42 ± 0.05 0.192 ± 0.023 0.677 ± 0.068 0.877 ± 0.084 0.94 ± 0.25 0.15 ± 0.09

K band initial fit 0.5 0.153 0.68 0.845 2.5 0.9 100 200 1.0

Final fit 0.542 ± 0.05 0.176 ± 0.015 0.79 ± 0.23 0.621 ± 0.295 0.94 ± 0.25 0.15 ± 0.09

consequently lower reflectance, due to probably multiple scattering and more absorbent
cloud. Our models also place the lower cloud at around 1 bar with the optical depth of
0.15.

Our K band final spectral fits show an ammonia cloud based at 0.79 bar with the
optical thickness of 0.621. Our model also show the haze based at 0.542 bar with the
opacity of 0.176 (Figure 7; Table 2). The best fit for K band as shown in Figure 9, fits
the data well except in the regions around 2.08, 2.16 to 2.19 µm. The 2.08 µm region
is dominated by collision-induced-absorption while 2.16-2.19 µm region is dominated by
methane absorption. Decreased reflectivity in our model (around 2.08 µm) along with
shortness in reaching the extremities ( 2.16 to 2.19 µm) may be related to assumed
parameters such as line shape, particle size and cloud effective variables, which may
improve our models if fitted. Other possible scenarios to consider are the incomplete
(broadened) methane absorption lines and different P-T profile at the upper atmosphere
as a cause of more stretched atmospheric scale height in our models. Note, we do not
discuss the fitting discrepancies observed between 2.04 and 2.07 µm in our K band model.
This is because 1) regions close to the beginning and the end of each spectral band
may have instrumental flux calibration issues and 2) investigating the hydrogen collision-
induced opacity in higher pressures of Jupiter's troposphere is out of the scope of this
paper.

In general, both H and K band models show the same base pressure as well as optical
depth for the observed lower cloud. The difference lies in the NH3 cloud region with
different base pressure heights and opacities. As already mentioned above, we did not fit
the particle size parameter in our models for the sake of model complexity and computa-
tional efficiency and assumed clouds at different pressures with the single dominant size of
particles with the set distribution. More realistic clouds may have more complex particle
distribution. Therefore, considering 1) complex particle size distribution of the clouds in
reality; 2) the 35 minute observing time difference between H and K bands, capable of
monitoring different location on the planet as result of its fast rotation period ( 9.8 hours);
and 3) weather related vertical wind decay profile variations with depth [23, 24, 25, 26]
indicative of cold air under the cyclonic belts [27], we may conclude that the westward ret-
rograde atmospheric jet-stream along with strong vertical wind shear in higher altitudes
can affect the higher parts of the vertically extended clouds more than the lower parts.
This in turn will result in thorough sorting of particles in higher cloud altitudes than the
lower. These vigorous fast moving and circulating currents in higher parts of the vertically
extended clouds drag small pockets of larger particles, from more stratified cloud deck,
to the lower pressures (higher altitudes) as result of Kelvin-Helmholtz instabilities.

Methane is well mixed in Jupiter's atmosphere (up to methane homopause), but there
are zonal (latitudinal) differences in the mixing ratio of ammonia which is sensitive to
the pressure ranges higher than ∼700 mbar as pointed by Bolton et al. [14] and Ingersoll
et al. [28]. As shown in Figure 8, a discrepancy of more absorption is present in the
modelled spectrum in H band region of ammonia absorption centred around 1.56 µm.
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This inconsistency may be interpreted as the lack of pressure sensitivity in the ammonia
mixing ratio above the NH3 cloud tops (P < 0.7 bar) in our modelled spectral regions
as discussed in Ingersoll et al. [28]. Our H band model shows the ammonia cloud deck
at 0.677 bar, which is within one standard deviation of the minimum sensitivity pressure
range (0.7). Therefore, the higher absorption in our model is not related to the lowest
sensitivity pressure range. However, we blame the complex particle size distribution (as
consequences of masked ammonia cloud particles in allocated pressure range) and their
complicated refractive index profile.

Figure 8: Top box shows the observed spectrum (red) along with fitted model spectrum (blue) for the H
band in Jupiter's SEB. The bottom box shows the residuals (modelled radiance factor (I/F) subtracted
from the observed).
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Figure 9: Top box shows the observed spectrum (red) along with fitted model spectrum (blue) for K
band in Jupiter's SEB. The bottom box shows the residuals (modelled radiance factor (I/F) subtracted
from the observed).

5. Conclusions

The models illustrated in this paper provide good fitting values to the clouds in H band
of Jupiter's SEB except in the peak window region between 1.596 and 1.618 µm. We
interpreted the discrepancies as incomplete methane line lists and variations in their
transitional properties in warmer deeper pressures, along with strong absorption of the
solar photons on top of the extended clouds at allocated pressures (P < 0.7 bar). We also
hold responsible any sort of variations in the line shape profiles, capable of changing the
spectral shape in both centre and neighbouring absorption wings.

The poor fitting of more ammonia absorption also presented in the H band centred
around 1.56 µm. This is related to the lack of pressure sensitivity in the ammonia mixing
ratio above the NH3 cloud tops (P < 0.7 bar). The higher absorption is related to the
complex particle size distribution as result of masked ammonia cloud particles along with
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their complicated refractive index profile.
Our K band model fits the data well except in the regions around 2.08, 2.16 to 2.19

µm. Decreased reflectivity in our model (around 2.08, 2.16 to 2.19 µm) may be related
to unaccounted parameters such as line shape, particle size and cloud effective variables,
which may improve our models if fitted.

Resulted variations in the cloud pressure heights and their opacity suggest that the
modelled physical conditions correctly produce the majority of the observed H and K band
spectrum in Jupiter's SEB, however small residual discrepancies are evident at certain
wavelengths, and is related to the presence of vertically extended ammonia clouds affecting
the observed reflectivity (scattering) and opacity. Good agreement of cloud parameters
within the fit errors obtained for both spectral bands, suggest the same consistent system
of clouds in both spectral regions.

Modelling of the other latitudinal and longitudinal regions of Jupiter in three spectral
bands of J, H and K is in progress to cover the global mapping of the clouds/haze across
the planetary disk for better understanding of Jupiter's atmospheric characteristics and
features.
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Summary:  A possible follow-on to NASA’s LCROSS mission is described. It is argued that, 
prior to lunar resource exploitation, it is necessary to better constrain the lunar regolith water-
ice content and distribution in the southern pole region, to improve confidence that water can 
be found in sufficiently large quantities and to better inform the siting of future in-situ 
production facilities. A novel mission architecture solution is proposed comprising of three 
segments: a cis-lunar polar orbiter, a set of six impactors and a low lunar polar orbiting 
spacecraft. On successive orbits the cis-lunar orbiter releases one or more impactors such that 
each one strikes a different designated lunar polar target site with an impact velocity of ~2.5 
km/s. Each impactor comprises of a ~0.3 m diameter hollow copper sphere fitted with a cold-
gas micro-propulsion system to permit trajectory modification. Despite its poor structural 
properties, copper is selected to minimise measurement contamination. The ejector plume 
resulting from each impact is sampled by the orbiter, at a perilune altitude of ~50 km, using 
mass spectrometers (MASPEX and SUDA) and the impact site recorded using a thermal 
imager. In this manner, it is proposed that a robust measurement of the regolith-to-water ratio 
at multiple sites could be obtained. A preliminary mass and cost breakdown estimate of the 
proposed system is offered. It is concluded that the mission described might be achieved for 
~$500M USD (FY18), which is deemed lower cost than other possible architectures 
employing landers/hoppers/rovers. The overall mission risk is also characterised as being low, 
given that it builds directly on LCROSS experience and the use of existing scientific 
instrumentation. 
 
Keywords:  Moon, spacecraft, impactor, ice, mass spectrometer, plume, dust, vapour 
 
 

Introduction 
 
The existence of water-ice on the Moon is not only significant in terms of understanding the 
origins and evolution of the Moon and Solar System, but also offers the potential for in situ 
water production to be utilised for human exploration, in particular for life support systems 
and/or as a propellant for deep space missions [1-4]. 
As early as 1961, it was suggested that water could exist in the form of ice in the craters 
shadowed in permanent darkness around the lunar poles [5]. Evidence for this theory began to 
appear in the 1990s when, for example, the Lunar Prospector neutron data showed large 
quantities of hydrogen accumulated at the lunar poles [6]. Several subsequent missions were 
then launched to prove the presence of water around the lunar poles [7], [8], [9]. The 
Chandrayaan-1 lunar probe, launched by the Indian Space Research Organisation, used an M3 
spectrometer to detect the signature of water ice in the Moon’s northern and southern polar 
regions [7], [10]. Chandrayaan-1 validated the findings from the M3 spectrometer by 
launching a Moon Impact Probe, equipped with its own spectrometer (CHACE) which 
detected water vapour at high lunar latitudes during its descent towards the lunar surface. The 
Lunar Reconnaissance Orbiter (LRO), launched by NASA in 2009, supported these findings 
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by using radar to test the cross-section and circular polarization ratio (CPR) around the lunar 
poles [8]. Results from LRO showed high-CPR regions with signs indicative of the presence 
of water ice. While all the evidence collected by remote sensing was encouraging, in order to 
substantiate the results, a more direct observation of lunar water was desired. Launched in 
conjunction with the LRO, the Lunar Crater Observation and Sensing Satellite (LCROSS) was 
designed to provide an opportunity for direct observation of water on the Moon by generating 
a large debris plume from crashing the spent upper rocket stage of an Atlas V into the Cabeus 
crater, and then another by crashing itself into the lunar surface [9]. LCROSS ejected the Atlas 
V rocket stage into the Cabeus crater (located ~100km from the lunar south pole), then 
employed its thrusters to give it a four-minute separation between itself and the location above 
the point of impact so that it could fly through and analyse the resulting ejecta plume. The 
data collected from the plume was sent back to Earth before LCROSS intentionally deorbited, 
also colliding with the Cabeus crater, and generated a second ejecta plume. It was thought that 
the plumes created from the crashes would be sufficiently large to be observable on Earth, 
even using amateur telescopes, however, this proved to be incorrect. In the end, NASA was 
able to use the data sent back from LCROSS to arrive at a sub-surface water-to-regolith ratio 
estimate for the Cabeus crater of 5. 6 ± 2.9 %. 
 

 
Fig. 1:  Artist's rendition of Centaur upper stage rocket approaching the moon with the Lunar 

CRater Observation and Sensing Satellite (LCROSS) [11]. 
 
While LCROSS provided an estimate for the water ice concentration levels present in one 
lunar crater, further missions are needed to determine whether, or not, the water-to-regolith 
ratio captured by LCROSS is representative of other water-containing lunar craters, before in 
situ production facilities can confidently set up.  
This paper proposes a follow-up mission architecture for LCROSS, aimed at being relatively 
inexpensive (~$500M USD) by using existing scientific instrumentation and technology, 
rendering it achievable in the near-future. The prospective mission is based on a novel, three-
element architecture: a cis-lunar orbiter, a set of six impactors, and a low lunar polar orbiting 
spacecraft. The cis-lunar orbiter is needed to successively release six impactors at different 
craters close to the southern lunar pole, while the low lunar orbiter passes through the 
resulting ejecta plumes and analyses their composition using two mass spectrometers, 
MASPEX and SUDA, described later herein. 
 

Proposed Mission Architecture 
 
Concept of Operations 
 
The proposed mission architecture is a novel approach which takes the goals of LCROSS to 
their next logical step. The architecture contains a three-component system: a cis-lunar polar 
orbiter, a set of six lunar impactors, and a low lunar polar orbiter. The three components will 
be launched together as payload on a launch system capable of achieving trans-lunar injection. 
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The orbital paths followed during this mission will resemble that of the LRO / LCROSS 
mission (Fig. 2). Once in cis-lunar space, the low lunar orbiter will be decoupled and 
manoeuvred into lunar orbit. The upper rocket stage, cis-lunar orbiter, and impactors will then 
assume a cis-lunar trajectory, orbiting around the Earth-Moon system until the appropriate 
angle is reached to successively release the impactors for collision with a series of lunar polar 
craters (Fig. 3), each generating an ejecta plume. The timing of the impactor release will 
match the orbital period of the low lunar orbiter such that it will pass through each debris 
plume on a separate orbit (Fig. 4). Table 1 identifies a possible selection of craters for this 
mission and gives their corresponding lunar coordinates and diameters. The choice of craters 
was made to minimise the longitudinal corrections required of the low lunar orbiter to be able 
to analyse consecutive plumes, as well as including Cabeus and Shackleton craters to validate 
the results from LCROSS and Chandrayaan-1 [7], [9]. 
 

 
Fig. 2:  LCROSS trajectory [12]: Moon’s orbit, blue, LCROSS transfer orbit, green; final 

southern pole collision orbit, red.  
 
The cis-lunar orbiter and upper stage potentially could then be deliberately crash landed onto 
the lunar surface to generate a further plume for analysis, as with LCROSS [9].  
 

Table 1:  Lunar craters [11]. 
 

Impact Crater Lunar Coordinates Diameter (km) 
Cabeus 85.33°S, 42.13°W 100.58 

Haworth 87.45°S, 5.17°W 51.42 
Shoemaker 88.14°S, 35.91°E 51.82 

Faustini 87.18°S, 84.31°E 42.48 
De Gerlache 88.50°S, 87.10°W 32.40 
Shackleton 89.67°S, 129.78°E 20.92 
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Fig. 3:  Cis-lunar orbiter after releasing final impactor. 

 
 

 
Fig. 4:  Low-lunar orbiter about to analyse ejecta plume. 
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Cis-Lunar Orbiter 
 
The cis-lunar orbiter (Fig. 5) is designed to store and launch six crater impactors (Fig. 6). On a 
similar orbital trajectory to the one used by LCROSS [9] the relative encounter velocity with 
the south lunar pole is of ~2.5 km/s.  Up to six cis-lunar orbits are envisaged and one or more 
crater impactors are released on each orbit, a short time prior to lunar encounter. The concept 
design shown in Fig. 5 envisages six separate radially pointing launching tubes. Each tube 
houses one of the impactors and uses pressurised nitrogen to move a pneumatic ejection 
piston. Each piston imparts a delta-V of about 10 m/s on the impactor which then deviates 
away from the return orbit onto a new trajectory such that it hits its own individually 
prescribed lunar surface target with an impact velocity of ~2.5 km/s. A spacecraft bus attached 
to the launching tube assembly, provides the housing for  the communications, power, and 
computing systems. At launch, the cis-lunar orbiter is mounted onto the upper stage of the 
(Falcon 9 or similar) launch vehicle and remains attached to this upper stage throughout the 
mission in order to utilise the stage’s reaction control system. 
 

 
Fig. 5:  Cis-lunar orbiter. 

 
Impactor 
 
Each impactor (Fig. 6) is comprises of a ~0.3 m diameter hollow copper sphere. This sphere 
constitutes most of the bulk mass needed for the impact (25 kg). It also provides a tank to 
contain xenon gas for a cold gas thruster system that is used to help steer the impactor to its 
selected surface target, see Table 1. Each impactor is also equipped with guidance and 
navigation instrumentation, UHF transceiver and an onboard power system. The mass of all 
these other systems is minimal (2 kg) and reduces the possibility of ‘measurement 
contamination’ of the lunar ejecta.  Copper was selected as the main impactor material since it 
has a unique (easy to identify) mass spectrometer signature, despite having poor structural 
properties. 
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Fig. 6:  Crater impactor. 

 
Low-Lunar Orbiter 
 
After departure from the cis-lunar orbiter and rocket stage, the low lunar orbiter will assume a 
lunar polar orbit with a perilune altitude of 50 km above the southern pole. Then, as each 
impactor ejector plume reaches an altitude above 50 km, the low lunar orbiter will pass 
through the plume and take samples using the mass spectrometers, while recording the impact 
site using a thermal imager. The impactors will collide into the selected craters at intervals 
devised to match the orbital periods of the low lunar orbiter, such that a separate plume 
analysis will be conducted on each orbit. This will help to minimise cross-contamination 
between craters and further validate or discredit the results from LCROSS. The low lunar 
orbiter (Fig. 7) will be comprised of a central bus which contains the power, communication, 
command and data handling, guidance and navigation, and instrumentation systems, as well as 
the propellent tank and thruster(s). Two foldable solar panels will be attached to the bus to 
provide the spacecraft with power throughout the mission, storing enough power in an 
onboard battery to keep the system online during orbital periods of darkness. 
 

 
Fig. 7:  Lunar Orbiter. 
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Measurement of Water-Regolith Ratio 
 
The proposed mission aims build on the LCROSS mission by achieving more accurate results 
within a smaller tolerance. This will be executed by not only producing a larger sample size 
by creating six ejecta plumes but also accommodating more technologically advanced 
scientific instruments from NASA’s Europa Clipper mission. During the planned flybys, the 
spacecraft will attempt to analyse the composition of the ejecta cloud particulates. Due to the 
location and composition of the blasted surface, it is assumed that the particulates will exists 
in both gaseous and solid dust form.  For this reason, two NASA heritage mass spectrometers, 
SUrface Dust Mass Analyzer (SUDA) [12] and MAssSPectrometer for Planetary 
EXploration/Europa (MASPEX) [13], will be used to accurately perform the scientific 
analysis. Their performance specifications are highlighted in Table 2. 
 

Table 2:   Mass spectrometer performance specifications 
 

 MASPEX SUDA 
Mass [kg] 8 4 

Particle size [amu] 2-1,000 1-250 
Mass resolution [m/dm] 7,000-24,000 150-

200 
Peak width definition 10% peak height FWHM 

Min particle speed [km/s] - 4 
Max particle speed 

[km/s] 
- 30 

 
The proposed imaging systems used on board will include a narrow and wide angle, visible 
spectrum cameras and a thermal, infrared spectrum camera. The benefit of acquiring products 
that are already deep into the developmental stage provides solid evidence of their 
functionality, therefore severely reducing risk of failure when compared to commercial off-
the-shelf components. The primary purpose of the narrow angle camera will allow the 
generation high resolution images of the six selected craters before and after their respective 
impacts, as well as the ejecta plume conical spread geometries, while the wide-angle camera 
will be utilised to generate lower resolution colour images of the lunar surface map in regions 
surrounding the crater sites by taking advantage of its large image swath. The addition of the 
thermal imaging instrument will be to scan the crater sites for thermal anomalies before, 
during, and after impact, as well as generate complete thermal energy profiles, geometric 
validations, and geographic validations of the ejecta plumes. 
 
