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As part of the phase 0/A of the QUEEN mission, we evaluated our payload and satellite platform heritage and studied
feasible mission scenarios for demonstrating optical frequency references aboard small satellites. We propose an optical
vapor-cell frequency reference payload based on the 5S1/2 → 5D5/2 two-photon transition in 85Rb with low size, weight,
and power budgets. In conjunction with an optical frequency comb, which can be used as an optical-to-microwave
frequency divider, our payload could be advanced to a compact and simple vapor-cell based optical atomic clock. At the
center of the payload is a laser system, based on micro-integrated laser technology, consisting of two independently
frequency stabilized extended cavity diode lasers in a master-oscillator-power-amplifier configuration (ECDL-MOPA) at 778
nm. Ground-based development and environmental testing accompany the design and definition phase. Small satellites
provide perfect vehicles for in-orbit tests of key technologies, due to the low associated costs compared to large satellite
missions, and their potential for fast implementation. The requirements of our payload design are matched by the
capabilities of the modular, flight-proven TUBiX20 satellite platform. This platform is designed to support demanding small
science, technology and Earth observation missions of roughly 20 kg. Its modular approach realized in hard- and software
allows scaling the platform’s capabilities for a wide variety of payloads while maintaining short development cycles. In
this paper, we discuss the options and requirements for sending a compact, high-stability two-photon optical frequency
reference into orbit and present advances in platform and payload design.

Keywords: Optical clock, Rubidium, Two-photon transition, Diode lasers, Quantum technology, Small satellite mission, Modular satellite
platform, Frequency reference, Laser system

1

INTRODUCTION

Optical quantum technologies in space have applications in
navigation [1], geodesy [2, 3], optical communication [4], and
fundamental physics. One focus is the interplay of gravity and
quantum physics, such as novel approaches for gravitational wave detection [5, 6, 7, 8] or tests of general relativity with
ultracold atoms [9, 10, 11, 12] and clock comparisons [13].
Optical frequency references play a fundamental role in such
instruments, just as they do on ground: They can be part of a
clock system or, in cold atom physics, operate as master lasers
This paper was first presented at the 16th Reinventing Space
(RiSpace) Conference, London, 2018.
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to which a large number of lasers with different functionality
are stabilized.
Optical frequency references work by stabilizing a laser on
an atomic transition such that the output frequency is stable
enough to act as reference for other devices. An optical frequency reference can be utilized in the same way as a microwave frequency by converting the optical frequency to RF
frequencies with the use of an optical frequency comb [14].
There are a variety of different options for optical frequency references (e.g. optical lattice clocks [15], beam standards
[16, 17], Iodine standards [18], alkali-vapor cell clocks [19],
see also overview by P. Gill [20]), which differ in complexity
and frequency stability. While stability might be a long-term
goal, portability is a deciding factor for space applications. This
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means that any optical frequency reference in orbit must be
designed to be compact, robust, and energy-efficient. Optical
systems, quantum technology, and frequency combs currently
undergo miniaturization efforts [19, 21, 22] and have been tested on sounding rockets [23, 24, 25, 26, 27], drop tower experiments [28, 29], zero-g flights [30], as well as on the ISS [31, 32].
To continue the transition from ground-based instruments to
orbit, small satellites are ideal platforms for tests of key components and subsystems [33, 34].
The last decades have been characterized by an ever-increasing interest in facilitating space missions as means of gathering
global observation data products, introducing worldwide communication services or pursuing scientific goals and objectives.
Consequently, the number of satellites launched in recent years
has been growing exponentially. This especially holds true for
the field of small satellites ranging from 1 to 100 kg [35]. With
the advances of the electronics industry in miniaturization of
components in both size and power consumption in conjunction with an increasing overall performance, nano- and microsatellites are now capable of supporting demanding missions
that were formerly conducted with larger spacecraft. Additionally, new application areas are opened by these satellite classes,
as for such missions, the overall cost is comparatively lower due
to reduced launch masses and shorter development times. This
also makes these missions especially interesting for technology
demonstration applications.
Technische Universität Berlin has a long history of successful design, manufacturing, and operation of small spacecraft
with a total of 16 satellites launched to date [36]. Today, satellites of Technische Universität Berlin in the range of 20 kg are
based on the flight-proven TUBiX20 platform [37]. The modular design of this platform makes it well-adapted for different
applications from fields like technology demonstration, science, Earth observation and communications, as it facilitates
the scaling of relevant performance parameters of the spacecraft’s different subsystems. Hence, it is well-suited for hosting
the proposed payload suite of the QUEEN mission.
With the QUEEN design study [38], we investigate the options and requirements to test a compact and stable optical vapor cell frequency reference, stabilized to an atomic transition
of Rb, in orbit. This would allow us to characterize environmental effects on the frequency reference and monitor long-term
effects on components. Additionally, in-orbit operation would
increase the maturity of different components and techniques
that are included in the setup: Optical frequency references
as proposed for the QUEEN payload contain e.g. laser modules, optics, or timing systems. Advancing these would benefit
other space-based quantum technology applications, such as
quantum communication payloads demonstrating, e.g. optical
memory on small satellites. Autonomy concepts that will have
to be applied to stabilize the frequency reference could be implemented not only in future space-based experiments but also
for remote control in ground-based laboratories and devices.
This paper describes the QUEEN mission goals and outline,
the current design study results for the optical frequency reference payload and the modular satellite platform, as well as an
outlook with necessary steps for going to orbit.
2

THE QUEEN MISSION

The QUEEN mission aims to test an optical frequency reference payload in orbit. Optical frequency references based on

atomic transitions provide an absolute frequency reference.
However, the absolute transition frequency of the atoms between two energy levels can change as the energy levels shift
due to environmental effects. As a result, the laser is stabilized
to a shifting absolute transition frequency, which leads to frequency instabilities.
In the laboratory, frequency noise can be controlled by keeping environmental parameters constant, installing appropriate
shielding, and using low-noise electronics. In the challenging
environment of space, the implementation and adaptation of
different techniques has to be tested. There are two main aspects when making the transition from lab to satellite based
setups. Firstly, the technological realization of the setup has to
be adapted to the satellite environment. Limited size, weight,
and power (SWaP) budgets can demand a customized design
and components and novel manufacturing and integration
methods might have to be applied. Standard optics, electronics, and mounting components are usually not suitable for the
satellite payload. Additionally, there is no option to replace
components or to re-align the setup manually. Secondly, the
setup is installed on a mobile platform. Effects that could be
suppressed in the lab or that would result in a constant offset
might instead affect the frequency stability of the frequency reference in orbit. As the environment changes throughout each
orbit and throughout the mission, it is a technical challenge to
keep resulting frequency instabilities low. The Earth’s magnetic
field or stray fields from the satellite platform can result in frequency shifts, described e.g. by Martin et al. [39]. Temperature
variations of critical components due to Sun exposure or power
dissipation within the satellite can affect the frequency stability
as well [39]. As part of the Humboldt-Universität zu Berlin and
Ferdinand-Braun–Institut heritage from previous experiments
in the drop tower and on sounding rockets, some of these aspects have been addressed: micro-integrated laser modules and
complex laser systems have been built for the confined SWaP
budgets of a sounding rocket; experimental sequences for autonomous control and redundancy options have been tested
during flight. With QUEEN, we aim to adjust the ground and
sounding rocket designs for a small satellite payload. This includes accommodating the limited SWaP budget, as well as architecture for magnetic and radiation shielding, temperature
insulation, heat transfer, and autonomous payload control.
As part of the QUEEN mission, the suitability of these designs shall be studied by monitoring electro-optical properties
of the laser diode such as diode voltage and current. Measuring the optical output power along the path will help identify
potential degradation risk of optical components in orbit. Frequency measurements will show additional noise sources due
to gradients or damage within the payload. These in-orbit tests
are necessary to better understand the effects of the space environment on the frequency reference and the required level of
additional control techniques for future improvements.
The QUEEN mission is designed for an operational lifetime
of one year. The orbit is constrained by the use of the facilities at
Technische Universität Berlin as primary ground station. Consequently, the inclination of the destination orbit is required to
be higher than 52 degrees. Additionally, the satellite can rely on
further ground stations accessible from the university’s mission
control center. The orbital altitude for the QUEEN mission is
assumed to be in the order of 500 to 600 km. This is to ensure a
minimal mission duration of one year on the one hand and to
guarantee reentry within 25 years [40] without active support
on the other hand.
JBIS Vol 72 No.3 March 2019 75
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Fig.1 L. Overview of
QUEEN Payload Design.