The size of the impact crater generated by each impactor may be estimated using Holsapple’s 
method for the “gravity regime” [14]. The crater volume, V, excavated by each impact is given 
by:  
 

                 (1) 

 
where m = 25 kg is the impactor mass;  = 1700 kg/m3 is the regolith-ice mixture density; g = 
1.62 N/kg is the lunar gravity; a=0.15 m is the impactor radius; U = 2 km/s is the vertical 
velocity component of the impactor; impactor is the impactor effective density. This predicts a 
crater ejection mass of  V ~3.6 tonnes.  The kinetic energy of the impactor is mainly released 
as heat, melting the copper impactor itself and vaporizing any volatiles trapped in the regolith 
to a predicted depth of ~1 m. The resulting ejecta comprises of regolith solid particulates as 
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well as the vaporized component. For LCROSS, Monte Carlo simulations were performed 
[14] to predict what particle mass fraction would reach altitudes in excess of 35 km. Based on 
the same proportionate scaling about 1%, or ~36 kg of material, would reach this altitude. 
This is considered more than sufficient to determine the water-to-regolith mass ratio.   
 

Preliminary Mass and Cost Estimate 
 
A preliminary mass and cost breakdown estimate of the proposed system is offered. It is 
concluded that the mission described might be achieved for ~$500M USD (FY18), which is 
deemed lower cost than other possible architectures employing landers/hoppers/rovers.  
 
Despite the intended use of heritage mission components and instruments, the system and 
architecture are complex in nature and will still require a large developmental phase. A work 
breakdown structure (WBS) of the total mission was formulated. This has been segregated 
into four major phases; planning, development, operations and launch, and post-mission, see 
Table 3. 
 

Table 3:   Mission cost breakdown. 
 

Phase Cost  
[$M USD]  

Planning 2.00 
Development 391 
Operations 53.0 
Decommissioning 0.01 
Post-mission 4.00 
End mission 0.01 
Mission Cost 449 
Mission Cost + Insurance + Contingency 499 

 
Based on known manufacturer mass budgets, a mass breakdown of the mission is given in 
Table 4. Similarly to the cost estimation, an additional contingency factor based on the 
product’s TRL was added to the mass to account for any discrepancies that may occur during 
the development stage. 
 

Table 4:   Mass breakdown of mission. 
 

Component Mass [kg] 
Cis-lunar spacecraft DRY: 866 
 WET: 874 
Lunar orbit spacecraft DRY: 137 
 WET: 239 
Total mission 1114 

 
The mission requirement which would constrain the mass is the launch payload mass would 
be given by the total cost budget of the mission and the specific launch vehicle provider.   
 
Comparison with Previous Missions 
 
The LCROSS mission was estimated to have costed $583M USD and LADEE at $280 M 
USD, with launch masses of 621 kg and 382 kg, respectively [17, 18]. The mission proposed 
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is estimated to be of similar cost. The advance proposed over LCROSS will be the use of 
superior instruments that will analyse a larger impactor plumes to an improved mass 
tolerance, as well as the greater sample size of six South Pole craters. In reducing the % 
tolerance of certainty of the water-to-regolith ratio, the mission will increase the scientific 
value and knowledge of in-situ water located in each crater. 
 

Conclusion 
 
The proposed three-element mission architecture provides a viable solution to determining the 
water-to-regolith concentrations in the shadowed craters near the lunar poles that is achievable 
in the near-future. The novel architecture follows on from NASA’s LCROSS mission by 
analysing multiple lunar crater impact ejecta using low-risk, existing instrumentation and 
technology proven on the LCROSS/LADEE and soon to fly EUROPA missions. This has the 
potential to speed up future lunar water extraction processes and to accelerate beyond LEO 
human space exploration. 
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Summary:  The cusped field thruster (CFT) is a class of electric propulsion (EP) offering 
promise for satellite and space missions owing to advantages over other types of EP including 
enhanced electron confinement enabled by magnetic mirror effect and reduced particle loss at 
the wall. Growing demand in high-performance EP for micro-satellite platforms in the latest 
space development has driven considerable efforts for physical modelling and performance 
characterisation of downscaled CFT. Multi-objective design optimisation has been performed 
aiming to maximise the thrust, efficiency, and specific impulse, with the anode voltage and 
current, mass flow, magnet radii, and magnet and gap thicknesses employed as decision 
variables. The results for CFT with four magnets have been analysed to investigate the 
influence of an additional cusp region in comparison with the three-magnet configuration 
with fixed thickness. Considerable effects of the additional magnet have been found on the 
overall performance, resulting in improvement of approximately 4%. 
 
Keywords:  Electric propulsion, Cusped Field Thruster, Multi-objective design optimisation, 
Micro-satellites  
 
 

Introduction 
 
Electric propulsion (EP) is a suitable propulsion technology offering advantages over 
chemical propulsions in various aspects including fuel consumption and payload reduction 
hence launch cost [12]. Generally, EP uses electrical energy to produce high ∆V at the 
exhaust to achieve. Most effective types of EP are grid ion thruster (GIT) and Hall-effect 
thruster (HET) offering a longer lifetime over 10,000 hours, and higher specific impulse Isp of 
1600 – 6000s, but relatively lower thruster values of 30 – 230mN, as compared to chemical 
propulsions [3,30].  

 
Fig. 1:  Ionisation region (orange) and potential profile of the thruster [18]  

 
The High-Efficiency Multistage Plasma Thruster (HEMP-T) was developed based on 
travelling wave tube technology by Thales Electron Devices (TED) in 1999, and a similar 
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thruster design known as cusped field thruster (CFT) was developed and tested by Harbin 
Institute of Technology [17,22]. A series of ring-shaped permanent periodic magnets (PPM) 
aligned co-axially along the chamber with reversing polarity to produce the magnetic mirror 
effect is used to confine the electrons through the centre of the thruster and confine the ions 
electrostatically as mean free path of the ion is significantly small and is not considered 
magnetised [8]. In cusped regions between the states of PPMs, the electrons oscillate on 
Larmor radii to increase the interaction length and to reduce wall erosion and to yield high 
ion beam efficiencies in the range of 80 – 90% [19]. The cloud of electrons confined at the 
exit cusp acts as a virtual acceleration grid leading to high efficiencies and ions close to anode 
potential so the potential drop occurs after the exit cusp presented in Fig.1 [11, 18, 19, 28]. 
 
CFT downscaling would result in further cost-saving in operation and launch due to weight 
reduction and fuel consumption as compared to full-scaled EP thruster but the performance of 
downscaled CFT was extremely low from experimental studies due to system’s complexity, 
which is the main issue arising in the complex interaction of magnetic field with plasma 
beam, anode power, mass flow rate and geometric considerations [16].  
 
A state-of-the-art framework has been developed by coupling an analytical global-variable 
based steady-state power and plasma model solver and multi-objective design optimisation 
(MDO) capability based on evolutionary algorithms, aiming to achieve such optimal design 
requirements for down-scaled EP [9]. This methodology allows robust and efficient 
population-based global search in the design space, assisted by surrogate modelling that 
effectively reduces the computational cost by approximating the model calculation in lieu of 
expensive computational evaluation [9]. The effect of the magnet configuration is not well 
understood, as little research has been conducted to examine its influence, except for a few 
studies such as an investigation conducted on the effect of chamber diameter on the 
performance of downscaled CFT by keeping the configuration with four magnets [32]. 
 
This paper presents the results and insights obtained from an MDO study that has been 
conducted to simultaneously maximise three objectives, i.e., thrust T, total efficiency ηt, and 
specific impulse Isp of CFT with the configuration of four magnets. Representative and 
selected magnet geometries are examined to investigate the key design factors and underlying 
physics. Surrogate models are performed using the archive of solutions evaluated in the 
course of optimisation to represent the behaviour of performance parameters in response to 
design parameters. 
 
 

Methodology 
 
Performance characterisation 
 
Due to operational similarities of HET, the basic relation of CFT performance, such as thrust 
T, specific impulse Isp, power Pa and ideal power to thrust ratio PTTR can be defined as 
follows [12, 13]: 

  (1) 
  (2) 

  (3) 

 
 

(4) 
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where E is the potential difference in an electric field, Ua is the anode voltage, Ia is the anode 
current, M is the propellant molecular mass (2.18×10−25 kg for Xe), and q is the elementary 
charge (1.602 × 10−19 C). 
 
The efficiency of the thruster can be calculated through the ratio of the electrical power to the 
anode power. The anode efficiency ηa can be derived and accurately calculated using voltage 
efficiency, beam efficiency (ηb), utilisation efficiency (ηu) the coefficient of plume divergence 
and effective divergence angle (θeff) and the beam current (Ib) can be determined by the mass 
flow rate [12]. 

  (5) 

  (6) 

  (7) 

  (8) 

  (9) 

 
 

(10) 

where the subscript b indicates the ion beam, Q is the average ionic charge, Ib is the total ion 
current in the beam, Ub is the total ion voltage in the beam, and cos2 θeff accounts for plume 
divergence where ions are not accelerated parallel to the engine axis. The propellant is 
assumed to be Xenon, which is typically used for CFT. Eqn 10 is a basic equation that 
assumes 100% ionisation and singly charged ions for the thruster, while it would not fully 
describe low ionisation at low voltages and multiply charged ions at high voltages, which 
could occur in practical applications. 

  (11) 

  (12) 

 
 

(13) 

As the mass utilisation efficiency, described in Eqn 11, is subject to the beam current and 
mass flow, this study assumes that the ion beam current can be sufficiently approximated by 
Eqn 5. The mass utilisation efficiency correction factor to consider the effect of multiply 
charged ions is given by αm in Eqn 12 [12]. 
The present study does not consider the effects of multiple ion species on the correction 
factor. However, the effect of 20% doubly charged ions in the mass utilisation efficiency 
(αm=0.9) and other assumptions made regarding the acceleration, divergence, and utilisation 
efficiencies are taken into account in the post-processing phase. This is because while these 
factors have uniform effects on the objective parameters, they are difficult to be determined 
accurately with the present methodology [9]. 
 
A simplified power balance model representative of HEMP-T based on plasma fluid theory 
yields a one-dimensional set of equations (28 in total), which can be solved simultaneously to 
obtain a reasonable estimate of the thruster performance [19]. The cusp arrival probabilities at 
the cusp locations are the only known values in the equation set and they can be calculated 
from the magnetic field strength so the thruster performance can be estimated through only a 
few parameters. These are anode potential, anode current and the ratio of magnetic field 
strength from the axially aligned region where the fields radially cross the discharge channel 
walls, i.e., the magnetic mirror strength. It is also important to note that the ratios of power 
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transferred to excitation, ionisation, and thermalisation are only estimations, and a full 
description of the power model can be found in Ref. 19. 
 
CFT operation is mainly characterised by the PPMs that are used to create the magnetic 
mirror effect to reduce electrons losses due to impingement on the walls, as prescribed by the 
Lorentz force equation below in Eqn 14. It follows that the magnetic field does not have an 
impact on the particle directly, but it exerts longitudinal axial force Fz when its strength 
increases in the opposite direction of its motion with constant kinetic energy K [10, 11, 12, 
14]. 
 

  (14) 
where ν⊥ is the cyclotron motion of the particle in terms of a magnetic moment. 
 

  (15) 
The magnetic moment is constant by equating and balancing the magnetic moment at the high 
and low field regions when the particle is moving through a magnetic field of increasing 
strength: 

  (16) 
where subscripts 0 and m refer to low and high field regions, respectively. 
The equation of velocity of the particle can be solved by conservation of the particle kinetic 
energy: 

  (17) 
Therefore, 
 

  (18) 
To ensure the magnetic mirror effect, the vector of velocity is required to be within an 
acceptable angle, and the equation can be solved using the conservation of kinetic energy and 
derived as follows [14]: 

  (19) 
Therefore, 

  (20) 
 
Arrival probabilities of the electrons at the cusp region can be determined as [19] 
 

 
 

(21) 

The cusp arrival probabilities are directly related to the accuracy of the simulated magnetic 
topologies of the thruster, which is calculated using two-dimensional electromagnetic field 
analysis. 
 
CFT design from Hu et al. [15] is used to verify this approach as it considered the physical 
dimensions and material properties for the thruster and the subsequent analysis of the results 
provides a robust range of observation points that can be modelled and compared (readers are 
referred to Ref. 9 for verification). 
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Multi-objective design optimisation 
 
The process chain displayed in Fig.2 [9] consists of sequential phase of MDO framework; (1) 
The decision variables are examined to assure the geometry is physically viable prior to 
simulation; (2) ANSYS Maxwell [1] constructs a model for the given geometry and calculates 
the magnetic field by means of magnetostatic analysis, and then electrostatic analysis is 
performed to calculate the potential at the thruster exit and in the plume. The data is then 
extracted from the magnetic topology to compute the cusp arrival probability for each 
location throughout the thruster; (3) These conditions are subsequently passed to be used in 
the power balance calculation; (4) The resultant solutions from this are post-processed to 
deliver the objectives and assess if they lie within the set of physical constraints; (5) They are 
then submitted to the MDO algorithms for evaluation. The evolutionary algorithm, in 
particular, the elitist non-dominated sorting genetic algorithm assisted by surrogate modelling, 
is employed for a population-based optimisation approach, where the members in the 
population pool evolve over generations [7]. This iterative cycle continues, yielding more 
designs to be evaluated according to the set criteria. 
 

 

Fig. 2:  Multi-objective design optimisation (MDO) process chain [9] 
 

 

Fig. 3:  Geometry and magnet configurations of simplified thruster model 
 

A population size of N = 64 is used in this study to be evolved over 50 generations for the 
initial MDO study and that of N = 100 over 100 generations in the MDO run performed 
solely based on the surrogate prediction. These values have been chosen to sufficiently 
explore the design space for a three-objective design problem with eight decision variables 
within reasonable computational effort. Recombination operators are applied to the previous 
generation’s decision variable values to create offspring. A simulated binary crossover and 
polynomial mutation are used as recombination operators at a given probability (1.0 and 0.1, 
respectively, in this study) with a specified distribution index (10 and 20, respectively) [25]. 
The use of a strongly elitist non-dominated sorting genetic algorithm always retains the best 
solutions across generations. 
 
Three objective functions are considered and employed to evaluate design performance, 
namely thrust T, total efficiency ηt, and specific impulse Isp. Total efficiency ηt is comprised 
of the measures of efficiencies within the thruster model, that is, the beam efficiency ηb, the 
mass utilisation efficiency ηm, and the voltage efficiency ην. 
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Table 1:  Optimisation problem statement 

Maximise: T, ηt, Isp 
Subject to: 0 ≤ Ua (V) ≤ 1000 

 0 ≤ Ia (A) ≤ 10 
 0.2 ≤ ma(sccm) ≤ 50 
 2 ≤ IMR(mm) ≤ 15 
 2 ≤ OMR(mm) ≤ 28 
 2 ≤ MT1(mm) ≤ 15 

 2 ≤ MT2(mm) ≤ 15 
2 ≤ MT3(mm) ≤ 15 

 0.5 ≤ GT(mm) ≤ 2 
 
The schematic diagram of geometry and magnet configuration of the simplified thruster 
model is presented in Fig.3. The decision variables chosen to represent the main design 
factors investigated in this study are Ua (V), Ia (A), ṁa (sccm), inner magnetic radius IMR 
(mm) and outer magnetic radius OMR (mm), first magnet thickness MT1 (mm), second 
magnet thickness MT2 (mm), third magnet thickness MT3 (mm) and gap spacing, GT (mm). 
The negative sign for the objective functions denotes a maximisation problem (converted 
from a minimisation problem). The decision variables Ua (V), Ia (A) and ṁa (sccm) relate to 
the objective functions through Eqns 1 - 10 and the initial conditions of the CFT at the anode. 
The magnetic radii, IMR and OMR are related to the objective functions through the one-
dimensional simplified power balance model.  
 
Variance-based global sensitivity analysis is performed to examine the influence of each 
decision variable, xi as input (i.e., design parameters) on the objective function y as output 
(i.e., performance parameters). A numerical procedure is employed to derive the sensitivity 
indices, facilitated by surrogate modelling [24]. Input matrices X of a base sample quantity of 
10,000 and multiple columns for the decision variables are built by using quasi-random 
numbers within the range for each variable [29]. Output vectors Y are obtained by forwarding 
the input matrices to the surrogate model that is of the greatest prediction accuracy. The first-
order indices Si and total-effect indices STi in Eqns 22 and 23 are calculated by the method 
described in Ref. 27. 

  (22) 
  (23) 

A simplified two-dimensional CFT model is used for the calculations using ANSYS Maxwell 
to mitigate the computational load, which would otherwise be expensive due to the nature of 
the population-based MDO process and to facilitate the identification of the relationships 
between the output objectives and the decision variables. This model assuming axis symmetry 
at the engine axis consists of a consistently straight chamber made of BN Ceramic, three 
Samarium-Cobalt (SmCo) 27 megagauss-oersteds (MGOe) magnets with spacers made of 
pure iron (due to high conductivity and to improve commonality with other CFT design) and 
the thruster housing made of Al 6061T6 [6, 17, 18, 31]. Geometric constraints are applied to 
restrict the scope and output of the design space, including geometries (inner magnetic radius 
IMR and outer magnetic radius OMR). Designs that overlap are deemed infeasible solutions 
in MDO. The upper limit of thruster geometry is kept within the limits of the standard 
CubeSat design [9]. The typical power requirement for the standard, small and micro satellite 
platforms is up to 2kW, 500W and 80W, respectively, while the power consumption of the 
micro satellite platform in the high mode can reach up to 180W [33, 34].  
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Results 
 

Multi-objective design optimisation 
 
Figure 4 presents the results obtained from the MDO simulations for four-magnet 
configuration. The green points indicate feasible solutions and the red points indicate 
infeasible solutions that have not satisfied all feasibility criteria imposed by constraint 
functions. The blue points represent non-dominated solutions and discrete Pareto fronts can 
be seen along the blue point indicative of the set of Pareto optimal solutions achieved as a 
result of evolutionary optimisation.  

 
Fig. 4:  Optimisation results at the 100th generation from MDO with the surrogate prediction 

 

 
Fig. 5:  Parallel coordinate plot at the 100th generation from MDO with surrogate prediction 

 
The parallel coordinate plots presented in Fig. 5 visualises the trends and relations among the 
decision variables and objective and constraint functions for the non-dominated solutions 
identified by the MDO. 
 