3

PAYLOAD DESIGN

The QUEEN payload design consists of a compact optical vapor
cell frequency reference. It is based on two ECDL master-oscillator-power-amplifier (MOPA) that can be independently
frequency stabilized to atomic transitions of the alkali atomic species rubidium. To build a frequency reference, only one
laser is necessary. However, as we intend to gain information
on the frequency stability, we implement a second laser. Light
from both lasers is overlapped and the frequency difference of
the two lasers can be measured as beat note. The mean value
will be the nominal frequency difference, resulting from using
different atomic transitions for stabilization and a value known
from literature.
Atomic transitions provide the possibility to stabilize (lock)
an oscillator (here: the laser) to an absolute value rather than
relative to a second oscillator. The absolute frequency value as
well as the stability of this frequency depends on the atomic
species, potentially the atomic isotope, and on the energy levels
of the atomic transitions. Various different energy levels exist
for each atom, defined by different quantum numbers. Alkali atoms, such as rubidium, are widely used in atomic physics
experiments. They have the advantage of having a comparably
simple energy level structure due to their hydrogen-like electron configuration. The atomic transition that we plan to use
for the QUEEN frequency reference payload is the 5S1/2 →
76 Vol 72 No.3 March 2019 JBIS

5D5/2 transition in 85Rb. It can be addressed by two-photon absorption at 778 nm. The 5S1/2 → 5D5/2 transition has a very small
linewidth of around 300 kHz [41, 42], which directly benefits
the stability of the laser that is frequency locked to it. Fractional
instabilities on the order of 10-13 have already been achieved
with lasers locked to Rb two-photon transitions in groundbased laboratories [19, 39, 42, 43] and instabilities of 10-15 are
thought to be possible with a stronger level of environmental
control [39]. This would provide a stable optical frequency reference in a compact vapor cell setup.
To utilize atomic transitions as absolute frequency reference, different spectroscopy techniques can be applied. For the
proposed frequency reference payload, frequency modulation
two-photon spectroscopy would be used to stabilize the laser
[44, 45]. Laser light travels through the vapor cell filled with
atomic gas and interacts with the atoms. Part of the atoms absorb the light and change their internal state from ground state
to excited state. In case of the proposed two-photon transition,
the atoms do not fall back to the ground level directly. Instead,
they decay via the 6P3/2 immediate level. The resulting 6P3/2
→ 5S1/2 fluorescence is recorded using a photomultiplier tube
(PMT) or a similar device, such as a silicon photomultiplier
(SiPM). By modulating the laser beam (e.g. with an electro-optical modulator) and demodulating the fluorescence signal,
a feedback signal for the laser stabilization can be produced.
Active stabilizing electronics for the laser current and tempera-
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Fig.2 CAD Model of an ECDL-MOPA Module with Dimensions
30 x 80 x 10 mm³. VHBG: volume holographic Bragg grating;
µ-isolator: micro-optical isolator; µ-mirror: micro-mirror. The
optical fibers exiting the fiber coupler are not shown in the figure.

cillator consisting of either a monolithic diode laser chip, such
as a DFB laser, or as a discrete laser such as an ECDL. The laser
chips are hybrid micro-integrated onto a micro-optical bench
consisting of lithographically patterned AlN substrates together with micro-optics and discrete electronics. A CAD model of
a MOPA with an ECDL as master-oscillator is shown in Fig. 2.

ture is required for the frequency reference. The vapor cell will
be heated to produce a higher vapor pressure and thus higher
fluorescence signal. In order to benefit from the small linewidth and potentially low level of instability of this transition,
the experimental setup requires stabilization of the laser power
at the vapor cell as well as magnetic shielding around the vapor
cell [39]. An overview of the optical setup and stabilizing electronics is shown in Fig. 1.
3.1

Laser Sources

As laser sources, semiconductor diode lasers are ideal candidates: they are compact, robust, come in a variety of wavelengths and are not expected to suffer much from the relatively
weak radiation in low Earth orbit (LEO). In QUEEN, micro-integrated laser modules by the Ferdinand-Braun-Institut, Leibniz-Institut für Höchstfrequenztechnik Berlin (FBH) are
planned as laser light sources. Several such lasers have been
launched in different microgravity missions, on sounding
rockets and in the ZARM drop tower [24, 25, 27, 46, 47, 48].
The conceptual approach to the foreseen laser modules rests
on versatility and multi-functionality, embodied by a design
incorporating two arbitrary semiconductor-based active or
passive chips and two optical ports that can be used as input
or output ports according to the requirements. For instance, a
MOPA architecture can be implemented, with the master-os-

A 2 mm long, single longitudinal mode ridge-waveguide diode laser chip (Chip 1) is used as gain medium of the ECDL
part. The front facet is coated to provide a power reflectivity
of 30%, while the rear, intra-cavity facet is AR coated and features a residual reflectivity of about 0.1%. Frequency selective
feedback is provided by a Volume Holographic Bragg Grating (VHBG), that provides a resonant diffraction efficiency of
approximately 70%. An intra-cavity aspheric lens collimates
the emission of the rear-facet of the diode laser chip onto the
VHBG. The light emitted through the front facet is collimated
by means of cylindrical lenses and are transmitted through a
micro-optical isolator (µ-isolator), before being focused into a
power-amplifier chip (Chip 2) by means of cylindrical lenses
identical to those mentioned above.
The power-amplifier chip is a 6mm long, single longitudinal
mode ridge-waveguide diode laser chip. Its facets are antireflection coated to a residual reflectivity of about 0.1%. Its straight
waveguide is tilted by 3 to the facet normal in order to reduce
the effective reflectivity back into the waveguide by another 3
orders of magnitude. This guarantees an effective reflectivity of
10-5–10-6 with respect to the formation of a parasitic Fabry-Pérot
resonator between the facets of the power-amplifier chip. This
suppression is sufficient to avoid that the amplifier reaches laser
threshold when the seed laser is turned off (no self-lasing) even
at the largest injection current setting. The output beam of the
power-amplifier is collimated by means of an aspheric lens with
a focal length of f = 2.0 mm. The lens position along all three
directions is optimized for maximum fiber coupling efficiency.
Once the lens is bonded, the two mirrors located between the
lens and the fiber coupler are precisely aligned for maximum
coupling efficiency and then bonded as well. The optical fiber is
single-mode and polarization-maintaining.
The laser emission transmitted through the VHBG is collected into a rear optical port consisting of a fiber coupler
identical to the main port. The output power (typically in the
range of 1 mW) of the single-mode, polarization-maintaining
JBIS Vol 72 No.3 March 2019 77

ALINE DINKELAKER ET AL

Fig.3 ECDL-MOPA Laser Module for Operation at 780nm. The photograph shows the
AlN ceramic body and the housing, as well as the optical and electrical feedthroughs.