The representative solutions based on the Pareto optimal fronts from Fig. 4 presented in  
Table 2 are primarily non-dominated hence optimal design points that resulted from the MDO 
performed for the design configuration. 
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Table 2:  Selected design configuration of three magnets 

 
 

The selected solution S1, S2, and S3 features the largest thrust T, total efficiency ηt and 
specific impulse Isp of the evaluated feasible designs respectively. The first selected point S1 is 
characterised by decision variables of mass flow and anode potential at their upper limits. The 
second selected point S2 produces the lowest specific impulse, as compared to their non-
dominated peers, i.e., S1 and S3. The third selected solution S3 achieves the highest specific 
impulse Isp with the lowest mass flow rate as a trade-off with thrust and efficiency. In 
comparison to the other non-dominated peers, approximately 40mN reduction in thrust, and 
reduction of about 40% in efficiency are commonly observed for S3. An optimal solution O1 
has been selected as the fourth design point, as it represents the optimal and balanced 
performance in all criteria among the designs and possesses similar characteristics in design 
variables to all selected points, particularly S2. 
 
Table 3:  First-order sensitivity indices of the influence of design parameters on performance 

parameters 

 
 

Table 4:  Total-effect sensitivity indices of the influence of design parameters on performance 
parameters 

 
 
Tables 3 and 4 display the first-order indices Si and the total-effect indices STi identified by the 
covariance-based sensitivity analysis. They quantitatively indicate the main and overall 
effects of the input parameters (i.e., decision variables) namely Ua, Ia, ṁa, IMR, OMR, MT1, 
MT2, MT3 and GT on the output parameters (i.e., objective functions) namely thrust T, total 
efficiency ηt, and specific impulse Isp. The difference between the total-effect index STi and the 
first-order index Si is indicative of the degree of the influence of the decision variable in 
combination with other decision variables (i.e., interactions) on the objective functions [29]. 
If the decision variables are characterised by the sum of both first-order and total-effect 
indices being near unity (i.e., ∑ Si ≈ 1 and ∑ STi ≈ 1), it follows that the effects of individual 
decision variables are linearly additive. The most influential design variable on specific 
impulse Isp is the second magnet thickness MT2, while the mass flow rate ṁa exerts the 
dominant influence on thrust T. The difference between the summations of Si and STi is 
indicative of nonlinear behaviour between the design variables and output parameters. 
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Examination of the decision variables in relation to the output parameters in Figs. 6 – 9 
reveals several interesting relationships. The results from both MDO studies indicate a trend 
toward maximising the anode potential (1000V) in Fig. 6 and mass flow rate (50sccm) in Fig. 
8. Expansion of the upper limit of the anode potential and mass flow rate is required to 
explore optimal values of anode potential and mass flow rate and identify the potential 
starting point of adverse effects on the objective functions. The anode current presented in 
Fig. 7 converges towards 2.5 – 4.0A while anode current exerts the large influence on 
efficiency performance. Figure 9 presents the optimal ranges for OMR being 22 – 23mm and 
27 – 28mm. The IMR ranges would suggest the optimal ratio of magnetic strength at the cusp 
regions and in the far field as lower IMR would result in higher magnetic field strength due to 
the calculation of cusp arrival probabilities as per Eqn 21. The solution ranges of anode 
current Ia, inner magnet radius IMR, and outer magnet radius OMR, the first magnet thickness 
MT1, the second magnet thickness MT2, the third magnet thickness MT3 and the gap 
thickness GT for high-performance solutions were found to be approximately 3.5A (Fig. 7), 
11mm, 22.4mm (Fig. 9), and 2.3mm, 2.1mm, 2.4mm, and 1mm respectively. 

 
Fig. 6:  Anode potential colour map of the feasible solutions with respect to efficiency ηt, 

thrust T and specific impulse Isp 

 

Fig. 7:  Anode current colour map of the feasible solutions with respect to efficiency ηt, thrust 
T and specific impulse Isp 
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Fig. 8:  Mass flow rate colour map of the feasible solutions with respect to efficiency ηt, thrust 

T and specific impulse Isp   

 

Fig. 9:  Outer magnet radii colour map of the feasible solutions with respect to efficiency ηt, 
thrust T and specific impulse Isp 

 
 
Verification 
 
To verify the MDO results and validate the approach in the present study, a model of the 
experimental setup of the CFT thruster from the available literature is examined by using 
ANSYS Maxwell [1]. The selected experimental model from Hu et al [15] is used. This 
model is considered because of similarities in the design parameters and their experimental 
results, which will serve as useful guidelines to validate the results based on simulation. The 
simplified HEMP-T model tended to over-predict the potential in the plume region because it 
was assumed to be responsible for the inaccuracy in the calculation of the grid efficiency and 
acceleration efficiency as well as the over-prediction of the beam current Ib [9, 19]. Likewise, 
the potential at the exit of the engine is over-predicted in the present methodology, where 
particle losses and loss in acceleration efficiency are not taken into account in this study as it 
requires significant CFT measurement to determine and thus beyond the scope of this study, 
but it consequently yields more conservative estimation for the performance parameters.  
 
In this verification study, therefore, hypothetical assumptions are made for the efficiencies so 
as to account for particle losses, mass utilisation, acceleration, and plume divergence 
efficiencies, based on the experimental studies by Keller et al. [17], Ma et al. [22] and 
Matlock [23], in conjunction with Eqns 5 – 13; a correction factor of αm = 0.9 is used for the 
mass utilisation efficiency as per Eqn 13, based on an assumption of 20% doubly charged 
ions [9] and; the divergence angle is assumed to be 60◦ to calculate the plume divergence 
efficiency [17], which presents a combined acceleration and divergence efficiency of 40.7% 
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(i.e., η = ηacc ·ηdiv = 0.407), based on the acceleration efficiency extrapolated from the Faraday 
measurement values [17].  
 

Table 5:  Comparison of the results for three-magnet configuration with experiment at the 
mass flow rate of 10sccm 

 
Table 5 compares the result from Hu et al. [15] using the magnetic cell length ratios of 1:2:7 
(except for specific impulse, which was not presented) and that from the analytical study 
using the three-magnet configuration with variable thickness. These specific experimental 
models represented the peak performance characteristics of the thruster in terms of thrust, 
specific impulse and efficiency. The performance parameters are a little lower but comparable 
to the values measured in the experimental studies. The thrust is measured by means of two 
different methods from Kornfeld et al. [19] and Keller et al. [17] and calculated using Eqn 10. 
These comparisons indicate reasonable agreement and consistent tendencies, verifying the 
validity and effectiveness of the present methodology used for optimisation studies. Table 6 
presents the adjusted performance for the selected points displayed in Table 2 by applying the 
correction factors based on the aforementioned assumptions. 
 

Table 6:  Adjusted performance of selected design configurations taking acceleration, 
divergence efficiencies and multiply charged ions into account 

 
 
 
 
 
 
 
 
 

 Hu et al. [15] Three-Magnet Configuration  

Anode Total Specific Thrust Total Specific Thrust Thrust 
potential efficiency impulse  efficiency impulse  error 

(V) (%) (s) (mN) (%) (s) (mN) (%) 
300 25 N/A 9.6 24 956 9.2 4.0 
400 28 N/A 11.6 24 1115 10.7 7.3 
500 29 N/A 13.4 23 1251 12.0 10.0 
600 29 N/A 14.8 25 1439 13.2 6.3 
700 30 N/A 16.3 24 1513 14.3 10.5 
800 30 N/A 17.7 24 1633 15.5 10.8 

Four-magnet solution T 
(mN) 

ηt 

(%) 
Isp 

(s) 
S1 112.3 20.2 2330 
S2 109.2 36.6 2265 
S3 87.9 21.0 2349 
O1 109.1 36.6 2265 
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Discussion 
 

 

Fig. 10:  Magnetic field strength topology of non-dominated solution S1 

 
Magnetic field strength topologies calculated by magnetostatic analysis of ANSYS Maxwell 
are presented in Figs.10 – 12. The magnetic field strengths of the selected solutions, S1 and S3 

are considerably similar on the whole as they commonly have a larger cusped region at the 
first and fourth magnet location. On the other hand, the largest cusped regions are observed at 
the exit of the thruster for the selected solution S2. The higher cusped field at the exit is 
advantageous to keep the plasma at the centre of the thruster at the exit and the plume region, 
which has conduced to favourable performance over all in all criteria.  

 

 

Fig. 11:  Magnetic field strength topology of non-dominated solution S2 
   

 

Fig. 12:  Magnetic field strength topology of non-dominated solution S3 

  
Figure 11 presents the magnetic field strength of S2 solution, which attained the highest 
efficiency. This indicates the importance of the strength of the exit magnet in terms of cusped 
field for ion confinement, because balanced performance of thrust T, efficiency ηt and 
specific impulse Isp has been observed for the selected solutions S2, while the selected 
solutions S1 and S3 have formed the weakest cusped fields near the chamber of the thruster at 
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the second and third magnets to confine the plasma in the middle of the thruster. 
 
The sensitivity analysis has identified the key design parameters to be anode power and mass 
flow rate. The MDO results presented in Table 2 show some trends to maximise Ua and ṁa for 
higher performance. Optimum designs have been found to be commonly characterised by 
IMR lying between 10.0 and 11.0mm and OMR between 22.0 and 28.0mm. 
 
Table 7 compares the design parameters and performance of the selected points from the 
present study and those from experimental studies reported in the available literature. These 
experimental data are used as the baseline models for result verification. The optimal thrust 
has been identified to be approximately 109mN, which are considerably larger than all data 
from the experimental studies and from the previous study of the three-magnet configuration 
by Fahey et al. [9]. Due to the lack of studies of four-magnet CFT model, the performance 
objectives and decision variables were not well defined in the previous studies [19]. The 
selected solution S2 of the configuration with the four magnets has achieved thrust and 
specific impulse improvements of approximately 6% on average, compared to the results 
from the study of Fahey et al. [9]. The estimated efficiency of the S2 design is reasonably 
aligned with the experimental results of Ma et al. [22]. The anode potential Ua correlates to 
the experimental setups of Keller et al. [17] and Kornfeld et al. [19]. The anode current Ia, of 
the selected solution S2 is between 1.5A [19] and 4.1A [22]. The design variables are 
comparable to the experimental study of Young et al. [31] while the objective performance 
parameters are comparable to the experimental studies of Ma et al. [22] and Kornfeld et al. 
[19], consequently leading to weight reduction in the thruster. The comparative size of the 
thruster magnets can be optimised to produce the high performance for the CFT by applying 
the MDO algorithm. 
 

Table 7:  Comparison of performance and design parameters 

 
 
Table 7 compares the design parameters and performance of the selected points from the 
present study and those from experimental studies reported in the available literature. These 
experimental data are used as the baseline models for result verification. The optimal thrust 
has been identified to be approximately 109mN, which are considerably larger than all data 
from the experimental studies and from the previous study of the three-magnet configuration 
by Fahey et al. [9]. Due to the lack of studies of four-magnet CFT model, the performance 
objectives and decision variables were not well defined in the previous studies [19]. The 
selected solution S2 of the configuration with the four magnets has achieved thrust and 
specific impulse improvements of approximately 6% on average, compared to the results 
from the study of Fahey et al. [9]. The estimated efficiency of the S2 design is reasonably 
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aligned with the experimental results of Ma et al. [22]. The anode potential Ua correlates to 
the experimental setups of Keller et al. [17] and Kornfeld et al. [19]. The anode current Ia, of 
the selected solution S2 is between 1.5A [19] and 4.1A [22]. The design variables are 
comparable to the experimental study of Young et al. [31] while the objective performance 
parameters are comparable to the experimental studies of Ma et al. [22] and Kornfeld et al. 
[19], consequently leading to weight reduction in the thruster. The comparative size of the 
thruster magnets can be optimised to produce the high performance for the CFT by applying 
the MDO algorithm. 
 
 

Conclusion 
 

The influence of the magnet configuration on CFT performance has been investigated by 
performing multi-objective design optimisation for the CFT configuration with four magnets 
in comparison with that with the results of Fahey et al. [9]. It has yielded insights into the key 
design factors and underlying physics that are responsible for effective downscaling of CFT 
models while maintaining high performance.  
 
Comparison of the results has identified the exit magnet to be one of the key elements that 
crucially determine the performance of the thruster. The maximum possible thickness of the 
fourth magnet has been found to produce higher overall performance, while the weak cusp 
regions at the second and third magnets have been found to cause some of the performance 
loss in thrust or specific impulse associated with the smallest thickness of the second and third 
magnets. This is directly related to the location of the largest cusped region for plasma 
confinement. The results from Fahey et al. [9] and S2 for the four-magnet configuration 
model have been identified as the candidates for the optimal thruster design to achieve the 
most balanced, beneficial performance metrics. The selected solution S2 of the configuration 
with four magnets has achieved thrust and specific impulse improvements of approximately 
4% on average, as compared to the results of Fahey et al. [9].  
 
The influence of physical uncertainties such as ion or electron density, wall erosion, sheath 
effects is a subject of further investigation in order to enhance the fidelity and accuracy of the 
model and analysis. The power level is to be constrained in future work to allow for 
exploration for further practical CFT design within the microsatellite requirements [33, 34]. 
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Summary:  Previous work has indicated that the use of Commercial-Off-The-Shelf (COTS) 
smartphone cameras in satellite Star Trackers is promising, due to their low cost, mass, and 
volume, limited power consumption, and high radiometric and spatial resolution. This paper 
presents an investigation of the effect of stray light on a novel Star Tracker comprising a 
Wide-Field-of-View (WFOV), low cost, COTS camera system. The blinding angle from the 
camera boresight to centre of Sun, Earth and Moon is estimated via laboratory and ground 
experiments. Both hardware and software solutions to optimising these angles are briefly 
investigated, such as baffling, introducing multiple orthogonal cameras, and correction 
algorithms. The experimental results show the effect of stray light to be very significant, 
rendering the system inoperable if no mitigation strategies are implemented.  
 
Keywords: Star Trackers, Star Cameras, Stray Light, Wide Field of View, Baffle 
 
 

1. Introduction 
 
Recent advances in the capability of small satellites, such as the popular CubeSat format, has 
led to an increasing demand for missions involving precise satellite attitude control. To 
achieve this within the restricted volume of a CubeSat, small but high-accuracy attitude 
determination systems are required. Star Trackers, also known as Stellar Compasses or Star 
Cameras, are the highest precision method of attitude determination available to a satellite. 
 
Star Trackers capture images of the sky and apply various algorithms to identify stars within 
each image, determining their position in celestial co-ordinates from an on-board star 
catalogue. The orientation of the satellite in inertial space, or attitude, can then be found by 
generating vectors to the stars and estimating the coordinate transformation to the satellite 
body-frame. Numerous Star Trackers are available commercially, ranging from 150g, with 
accuracy on the order of 10’’ (arcseconds), to systems 10 kg or larger with higher accuracy 
for use in Geostationary satellites [1]. Traditional Star Trackers are relatively large, with 
expensive and sensitive optics to detect faint stars within in a narrow field of view of typically 
5 – 20°. As such, they require large baffles to sufficiently attenuate stray light. Due to their 
size, mass and power requirements, such systems can only be used on satellites of the 
microsatellite class (50-100 kg) and larger, and are not suitable for the CubeSat format. 
 
At present, the smallest and cheapest commercially available systems cost in excess of 
$40,000 AUD [1] and consume a significant portion of the available power, volume, and mass 
for a standard CubeSat. Therefore, the construction of an inexpensive, lower power, low mass 
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and reduced volume system is highly desirable, offering a new paradigm in small satellite 
attitude determination and control. The rise of smartphone technologies, particularly the 
increasing proliferation of smartphone camera systems, has facilitated an unprecedented 
increase in the capability of small, low power board-level cameras. The costs of camera 
sensors and optics are falling significantly, and previous and current research has found these 
systems to be very promising [2], with potential component costs of less than $5000 AUD.  
 
Of particular importance is the wide-field-of-view (WFOV) of such small cameras, typically 
45-70° in horizontal-field-of-view. This larger field of view offers a new approach to 
traditional star-sensing by imaging with lower radiometric resolution (bit depth) and only 
identifying bright stars (approximately magnitude 3 or brighter) [2]. Despite the reduction in 
the number of stars identifiable imposed by the restriction of only bright stars, an average of 7 
suitable stars will be present in the image (enough for high accuracy attitude determination), 
due to the WFOV. This allows for a significant reduction in the computational intensity of 
traditional Star Tracker algorithms, due to the lower number of star pairs in a reference 
catalogue used to identify stars and determine attitude. However, the WFOV imposes one 
significant disadvantage; it is more susceptible to stray light, which may degrade the image 
quality, and render the system inoperable due to saturation or the inability to identify 
background stars. 
 
This paper aims to quantify the effect of stray light and to investigate potential mitigation 
strategies. The most common method of quantification of the effect of stray light on a Star 
Tracker is through calculation of the exclusion (blinding) angles. This is the angle between 
the boresight and the centre of a light source above which the stray light saturation is too 
significant to image stars at the limiting magnitude (magnitude 3 based on previous work in 
[2]). These angles are evaluated experimentally here using a common smartphone camera as 
an analogue. The specific effect that this has, in terms of the operability of a system in space 
(the amount of time, or proportion of orientations for which the system can operate) is 
investigated through a Monte Carlo simulation, designed to allow for random satellite 
orientations or a “lost in space” treatment, and mission specific analysis for a given orbit.  
 
Solutions to the issue of stray light are briefly investigated in terms of both hardware and 
software, with baffles, correction algorithms and multiple-axis, multi-camera systems. To 
ensure robustness of the system, all treatments in this paper are undertaken for the worst-case 
scenario – the “lost in space” case, where the attitude of the satellite is completely unknown, 
rather than designing for a specific orbit.  
 

2. Review of Existing Technology 
 
A thorough review of the capabilities of select commercially available systems was performed 
in addition to a review of traditional stray light mitigation strategies. Such systems included 
experimental Star Trackers for small satellites, and conventional systems designed for larger 
satellite buses. Table 1 presents a comparison of these systems, with publicly unavailable data 
marked with a hyphen. The key trend observed is of larger systems having smaller exclusion 
angles and requiring larger baffles. Notably, the MAI Space Sextant (a similar system to that 
presented in this paper) has a sun exclusion angle of 90° with no baffle. 
 
Earth exclusion angles are rarely quoted due to the complex functional dependence on (and 
wide variation of) Earth albedo on orbital position of the satellite. Earth exclusion angles have 
a great impact on the operability of the system as in Low Earth Orbit, since the Earth 
represents a very large proportion of the area viewable by the Star Tracker. Therefore, Earth 
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exclusion angles have been determined experimentally in this report due to their importance. 
However, it must be noted that the approximations made in this paper limit the quantitative 
accuracy of the results, yet provide a good first approximation to the relevant exclusion 
angles. The only way to accurately test albedo is in space, as it is highly dependent on orbit 
position and cannot be determined for all orbits, unlike Sun and Moon exclusion angles [3].  
  

Table 1: Comparison of Common Systems, - indicates no data available 
 

 NAME FOV (°) 
EARTH 

EXCLUSION 
ANGLE (°) 

MOON 
EXCLUSION 

ANGLE (°) 

SUN 
EXCLUSION 

ANGLE (°) 

BAFFLE 
LENGTH MASS 

C
U

B
E

SA
T

 MIST [3] 25 - - 45 100 mm 500 g 

NST 1 [4] 15 25 - 35 113 mm 245 g 

ST 16 [5] 20 - 0 34 70 mm 185 g 

MAI SS [1] 25 - - 45 (90 w/o baffle) 200 mm 300 g 

T
R

A
D

T
IO

N
A

L
 TERMA T1 [5] 20 - 0 45 104 mm 1 kg 

SODERN 
HYDRA [5] 23 18.5 0 26 283 mm 1.8 kg 

GALILEO 
AASTR [5] 20 - - 25 348 mm 2.6 kg 

 
3. Theory 

 
‘Stray light’ is undesired light entering an optical system that can cause interference to the 
sensing of target objects and corrupt the image quality. It is typically caused by undesirable 
light sources in the field of view, but may also result from the scattering of light, including 
photon collisions with the wall of the detector, varying its path and hence being received by a 
different pixel on the detector [6]. In Low Earth Orbit, there are three primary sources of stray 
light: Earth (Albedo), the Moon, and the Sun. 
 
The Sun and Moon are small sources in angular distance and are distant enough to be 
considered of planar incidence. This implies they should be focused on a small area on the 
detector, representative of their small angular distance. However, due to the effects of 
scattering and internal reflection off the camera walls, the sources are not focused accurately 
and saturate large areas of the CMOS or CCD detector, particularly in the case of the Sun. 
This is severely exacerbated by the large number of photons incident on the lens from these 
sources. Furthermore, whilst Ultra-Violet and Infrared filters are generally used in camera 
systems, these typically only attenuate 98-99% of the light within these bands [7]. From 
sources with an extremely large photon flux such as the Sun and Earth, even this 1-2% of un-
attenuated light can be very significant, with the UV and IR stray light flux larger than that of 
the stars being imaged, as shown in Table 2. 
 
Stray light has several detrimental effects on the image. Saturation of some or all pixels in the 
image may occur, causing an inability to detect the stars – a crucial required function of a Star 
Tracker system. Furthermore, the algorithms used in Star Trackers generally rely on pixel 
intensity thresholding based on a “standard deviation from the mean” approach, i.e. where 
“regions of interest” are found by identifying pixels of intensity a certain number of standard 
deviations higher than the mean of all pixels. High valued or saturated pixels in the image 
significantly alter both the standard deviation and the mean of the image brightness, causing 
errors in the thresholding process, and leading to an inability to detect the presence of stars, 
even when they may otherwise be clearly visible.  
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To quantify the magnitude of stray light sources, the photon fluxes of each source were 
calculated in the blue, visual and red photometric bands using the Johnson-Morgan defined 
bands covering 400-720 nm wavelengths from lower Full-Width-Half-Maximum (FWHM) to 
upper FWHM [8]. The UV and IR bands have been neglected in this report, as there are filters 
inbuilt on the camera to attenuate these bands.  
 
The Blackbody curve, given by Planck’s law of blackbody radiation, gives the proportion of 
emitted radiation at a given wavelength, for a star with a given effective temperature, and is 
typically used to give the proportion of photons in each photometric band. However, in the 
case of a Star Tracker, multiple stars with different effective temperatures must be considered 
in a single image, with the spectra of each varying significantly. Therefore, the photon flux of 
stars cannot be calculated by examining only one class of stars and integrating the blackbody 
curve. Instead the average flux energy is calculated using approximations that relate 
magnitude to flux energy and flux energy to photon flux using the central wavelength of each 
band [8]. This gives the following empirical formulae [8]: 
 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹	𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸	 𝐽𝐽𝐸𝐸 = 𝐹𝐹/01×1051.78                                 (1) 
 

𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝐸𝐸	𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹	𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸	×1.51×10>× ?@
@

                  (2) 

where 𝐹𝐹/01 is the Flux Energy in Janskys (Jy) at magnitude 0, 𝑀𝑀 is stellar magnitude and ?@
@

 
is an empirical parameter for each band.  
 
The flux can then be calculated using the following parameters [8]: 
 

?@
@
	 B = 0.22	; 		?@

@
	 V = 0.16	; 	?@

@
	 R = 0.23																		                  (3) 

 
and 𝐹𝐹/01	 B = 42260;	𝐹𝐹/01	 V = 3640	; 	𝐹𝐹/01	 R = 3080											          (4) 

 
Summation of the fluxes of the bands gives the total Blue, Visual, Red photon flux of a star. 
The spectrum of the Sun is well defined and could be integrated over to find the photon flux; 
however, the Sun is far too intense to accurately mimic in experimentation. Therefore, the 
photon flux of the Sun is calculated using the above procedure. 
 
The Moon’s magnitude varies significantly during its phases. Therefore, the Moon is treated 
as an ideal diffuse reflector, also known as a Lambertian surface. This assumes equal 
radiation at all solid angles, and can be modelled using  
 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹KLMN?OLP×
QROSTUVWXYUZ
QROSXW[[\]Y

×𝑉𝑉𝑉𝑉𝑉𝑉𝐹𝐹𝑉𝑉𝐹𝐹	𝐺𝐺𝐸𝐸𝑜𝑜𝐺𝐺𝐸𝐸𝑜𝑜𝐸𝐸𝑉𝑉𝐺𝐺	𝐴𝐴𝐹𝐹𝐴𝐴𝐸𝐸𝐴𝐴𝑜𝑜							               (5) 
 
Using the semimajor axis of the Moon, and the lunar visual geometric albedo of 0.12 gives 
the photon flux of the Moon, as per Table 2. This value was verified by converting to 
magnitude (-12), which is in agreement with measured magnitudes of the full Moon [3].  
 
The same diffuse scattering assumption was implemented for Earth; however the true Earth 
albedo has a much more complex functional form, due to the atmosphere and the proximity of 
the satellite to the Earth. For this reason, the Earth Exclusion angle can only be accurately 
tested in space [3]. A first estimate was made using the Lambertian reflection approximation 
to find a worst-case Earth exclusion angle. For this, the Earth’s visual albedo of 0.31 was used 
and a common Low-Earth-Orbit (LEO) altitude of 400 km was assumed. 
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Table 2: Photon Fluxes of various Sources 

 
 Source Sun Earth (Noon) Moon (Full) Mag 3 Stars Mag 0 Stars 
Total B,V,R Photon Flux 
(400-720nm) 
(photons/m2/s) 

1.7×10ij 2.7×10i1 8.0×10j7 2.1×10k 3.2×10j1 

 
 

4. Experimental Design 
 
There are three main tests of Star Tracker efficacy in the presence of stray light, in-situ testing 
(in orbit, or in a weather balloon), ground imagery, or laboratory testing. In this study all 
approaches were considered, however, due to the time and budget constraints of this 
investigation, and equipment limitations, laboratory testing was chosen to test against the Sun 
and Earth albedo, and the Moon exclusion angle was found using ground measurements.  
 
4.1  Ground measurements 
 
Various images with the Moon within the field of view were obtained on Mt Wellington, 
Tasmania, an area with minimal light pollution. The Moon phase was full, with no cloud 
cover. These images were inputted to MATLAB, using previously developed software, 
detailed in [9]. The Moon exclusion angle was then calculated by finding the minimum 
angular distance from the moon for which “regions of interest” could be identified.  
 
4.2  Laboratory Experiment 
 
The most important parameters to match between experiment and the space environment to 
accurately test the system’s susceptibility to a source of stray light are the angular distance, 
the photon flux, and to a lesser degree the spectrum of the light source. To match these 
parameters for stars, a plywood board was laser cut with 1 mm diameter holes to ensure 
uniformity and simulate the stars as point sources. This gave a radius of approximately	5 
pixels, equal to the approximate 5-pixel radius of stars observed from on-ground imagery. A 
dim LED light source with narrow aperture was placed far behind the sheet to represent the 
stars, giving approximately planar incidence on the plywood sheet as required.  
 
Due to restrictions in available laboratory equipment, the spectrum of the source was limited 
to that of white LEDs. Furthermore, the true photon flux of the Sun was not matched due to 
the lack of sufficiently bright near-point-source lighting. Whilst bright light sources are 
commercially available, they rarely have the narrow aperture required to match the Sun’s 0.5° 
angular diameter. For this reason, the Sun was simulated through the brightest narrow 
aperture light available, a 900 Lumen LED source. This was the brightest source available 
given current equipment limitations. To match the angular distance of the Sun, an aperture 
was also cut and attached to the light source. Due to the angular distance constraint, and 
equipment limitations, the intensity of the source was limited to 3.3% of maximum solar 
intensity. All intensities were measured with a Digitech QM1584 Flux meter, which was 
limited to measure Lux (lumens/m2) to 3 significant figures with a minimum measurable 
intensity of 0.005 Lux.  
 
The experiment was set-up in a box painted black within a dark room to minimise the effect 
of reflection and light pollution. The background light was minimised and measured to be 
below the Flux meter’s minimum limit of 0.005 Lux. The brightness of the star sources was 
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calibrated via direct ground measurement of Delta Crucis, a magnitude 2.8 star. On-ground 
images of Delta Crucis were taken in Sydney Park, and all parameters of the camera, such as 
ISO and exposure, were kept constant. The mean city light background was calibrated against 
and atmospheric attenuation accounted for, giving a necessary brightness of 60 on a 0-255, (8-
bit depth) scale. This assumed a linear relationship between photon flux and sensor reading. 
The LED torch star light source was then adjusted in the laboratory to match the required 
brightness value of 60. 
 

5. Experimental Method and Preliminary Results 
 
The experiment was set up in a dark room, with brightness < 0.005 Lux. The smartphone 
camera was placed on a tripod and positioned perpendicular to the star screen. A white LED 
torch was used to backlight the stars and positioned at the calibrated distance. The light source 
was positioned 10 cm from the front of the camera lens, using an aperture cut to match the 
required angular distance of the Sun. The position of the light source was varied in 10° 
increments starting boresight, until the image was not completely saturated. At this point, the 
light source was moved in 5° increments up to 85°. Beyond this, the light source could not be 
aligned accurately – exclusion angles in this range would suggest that the camera system 
should not be applied to a Star Tracker. The exposure time was varied on the camera to the 
desired values to ensure constant flux throughout all images. The intensity of the source was 
then decreased and the process was repeated. The data was inputted to MATLAB to 
determine whether the regions of interest could be detected.   
 
An iPhone 6 camera was used for all measurements with 2500 ISO, and all images captured in 
RAW (uncompressed) file format. The fluxes tested ranged from 850 to 4700 Lux, 
specifically at 0.6, 0.8, 1.2, 2 and 3.3% of solar intensity, and then with the following 
exposure times tested: 0.25, 0.166, 0.1, 0.05, 0.018 sec. The exclusion angle for each 
combination of these parameters was determined. Typical data is shown in Figure 1 where the 
stray light source lies outside the field of view. 
 
Initial results found that the star light could not be identified using the “region of interest 
identification” algorithms at any tested exposure time or source intensity, despite being 
visually clear to an observer. This was found to be due to the nature of the thresholding 
algorithms used, in order to correct for this, a correction algorithm was developed.  

Figure 1: Image showing undetected star with stray light 
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6. Algorithmic Corrections 
 
Initial results showed that traditional “region of interest” algorithms, detailed in ref. [9], were 
significantly affected by stray light. These traditional algorithms are dependent on thresholds 
calculated based on mean pixel brightness values and standard deviations of the brightness 
from the mean, (with a calibration of the standard deviation applied for a Pixel Spread 
Function). This is described in detail in [9].  
 
Therefore, these calculations are invalidated when stray light is present in the image, as both 
the standard deviation and mean are significantly affected by the presence of stray light. 
Hence, maximising the stray light removed should allow for accurate centroiding of the 
image. Several different algorithms were developed to calibrate against the background light, 
including removal of saturated pixels, rescaling the brightness, and calibrating individual 
pixels. The final algorithm implemented simply removes the background brightness around 
each individual pixel, by removing the mean of border pixels forming a square of centre to 
edge distance, r, around each pixel. This is shown in the pseudocode 
 
for {all pixels} 
 each pixel = each pixel – mean {surrounding pixels}  
 
The surrounding pixels are given by the border square’s corner and middle pixels only, 
pictured in red about the circled centre pixel as shown in Figure 2. Only these pixels are used, 
to reduce computational intensity. Taking these 8 surrounding pixels reduces the effect of 
outliers that may be caused by noise, or pixels of the star falling on this square, as can be seen 
in the centre top pixel in Figure 2. The distance between the centre pixel and star border was 
taken to be 4 pixels, to ensure that the pixels represented the background rather than the edge 
of a star. This distance is dependent on the spatial resolution of the camera and should be 
calibrated for each sensor used. 
  
This background correction of the pixels allows for reduction of both fully saturated pixels 
and small amounts of stray light in the same image, allowing the thresholding process to 
work, and identify regions of interest in the presence of stray light.  
 
The background correction process was implemented on the ground imagery of the Moon, 
shown in Figure 3, 4. The top left corner star is clearly identified without corrections. 
However, the other two stars visible in the image could not be identified. When the algorithm 
is applied, the region of interest for both stars is found. This would allow an attitude to be 
calculated in the corrected image, rendering the system operable. 

Figure 2: Surrounding Pixels 
(red) for Centre Pixel (circled) 
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This background correction algorithm clearly shows great promise, with the ability to identify 
regions of interest accurately, even in the presence of large saturated detector areas.   
 
In these algorithmic corrections, to classify the exclusion angles rigorously and consistently, 
the threshold was kept to 3𝜎𝜎. This increases the robustness of the system against noise or lens 
artefacts. Following processing of all images, the image with lowest boresight to source angle, 
for which a region of interest could be detected with this correction was found. This minimum 
angle is then the estimate of the exclusion angle.  
 
 

7. Experimental Results 
 

7.1  Laboratory Results 
 
Using the corrections detailed 350 images were processed with the new correction algorithm 
and the exclusion angles were calculated for every combination of the 5 exposure times and 5 
source intensities, leading to the result in Figures 5, 6. In Figure 5 exclusion angle is plotted 
against exposure time for lines of constant intensity, whereas in Figure 6 exclusion angle is 
plotted as a function of source intensity for lines of constant exposure time. Figure 6 shows a 
clear trend, that decreasing exposure time decreases the exclusion angle. Thus, the shortest 
exposure time will have smaller exclusion angles and are favoured for operational use, within 
signal to noise ratio limitations. This is due to the decrease in number of incident photons on 
the detector and hence decrease in saturated area.  
 
To determine the signal to noise ratio of the data, the raw pixel values of the stars and 
background, were analysed at each varying exposure time. Notably, the 0.018 s exposure time 
were found to have pixel values <10. This indicates a signal to noise ratio <10 as background 
noise was observed in dark images to take values of 2 or 3 on the 0-255, 8-bit depth, scale. 
Such a signal to noise ratio is simply not high enough to be robust to background noise and 
hence cannot be accepted for use [5]. Therefore, the minimum exposure time for 
consideration is 0.033 secs. 
 
Extrapolating the 0.033 s exposure curves, it is clear that for 100% Solar intensity, the 
exclusion angle will be >85°. Furthermore, at Earth flux, only 16% Solar intensity, the 

Figure 4: Corrected Image of Moon and 
Stars 

Figure 3: Uncorrected Image of Moon 
and Stars 
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exclusion angle will be also be >85°. These are very large exclusion angles compared to the 
typical 35-25° Sun and Earth exclusion angles of commercial Star Trackers, as shown in 
Table 3. 
 
7.2  Ground Imagery 
 
With the correction algorithm applied, several stars could be detected with the Moon in the 
field of view, (Figs 3 & 4). This held for angles from boresight to the Moon up to ~5°, giving 
an exclusion angle <5°. We note an unexpected banding effect is also observable in the 
ground imagery of the Moon, particularly Figure 3. This is likely an effect of saturation and 
the rolling shutter of the smartphone camera. To avoid effects like this, an eventual 
implementation of the system must have exposure times selected to avoid saturation and use a 
global shutter to both circumvent this issue and avoid star centroiding errors.  
 

Table 3: Comparison of Exclusion Angles 
  

 

Source Uncorrected Corrected Commercial LEO Commercial GEO 
Sun ~ 90 >85 ~35 ~25 
Earth ~ 90 >85 ~25 ~18 
Moon  -  < 5  ~5 <5 

 
 

8. Simulation 
 
With the Sun, Earth and Moon exclusion angles determined from experiment, the 
“operability”, a percentage of randomized attitude vectors on the unit sphere for which the 
system is operational can be determined. A full 3-D Monte Carlo simulation, implemented in 
MATLAB, was developed to calculate the systems operability. This used a “lost in space” 
treatment, which randomizes the orientation and position of the satellite, with a given orbital 
altitude over 100,000 iterations. The phase and position of the Moon was also randomized and 
a generic orbital altitude of 400 km chosen, due to the common use of this orbit for small 
LEO satellites. Alternatively, an orbital ephemeris may be inputted to the simulation to 
determine the operability of the camera for a particular orbit. For each randomised position 
and orientation, the dot product of normal vectors from boresight and the centre of the light 
source calculates the angle between the vectors to check if it is within the exclusion angle 
limits.  

Figure 5: Exposure time vs exclusion 
angle for various constant intensities 

 
Figure 6: Intensity vs exclusion angle 
for various constant exposure times 
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Table 4: Operability of various systems in randomized attitude lost-in-space scenario 
 
SYSTEM 1 Axis Conventional LEO Conventional GEO 
OPERABILITY  4.0 % 47.8 % 58.3 % 

 
The Sun, Earth and Moon exclusion angles calculated from experiment with the correction 
algorithm applied (Table 3), gave a 4% operability compared to 48% for a conventional 
CubeSat Star Tracker (Table 4). These results clearly show that the system cannot compete 
against other technologies, and is inoperable too frequently to be competitive without 
implementing mitigation strategies.  
 