fiber at the rear port can be used, for instance, for the generation of a beat note measurement or for performance monitoring purposes.
The micro-optical bench is fully packaged into a Kovar housing, with electrical signals fed through via Mini-SMP coaxial
connectors and optical signals fed through via single mode,
polarization-maintaining optical fibers. The module housing
has dimensions of 125 mm x 75 mm x 22.5 mm and a mass of
approximately 760 g. Fig.3 shows a picture of an ECDL-MOPA
laser module. Such a laser module operating at a wavelength
around 1064nm [49] has successfully been flown as part of an
iodine-based frequency reference in the JOKARUS [25] experiment on the TEXUS 54 sounding rocket [50] in May 2018.
It delivers more than 500mW output power ex-fiber within a
technical (FWHM) linewidth of 25 kHz measured on a timescale of 1 ms (estimated from the frequency noise PSD according to the method proposed by Di Domenico et al. [51]) and a
Lorentzian linewidth of smaller than 1kHz.
The ECDL-MOPA technology has already been transferred
to the wavelength of 780 nm for experiments on Rubidium
Bose-Einstein-Condensates (BEC) and atom interferometry,
planned on board a sounding rocket. At an emission wavelength of 780.24 nm (corresponding to the Rubidium D2 line),
an optical output power of the ECDL-MOPA of > 400 mW
is achieved within a technical (FWHM) linewidth of 150kHz
measured on a timescale of 1 ms (estimated from the frequency
noise PSD according to the method proposed by Di Domenico et al. [51]) and a Lorentzian linewidth of < 1kHz. Identical
diode laser chips and micro-optics can be used to produce the
ECDL-MOPAs emitting at 778 nm for the QUEEN payload,
with the exception of the VHBGs, that need to have their central wavelength adjusted to 778 nm. As a result, the performance of the ECDL-MOPAs emitting at 778 nm is expected
to be identical to those emitting at 780 nm, thus fulfilling the
requirements for the laser modules in the QUEEN payload.
3.2

Payload Electronics

The payload electronics implement laser drive and stabilization, data processing, management, and supervision tasks.
Some technologies like stable laser current drivers and temperature controllers already exist for laboratory environments
and may just need adaptation and qualification. Others like a
low-power fully integrated and all-digital modulator-demod78 Vol 72 No.3 March 2019 JBIS

ulator required for the two-photon spectroscopy are entirely
new developments. Here we will merge available digital hardware with novel algorithms, data process and control schemes.
The demands on robustness and autonomous operation require the development of new solutions. Open Source Software
frameworks like ARTIQ [52] and Open Hardware ecosystems
like Sinara [53] provide a flexible and unencumbered baseline
to test and prototype new technologies like algorithms for autonomous and robust operations or data processing schemes.
Temperature controller designs that achieve sub-mK temperature stability and sufficient SWaP budgets are available as
open hardware within the Sinara ecosystem as well as from
commercial providers. These modules are typically interfaced
with via Ethernet or serial protocols (SPI, I2C, UART) and will
require adaptation and qualification to be used for laser module and vapor cell temperature control.
The laser current driver will require low current noise at frequencies near and above the control loop bandwidth. In addition to the current steering signal for frequency stabilization a
method to control the offset current for power stabilization is
foreseen. Potentially suitable circuit designs both in open hardware as well as proprietary modules have been identified and
evaluation efforts with respect to the aforementioned requirements and the need for adaptation and qualification are ongoing.
The frequency measurement unit that detects the beat frequency between the two redundant and independently operating spectroscopy systems needs to be able to operate in two
modes. In the first mode during clock operation when both
systems are stabilizing their laser source to the same optical
atomic transition, the beat frequency is the sum of the differential frequency error and the AOM difference frequency.
This permits selecting a beat frequency offset that both cancels
common mode time base errors and has optimal properties for
the detection electronics. In the second mode where the beat
frequency is scanned over a wider range to locate the operating
point of the two lasers with respect to the optical transitions
the unit needs to be able to detect the beat frequency with less
accuracy but much larger range.
3.3

Signal Processing for Laser Stabilization

Both analog and digital circuitry have previously been used
with the laser systems by Humboldt-Universität zu Berlin to
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perform laser stabilization [25, 27]. Digital, integrated control
applications can offer great potential [54, 55] with regards to
scalability and functionality. Based on this, it is planned that
the QUEEN payload executes laser stabilization tasks by digital
signal processing (DSP) in an embedded system.
Here, the payload can benefit from synergies with the
TUBiX20 satellite platform, as this already uses commercial
off-the-shelf (COTS) microcontrollers with DSP functionality
and flight heritage.
They offer a hardware floating point unit (FPU) with DSP
instruction set, as well as integrated analog-to-digital (ADC)
and digital-to-analog converters (DAC). Including the multiple timers and direct memory access (DMA) channels, such
devices are well suited to control the laser frequency modulation via an electro-optic modulator (EOM) or digitize the spectroscopy signal. Furthermore, digital filters like finite impulse
response (FIR) or infinite impulse response (IIR) filters allow
to demodulate the spectroscopy signal or can act as a loop filter
for laser frequency control. By integrating all the former analog
functionality in the digital domain of one microcontroller, this
approach is expected to contribute to a smaller SWaP budget
and enhance the performance by digital signal processing techniques. Design parameters like coefficients of filters or control
loop transfer functions are programmable and depend no
longer on analog circuitry resulting in higher flexibility.
3.4

Payload Requirements

With customized, power efficient electronics, we estimate the
total power consumption of the frequency reference payload
to 25 W. We expect the payload to fit into a volume of roughly
8 liters and its total mass to be around 12 kg. Due to several
temperature dependent components in the payload, these require that the temperature within the payload bay stays stable
to within 10 K. Additionally, the temperature-stabilized components inside the payload as well as the electronics will generate heat that has to be transported away from the payload bay.
A thermal management concept will be necessary to cope with
this excess heat.
To test the frequency reference and its key components in
space, the electro-optical properties of the laser sources will be
measured. This includes optical output power of both lasers,
associated driving currents and voltages, as well as temperatures of lasers and within the payload. Additionally, measurements regarding the frequency stabilization can be performed,
i.e. frequency stabilization feedback parameters such as current or fluorescence amplitude, and of course the frequency
difference between the two lasers with different sampling rates
and over different durations. If a scan of the laser frequency is
performed on the satellite, the fluorescence spectrum can be
recorded. The electronics and the data rate will have to handle
the payload performance requirements. The payload will also
require different experimental sequences (e.g. initialize, record fluorescence spectrum, activate stabilization) that can be
divided into different experimental modes. Autonomy will be
critical in orbit as direct communication to the satellite and its
payload is limited. All experimental sequences will be preprogrammed so that the payload autonomously records, analyses
and sends data according to the current experimental mode.
3.5

Ground Tests

Several tests on ground are necessary in order to test compo-

nents and techniques and make suitable design choices. In a
laboratory ground test bed at Humboldt-Universität zu Berlin,
we are currently investigating different vapor cell types, as well
as cell heating and insulation configurations. After this first run
of hardware tests, frequency modulation techniques and spectrum detection will be studied. Here, we aim to find a power
and space efficient solution where we can use the same cell,
the same sensor and much of the same optics for the spectrum
generation by digitally separating the signals [56]. If no compact solution is found, the spectroscopy part of the setup will
have to be duplicated for the stabilization of two lasers.
4