 

9. Discussion 
 
Various aspects of stray light relevant to Star Tracker systems were investigated in the 
sections above, with the effects of light sources quantified through exclusion angles and 
simulations, and several mitigation strategies developed to counteract the causes and effects 
of stray light. The results obtained show that, without baffling, the system is inoperable 96% 
of the time for a single camera system. This is unacceptable in comparison to commercial 
systems, which have standard rates of approximately 52% inoperability as per Table 4.  
 
Potential solutions to this are the implementation of baffles and using multiple cameras in 
multiple axes. A simple baffle may be designed with attenuation factor of 104, i.e. only 1 in 
104 stray light photons reach the detector [3]. The received solar intensity would then be 
0.01%, and figure 5 shows the Sun Exclusion angle would be <20° in this case, comparable to 
that of current commercial systems. Using multiple cameras also increases the system 
operability as not all cameras may be blinded simultaneously. A 3-axis orthogonal 
configuration was inputted to the Monte Carlo simulation, finding 12% operability using the 
85° exclusion angles for a system without a baffle. As this operability remains unacceptable, 
future research will investigate the implementation of multiple orthogonal cameras with 
baffles.   
 
The analyses presented clearly show that decreasing exposure time drastically reduces 
saturation induced by stray light sources and allows stars to be imaged with smaller exclusion 
angles. However, decreasing the exposure time sacrifices the signal to noise ratio of images. 
For instance, applying the minimum exposure time of 0.018 s to on-ground imagery lost the 
signal to noise necessary for high accuracy centroiding and hence high accuracy attitude 
determination. Therefore 0.033 s is taken as the minimum exposure time, and this value was 
used for determination of exclusion angles and simulation results.  
 
The limitations of the experiments must also be considered. On-ground testing is limited by 
atmospheric attenuation and distortions, and hence could affect the accuracy of the Moon 
exclusion angle calculated. Various limitations are imposed on the accuracy of the tests by the 
difficulties of adequately of simulating the stars, Sun and Earth in a dark room, especially by 
limitations on the flux meter and light sources. As detailed in Section 4.2, calibrating two 
light sources with a 12 order of magnitude difference of flux proved difficult, with only up to 
3.3% of Solar intensity able to be simulated. Furthermore, the UV and IR bands were not 
considered due to unavailability of such sources, but must be considered in future testing, due 
to the sheer number of photons from the Sun. 
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The setup was also limited in angular accuracy. Although the angles were kept consistent by 
thorough calibration, this experiment should be set up on an optical test bench in the future to 
more precisely calibrate the system. More stars should also be simulated in each laboratory 
experiment to assure that multiple stars can be detected in each image, and to control against 
any systematic errors. Fibre-optics could be used to simulate point sources and high accuracy 
flux measurement equipment could be used to calibrate the photon flux of the star sources. 
Such a set up allows for removal of attenuation through the board and for better calibration of 
the star light source. A brighter light source, preferably with significant flux in the UV and IR 
spectral bands also, will improve the accuracy of the experiment. The setup could be also 
designed with the back sheet as a half cylinder with all star sources on the edge of the cylinder 
with small angular spacings. A source would then be placed at the centre, and the camera 
rotated to find exclusion angles.  
 
Most importantly, the prototype system itself must be tested (when it is built), rather than 
using a smartphone as an analogue. Furthermore, to more accurately determine exclusion 
angles, in situ data is necessary from weather balloon testing.  
 
An effective correction algorithm was developed to remove background light and saturated 
pixels, and showed excellent results. However, it is computationally intensive. Adaptive 
thresholding should also be implemented into the calibration algorithm, i.e. varying the 
threshold number of standard deviations from the mean, based on the amount of stray light in 
the image, to increase the robustness of the system to noise, lens effects, and pixels on the 
border of the saturated area that may not be thresholded to zero. This would ensure that lens 
flares or pixels on the border of the saturated area are not registered as stars and identified in 
the regions of interest, in the event they are not already recalibrated to zero.  
 
Another possible strategy is to select a camera with a smaller FOV. This project used a 
70°FOV iPhone camera, but as shown in [2], imaging the 170 stars in the night sky with 
magnitude ≥3 only requires FOV ≥ ~50°.	Stars with magnitude <3 are also detectable using 
the optics investigated and hence a minor increase in the size of the star catalogue, to 3.5 for 
example, could allow for a further reduction in FOV of a future system, for example to 40°, 
whilst still maintaining a significant amount of stars for robust, high accuracy attitude 
determination. A 40°	FOV observes 6 stars on average per image, significantly more than the 
3 stars necessary for robust attitude determination [9]. This FOV would still remain in the 
wide field of view, low computation intensity, paradigm but also greatly decrease the 
vulnerability of the system to stray light.  
 
Lastly, potential sensor damage due to bright light must also be investigated for varying 
exposure times and intensities, to ensure that the system is robust. The combination of these 
tests, and design, and testing of baffles are necessary, is necessary to move forward with 
prototype development.   
 
 

Conclusion 
 
This paper investigated the increased effect of stray light from the Sun, Moon and Earth 
albedo, in a WFOV Star Tracker system using a smartphone as an analogue. The stray light 
was shown here to have a very significant effect on the operation of the system. Exclusion 
angles of >85° for the Sun and Earth and <5° for the Moon (respectively) were determined 
experimentally. These are considerably higher than for commercially available systems. 
These angles were used to create a 3D Simulation of the operability of the Star Tracker in the 
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space environment, which calculated operabilities of 4% and 12% of all random orientations 
for a single camera and three axis camera system respectively. This renders the system 
effectively inoperable.  
  
To improve operability, we strongly recommend the implementation of baffling and of 
multiple orthogonal cameras for the camera system to be used reliably in a Star Tracker. We 
recommend future work be focused on increasing the accuracy of the experimental procedure 
presented in this paper, testing the eventual hardware of a future prototype, and developing a a 
baffle design. With further developments of the stray-light mitigation strategies for this 
camera system, we believe the proposed Star Tracker system has strong potential for 
applications in CubeSat attitude determination. 
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Summary:  A stellar gyroscope system is proposed, designed, and its accuracy evaluated. The 
stellar gyroscope operates by imaging over long exposure times and measuring the position and 
size of smeared stars to determine a spin axis and slew rate. The benefits of using a stellar 
gyroscope include a lack of sensor bias and a lack of need for a separate gyroscope system. An 
experimental apparatus was designed and tested, and images and real gyroscope data were 
captured for comparison. The developed system was not accurate enough to be used solely in 
an attitude determination and control system; however, it may be used for secondary 
verification, sensor bias reduction, or as a redundancy measure in low-cost satellites.     
 
Keywords:  stellar gyroscope, ADCS, star tracker, wide field of view, miniaturised, COTS 
 
 

Introduction 
 
The advent of NewSpace, especially with respect to the massive growth in popularity of 
CubeSats, has created a high demand for small, inexpensive, and accurate sensors. This project 
assesses the viability of replacing legacy gyroscope sensors with an image capture method 
known as a stellar gyroscope.  
One of the most critical components for attitude determination and control systems (ADCS) is 
the gyroscope, which measures angular velocity and spin axis. Traditionally, large satellites 
have used miniature mechanical gyroscopes [1], or fibre optic gyroscopes [2]. However, more 
recently, there has been an increased interest in microelectromechanical systems (MEMS) 
gyroscopes [1], which have significantly lower power and size requirements. Drawbacks to the 
MEMS gyroscope include high sensor noise and the development of sensor bias over time. 
Importantly, these gyroscope systems are separate components to the rest of the ADCS. Due to 
the miniaturization of satellites, it is necessary to develop new sensors capable of meeting the 
design requirements of small satellites. This project proposes the use of long exposure images 
captured using the star tracker system as a stellar gyroscope. 
The star tracker is essentially a camera that determines the attitude of the satellite by acquiring 
images of stars. Then, with knowledge of their position in the celestial sphere can reference 
them relative to the position of the satellite. The star tracker is currently the most accurate sensor 
used for attitude determination and is hence widely used on both small and large satellites. 
Typically, star trackers use narrow field of view cameras to limit the interference of stray light; 
however, there is an increasing interest in using wide field of view cameras because of their 
ability to detect more stars with lower grade camera components. Research in Ref [3] evaluated 
the viability of wide field of view and low-grade optics for use in star trackers by developing 
and testing star tracking software on an Android phone. 
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Fig. 1:  A typical image used by a stellar gyroscope. Notably, there is clear smearing of 

bright stars, the position and size of which and be used to determine gyroscopic 
measurements. 

 
By increasing the exposure time of the star tracker camera while it is spinning, objects in the 
image are blurred such that long streaks are produced by the stars. A typical smeared image can 
be seen in Fig. 1. The location and size of the streaks can be used to determine the spin axis and 
slew rate (angular velocity) of the satellite, therefore acting as a gyroscope. This work aims to 
evaluate the accuracy and robustness of such a system. A testing apparatus is designed to mimic 
the behaviour of a small satellite. Images and actual gyroscope data are acquired and then post-
processed with algorithms to predict gyroscope measurements. Importantly, there is a strong 
focus on methodology in this work, given that a large part of the work has been to develop a 
test apparatus and image processing algorithms. The accuracy and robustness of the system is 
then be evaluated by analysing the effects of errors and image parameters on the stellar 
gyroscope’s ability to determine spin axis and slew rate. Recommendations will be made with 
regard to improvements and ongoing testing. 
 
 

Related Literature 
 
Given that this specific application is a relatively niche area of research, there are few related 
prior works that are relevant to this study. Ref [4] presents a conceptual design and develops 
algorithms for a stellar gyroscope system. It served as a basis for the algorithms developed in 
this work. Importantly, the stellar gyroscope developed was tested with simulated data only. 
Simulated data provided a best-case scenario for the useability and reliability of such a system 
and the results demonstrated that such a system is viable. Research was limited by technology 
available at the time, with a lack of wide field of view star trackers being commercially 
produced. Ref [3] was the genesis for this research and focused on the viability of wide field of 
view star tracking systems that utilise inexpensive and low-quality optical systems, such as 
those on modern smartphones. While the study focuses only on attitude determination it serves 
as motivation for developing a similar system for gyroscope measurement prediction. In Ref 
[5], the feasibility of a stellar gyroscope that used absolute attitude determination was studied 
and found spin axis and slew rate by spatial tracking of known stars relative to the satellite with 
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respect to time. While the results showed that this method was promising, the algorithms used 
were computationally intensive. Using a smear method, as proposed in this work, would 
significantly reduce processing power demands. In Ref [6], the use of a stellar gyroscope as a 
secondary verification and sensor bias removal tool was proposed. A similar use case will be 
evaluated in this work. 
 
 

Methodology 
 
The methodology of this experiment can be separated into two distinct areas. The first is image 
and gyroscope data acquisition and the second is data post processing and analysis. 
 
Data Acquisition 
 
Images and gyroscope data were captured on an LG G6 Android phone, with the relevant 
specifications summarized in Table 1. 

Table 1: Relevant specifications of LG G6 Camera [7].  

Sensor Resolution: 13 MP (3120 x 4160 pixels) 
Pixel Side-Length: 1.12 µm 
Focal Length: 4 mm 
Aperture: f/1.8 
Field of View (Horizontal) 59 degrees 

 
Using a mobile phone to capture data is beneficial in two main ways. The first is that the phone 
sensor serves as a good analogue for the camera that would be used in a final product. The 
second benefit is that the inbuilt phone gyroscope can be easily used to capture reference 
attitude measurements, which can then be merged with camera data, given both are 
synchronised with the phone’s clock. 
 

 
Fig. 2:  The experimental apparatus used to collect data. 

 
The experimental setup for data capture is shown in Fig. 2. To replicate the spin a of satellite in 
orbit, a bicycle wheel that can spin freely with respect to its axle was mounted to a pole driven 
in to the ground. A phone mounted on a tripod was then attached to the free spinning wheel. To 
initiate spin, the wheel was given a small push and then left to rotate on its relatively frictionless 
bearings, while images were captured on a three second interval. The images were captured in 



Page 112  Proceedings from 18th Australian Space Research Conference, 2018

RAW format using the stock LG G6 camera app. To evaluate the accuracy of the stellar 
gyroscope under changing conditions, several combinations of the ISO setting and exposure 
time were tested, where ISO is a gain applied after image capture and exposure time is the 
length of time in seconds that the sensor can receive light through its aperture. Increasing ISO 
does increase the sensor’s ability to detect faint light, but it also introduces more noise. Hence, 
there is a trade-off when increasing sensor sensitivity. This will be explored further in the results 
section. To capture gyroscope data, the Android application “AndroSensor” was used. 
AndroSensor allows for the capture and storage of measurements made in sensors integrated 
into Android-based mobile phones. Typical smartphones include gyroscopes, accelerometers, 
magnetometers, and a host of other sensors integrated into the device hardware. 
Data was captured across several different dates, with consideration of cloud presence and 
moon position. Nights where there were little to no clouds present and the moon was below the 
horizon or in the new moon phase were ideal. Data was captured on top of Sydney Park Hill, 
with latitude and longitude of 33°54'32.2"S 151°11'06.9"E, respectively. This location was 
chosen for its ease of access and relative lack of light pollution. Across testing, more than 200 
images were acquired. 
 
Post Processing and Analysis 
 
Once the data had been captured, algorithms were used to translate a smeared star into a stellar 
gyroscope reading. The stellar gyroscope algorithms were based on the work of Ref [4]. Note 
that these algorithms were originally developed using simulated data and so alterations have 
been made for improvements to robustness and accuracy. The processing can be separated into 
five key sub-processes: import and thresholding, unit sphere projection, slew circle evaluation, 
spin axis and slew rate calculation, and accuracy comparison. The treatment for a single image 
is discussed below. 
The first step was import and thresholding. The image was converted into a grayscale array and 
statically thresholded such that any pixel below 0.3 of the maximum pixel brightness was 
masked out. The thresholding scale of 0.3 was determined experimentally such that bright 
smears were consistently included in the thresholded image, but very faint stars or noise were 
removed. The array was then blurred using a correlation filter so that any streaks that had been 
broken up during thresholding would be reconnected. The correlation filter parameters were 
determined experimentally to best achieve this. Next, the array was binarized and a connected 
components algorithm was used to determine the largest streak. Here it was assumed that the 
largest star streak corresponded to the largest grouping of connected pixels. This assumption 
was valid in images where noise did not have a great affect, and this will be explored in later 
sections of this work. 
The second step was unit sphere projection. For each pixel in the largest streak, the pixel was 
projected onto the unit sphere using Eqns. 1-3, where 𝑖𝑖, 𝑗𝑗, and, 𝑘𝑘 are the cartesian vectors, 𝑥𝑥 and 
𝑦𝑦 are the coordinates of each pixel, 𝑥𝑥� and 𝑦𝑦� are the coordinates of the centre of the image, 𝐹𝐹 
is the focal length, and |𝑣𝑣(𝑥𝑥 − 𝑥𝑥�, 𝑦𝑦 − 𝑦𝑦�, 𝐹𝐹)| is the vector norm of the vector pointing at the 
coordinates [𝑥𝑥 − 𝑥𝑥0, 𝑦𝑦 − 𝑦𝑦0, 𝐹𝐹]. 

𝑖𝑖 =
𝑥𝑥 − 𝑥𝑥�

|𝑣𝑣(𝑥𝑥 − 𝑥𝑥�, 𝑦𝑦 − 𝑦𝑦�, 𝐹𝐹)|
 (1) 

𝑗𝑗 =
𝑦𝑦 − 𝑦𝑦�

|𝑣𝑣(𝑥𝑥 − 𝑥𝑥�, 𝑦𝑦 − 𝑦𝑦�, 𝐹𝐹)|
 (2) 

𝑘𝑘 =
𝐹𝐹

|𝑣𝑣(𝑥𝑥 − 𝑥𝑥�, 𝑦𝑦 − 𝑦𝑦�, 𝐹𝐹)|
 (3) 

 
To predict the spin axis, a ‘slew circle’ was fitted to the smear pixels and evaluated to find the 
least residual error. To do so, a theoretical angular difference, 𝜙𝜙� , was defined between each 
pixel and a possible centre of the slew circle. Eqns. 4-7 were used to define the angular 
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difference, where the centre of the circle, given by the cartesian coordinates x�, y�, and z�, was 
given in terms of the elevation angle, δ, and the azimuthal angle, α. 
 

 𝜙𝜙� = cos��(𝑥𝑥� ∙ 𝑥𝑥� + 𝑦𝑦� ∙ 𝑦𝑦� + 𝑧𝑧� ∙ 𝑧𝑧�)  (4) 
 𝑥𝑥� = sin 𝛿𝛿 ∙ cos 𝛼𝛼  (5) 
 𝑦𝑦� = sin 𝛿𝛿 ∙ sin 𝛼𝛼  (6) 
 𝑧𝑧� = cos 𝛿𝛿  (7) 

 
The third step was slew circle determination. The angular differences calculated earlier were 
then weighted by brightness and evaluated as a cost function given in Eqns. 8-11 where b� 
denotes pixel brightness. By finding the minimum of the unconstrained multivariable cost 
function, an elevation and azimuthal angle for a slew circle of least residual error to the smear 
pixels is determined.  

 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �

𝜔𝜔𝜔𝜔 ∙ 𝜔𝜔𝜔𝜔2 − 𝜔𝜔𝜔𝜔�

𝜔𝜔𝜔𝜔 ∙ (𝜔𝜔𝜔𝜔 − 1)
 

(8) 

 
𝜔𝜔𝜔𝜔 = � 𝑏𝑏�

�

���

 
(9) 

 
𝜔𝜔𝜔𝜔 = � 𝑏𝑏� ∙ 𝜙𝜙�

�

���

 
(10) 

 
𝜔𝜔𝜔𝜔2 = � 𝑏𝑏� ∙ 𝜙𝜙� ∙ 𝜙𝜙�

�

���

 
(11) 

 
The fourth step was spin axis and slew rate calculation. A spin axis could be found by applying 
a rotational matrix to a unit vector pointing in the +z direction. The rotation matrix 𝑅𝑅� is given 
in Eqn. 12 as a rotation about the y-axis with 𝑅𝑅� in terms of 𝛿𝛿, the elevation angle, and about 
the z-axis with 𝑅𝑅� in terms of 𝛼𝛼, the azimuthal angle. 
 