SATELLITE PLATFORM

The QUEEN spacecraft will base on the TUBiX20 platform of
Technische Universität Berlin. This platform is designed to support a wide array of different missions due to its flexible architecture [37]. To this end, TUBiX20 features a high level of modularity that is based on clear standards for its software and hardware
interfaces. This enables the removal or addition of components
without major redesigns of electronics or software. The core
functionality of the TUBiX20 platform is constituted by its redundantly implemented computational nodes communicating
via a common data bus system. This synergizes with the modular software approach since the same fundamental software suite
can be used on any of the system’s node. All nodes are located
within the core avionics compartment of the satellite.
The TUBiX20 platform was tested in orbit for the first time
during the TechnoSat mission. TechnoSat was launched in July
2017 and has been in operation since then to verify key components of the platform. Its mission is the in-orbit verification of seven technology payloads [57]. Orbit results from the
TechnoSat mission can be found in several publications [58,
59, 60, 61, 62].
The second mission implementing the TUBiX20 platform is
TUBIN that aims at detecting high-temperature events using
microbolometer technology [63, 64].
Based on the modular approach of the TUBiX20 platform,
the subsystems and components for the QUEEN mission are
configured to meet the requirements of the payload. To this
end, the attitude determination and control system (ADCS) is
equipped with a moderate accuracy sensor suite and a set of reaction wheels (RWS) and magnetorquers for controlling the attitude. Furthermore, a GNSS receiver is included to determine
the position of the spacecraft. The communications subsystem
is constituted by four UHF transceivers for nominal TM/TC
communication (COM) as well as a high-speed data downlink
option via S-band. Here, the S-band transmitter is directly connected to the payload data handling (PDH) node to integrate
the option of forwarding payload data to the ground without
the necessity to distribute it on the central data bus system.
Besides fulfilling high-level tasks such as satellite mode management and telemetry storage, the on-board computer (OBC)
reads a number of temperature sensors to confirm the thermal
environment of the payload. A block diagram featuring subsystems, components and payload as well as their interconnecting
power and data busses is given in Fig. 4 overleaf.
In line with the increased power consumption of the payload
when compared to the preceding instalments of the TUBiX20
platform, the electrical power system (EPS) is equipped with a
primary solar panel defining a preferential attitude towards the
Sun. It is attached to one of the sides of the octagonal structure
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Fig.4 Systems Design of the QUEEN Spacecraft with the central power and data bus system
shown in the middle and the dark blue boxed indicate computational nodes, while the light blue
boxes indicate connected components (modified from [38]).

and features a sufficient number of solar cells to allow continuous operation of the payload. However, the QUEEN satellite
will also survive periods of free tumbling as further solar cells
are mounted on the remaining surfaces of the spacecraft. The
thermal design of the platform is purely passive implementing
adequate surface characteristics to stabilize the payload within
its desired range. However, within the payload itself the temperature is actively managed. A rendering of the proposed platform
design created in phase 0/A of the mission is depicted in Fig. 5.
A summary of the key parameters of the platform configuration
implemented for the QUEEN mission is given in Table 1.
While the thermal stability and the electrical power demanded by the QUEEN payload exceeds the requirements of
the TechnoSat payloads, most other capabilities that are needed for QUEEN, e.g. pointing accuracy and data downlink were
already successfully demonstrated on orbit within the TechnoSat mission.
5

SUMMARY AND OUTLOOK

With the QUEEN design study, we have identified a potential
payload and platform design for an optical frequency reference
demonstrator mission in orbit. The TUBiX20 satellite platform
can be adjusted to accommodate the payload requirements. As

optical frequency reference, a two-photon transition of rubidium has been selected as a good candidate. The selected transition has a small linewidth and can be utilized to provide a
frequency reference with low instability, while coming with the
generally low level of complexity of vapor cell frequency references. Instabilities in the order of 10-15 are expected to be possible in well-controlled environments. However, to benefit from
the two-photon transition, the payload has to be shielded from
changing environmental parameters such as magnetic fields
and radiation. Additionally, active stabilization of vapor cell
temperature (heated), laser module temperature, and optical
laser power has to be implemented. The temperature value and
stability at different points in the payload is one of the main
payload design aspects. A thermal management concept has
to be developed for the payload, modelled, and tested as part
of thermal-balance tests. Different ground and environmental
tests are thus required to find appropriate design solutions and
components that can on the one hand provide a stable frequency reference and on the other hand comply with the limited
SWaP budget on the satellite platform.
We have estimated the power consumption of the payload
to be 25 W. Customized payload control electronics will be
necessary to provide full functionality and laser stabilization
while being power efficient. The satellite platform TUBiX20
TABLE 1 Key parameters of the platform configuration
implemented for the QUEEN mission

Fig.5 Rendering of the QUEEN spacecraft that was produced in
phase 0/A of the project.
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Design lifetime

1 year

Spacecraft mass

30 kg

Spacecraft volume

465 x 465 x 305 mm

TM/TC link

UHF and S band

Payload downlink

S band

Position sensors

GNSS receiver

Attitude sensors

Magnetometers, MEMS
gyroscopes, Sun sensors, Fiber
optic rate sensors

Attitude actuators

Reaction wheels, magnetorquer

OPTICAL QUANTUM TECHNOLOGIES for Compact Rubidium Vapor-cell Frequency Standards in Space Using Small Satellites

was adapted to match the enhanced power requirements compared to previous payloads. The TUBiX20 platform is modular,
incorporates comprehensive redundancy concepts, and is flight
proven. The available payload bay matches the size (8 liters)
and weight (12 kg) requirements of the payload.

technologies based on alkaline earth beam standards, and
reference oscillators for fundamental physics tests, e.g. test of
general relativity with ultracold atoms or clock comparisons.

The QUEEN mission will allow tests of a compact optical
frequency reference in space. It will demonstrate the suitability of a small modular satellite platform for quantum experiment payloads and incorporate autonomy concepts for payload and platform.

The QUEEN project is funded by the Federal Ministry for Economic Affairs and Energy (BMWi) through the German Aerospace Centre (DLR) on the basis of a decision of the German
Bundestag (Grant No. 50 WM 1753-1755, 50WM1857-1858
and 50 RU 1801).

The optical frequency can be translated from the optical to
the RF domain by adding a frequency comb. This would provide a stable, compact optical vapor cell clock in space. Hence,
the QUEEN mission is an important step towards optical quantum technology on satellites, such as next generation GNSS

The development of the TUBiX20 platform is funded by the
Federal Ministry for Economic Affairs and Energy (BMWi)
through the German Aerospace Center (DLR) on the basis of
a decision of the German Bundestag within the TechnoSat and
the TUBIN mission (Grant No. 50 RM 1219 and 50 RM 1102).
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A proposed design for radiation shielding in interplanetary travel is presented with primary shielding created by a super
conducting split toroid magnetic field and unconfined magnetic fields created by two deployable superconducting loops.
The split toroid’s shielding effectiveness is analyzed with calculations of mass, field, particle path, and synchrotron radiation
provided. The creation of plasma regions is also taken into consideration. The design has a wire mass of 8.08×104 kg,
which creates a 0.47 T shielding field, and a field less than 2.17×10-4 T in the crew area. Calculations show the shielding
field deflects associated with particles of solar wind, solar flares, and high energy, high atomic number particles found
in galactic cosmic radiation. This design might also be used to generate power and thrust from the radiation to create a
potentially self-sufficient mobile station.

Keywords: Radiation Shielding, Interplanetary Travel, Magnetic Shielding

1

INTRODUCTION

Interplanetary travel requires radiation shielding to protect
astronauts and electronics. The radiation of most concern is
that from the solar wind and solar flares, which produce solar energetic particles (SEP) and the radiation produced in
galactic events such as supernovae known as galactic cosmic
radiation (GCR). SEP radiation consists mainly of protons
and electrons. GCR consists of ionized H, He, as well as high
atomic number energetic particles (HZE) such as Fe+26, O+8,
and C+6[1]. To shield these particles both their maximum energy and the energy of maximum flux need to be taken into
consideration [2], as well as secondary radiation that might be
produced during shielding.
Passive methods that have been considered include mass
shielding [3], and active methods considered include creating plasmas [4], electric fields[5], and magnetic fields [6-11]
surrounding the system. No one of these systems seems to be
enough to sufficiently reduce radiation exposure. Ongoing
research in new passive materials such as BNNT [3] is very
promising as is the application of superconducting materials
and new designs for fields [12-13].
This work proposes a combination of both passive mass
shielding and active magnetic shielding with consideration of
trapped plasma as a design. The focus of this paper is on the
magnetic field created by the design and calculations of particle
trajectories through the field with consideration of the secondary radiation the particles produce.
2

PROPOSED DESIGN

A shielding method consisting of a split toroid wire configuration, two deployable wire loops, and passive shielding using
Boron Nitride Nanotubes (BNNT) is proposed. The crew area