𝑅𝑅� =  𝑅𝑅� ∙ 𝑅𝑅�   = �
𝑐𝑐𝑐𝑐𝑐𝑐(−𝛿𝛿) 0 𝑐𝑐𝑠𝑠𝑠𝑠(−𝛿𝛿)

0 1 0
− 𝑐𝑐𝑠𝑠𝑠𝑠(−𝛿𝛿) 0 𝑐𝑐𝑐𝑐𝑐𝑐(−𝛿𝛿)

� ∙ �
𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼) − 𝑐𝑐𝑠𝑠𝑠𝑠(𝛼𝛼) 0
𝑐𝑐𝑠𝑠𝑠𝑠(𝛼𝛼) 𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼) 0

0 0 1
� 

(12) 

 
A triangle was then drawn between the beginning and end of the smear pixels and the closest 
point on the spin axis. Using the cosine formula, the angle that the triangle sweeps out with 
respect to the spin axis could be found. The slew rate was then calculated by dividing the slew 
angle by the exposure time. 
The final step was accuracy comparison. Once a spin axis and slew rate had been calculated, 
they were compared with the corresponding real gyroscope data. Gyroscope measurements that 
were acquired during the image exposure were time averaged to produce a real spin axis and 
slew rate. The accuracy of the stellar gyroscope was measured with respect to two metrics. The 
first was by finding the absolute angular difference between the actual and predicted spin axes 
and the second was by finding the relative difference in actual and predicted slew rates. 
 
 

Results and Discussion 
 
In this section, the accuracy of the developed stellar gyroscope is analysed. Prior to analysis of 
results, a set of error classifications will be defined so in that the proceeding analysis the effects 
of errors on the system can be clearly identified. The accuracy of the spin axis and slew rate 
will be discussed, followed by an in-depth analysis of the errors that affected the system. The 
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parameters that can be altered when acquiring images and their effect on the system will then 
be explored, with recommendations made for ideal parameter settings. 
 
General Gyroscope Measurements 
 
Fig. 3 shows a visual representation of the stellar gyroscope. The smear can be seen projected 
onto the unit sphere with a slew circle of best fit. Also, the vectors from the spin axis to the 
beginning and to end of the smear depict the endpoints of the triangle used to calculate the slew 
rate. 

 
Fig. 3:  A visual representation of the output of the stellar gyroscope. 

 
Error Classification 
 
During initial data processing, it was apparent that there were several errors that would affect 
the accuracy of the spin axis and slew rate determinations. Because of this, images were 
manually classified to determine the effect of such errors. Images were classified as having no 
errors and defined as ‘clean data’ or having one or more of the following errors: a broken streak, 
noise interference, an uneven spin during exposure, or a miscellaneous error. A broken streak 
occurs when the thresholding algorithm removes pixels that are part of a streak but are below 
the thresholding value. A noise interference error occurs when noise surrounding the streak is 
accepted as part of that streak. Most often, noise was introduced when the camera captures a 
portion of the sky that had only faint stars so that during thresholding the noise was amplified. 
Similar noise introduction issues increased with larger ISO ratings, which is expected given 
increasing ISO simply applies a signal gain to the sensor readings. An uneven spin during 
exposure was the result of imperfections in the data acquisition rig. An image was classified as 
having a miscellaneous error for several possible reasons, most commonly that images included 
city lights, large clouds, etc. 
 
Accuracy Evaluation of Clean Dataset 
 
The accuracy of the clean dataset is shown in Fig. 4(a) and Fig. 4(b). Importantly, both 
accuracies are right-skewed, demonstrating that more of the clean data is more accurate. The 
absolute angular difference dataset has a skewness of 1.87, classified as highly right skewed, 
whereas the relative error in slew rate dataset has a skewness of 0.646, classified as moderately 
right skewed. Here, the sample dataset skewness is calculated using the moment coefficient 
method, given in Ref [8], and the skewness interpretation is given by Ref [9]. However, with a 
median absolute angular difference of approximately 10 degrees and a median relative slew rate  
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(a) 

 
(b) 

Fig. 4:  Histogram of (a) the absolute angular differences in spin axes and (b) the relative 
error in slew rates for the clean dataset. 

 
error of approximately 3 percent, the stellar gyroscope, in its current form, is not accurate 
enough to be used solely in an ADCS. 
 
Accuracy Evaluation of Slew Rate Effects 
 
Fig. 5(a) and Fig. 5(b) show the effect of slew rate on the accuracy of the gyroscope. In these 
and following scatter plots, two power fitted curves are included. The first curve is fitted to the 
clean data and the second curve is fitted to all the data. While the second curve will be largely 
ignored in the analysis, it is included to demonstrate further the impact that errors can have on 
the accuracy of the stellar gyroscope. 
 

 
(a) 

 
(b) 

Fig. 5:  The effects of slew rate on (a) the absolute angular difference in spin axes and on (b) 
the relative error in slew rate. 
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Fig. 5(a) shows that as the slew rate increases, the stellar gyroscope is more accurate in 
predicting the spin axis. This is shown to be highly beneficial when use cases for this system 
are presented in the conclusion. Interestingly, the accuracy of slew rate prediction does not 
increase with increasing slew rate, as shown in Fig. 5(b). The equations and model mean 
squared errors (MSE) for the power fit of cleaned data in Fig. 5 are shown in Table 2. 

Table 2: Curve fitting characteristics corresponding to Fig. 5. 

Independent Variable Equation of Curve fit to Cleaned Data MSE 
Absolute Angular Difference (degrees) 𝑦𝑦 =  −9.51𝐸𝐸-3 ∙ 𝑥𝑥�.�� + 17.2 197 
Relative Error in Slew Rate (%) 𝑦𝑦 =  3.58E-5 ∙ 𝑥𝑥�.�� + 38.4 1150 

 
  
Classified Error Effects 
 
In Fig. 6(a) and Fig. 6(b), the data is grouped in terms of error classification. This allows 
observations to be made about the effects of errors on the system. In the boxplots in Fig. 6, the 
central red mark indicates the median value, the bottom and top blue horizonal edges indicate 
the 25th and 75th percentiles, respectively, and the bottom and top black horizontal edges 
indicate the most extreme data points not classified as outliers. 
 

 
(a) 

 
(b) 

 
Fig. 6:  The relative effects of each error type on (a) the absolute angular difference between 

spin axes and on (b) the relative error in slew rates. 
 
A broken streak error clearly had a sizeable effect on spin axis determination. This can be 
attributed to the lower number of pixels used during cost function evaluation. Intuitively, fewer 
data points lead to a greater residual error during the circle fitting process. This effect will also 
be apparent in streak size and exposure time analysis described below. 
Noise interference displayed the greatest effect on stellar gyroscope accuracy, both in terms of 
spin axis and slew rate. An uneven spin during image exposure had a relatively small effect on 
the accuracy of the stellar gyroscope. This is caused by the time averaging of the gyroscope 
data during image exposure. Thus, smaller oscillations in the spin should be effectively 
cancelled out during the averaging process. In both Fig. 6(a) and Fig. 6(b), the outliers, 
represented by red crosses, show data points that lie outside 2.7 standard deviations away from 
the mean value. It is most likely that outliers were caused when an image was classified as 
having more than one error. For example, in Fig. 6(a), the outliers in the uneven spin boxplot 
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correspond to points within the 2.7 standard deviation limit in the noise interference boxplot. 
These outliers are images that have been classified as having both uneven spin and noise 
interference. 
 
Image Capture Parameter Effects 
 
To explore ways to improve the accuracy of the stellar gyroscope, the following analysis will 
focus on parameters that can be directly altered such as streak size (by adjustment of exposure 
time with respect to slew rate), exposure time and ISO rating. 
Fig. 7(a) and Fig. 7(b) show the effect of streak size (in pixels) in terms of both accuracy 
metrics. 
Importantly, in both of the cleaned data curves, the exponent is negative. This is expected given 
that the circle fitting algorithm should intuitively be more accurate for larger streaks. In this 
respect, longer exposure times are more beneficial. Fig. 8(b) shows, however, that there are also 
some drawbacks that must be considered when increasing exposure time. The equations and 
model mean squared errors for the power fit of cleaned data in Fig. 7 are shown in Table 3. 

Table 3: Curve fitting characteristics corresponding to Fig. 7. 

Independent Variable Equation of Curve fit to Cleaned Data MSE 
Absolute Angular Difference (degrees) 𝑦𝑦 =  807 ∙ 𝑥𝑥��.����� − 751 178 
Relative Error in Slew Rate (%) 𝑦𝑦 =  485 ∙ 𝑥𝑥��.��� − 126 714 

 

 
(a) 

 
(b) 

Fig. 7:  The effects of streak size on (a) the absolute angular difference between spin axes and 
on (b) the relative error in slew rates. 

 
Fig. 8(a) and Fig. 8(b) show the effects of exposure time on accuracy in terms of both accuracy 
metrics. Similar to the effect of streak sizes, an increased exposure time correlates with a higher 
accuracy in both spin axis and slew rate measurement, shown by negative exponents in the 
power curves. It is important to note that increasing exposure time can also have negative 
effects. By increasing exposure time, it is more likely that a star will pass outside of the camera 
field of view during exposure. The equations and model mean squared errors for the power fit 
of cleaned data in Fig. 8 are shown in Table 4. 
 



Page 118  Proceedings from 18th Australian Space Research Conference, 2018

Table 4: Curve fitting characteristics corresponding to Fig. 8. 

Independent Variable Equation of Curve fit to Cleaned Data MSE 
Absolute Angular Difference (degrees) 𝑦𝑦 =  0.909 ∙ 𝑥𝑥��.�� + 8.94 90.3 
Relative Error in Slew Rate (%) 𝑦𝑦 =  7.85𝐸𝐸-14 ∙ 𝑥𝑥���.� 2540 

 
 

 
(a) 

 
(b) 

Fig. 8:  The effects of exposure time on (a) the absolute angular difference between spin axes 
and on (b) the relative error in slew rates. 

 
While it is simple to reject any streaks that fall partially outside of the field of view of the 
camera, this could have a large effect on spin axis and slew rate determination. If the rejected 
streak was the largest in the image, masking it out would render predictions inaccurate. It would 
be possible to include this streak in the spin axis determination but reject it during the slew rate 
prediction if a multiple smear analysis technique was implemented. This will be discussed in 
the conclusion. Similarly, a longer exposure time increases the chance of an uneven spin having 
detrimental effects on gyroscope measurements. Also, increasing the exposure time reduces the 
update rate of the whole stellar gyroscope as each image takes longer to acquire. In Ref [4], it 
is recommended that stellar smear gyroscopes rely on the assumption that spin is consistent 
over the whole image exposure time. This assumption holds for satellites in orbit, but due to 
inconsistencies in mass distribution, longer exposures were subject to uneven spin more often 
on the mechanical test apparatus. This can be seen in Fig. 9, where images that have been 
manually classified as having an uneven spin during image capture are grouped with respect to 
exposure time. The large value with a bin centre at an exposure time of approximately 1.1 
seconds was produced during earlier tests. In later tests, the apparatus was modified such that 
water weights were placed around the outside of the rotating wheel to decrease the effect that 
the uneven mass distribution of the tripod and camera had on the consistency of the spin rate. 
This reduced the occurrence of uneven spin rates. 
Because ISO ratings are quantized at large intervals, it is difficult to obtain a meaningful 
relationship between ISO rating and the accuracy of the stellar gyroscope. Furthermore, there 
was only a very small subset of ISO ratings that produced useable images. Images were taken 
predominantly at ISO ratings of 1600 and 2400, with some at 3200. Therefore, little 
investigation into ISO effects was completed. 
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Fig. 9:  Histogram of numbers of images classified as having uneven spin rate with respect to 

exposure time. 
 
Performance of Algorithms 
 
The algorithms developed were considerably less computationally intensive than other methods 
of spin axis and slew rate prediction, with an update rate of approximately 10 Hz when tested 
in MATLAB on a Windows-based system with a Core-i7 CPU. The limiting factor for this 
method of prediction is not the computation, but the image acquisition itself, with exposure 
times leading to an update rate of approximately 1 Hz. Translation of algorithms into C and 
integration onto a CPU more likely to be used in a real satellite system should yield equal or 
faster update rates. 
 
 

Conclusions 
 
The stellar gyroscope designed, in its current state, is not accurate enough to be used as the sole 
gyroscope for an ADCS. With a median spin axis determination error of 10 degrees and a 
median slew rate error of 3 percent, other higher accuracy, low cost and low power solutions 
such as the MEMS gyroscope are recommended for spin axis and slew rate determination. 
It is recommended that further testing be conducted on the current apparatus with more 
consideration given to weather conditions, light pollution, and consistency in spin rates. Then, 
knowing how controllable parameters affect the system, more focused work can be undertaken 
to optimise the accuracy of the stellar gyroscope. It is also recommended that images and 
gyroscope data be acquired with separate and improved sensors on a motorized platform. 
Furthermore, by conducting the experiment on a prototype of the final star tracker system, and 
recording with a separate gyroscope, the results should give a clearer indication of how such a 
system would perform in space. By using a motorized platform to acquire data, a consistent 
spin rate can be achieved easily and reliably by ensuring even weight distribution and by using 
a closed loop control system. 
Further improvements that can be made to the algorithms relate to including multiple smears in 
analysis and applying an adaptive thresholding technique. A multiple smear approach would 
include all the smears in an image and weight their contribution to the final measurement 
predictions based on their residual error. Also, streaks that have been broken up during the 
thresholding process could be reconnected with a multi-smear approach. By testing whether 
two streaks are within a threshold of residual error when fitting a smear, they could be re-joined 
and treated as a single smear. This alteration to the algorithm should significantly increase the 
accuracy for predicting both the spin axis and slew rate; however, the processing time will also 
increase. An adaptive thresholding technique is also recommended to improve the current 
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system, which uses a static thresholding method. Changing to a dynamic thresholding system, 
for example by recursive elimination of background noise with respect to foreground streaks 
would reduce the occurrence of broken streaks and the effect that noise has on the system. 
While it seems that there are several problems to address with a stellar gyroscope system, it is 
worth noting that there are still circumstances where it may be beneficial to use.  
Although in its current state the system is relatively inaccurate, the system could be used as a 
secondary verification for a primary gyroscope system. One of the issues with MEMS 
gyroscopes is that a sensor bias develops over time [2]. This means that they develop a system 
error that offsets all gyroscope measurements. It is foreseeable that a stellar gyroscope could be 
used to rectify this. By taking multiple images and averaging over them, it may be possible to 
then calibrate the MEMS gyroscope during the mission to continuously removes sensor bias.  
Another foreseeable application would be using the stellar gyroscope during periods of high 
spin rate. It is possible to use a star tracker as a gyroscope purely by tracking the relative 
movement of known stars over the course of multiple non-smeared images [5]. This method 
would also remove the need for a secondary gyroscope such as the MEMS gyroscope. The star 
tracker operability is subject to slew rate limits, though. If the satellite is spinning so quickly 
that even at very fast exposure times the star tracker does not function due to smearing [4], then 
the stellar gyroscope system developed could be used while detumbling. After detumbling has 
finished, the relative star position tracking method for spin axis and slew rate determination 
could then be initiated.  
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Summary:  A significant gender disparity is widely known to occur within the fields of 
science, technology, engineering and mathematics (STEM).  Women are both under-
represented in their participation in Australian STEM education (compared to their fraction 
within the population at large), and face a much higher attrition rate from STEM subjects 
throughout secondary and tertiary education. Even within STEM careers the proportion of 
women frequently generally decreases with increasing position of seniority. In 2015 
organisers and members of the Australian Space Research Community began to analyse the 
data from participants of the Australian Space Research Conference, in order to derive 
statistics relating to the gender balance of the conference. In this paper, the data from the most 
recent conference (held on the Gold Coast, in September 2018) is analysed, considering the 
gender demographics of delegates, presenters (within numerous categories), and awards. This 
year, we also present the dimensions of career type and academic level of conference 
attendees. The resulting trends are compared to those of another national space research 
conferences – the Scientific Meeting of the Astronomical Society of Australia. The results 
show that the representation of females dropped to the lowest levels since formal data 
collection began in 2015, with females comprising 23% of conference attendees, and 21% of 
all session presentations (posters and talks combined). Gender parity was achieved however 
amongst the invited Plenary presentations. Recommendations for removing some of the 
barriers to female participation in the conference and encouraging greater gender balance and 
diversity in future are discussed. 
 
Keywords:  STEM, Women in STEM, Gender Equity, Space Research, Space Science. 
 
 

Introduction 
 

The decreasing proportion of women with increasing qualification and career level – or so 
called ‘leaky pipeline’ effect – is well evidenced within STEM careers [1]. Despite 
representing ~50.0% of the Australian population (as of 2017), and more than 55% of the 
commencing university students ([2]; as of 2017), a report into Australia’s STEM workforce 
released in 2016 (using 2011 data) found that women represented only 29% of STEM-
qualified university graduates. The proportion of women within STEM careers lay even lower 
at 16.5% [3]. Although arguments are frequently made to the contrary, statistical analyses 
show that the leaky pipeline effect does not in itself justify nor explain the under-
representation of women at senior levels in STEM fields. For example, [4] conducted a broad 
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examination of the participation of women in NASA’s planetary science program spanning 
1975-2009, demonstrating that the low numbers of women entering and remaining in the field 
of planetary sciences did not explain the numbers of women in science leadership. Even when 
accounting for their representation within the field, women in the planetary sciences were 
found to be significantly underutilised and lacking from leadership roles. 
 
The causes behind this underrepresentation of women, and the many biases that women with 
STEM careers face, are largely beyond the scope of this paper. The barriers to female 
participation in STEM are known to be present very early, despite no innate cognitive gender 
differences. For example, the gender stereotyping of scientists (perceived to be male) is 
observed in the majority of children aged 9-11, and by this age girls are already statistically 
less confident in their ability to be successful at mathematics (compared to males) [5]. This 
broad gender socialization involving a perceived and influenced relationship between gender 
and STEM, and resulting observed gender disparities, is likely driven by a number of complex 
factors, including [1]: 

- Gendered roles and expectations (e.g. primary child caregiver roles). 
- Gendered associations with STEM fields. 
- Skewed gender ratios (females outnumbered) leading to impaired sense of belonging 

(‘imposter syndrome’). 
- Lack of female role models and mentors (e.g. female STEM teachers [6]) 
- Bias in the assessment of qualifications and provision of opportunities. 
However, it is important to briefly mention why we should address the under-

representation of women and minority groups in space research. Demonstrating that there are 
both (i) successful scientists from the full spectrum of gender, ethnic and cultural diversity, 
and that (ii) the achievements of these scientists are promoted and celebrated in equal measure 
to those from the dominantly represented groups (primarily Caucasian males), is essential for 
inspiring future space researchers to enter and persist within their field, and to maintain a 
diversity of thought. Consistent with the ‘intersection feminist approach’ – which aims to 
examine and understand how inequalities are often simultaneously experienced by minorities 
[7] – promoting a climate of inclusion for women in STEM can also promote the inclusion 
and removal of bias towards other minority groups. For example, women from the non-
dominant cultural or ethnic groups [8]; and those who identify as LGBTQIA: lesbian, gay, 
bisexual, trans*1, queer, intersex or asexual [9]. Confronting and removing the barriers to 
equity and inclusion is an issue not restricted to those of the female gender – it is a problem 
deserving attention from all members of society [10]. 
 