Fig.1 Crew Area Dimensions.

is a cylindrical shape with a 10 m radius, and a 10 m height as
seen in Fig. 1. Its surface is constructed from BNNT to minimize any radiation that might make it through the fields and
any produced secondary radiation from reaching the crew
area. The thickness of this BNNT wall can be adjusted based
on shielding effectiveness of the material and weight, but it is
shown as 1m in Fig. 1.
Superconducting wire is necessary to sustain a B-field during interplanetary travel. Ti-MgB2 superconducting tape has a
high current to mass ratio as Musenich et al. and Buzea and
Yamashita demonstrate [12-13]. Tables 1-2 show the limits of
the Ti-MgB2 superconducting tape according to both articles.
Tables 1-2 have data differing by about one order of magJBIS Vol 72 No.3 March 2019 83
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TABLE 1 Ti-MgB2 Musenich et al data 2015*
B-field

0.25 T

0.5 T

1.0 T

Max Current

885 A

788 A

594 A

Temperature

16 K

16 K

16 K

* calculated from Ti-MgB2 tape – improved process

TABLE 2 MgB2 Buzea and Yamashita data 2001
B-field

0.25 T

0.5 T

1.0 T

Max Current

8600 A

7200 A

5800 A

Temperature

25 K

25 K

25 K

Fig.2 Ti-MgB2 Split Toroid B-field surrounding the crew area.

nitude. This difference comes from the titanium sheath used
by Musenichet al., which allows the avoidance of helium cryogenics and maintains stability of the tape [12]. Table 2 shows
the potential MgB2 superconductors have as wire for B-fields as
radiation shields in space. Until more work is done, this paper
will assume the values from the data of Musenich et al. as the
limits for MgB2 superconductors. TheTi-MgB2 superconducting tape will be referred to as a wire for the rest of this paper
for simplicity.
A split toroid made from Ti-MgB2 superconducting wire
creates a roughly uniform, 5 m thick, B-field of 0.47 T that surrounds the crew area. The inner loops have a radius of 10 m
while the outer loops have a 15 m radius as shown in Fig. 2.
The superconducting wires of the split toroid carry a current
of 800 A at a temperature of 16 K, with a wire density of 600
wires per meter extending vertically 10 meters, surrounding
the crew area. A wire density of this magnitude will have significant wire repulsive forces associated with the toroidal loops
and will need to be optimized in a final design by adjusting
the distance between each wire. Toroidal caps deflect particles

Fig.3 Split Toroid with Adjustable Caps.

at the top and bottom of the split toroid with the same current and wire density making the split toroid a nearly confined
B-field, however, their shape is adjustable as shown in Fig. 3.
A deployable wire loop of radius 100 m, current 800 A, and
no = 90 superconducting loops of wires carrying a total combined current of noI = 72,000 A surrounds the split toroid and
produces a B-field with similar magnitude to that of Earth. As
demonstrated by the SR2S project [10], a plasma of trapped
particles forms surrounding the deployable loops similar to
that of the Van Allen belts, Fig. 4.
A smaller wire loop of 15 m radius, current 800 A, and ni
= 20 superconducting wires loops carrying a total combined
current of niI = 10,800 A will cancel out the B-field in the crew
area as seen in Fig. 5.

Fig.4 Induced Plasma from B-field.

The adjustable toroidal caps have potential of producing
thrust from redirected radiation spiraling down at the top and
bottom of the crew area as shown in Fig. 6. The direction of
thrust can be adjusted by manipulating the shape of the caps to
change the direction of deflection of the particles.
Produced synchrotron radiation may be harnessed for energy with the incorporation of photovoltaic cells [14].
While there are many parts to this design, this paper focuses
on the shielding effectiveness of the B-field created by the split
toroid and the two deployable wire loops.
3

Fig.5 Two Deployable Wire Loops of Opposite Current (in red).
84 Vol 72 No.3 March 2019 JBIS

CALCULATIONS

Before any simulations were run, highly energetic “test parti-

MAGNETIC SHIELDING for Interplanetary Travel

(2)
(3)
(4)
(5)

The total energy lost per particle due to synchrotron radiation was calculated by summing over the total time the power
radiated multiplied by the time step.

Fig.6 Particle Redirection at Caps.

cles” were chosen as a goal for the shielding method to deflect.
Based on Miller and Zeitlin’s data, particles with twice the energy of the most probable GCR particles were chosen. These
particles were Fe+26, C+6, He+2, and H+ with kinetic energies of
84 GeV, 18 GeV, 12 GeV, and 1.5 GeV respectively [2].
A B-field simulation was created using MATLAB coding
with the Biot-Savart law in Eq. 1.
(1)

The following information was input into the code: Matrix
dimensions, split toroid dimensions and specifications, and
deployable loop currents and dimensions. The code outputs a
3-dimensional vector field using matrices. The B-field vector
was calculated, from each wire in the split toroid and the deployable loops, at each point in the matrix.
A second MATLAB code was used to send virtual particles
into the B-field from various directions and observe their path.
This code has inputs of particle mass, charge, initial kinetic
energy, and the B-field matrix created by the toroid and deployable loops. The relativistic particle’s path is plotted using
time steps which calculate acceleration, new velocity, new position, produced synchrotron radiation, and change in kinetic
energy before moving onto the next time step and continues in
this fashion until the particle leaves the vector field. We used a
timestep of 0.1 m/|v| where |v| is the magnitude of the initial
velocity of the time step which gives a reasonable estimate of
the particle’s path. The particle’s path is calculated based on the
value of the nearest B-field vector to provide an accurate trajectory as the particle travels through the field. The code outputs
the total produced synchrotron radiation in electron volts, and
visual plots of the particle’s trajectory, the B-field, and the toroidal and deployable wires.
Calculations performed to update variables are given by Eq.
2 for acceleration , Eq. 3 for velocity , Eq. 4 for position ,
and Eq. 5 for the synchrotron radiation power P. In what follows, m represents the rest mass of the particle, t the time that
has passed, c the speed of light in vacuum, q the charge of the
particle, and

To calculate the B-field, a 200 × 200 × 200 matrix was created with each vector representing one square meter. A minimum toroidal radius of 10 m and a maximum radius of 15 m
was input as the dimensions of the split toroid to create the
toroid seen in Fig. 2. A current of 800 A was sent through the
toroidal loops using 6000 layers of wire over a vertical distance
of 10 m to give an estimate of the field produced. A deployable
loop of 90 wires was added with a radius of 100 m. A second
deployable loop of opposite current and a radius of 15 m was
added to cancel out the B-field in the center from 20 wires creating the configuration seen in Fig. 5.
Fe+26, C+6, He+2, H+, and e- particles were sent into the B-field
in groups of ten of each particle type from the bottom left corner at the matrix points [1 1 101] to [10 1 101]. The particle’s
velocity is directed towards the center of the crew area to maximize the amount of B-field traversed. Due to the unconfined
toroidal B-field in the simulation, the particles are initially
redirected to a tangential path along the toroid and some are
pulled into the toroid as grazing particles. In a final design, this
effect will not occur to this extent due to the toroid being a
nearly confined field. Different kinetic energies were input until a maximum kinetic energy for a grazing particle was found
that would not enter the crew area. The values of synchrotron
radiation produced were also calculated.
The B-field was then multiplied by 1/4, 1/2, 2, and 4 to calculate its shielding effectiveness for a total of 5 different configurations. These values will be called B-field Multipliers in this
paper. The corresponding mass was also calculated for each
B-field Multiplier. The shielding effectiveness of each B-field
Multiplier is calculated in the following section.
To calculate the total mass of the wires, the dimensions of
the Ti-MgB2 superconductors were used and a mass per length
of 0.037 kg/m [12]. The total length of wire of the deployable
loops and split toroid was added up to calculate a wire mass
of 4.15 × 104 kg. The total mass, including an estimate of the
toroidal caps, is calculated to be 8.08 × 104 kg by doubling the
mass of the toroid wires.
4

RESULTS

The resulting B-field from the deployable loops is similar in
magnitude to Earth’s geomagnetic field, but spread out over
a smaller volume. This was calculated based on representing
Earth’s outer core with the larger deployable wire loop and
choosing a current to produce the same B-field magnitude at
a distance of 220 m from the center of the loops representing
JBIS Vol 72 No.3 March 2019 85
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Fig.7 Deployable wire loops creating B-field
of similar magnitude to Earth.