In response to these issues, there is now a strong push in many countries, and within many 
organisations, to raise awareness and address the marginalisation of the potential female 
workforce from STEM careers. Examples include: 

- The Science in Gender Equity (SAGE) initiative of the Australian Academy of 
Science, which includes 45 Australian research organisations committed to 
adopting the Athena SWAN model for improving gender equity in STEM2. 

- The Astronomical Society of Australia’s Pleiades Awards, which acknowledge 
astronomy groups that are taking appropriate steps to address equity and diversity, 
and are demonstrating a strong commitment to improving the work environment 
for women and the representation of women in a range of roles3. 

                                                             
1 Defined in the Oxford English Dictionary as: “originally used to include explicitly both transsexual and 
transgender, or (now usually) to indicate the inclusion of gender identities such as gender-fluid, agender, etc., 
alongside transsexual and transgender.” 
2 https://www.sciencegenderequity.org.au/about-sage/  
3 https://asawomeninastronomy.org/the-pleiades-awards/  
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- There is a recognised lack of diversity in participation in NASA missions, 
particularly at senior levels. To address this, in late November 2018, NASA’s 
Science Mission Directorate held a Diversity Workshop to discuss strategies to 
broaden and remove the barriers to participation in NASA missions. One key 
recommendation was to engage a more diverse team of mission principle 
investigators. 

Conferences such as the Australian Space Research Conference (ASRC) cannot single-
handedly fix the problems of gender equity and under-representation of females within STEM 
careers – nor the many flow-on effects of this issue. They cannot directly address the 
significant pay-disparity that those women with STEM careers are more than likely to 
encounter. The 2018 report into Australian graduate careers identified that female graduates 
earn considerably less than males in nearly every industry, with statistically significant 
graduate wage gaps occurring within STEM fields (Engineering being an exception), and that 
this pay disparity is also observed three years after graduation [11]. Nor can they directly 
address the negative impacts of workplace cultures dominated by  males that females, and 
minority groups, are likely to experience in a STEM career. Such impacts were documented 
by a submission from industry group Professional Australia to the 2016 Senate inquiry into 
gender segregation in the workplace [12] (see also the Australian Human Rights Commission 
submission [13]; and numerous academic publications, e.g. [9], [14], [15]), and included a 
range of experiences such as ‘a culture which rewarded long working hours, women 
professionals not being part of the “boy’s club”, women being subject to sexist remarks and 
the technical expertise of women being regarded less seriously than that of their male 
colleagues’ [12]. 
 
Nonetheless, all scientific and technical meetings have the power to both inspire and support 
change. Through: showcasing the merits and achievements of women in STEM; highlighting 
to younger students the presence of female and non-binary (identifying as anything other than 
exclusively female or male) role models within the field with whom they can identify; holding 
events to support and nurture minority groups within STEM and to recognise the unique 
challenges and career hurdles they face; supplying a clear code of conduct to ensure that 
delegates are held accountable to behaving in an appropriate manner and providing a positive 
and supportive meeting environment (the ASRC’s Code of Conduct can be found here4); and 
by providing a united voice that can speak to government and the media on these issues (e.g. 
by conference organisers and participants demonstrating through public media their 
commitment to advancing gender equity [16], [17]),– conferences such as the ASRC have an 
important role to play in striving for equity and inclusion. For this reason, members of the 
ASRC recognised in 2015 the need to collect statistics of the gender demographics of 
conference organisers, participants, attendees, and merit recipients. This data set, which is 
accumulated annually, allows researchers to examine the changing state of the national space 
research community, and to provide a metric against which the success of future initiatives 
can be measured. Two prior publications presented an analysis of the gender balance of the 
2015 and 2016 Australian Space Research Conferences [18], [19]. In this paper, the results 
from the 18th Australian Space Research Conference (2018) are presented and compared to 
the years prior, recommendations from the lunchtime ‘Women In Space’ meeting are 
discussed, and potential future directions for the conference are suggested.  
 

                                                             
4 http://www.nssa.com.au/18asrc/CONDUCT/  
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Gender Demographics of Delegates 

 
The 18th Australian Space Research Conference, held on the 24th – 26th of September 2018 in 
the Gold Coast, Queensland, is the only national conference that brings together researchers, 
technicians, policy makers, educators and students from across all disciplines of space. The 
2018 meeting combined 187 delegates and featured three parallel presentation streams 
spanning Earth Observation, Space Physics, Space Engineering, Aerospace Medicine, Space 
Business and Industry, Space Entrepreneurs, Space Law, Space Missions, Astrobiology, 
Mars, Education, Culture and History. The morning sessions were focussed on plenary 
presentations, and combined all conference participants in one room. Additional sessions 
throughout the conference included poster presentations, a town hall discussion, a public talk 
(Mars Society Australia’s David Cooper Memorial Lecture), the annual Women In Space 
lunch, and the cocktail function and dinner. 
 
In contrast to the gender demographics presented in the 2015 and 2016 proceedings 
publications [18], [19], the results obtained this year were derived from the participant’s self-
identification of gender as part of the online registration process5. During that process, 
delegates were presented with the gender options of ‘Female’, ‘Male’, ‘Non-binary’, or 
‘Prefer not to say’. All registrants selected one of these options. The sole exception to the 
clear-cut data provided by this process impacts our results for the gender demographics of the 
conference committee [20]. Members of the program or organising committee who did not 
attend the conference (and therefore did not use the online registration system) were assigned 
a gender for the purposes of this study using either the previous meeting data, or from an 
online search of their professional webpages (such as their institution profile, or LinkedIn 
profile).This affected 5 of the 27 committee members. We acknowledge that there is potential 
that we have mis-gendered these individuals in our dataset6. 
 
Table 1 presents the results obtained for the 18th Australian Space Research Conference 
(ASRC), with the data from the 16th conference for comparison (data from the 17th ASRC was 
not available). Although the number of delegates has increased from 2016 to 2018, the 
number of female delegates and hence the overall proportion decreased (by 3.4%). Females 
represented less than one quarter of the 2018 delegates. The plenary presentations were 
equally split between female and male presenters, by decision of the program committee. The 
representation of females on both the program and organising committee increased slightly, to 
~19% and ~29% respectively. 
 
Table 1: The gender distribution across the 18th and 16th Australian Space Research 
Conferences. 
 
 18th ASRC 16th ASRC 
 Female Male Non-

Binary 
Non-
disclosed 

Total Female Male Non-
Binary 

Total 

Delegates 23.0% 76.5% 0% 0.5% 187 26.4% 73.6% 0% 174 
Talks 24.1% 74.2% 0% 1.7% 120* 28.9% 71.1% 0% 121 
Posters 15.0% 80.0% 0% 5.0% 20* 31.8% 68.2% 0% 22 
Plenaries 50.0% 50.0% 0% 0% 8 44.4% 55.6% 0% 9 

                                                             
5 The acquisition of our data in this manner was one of the key recommendations of the 2017 Women in Space 
lunchtime meeting, and was implemented to ensure that the risks of accidentally mis-gendering participants 
could be minimised. 
6 If you feel this may be the case, please contact the corresponding author. 
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Student 
awards 

37.5% 62.5% 0% 0% 8 33.3% 66.7% 0% 6 

Program 
committee 

19.2% 80.8% 0% 0% 26 17.6% 82.4% 0% 17 

Organising 
committee 

28.6% 71.4% 0% 0% 7 27.3% 72.7% 0% 11 

*These figures refer to the number of talks and posters presented.  They do not correspond to the number of 
delegates presenting a talk or poster, as some delegates gave multiple presentations. 
 

 

 
Figure 1: The fraction of women within various categories at the Australian Space Research 
Conference (ASRC) in 2018, 2016 and 2015 (data for the ASRC in 2017 was not available). 
PC = Program Committee; OC = Organising Committee. The dashed line highlights the 50% 
fraction (gender parity) as a guide. 
 
 
The relationship between gender representation and career type and academic career stage 
was examined through utilisation of the registration type and position description provided 
during the registration process. Not all field entries could be used to identify career type, for 
example, ‘1 day registration - Early bird’ and position ‘Scientist’ would be insufficient. Broad 
but disjoint categories of ‘Student’, ‘Academic’ and ‘Industry/Government’ could be 
identified however.  For example, the category ‘Academic’ included registration types 
‘Academic registration’, ‘Academic registration - Normal’, and ‘Academic registration - 
Early bird’, as well as a range of position descriptors, including ‘Professor’, ‘Lecturer’, etc.  
Two sub-categories of ‘Academic’ could also be identified, although few registrants provided 
sufficient information to assign them to these categories so the counts are low: Academic Tier 
1 (including ‘Lecturer’, ‘Senior Lecturer’, ‘Research Associate’, ‘Research Fellow’, 
‘Postdoctoral Fellow’), and Academic Tier 2 (including ‘Head of School’, ‘Professor’, 
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‘Associate Professor’, ‘Adjunct Professor’). The category ‘Student’ included student 
registration types as well as position descriptors such as ‘PhD student’ and ‘PhD candidate’. 
The results are presented in Table 2.   137 of the 187 delegates (73%) could be assigned to a 
career type.  The zero value non-binary gender column is removed for brevity. From Table 2, 
the available data indicate that the representation of females was highest within the academic 
field (at 25% female), although the proportion of females within the student and industry or 
government career categories was similar (23-24%). The representation of females within the 
earlier academic career stage or more junior career progression (Tier 1) was significantly 
higher than within the later career/more senior Tier 2 academic level (25.0% compared to 
16.7%). It is however important to note that only 50% of delegates identified as having an 
academic career could be subdivided into Tier 1 and Tier 2 categories, so these statistics are 
indicative only and should not be over-interpreted. 
 
 
Table 2: The gender distribution of delegates at the 18th ASRC by career type and academic 
career stage. 
 

 Female Male Non-
disclosed 

Total (% 
delegates) 

Student 23.4% 76.6% 0% 47 (25.1) 
Academic (all) 25.0% 75.0% 0% 40 (21.4) 
     (Tier 1) (25.0%) (75.0) 0% (12) 
     (Tier 2) (16.7%) (83.3) 0% (6) 
Industry/Business/Government 24.0% 76.0% 0% 50 (26.7) 
Other/Unknown 20.0% 78.0% 2.0% 50 (26.7) 

 
Community Feedback: Women In Space Meeting 

 
In keeping with the previous four Australian Space Research Conferences, the 2018 
conference held the fourth ‘Women In Space’ lunch meeting to examine and discuss questions 
of equity within the space community. All delegates were welcomed to the meeting 
(regardless of gender), and approximately thirty delegates attended. The meeting endeavoured 
to be a safe environment where all respectful inputs were welcomed, and in keeping with this 
no participants were identified in the meeting minutes, and no specific contributions to the 
meeting will be shared. The following general feedback from the meeting participants can be 
described:   
 

- The establishment of a closed space community group for communication and 
discussion of issues relating to gender balance and diversity was suggested. The group 
would ideally have an online presence and visibility, and would represent diversity in 
career types, career level and age. The group could provide a voice to help shape the 
future space meetings and encourage fair representation. 

- The continuing issues of gender bias were acknowledged (e.g. women forming a 
decreasing fraction of the workforce for roles of increasing seniority), and a desire to 
address gender bias through emphasis on merit and raising awareness was expressed.  
The need for the Australian Space Agency to also reflect the gender, ethnic and 
cultural diversity within space researchers was recognised. 

- The importance of mentorship and female researchers having access to female mentors 
was discussed. 

- A representative from the Australian Space Agency, Executive Director, Anntonette 
Dailey, spoke about the agency’s emphasis on Women in STEM and focus on 
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championing funding for this cause, and it was recognised that the space community 
could assist through the provision of data to the agency to support the agenda of 
women in space. 

 
 
 
 
 

Discussion: Space Industry Context 
 
The 18th Australian Space Research Conference in 2018 was found to be largely male-
dominated, with the male:female ratio amongst attendees being 3.3:1. The gender ratio 
amongst presenters (combining both talk and poster presentations) was skewed towards over-
representation of male delegates, at 3.5:1. When considered separately, the ratios were 3.2:1 
for speakers and 5:1 for poster presenters, showing considerable over-representation of male-
led research in posters presenters(compared to the conference attendance ratio). The ratio 
amongst plenaries was 1:1.  Female delegates were found more likely to be talk recipients.  
Out of the male delegates, 55% presented one or more talks, while 58% of female delegates 
presented one or more talks. Females were over-represented amongst student award recipients 
(compared to their representation as conference attendees), with the male:female award ratio 
being 1.7:1. An additional dimension to the analysis of the 2018 dataset was the examination 
of the gender balance with career type, which we hope to continue in our examination of 
future meetings.  he male:female ratios amongst academics, students, and professionals within 
industry/government were found to be very similar to one another (averaging 3.1:1).  When 
further sub-dividing the data into categories reflecting academic career stage, it was found 
that females formed a higher proportion of Tier 1 academic delegates than Tier 2 
(male:female ratios of 3.0:1 and 5.0:1 respectively). This data suffers from small number 
statistics and may not be truly representative, however it does flag a potentially important 
means of monitoring the decreasing representation of women as one moves to the higher 
levels of the traditional STEM career progression in our future data collection efforts.  
 
Compared to previous years, the gender balance amongst delegates was further from parity at 
this year’s meeting. However, the balance amongst award recipients and plenaries has 
improved noticeably through the period of data collection. In contrast, the proportion of both 
oral and poster presentations contributed by female delegates was lower than in both 2016 and 
2015. These statistics highlight the importance of implementing initiatives to try to remove, or 
at least mitigate, the barriers to female attendance and participation in the conference.    
 
Another large scientific space-research gathering within Australia is the Annual Scientific 
Meeting (ASM) of the Astronomical Society of Australia (ASA). Although different from the 
ASRC in terms of the breadth of disciplines incorporated within the conference (members of 
the ASA predominately come from the astronomy, astrophysics, and astronomical 
instrumentation research fields) the ASA’s ASM nevertheless provides a useful point of 
comparison. Figure 2 compares the gender statistics for the awarded talks at the ASA’s ASM 
and ASRC over the past 3 years. The ASA’s ASM has consistently shown a higher 
representation of women amongst the delegates, the scientific/program organising committee, 
and the awarded talks (see Table 3 and additional statistics in Appendix Table 2). Unlike for 
the ASRC, women formed a higher fraction of the ASA’s ASM scientific/program organising 
committee than they did the logistics/organising committee. For both conferences, women 
typically had a similar or slightly higher representation amongst talk recipients than their 
proportion as conference attendees. Although there are many complex factors involved in the 
resulting gender distribution of these conferences, the Astronomical Society of Australia has, 
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for a number of years, undertaken a number of significant initiatives to improve the diversity 
and equality within their scientific community (described below). It is likely that these 
initiatives are partially responsible for the higher-representation of women amongst the 
delegates and presenters at the ASA’s ASM, compared to the ASRC. 
 
 

 
Figure 2: Comparison between the gender demographics of awarded talks at the Australian 
Space Research Conference (ASRC) and the Annual Scientific Meeting of the Astronomical 
Society of Australia (ASA), between 2015-2018. Data for the ASRC in 2017 and the ASA’s 
ASM in 2015 was not available. The ‘Other’ category here includes both participants who did 
not disclose their gender, and those who identified as being non-binary. 

 
Table 3: The male:female ratio at the recent Australian Space Research Conferences and 
Annual Scientific Meetings of the Astronomical Society of Australia. 
 Australian Space Research 

Conference 
Annual Scientific Meeting of the 

Astronomical Society of Australia 
2018 2016 2015 2018 2017 2016 

Delegates/Attendees 3.3:1 2.8:1 3.2:1 1.8:1 2.2:1 2.3:1 
Awarded Talks* 3.1:1 2.6:1 3.0:1 1.7:1 2.3:1 2:1 
*Calculated from the fraction of talks presented by males and females.  This is not the same as the number of 
male and female delegates awarded talks as some delegates presented multiple talks.  
   

Progress And Future Directions 
 
A number of scientific organisations and gatherings are taking a lead role in championing the 
cause for gender equity, and greater inclusion of gender, ethnic and cultural diversity within 
STEM fields. Examples include: 

- The ‘Women In Space’ conference is organised by a number of scientists and 
engineers at US and Canadian institutions (and is an expansion of the “Women In 
Planetary Science” 2018 conference), aiming to promote the work and achievements 
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of women and minorities in space and planetary science within academia and 
industry.  The conference hosts panels focusing on the challenges faced by the 
LGBTQ+ community, those faced by women of colour, and harassment issues, within 
STEM. The inaugural conference held in 2018 had 100 attendees, out of which 85% 
identified as female, 2% as non-binary, and 13% as male (personal correspondence 
with conference organisers).  The second conference was held in February 2019 at 
Arizona State University, whilst this paper was under review7. 

- The Astronomical Society of Australia established a ‘Inclusion, Diversity, and Equity 
in Astronomy’ (IDEA) Chapter in 2016 (an expansion of the original ‘Women In 
Astronomy’ Chapter, which was established in 2009). An associated inaugural 
‘Diversity in Astronomy’ Workshop was held in 2017 to focus on issues of bullying, 
harassment, cultural sensitivity and diversity within Astronomy, and to highlight 
effective strategies for inspiring change.  he IDEA Chapter offers a ‘Conference 
Gender Balance’ Endorsement for those gatherings that can demonstrate a focus on 
addressing issues of gender equity and diversity within STEM (for details see 
footnote8), and also organises the Pleiades awards, to recognise the work of Australia 
Astronomical research groups to promote and support equity and diversity.9 

 
The Australian Space Research Conference organisers have recently taken a number of steps 
towards increasing diversity and gender equity. A new chapter to raise the profile of women 
in space sciences and industries is being established (as of October 2018), modelled on the 
successful ASA ‘Women In Astronomy’ Chapter mentioned above. The new ASRC Chapter 
is open to all genders, and all interested in joining and supporting the work of the chapter are 
encouraged to contact the conference organisers. In 2015, a policy was implemented to obtain 
a gender balance within the invited Plenary Speakers, with the same number of male and 
female speakers chosen, and for the first time in 2018 gender parity was achieved. Also in 
2018, conference registrants were asked, if willing, to disclose their gender during the 
registration process, thereby enabling accurate gender statistics to be collected. A further step 
is the post-conference analysis of attendee demographics and the publication of those results 
(as was done in previous years – e.g. [18], [19]), providing a resource that can be accessed by 
all members of the space research community. 
 
In addition to supporting the recommendations made in the 2016 proceedings publication 
[19], the authors would like to make the following recommendations to the ASRC organisers: 

1. More detailed data collection in future, to more accurately determine the participation 
of under-represented groups, and the effectiveness of implemented changes aimed at 
improving conference diversity and gender equity. Future data collection would 
ideally include: information on delegate career stage (e.g. Early Career Researcher, 
Mid-Career Researcher); delegate ethnicity; the gender distribution of session chairs, 
statistics on the number of talk applicants versus number of talks awarded, registration 
types (e.g. fee paid; 1 day registrations versus full conference registrations), and the 
gender and career-stage distribution of audience questions during conference sessions.  
A necessary step prior to future data collection (and for management of already 
gathered data) must be the establishment of an ASRC data policy involving guidelines 
and procedures related to data curation, including: data privacy and de-identification, 
data storage and secure/restricted data access.  

2. In addition to the submission of a proceedings publication on the diversity and gender 
equity of the conference, an online post-conference statistical summary report or series 

                                                             
7 http://www.womeninspacecon.com/  
8 https://asa-idea.org/resources-to-take-action/conference-gender-balance-endorsement-policy/  
9 https://asa-idea.org/the-pleiades-awards/  
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of infographics on participant statistics is encouraged. This would provide 
transparency and communicate to the space research community that the conference is 
committed to doing its part to lessen the barriers to participation and improve the 
gender equity and diversity at the gathering. 

3. Gender parity be maintained in the selection of invited plenaries, and also established 
for the selection of invited keynote presenters and invited session chairs. 

 
A number of further steps that the ASRC organisers are requested to consider, derived from 
[21], [22], are: 

- To aim for greater gender balance and diversity within the Program Committee by 
inviting senior leading female researchers, or members of minority groups (including 
Indigenous researchers), to participate. In turn, this will help the committee to 
minimise subconscious bias10 and help ensure balance within the selection of speakers.   

- Establish a clear set of measurable goals for increasing diversity and equity within the 
ASRC. These may include: a quota of invited female speakers or talks awarded to 
female lead authors (e.g. striving for a gender balance of >40% female speakers); 
levels of financial or in-kind support for increasing female and minority group 
attendance (e.g. scholarships to fund a travel support person, conference child care 
arrangement, etc.); ensuring family rooms or non-gendered bathrooms are available at 
the conference venue; provision of a private, quiet room for prayer and reflection; 
providing information on which of the suggested conference hotel venues are family 
friendly, etc. These goals would ideally be publicly visible on the conference website. 

- Solicit feedback from the attendees on how to increase and support diversity at the 
ASRC, and on how current progress is being perceived.  This would be particularly 
valuable in identifying factors which lower the female attendance to the conference.  
As conference data collection relates only to those who registered and/or submitted an 
abstract, there is no current information on members of the space community who 
encountered barriers which prevented their attendance. 

- Offer a mentorship program for first-time female and/or cultural and ethic minority 
group attendees, by pairing them with senior researchers. The mentor’s role would be 
to provide support and encouragement in conference activities such as networking, 
and attending and contributing at talks. This would help encourage a more diverse 
early career conference delegation. 

 
 

Conclusions 
 
The analysis of the gender balance within the 2018 Australian Space Research Conference 
carried out in this paper reveals that, at that conference, the distribution of both oral and 
poster presentations was more strongly skewed towards male presenters than was the case at 
the 2015 and 2016 meetings, with the representation of females dropping to the lowest levels 
since formal data collection began in 2015. Females comprised only 23% of conference 
attendees, and 23% of all session presentations (posters and talks combined). Conference 
organisers have demonstrated a focus on trying to increase gender equity and tackle the issue 
of under-representation of female researchers by ensuring gender parity in the selection of 
invited plenaries, expanding the collection of data for statistical analyses, and providing that 
data for analysis. At this year’s conference a significant step was taken as a Chapter was 
established to raise the profile of female researchers within the space research community.  
Clearly the unsolicited scientific contributions at conferences should be awarded presentations 
                                                             
10 The identification and minimisation of subconscious bias could also be addressed by encouraging all members 
of the program committee to take the Harvard Implicit Association test prior to assessing abstracts. 
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through an unbiased merit based system regardless of gender. Conferences such as the ASRC 
cannot be expected to achieve gender parity amongst delegates until the many issues of 
female under-representation throughout STEM education and careers have been addressed.  
Nevertheless, all scientific gatherings have a large contribution to make in encouraging and 
supporting the contributions of female and minority groups, and endeavouring to minimise the 
significant barriers to entry that these groups uniquely experience. Furthermore, in the words 
of the “Astronomy In Colour” initiative, studies such as this demonstrate a commitment to 
“understand[ing] the past and present repercussions of systemic oppression of marginalized 
groups on our ability to study the Universe.”11 
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List of Presentations

Orals

ABOUTANIOS: On the Liability  Requirements of The Australian Space Legislation 46
ADDISON: Probing the Origins of Hot Jupiters & Spin-Orbit Misaligned Exoplanets

AITKEN / BLAKE: Between a Rock and an Asteroid: Australia’s Legal Position in respect of 
Off-Earth Mining

ALBERTSON: A Study into the Effects of Stray Light Pollution in Wide-Field-of-View Star 
Trackers

ALVINO: On-orbit dynamics of the deployable high frequency antenna on the Buccaneer 
Risk Mitigation Mission
 
ANASTASIOU: Development of a CubeSat Star Tracker

ANTONIADES: Australian Space Weather Satellite: A Proposal for a National Collaborative 
Spacecraft Mission.

ARSOV: Geomagnetic storm impact on GNSS performance; case study Australia

BAILEY: Polarization of Mars during the 2018 Dust Storm

BALME: ANZSLIG series – 19 Space applications: Space Situational Awareness

BARRACLOUGH: M1 Readiness for Launch: UNSW Canberra – Royal Australian Air Force 
Space Situational Awareness and ISR Pathfinder Mission

BELLAMY: ANZSLIG series - Regulation of military and government procurement in rela-
tion to space activities in Australia

BELLAMY: ANZSLIG series - Space applications: communications 

BLAKE: ANZSLIG series - International legal framework for space activities

BLAKE: ANZSLIG series - National legal framework for space activities

BLAKE: Subordinate Rules under new Space Activities (Launches and Returns) Act 2018

BLAKE / TANDOH: ANZSLIG Professional Development series - Space applications: remote 
sensing

BLAND: FireOPAL: Toward a Low-Cost, Global, Coordinate Network of Optical Sensors for 
Space Situational Awareness

BOUYA: Method for estimating foF2 from GPS/TEC

BOYCE: UNSW Canberra
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BRAND: The Jump2 Launch System

BRAND: The MEDIAN Mars Mission Using Impactors – The Search for Life

CABLE: Australia’s Contribution to Space Life Sciences 

CAIRNS: Beam Speeds and Source Longitudes for Type III Solar Radio Bursts from Magnetic 
Mapping  Analyses 70

CAIRNS: Spectral investigations of the Charge Exchange Thruster

CAIRNS: Status of INSPIRE-2 and Evidence for Space Weather Effects

CAPRARELLI: Geological interpretation of ground penetrating radar reflector in the sub-
surface of Lunae Planum, Mars.

CARTER: On the characterisation of the day-to-day occurrence of Equatorial Plasma Bub-
bles using the Rayleigh-Taylor growth rate calculated using the TIEGCM

CARTER: RMIT University’s Robotic Optical Observatory (ROO) Telescope for Space Situ-
ational Awareness Research

CHEONG: Progress and Update of UNSW-EC0: Australia’s First Cubesat Trio in Orbit 

CHEUNG: Physics and Diagnostics of the Solar Drivers of Space Weather

CHOPRA:What can AI tell us about life in the universe? 

CLARKE: A survey of medical questions facing crewed Mars missions

CLAYFIELD:  CSIRO’s Small Satellite Initiatives

CONIBEER: Integrated Patch Antennas and Solar Cells for Cubesats  – Optimising solar cell 
efficiency and antennae gain

CROWE: Nanosatellites in High Earth Orbit

CURRAN: Numerical Investigation of a Fixed-Geometry Scramjet Inlet across an Accelerat-
ing Trajectory for Access to Space

CURRIE: The Effect of Sporadic E on Prediction of Equatorial Plasma Bubbles

DE ZWART: Commercialisation of space: innovation versus domestic legislation?

DENNERLEY: ANZSLIG series - Liability and insurance for space activities in Australia 
90
DEZWART / GRIFFIN: ANZSLIG series - Protection of intellectual property for space activi-
ties
DONEA: Modelling Magnetic-Polarities of Active Regions Using Helioseismic Data: impact 
into space weather prediction research

DOUGHERTY: From the Weapons Research Establishment to the Australian Space Office: 
Precursors to the Australian Space Agency
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DOUGHERTY: The Role of Museums and Science Centres in Informal STEM Education

DUONG: Power Budget Analysis and Verification

ELDRIDGE: Rapid Prototyping in Instrumented Hypervelocity Testing

FENG: Determination of GNSS positioning integrity and timeless requirements for con
nected and automated vehicle safety applications

FORBES-SPYRATOS: Mission Design and Simulation of a Rocket-Scramjet-Rocket Launch 
System

GALLIFORD: ANZSLIG series - Space applications: hybrid aerospace vehicles

GILMOUR: A New Space paradigm for Australia

GLENNON: UAV Reflectometry for Sea State Estimation

GOZZARD: Integrated optical phased arrays for spacecraft communications and sensing

GUEDES: Exploring Cultural Competence for Astronomers

GUINANE: Assessing the Viability of a Smartphone-Based Wide Field of View Stellar Gyro-
scope

GUJAR: A Novel Integrable System for Martian Approach, Mapping and Energy Extraction

HARPUR: The ‘Training Centre for CubeSats, UAVs and Their Applications’, and it’s first 
satellite, CUAVA-1

HE: Impact of the equatorial mass anomaly and midnight density maximum on the low 
Earth orbit dynamics

HENDERSON: Exploring a legal framework for the colonisation of Mars

HIDES: Changes in trunk muscle size in response to microgravity: possible implications 
for low back pain research

HIGGINS: Recent Developments and Future Trends in Satellite Positioning – Increasing 
Ubiquity and Increasing Risk

HOBBS: Mobility Trials and Testing of Micro and Nano-Scale Rovers for Planetary Science 
Applications.

HORNER: MINERVA-Australis: An Update 

HU: On-orbit performance of the Namuru GPS Receiver, and other results from the SHARC 
mission.

HU: Using an Artificial Neural Network (ANN) to Model Global hmF2, NmF2 and VSH Based 
on Long-Term Ionospheric Radio Occultation Measurements

HUQ: Spiral Blue - Stopping maritime piracy from space

JONES: A Neural Network’s Search For Polar Spring-time Fans On Mars.
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JONES: A Recipe For Improving the Automated Detection of Vineyards From Space.

KAHN: Structural Analysis of Varying Joints used for a Hexagonal Solar Sail Concept via 
FEM

KAPLAN / KAPLAN: ANZSLIG series - Legal/business structures for space activities in Aus-
tralia

KEDZIORA-CHUDCZER: Effects of Hazes and Clouds on Exoplanetary Spectra

KEENAN: Designing the The Human Health and Performance (HHP) Laboratory
 
KERSHAW: Digital Earth Australia - From Satellites to Insights

KODIKARA: Numerical Investigation of the Density-Temperature Synchrony in the Ther-
mosphere

KOSCHNICK: Spectral Aerospace: Hyperspectral Satellite Remote Sensing Solutions

KYYTSONEN: A Space Narrative

LANGE: ANZSLIG series - Contracting for space activities in Australia

LE MARSHALL: New Generation Earth Observations from Space - Current and Future Ben-
efits and Opportunities

LI: ANZSLIG series - Space applications: position, navigation and timing

LINGARD: Update on the Space Science and Technology Strategy for Australian Defence

LISK: ANZSLIG series - Comparative regulatory approaches and competing for global sales 
opportunities 

LYNN: Morning and afternoon peaks in electron density near the magnetic equator con-
trasted with a similar phenomenon of different origin occurring at middle latitudes

MADSEN: Detailed Technical Performance of the FireOPAL system

MCLEAN: Hybrid Rockets

MENK: HF radar observations of periodic ionospheric irregularities at middle latitudes

MENK: National Committee for Space and Radio Science update

MILJKOVIC: Exploring Mars with InSight

MITCHELL: FrontierSI and SBAS Test-bed Project Update

MONAGHAN: ANZSLIG series - Space applications: active debris management

NETHERWAY: Modelling the Received Power of Multipath HF Signals Propagated via the 
Ionosphere

NORMAN: Ionospheric features causing anomalous GNSS radio occultation results
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NUSS-SOEHARTO: Possible Near-Term Mission Architecture to Measure Lunar Polar Rego-
lith Water Content

O’BRIEN: 60 Years of Glorious Entertainments Exploring Space: From Antarctic Auroras to 
Apollos to (hopefully) Far Side of the Moon

O’BRIEN: Autonomous recreation of missing data in space weather sensors

O’BRIEN: Risk Management Of Dust On The Moon: 2018 Updated Measurement-Based 
Case Studies

O’CONNELL: Strategies for reducing Astronaut Radiation Exposure

O’CONNOR: Why would Australia need astronauts?

OGAWA: Analysis of Effects of Magnet Configurations for Downscaled Cusped Field 
Thruster via Surrogate Assisted Evolutionary Algorithms

O’SULLIVAN: ANZSLIG series - Export control laws

O’SULLIVAN: Export controls and the Australian space research sector
PECK: Buccaneer Risk Mitigation Mission – DST Lessons Learned

PHINN: Linking Upstream and Downstream Using Australia’s Earth Observation Capabili-
ties

PIRES: SAR: The right information at the right time

PLATZ: The Online College of Advanced STEM: Delivering Astronomy, Astrophysics, Data 
Science and Coding to High Capability High School Students

POZZA: Space Law:  Lessons for Australia and New Zealand

PRIOR: Leo Aerospace: A balloon launch startup

RAMSEY: Australian Space Missions: Thinking Bigger

REID: Ground based observations of the near space environment

RENS: Towards an intelligent biometric device for holistic astronaut health 

RICHARDSON: Integrated System-level Modelling of a Reusable LH2/LOx-fed Expander-
bleed Cycle Rocket Engine

RYAN: Particle-in-Cell Analysis of Ion Detachment from Ambipolar Propulsion Devices 
with Differing Magnetic Nozzle Geometries

SCHULTE: NASA’s Mars Exploration Program

SHEAN: Space Science: Empowering STEM learning

SQUIRE: Mars radiation exposure risks - The shielding effect of a graphene space suit and 
a storm shelter during transit.
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STEVENS: Buccaneer Risk Mitigation Mission – Ground Station

STOTT: Recruitment Challenges for the Australian Space Industry

STUBBS / HENDERSON: ANZSLIG series - Regulation of the electromagnetic spectrum

TERKILDSEN: Australian Bureau of Meteorology Aviation Space Weather Services

TRAN: How does the spacecraft environment increase host susceptibility to infectious 
diseases?

TURLEY: Peformance Bounds on HF Backscatter Leading Edge Inversion

TYLOR: The Implications of the Orbital Dynamics of Jupiter’s Satellite System on the Hab-
itability of Exomoons

USHER: Radiation Shielding: Novel use of scattering phenomena

WARDEN: Ultra-Low Frequency wave correlations between Van Allen E-B measurements 
and conjunct ground magnetometer data.

WEIR: Characterisation of Near Earth Asteroids - An Asteroid Mining Perspective

WICHT: ANZSLIG series - Space applications: launch

WILLIAMS: CSIRO’s Space Activities and the CSIRO Space Roadmap

WILLIAMS: The modulation of EMIC waves in the inner magnetosphere

ZANDER: Rocket Manufacturing in South-East Queensland

Posters

The presenters at the poster session on September 24 were:

ADDISON:  Probing the Origins of Hot Jupiters & Spin-Orbit Misaligned Exoplanets

BATHGATE: A thruSter using magentic reconnection to create a high-speed plasma jet for 
spacecraft propulsion

CARTER: Mt Kent Observatory: A Queensland Facility for Astronomical and Space Sciences

CHEN: Applying a Master-slave Filter to Vector Tracking GNSS Receiver for Robust

CURRIE: On the identification and removal of ground scatter in SuperDARN radar data 

EVENSBERGET: The solar wind in time from young stellar proxies
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GILLAN: Space, Spatial, Machine Learning for Business Benefit

FENG: GNSS-driven Accurate Time Synchronization for VANET
 
HESSEL: Tiny Spaces for the Infinite Space: Flow Chemistry Mini-Labs as Assets of 
Space Manufacturing

KERMANI: The Effect of Splitter Plate(s) Attached with Square Cylinder in Turbulent Flow

HOBBS: Eyes on the Ground: Trialling Remote Sensors for Small Planetary Rovers. 120

HORNER: Preliminary Astrocladistical analysis of the Jovian Trojan swarms 

NALDER: First Kids on Mars - Future-ready skills program

KARAMIQUCHAM: Near-Infrared atmospheric modelling of Jupiter’s Southern Equatorial 
Belt (SEB) observed with AAT/IRIS2

LOBZIN: Solar Wind Predictions Based on SDO/AIA and DSCOVR Data

MOSS: Arcadia: the First Settlement on Mars

PETERS: A GPU based doppler and code search for the reception of satellite signals

SHEAN: STEM and the realm of hands-on constructivism

TRAN: Tiny Spaces for the Infinite Space: Flow Chemistry Mini-Labs as Assets of 
Space Manufacturing?

TRAN: Guardian Satellite-based Flow-Chemistry System Producing Quantum Dots as 
Counter Measure to Divert Missile Attack

TROTABAS: Design of a Deployable Lightweight Nanosatellite Antenna

VOROPAEV: Satellite propulsion system

WANG: The Accuracy of Space Weather Services Automatically Scaled foF2 Data
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