Fig.8 Center of B-field from deployable
loops (side view).

Fig.9 Center of B-field from deployable
loops (top view).

Fig.10 Split Toroid and Deployable Loop
B-field (side view).

Fig.11 Split Toroid B-field (side view).

Fig.12 Split Toroid B-field (top view).

Earth’s surface. The resulting field is shown in Figs. 7-9.
The maximum B-field produced by the deployable loops inside the crew area’s 10 m radius is 2.17×10-4 T with the center
not exceeding 8.63×10-5 T. These are acceptable values according to the International Standards of static B-field prolonged
exposure from the World Health Organization[15].
The split toroid B-field was then calculated without the addi-

Fig.13 Group of ten 113.8 GeV Fe+26 grazing particles traveling
through 1× created B-field (top view).
86 Vol 72 No.3 March 2019 JBIS

tion of caps and added to the deployable loop’s B-field. Because
the caps were not added to this calculation, the resulting B-field
for the toroid is not fully confined. The additional field in the
crew area, created from the split toroid, is neglected in the total
B-field of the crew area since the final design will be nearly fully
confined. This combined B-field can be seen in Figs 10-12.
Particles in groups of ten were sent into this field from the
bottom left corner from 1-10 m on the x-axis as previously

Fig.14 Group of ten 113.8 GeV Fe+26 grazing particles traveling
through 1× created B-field at (side view)

MAGNETIC SHIELDING for Interplanetary Travel

Fig.15 A single 113.8 GeV Fe+26 particle traveling through 1×
created B-field (top view). Particle enters at x = 10 m and leaves
around x = 39 m.

Fig.16 Group of ten 113.8 GeVFe+26 grazing particles traveling
through 1× created B-field (top view).

described, and their paths were plotted in red as seen in Figs.
13-14. Note that MATLAB has a tendency to connect the final
positions of each particle with a straight line to each other. This
MATLAB artifact does not obscure the path of the particles.
When only one particle is sent through, no extra lines appear
to create a clearer picture of the particle’s path as seen in Fig. 15.

of 1 is no change in the magnitude of the vectors from the initial
parameters. A B-field Multiplier of 2 is twice the magnitude of
each vector in the B-field created from the necessary wires.

Particles grazing the outer deployable loop were simulated
to demonstrate that they are also shielded as shown in Fig. 16.
The paths of Fe+26, C+6, He+2, H+, and e- particles for different
B-field multipliers strength as described earlier were calculated.
The results are shown in Tables 3-8.
In Table 3, the B-field Multiplier is the number multiplied to
each vector in the created field. For instance, a B-field Multiplier
TABLE 3 T he integer multiples of the B-field with
corresponding wire mass and wire length at 16 K
B-field
Multiplier

Mass of Wires
(kg)

Length of wire
(km)

Critical Current
(A)

In Table 4, “Max KE Fe+26” is the maximum grazing particle
kinetic energy in GeV that the B-field for the given multiplier
can deflect. The Synchrotron Radiation is the total produced
synchrotron radiation during the particles' path.
TABLE 5 Data for C+6
B-field Multiplier

Max KE C+6 (GeV)

Synchrotron Radiation (eV)

0.25

12.0

4.99×10-8

0.5

34.5

1.45×10-7

1

116

7.58×10-5

2

229

2.80×10-4

4

504

2.00×10-2

TABLE 6 Data for H+2
B-field Multiplier

Max KE H+2 (GeV)

Synchrotron Radiation (eV)

0.25

1.73×10

0.5

3.63×104

1.09×103

890

0.5

2.92

9.87×10-9

1

8.08×10

3

2.18×10

800

1

7.90

4.32×10-7

2

2.10×105

4.36×103

617

2

17.9

3.10×10-6

4

1.02×10

8.72×10

253

4

39.0

1.79×10-4

4

4

6

2

5.45×10

936

0.25

0.981

3.99×10-10

3

TABLE 4 D
 ata for Fe+26, including the particle’s kinetic
energy, energy of synchrotron radiation produced
B-field
Multiplier

Max KE Fe+26
(GeV)

Synchrotron
Radiation (eV)

Plasma Effect
Percentage
Needed*

0.25

12.0

4.99×10-8

85.7%

0.5

34.5

1.45×10-7

58.9%

1

116

7.58×10-5

none

2

229

2.80×10-4

none

4

504

2.00×10

none

-2

*percentage of the test particle’s kinetic energy that would require some
other method, such as plasma considerations, to deter the particle

TABLE 7 Data for H+
B-field Multiplier

Max KE H+ (GeV)

Synchrotron Radiation (eV)

0.25

0.690

3.04×10-9

0.5

1.96

9.75×10-8

1

4.47

7.91×10-7

2

9.76

4.67×10-5

4

22.1

2.35×10-2

TABLE 8 Data for eB-field Multiplier
0.25

Max KE e- (GeV)
1000+

Synchrotron Radiation (eV)
1000×109
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An accurate idea of how much plasma is induced from the
deployable loops is not achievable without real world experimentation. When a particle enters a plasma, its kinetic energy
will change. The Plasma Effect Percentage Needed in Table 4
is the percentage decrease of the initial kinetic energy of the
particle after it traverses the plasma. So, an 84 GeV Fe+26 particle must decrease its kinetic energy to 34.5 GeV in the plasma,
which is a 58.9% decrease from 84 GeV, to be fully shielded
with a B-field Multiplier of 0.5. If no plasma is induced from
the deployable loops, a Multiplier of one is required to fully
shield the particle. This table gives an idea of the induced plasma’s shielding power required to stop the test particle for each
B-field Multiplier.
C+6, He+2, H+, and e- particles were sent into the same B-field
multipliers to find their maximum kinetic energies and produced synchrotron radiation. The results are in Tables 5-8.
Electrons lose considerably more energy to synchrotron
radiation when traveling at higher kinetic energy through a
B-field. No electron kinetic energies were found that could
make it through the B-field. At 1000 GeV, the particle was still
shielded from the crew area since energy is lost quicker due to
the γ4 term. Because of this, even with a B-field Multiplier of
0.25, the crew area is a forbidden region for all electrons traveling through the toroidal field. This suggests a second plasma
made of electrons may form inside the split toroid which would
cause unwanted heating of the wires and a greater power requirement to keep the wires cool. This plasma, however, has a
potential to be used as a power source, but this requires further
consideration. Some particles may make it through the split in
the toroid, but only if they are incident tangential to the toroid
at the slit. The orientation of the ship to the Sun will drastically
reduce the solar wind particles that make it through the slit.
The effectiveness of this shielding method can be seen when
compared to Miller and Zeitlin’s data [2]. Miller and Zeitlin
show a graph of differential flux vs. kinetic energy per nucleon
of Fe+26, C+6, He+2, and H+ particles. Estimates from the graphs
in Miller and Zeitlin’s paper for most probable particle and
maximum kinetic energy are provided in Table 9.

Fig.17 Fe+26 particles with increasing energy interacting with a
B-field Multiplier of 4".

may be deflected by a combination of plasma, B-field, and
BNNT shielding. The produced synchrotron radiation may be
partially absorbed by photovoltaic cells and used as power for
onboard equipment [14]. The rest will have to be deflected or
absorbed by the BNNT structure housing the crew area [3].
It is important to understand how high energy particles will
interact with this design when unshielded. Fig. 17 shows 5 Fe+26
with energies increasing to and including 2800 GeV.
Fig. 17 shows that some high energy particles are not shielded. Furthermore, substantial synchrotron radiation will be produced and needs to be considered. These values are in Table 10.
With the addition of a plasma surrounding the ship and
BNNT around the crew area, these very high energy particles
may become shielded from the crew area. Knowing the characteristics of the induced plasma and the shielding effectiveness of BNNTs is essential to finding the limit of this method’s
shielding ability.
Additionally, a lightweight method to keep the wires under their critical temperature will be required. The addition of
well-designed sunshields may reduce the energy required to
keep the wires below their critical temperature.

Using the data from Miller and Zeitlin [2], the most probable kinetic energy GCR particles can be fully deflected using a
B-field Multiplier of 1. Additionally, Mewaldt[16] notes SEPproton kinetic energy has not exceeded much higher than 1
GeV during the past few major solar flares from 1956-1989.
According to Cline and McDonald, the kinetic energy of electrons during solar flares are 3-12 MeV [17]. Even with a B-field
multiplier of 0.5, the most probable kinetic energies of GCR
particle that was simulated can be fully deflected, along with
every observed proton and electron from recent solar flares.
There will be some particles that cannot be deflected, but they
have significantly less flux than the average GCR particle and

The simulation shows significant shielding effectiveness of this
design. A wire mass of 8.08 × 104 kg is a reasonable mass considering this is less than the mass of the ISS. Although the mass
of the cooling system required to keep the Ti-MgB2 wires under
their critical temperature is not included in this calculation, it is
important to note the potential of producing thrust from redi-

TABLE 9 E stimates of the probable kinetic energies and
maximum kinetic energies

TABLE 10 S
 ynchrotron radiation from Fe+26 particles
traveling through a B-field Multiplier of 4

Particle

Most probable KE

Maximum KE

Fe+26

42 GeV

2800 GeV

C+6

9.0 GeV

12,000 GeV

He+2

6.0 GeV

4000 GeV

H+

0.75 GeV

5000 GeV

88 Vol 72 No.3 March 2019 JBIS

5

CONCLUSION

Fe+26 KE (GeV)

Synchrotron Radiation (eV)

560

1.82×10-4

1120

1.26×10-2

1680

8.59×10-1

2240

6.12

2800

6.65

MAGNETIC SHIELDING for Interplanetary Travel

rected radiation may make this mass acceptable. A space station
similar to the ISS could be designed to move between orbits of
Earth, the Moon, Mars, or many other bodies using this shielding method without the need for chemical propellants by using
the momentum from redirected radiation. The induced electron
plasma fields and photovoltaic cells have the potential of powering the systems onboard the ship making it a self-sufficient
mobile station. Its cylindrical crew area also has potential to be
spun simulating a gravitational field and so reduces problems
arising from prolonged exposure to the absence of gravity. This
Magnetically Shielded Self-Sufficient Space Station (M5S) holds
potential to be a more practical method for interplanetary travel.

These results are promising, but more considerations need
to be made. The induced plasma and its added shielding must
be studied further. Since calculations of induced plasma are
roughly estimated based on knowledge of the plasma trapped
in Earth’s magnetic field, a real-world experiment may be needed to get an idea of the plasma’s characteristics. This could be
accomplished using a CubeSat with a deployable wire loop.
Considerations must be made of the time required for the plasma to form in the solar wind, the heating of the wires due to
the plasma and synchrotron radiation, the produced neutrons
from the collision of radiation with any mass on the ship, and
the effectiveness of BNNT as a passive shielding method.
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ASPIRE – An Innovative Hypersonic Propulsion Paradigm
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This paper reports the results of a theoretical study into an innovative scramjet-like hypersonic propulsion system. The
method, named ASPIRE (Air-breathing Supersonic Pellet Injection Rotary Engine), aims to overcome one of the main
limitations of the traditional scramjet cycle – poor mixing and therefore inadequate combustion of air and fuel. The
proposed system achieves this by redirecting the main airflow, injecting encapsulated or localised fuel throughout the
engine-duct mixing volume and then switching the main airflow back on – this then engulfs and mixes with the fuel. The
results presented here include design calculations, simulations and mathematical modelling. These show that the system
performs well in simulation and gives excellent theoretical results for air-fuel mixing and airflow dynamics. A road-map to
a working engine is also outlined.

Keywords: : Scramjet, Pulse detonation engine, ASPIRE, Hypersonic, Propulsion, Pellets, Air fuel mixing

1

INTRODUCTION

There are many formidable engineering challenges to overcome in order to obtain a working scramjet engine. These have
been catalogued extensively in the literature [1] - but perhaps
the most pressing and difficult is that of achieving good air-fuel
mixing (and as a result, combustion) [2]. Achieving this is the
main aim of the method discussed here.
The system works by redirecting the airflow away from the
main engine-duct and injecting the fuel in the form of encapsulated gas, liquid droplets/capsules or a pelletized solid (or a
mixture of these forms). The air is then redirected back into the
duct with the appropriate timing and engulfs the fuel, which
vaporizes and so releases its load evenly throughout the mixing
volume. The final stage is ignition and combustion. The engine
concept has been named ASPIRE (Air-breathing Supersonic
Pellet Injection Rotary Engine). The cycle is explained in the
sections below.
The basis of this system has already been the subject of a
peer-reviewed paper [3] and was also included in a review on
air-fuel mixing [4]. A layman’s explanation was carried in the
magazine Analog [5] and it was featured in the magazine of the
Institution of Mechanical Engineers (Professional Engineering), the New Statesman Magazine and by the BBC. The purpose of this paper is to present further proof-of-concept results
which show that the idea is definitively worth pursuing to the
experimental verification stage.
The paper outlines the basic cycle and engine structure in
the section below. It then discusses the dynamics of the released fuel. Some alternative ideas for intake design are then
reviewed. Finally, some other applications are discussed and a
roadmap for further development outlined before a conclud90 Vol 72 No.3 March 2019 JBIS

ing summary section.
2	THE BASIC ENGINE CONCEPT, CYCLE AND
PARAMETERS
The original idea and its development is explained in previous
papers – so only an overview will be covered here. An animation is also available on the internet which demonstrates the
concept [6]. The basic idea is shown in figure 1.
At the start of the cycle, the airflow is diverted away from the
main engine duct as shown in figure 1b). One way this can be
accomplished is using a rotary nose-cone valve, as discussed in
the following sections. Next, fuel is injected or dropped into the
duct as shown in 1c), the key principle of the system is that the
fuel is in discrete packages – this may be in the form of solid-fuel pellets, liquid-fuel droplets, gas capsules or a mixture of these
(these will all be referred to in the next sections as “pellets” for
simplicity – unless it is necessary to discuss their actual nature).
The injection sequence, dynamics and timing are arranged so
that the fuel is evenly spaced in the duct volume prior to the
next stage. The front valve is then opened as shown in 1d) and
air enters, surrounding and accelerating the injected pellets as
shown 1e). Because the pellets have a higher density than the
airflow and are initially stationary, relative to that airflow, along
the axis of the duct, their inertia means that the flow overtakes
and engulfs them - but they are distributed correctly throughout the airflow volume. Finally, in 1f), the heat and friction of
the impinging airflow heats the pellets and they vaporise, mixing their contents with the flow which then ignites. Both vaporisation and ignition can be assisted by other technologies.
A key advantage of this system is its flexibility. The pellets
can be a mixture of different types and sizes, with different fuels (including hypergolic and pyrophoric types) – giving fine
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Fig.1 The basic sequence of events during the engine cycle.

control of fuel distribution and composition. They can be of a
composite nature, with a gaseous, liquid and solid component
in a single unit or have, for example, a disruptive core which
propels fuel outwards on activation. They can have a variety of
coatings to control the timing of their load distribution or be
disrupted by inductive or radio frequency heating. They can be
combined with more traditional scramjet continuous fuel injection from duct edges or struts. Finally, they can carry loads
into the flow other than combustible fuels – like electromagnetically active materials for more advanced laser, microwave
or magnetohydrodynamic propulsion concepts [4] and from
this point of view the system outlined is an enabling technology for these.

(2)

The volume of fuel per capsule for an air volume of Va assuming n capsules is therefore:
(3)
Or number of pellets required:

For a conventional combustion system, fuel calculations are
straightforward. The mass of any fuel required to completely
burn in 1 m3 of air is:

(4)

(1)

Expressions for volumes of common pellet shapes (for example, spheres, cylinders, ellipsoids) can be found in any appropriate reference.

Where ρa is the air density under the selected flow conditions
and S is the stoichiometric ratio by mass (important examples
include: CH4 = 17.2, Petrol (Gasoline) = 14.7, H2 = 34). This
can be generalised for any volume by multiplying the result by
that volume. The volume of fuel required for this mass is:

Because the system is very flexible there is a large latitude in
how it can be set up. Pellet numbers per second required for 1
MW of released combustion power, for two types of gaseous
capsule (H2 and CH4) at 1 bar internal pressure and one liquid
type (paraffin or kerosene), are shown in Table 1.

TABLE 1 Number of fuel pellets per second required for one Megawatt of released combustion power
Pellet Radius

1 mm

2 mm

5 mm

1 cm

H2 gas at STP

18.86M

2.36M

150k

19k

CH4 gas at STP

5.97M

747k

48k

6k

Paraffin / Kerosene

6.45k

52

7

805

Notes on table: Spherical pellets, M stands for million (×10 ), k stands for thousand (×10 )
6

3
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As can be seen from the table, liquid or solid forms of fuel
lead to far fewer required pellets (practical solid fuels have similar number requirements to liquids). This need not limit the
effectiveness of the combustion system when it includes cryogenic and frozen fuel types. In a study of a similar system.
Bates [8] for example, suggests a cryogenic hydrogen slurry as
being a useful fuel form. The information also suggests that a
practical system might include different fuels and pellet sizes as
already mentioned.
Obviously introducing the fuel into the mixing area involves
some mechanical challenges. Liquid propellants would be the
easiest to handle, as they can be sprayed into the duct from an
injection plate. Solid pellets and gas capsules can be injected in
using pressurised gas (which can also form part of the fuel system), using the differential pressures generated by combustion
within the system or by other mechanical or electromagnetic
means. It has also been suggested that the pellets could be projected ballistically into a continuous (unswitched) flow stream,
but this has not been modelled fully yet.
Many parts of the system described above use established
and well-tested technology (for example the expansion duct
and exhaust). Others (like the fuel delivery system) are challenging, but nothing in them is outside standard mechanical
engineering practice. However, there are two new key elements
required to ensure that this system works. These are: a) That the
pellet dynamics are such that the fuel will be well embedded
into the flow and that b) the concept of the switchable front
valve is feasible and achievable. The next sections investigate
these key enabling technologies.
3

PELLET DYNAMICS

The dynamics of the pellets in the engine duct air-stream are
critical to the operation of the system. The problem can be
posed as a question: Can it be shown that the pellets become
sufficiently embedded in the air-stream, so that their load is
well-distributed throughout the mixing volume?
Some preliminary work was done on this question, and this
was reported in our first paper [3] (which produced good results), but for a complete proof of concept (at least theoretically) a more rigorous approach was needed.

To establish the definitive answer to this question a fourpronged approach was adopted: 1) Simulating the pellet dynamics using Computational Fluid Dynamics (CFD); 2) Using
published measured values of supersonic drag to predict their
embedding; 3) Modelling them using theoretically determined
drag values; 4) Finally, to calculate the “worst case” scenario
based on the assumption that all the available fluid energy
(kinetic, potential and thermal) is available as an accelerating
pressure placed directly across the pellet. These approaches are
considered one by one in the sections below.
3.1

Simulation using CFD

Of all the approaches discussed here, simulation using CFD is
likely to be the most accurate. This is because it uses the full
Navier-Stokes model to capture a close approximation of fluid
behaviour in all the various flow regimes that the pellet passes through. In the results presented below, the ANSYS Fluent
commercial software package is used with a compressible flow
model (a strongly coupled energy equation). Chemical reactions (hypersonic modelling) are not included as the flow being
simulated in the mixing area is only mildly reacting at its upper
velocity limit (Mach numbers of approximately 1.5 to 6.5) and
combustion is not being modelled.
The pressure distribution is measured by splitting the surface of the pellet into areas equal to the pressure divisions generated by ANSYS and finding the pressure component in the x
(axial) direction by projecting this onto the y (cross-sectional)
plane. The corresponding force may then be found by multiplying the average pressure in the area by that projection. The
total force on the pellet is then the difference between front
and back faces. Side (y-direction) forces were assumed to
cancel due to the symmetrical nature of the pellets. The acceleration of the pellet as it speeds-up is assessed by simulating
the conditions at 100 m/s velocity intervals. As an example of
the data obtained using the CFD calculations, Figure 2 below
shows the total pressure on the surface of a pellet as it speeds
up in a Mach 5 free stream engine mixing-section (approximately Mach 2 in the section in question). To confirm the
results, full three-dimensional simulations of the pellets were
also performed by an independent researcher, Figure 3 shows
examples of these simulations for pressure and pathlines
around a pellet.
3.2

Calculations using published values of supersonic drag

Knowing the measured simple (combined) coefficient of drag,
one can use the drag equation to find the corresponding force
produced:
(5)
Where FD is the drag force, pd is the dynamic pressure, CD is the
drag coefficient and A is the frontal area.

Fig.2 Simulations showing total pressure at four airflow velocities,
of an accelerating pellet in a Mach 5 (free-steam) ASPIRE engine.
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Values for CD have been published in several older papers
[9–11] and more recent re-evaluations [12] as well as government, NACA and NASA reports [13, 14]. The results reported
below use the worst case (lowest drag) figures reported. Almost all published values relate to stationary objects in a test
stand (for example a wind or shock tunnel), rather than moving with the flow – this might conceivably lead to some discrepancies as in one case the drag is retarding movement and
in the other causing it, however the results match up well with
the CFD and other simulations. As with the other results, data
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Fig.3 Examples of three-dimensional simulations used to confirm the basic results.

points were taken at velocity intervals of 100 m/s throughout
the acceleration curve.
3.3

Theoretically determined drag values

A number of expressions for supersonic wave drag have been
produced over the years – for example by Smith [15], Jones
[16], Haack [17] and Sears [18]. These adopt similar strategies
and give similar results. The wave drag thus calculated can
be combined with known or estimated values of skin drag to
produce an overall picture for simple symmetrical shapes like
spheres and ellipses. Smith for example gives for an ellipse:
(6)
Here vol is the volume of the object, A is the frontal area, l the
characteristic length, and K is a constant which can be calculated from the geometry of the ellipse (see references for further
details). This is a semi-empirical approach and gives similar values to those obtained using measured values of drag and CFD.
3.4

Worst case scenarios

In this case, we calculate the maximum possible acceleration, if
all the available energy in the flow (kinetic and thermal) were
converted into pressure and this were placed directly on the
forward face of the pellet.

Where T is the normal temperature of the flow and Cp is the
constant pressure heat capacity. The maximum velocity achievable by such a flow in an isentropic system is:
(8)
And we can convert this into an equivalent pressure:
(9)
As outlined in the previous sections, force can be calculated
from this. Such an analysis could also be taken to its extreme
by adding the static pressure to the result – which would be
equivalent to there being a vacuum behind the pellet. Such an
extreme scenario is impossible in practice, but serves as an exercise in reductio ad absurdum which is useful in proving the
point.
As the pellet accelerates in the stream, its velocity relative to
the flow decreases. Figure 4 shows what might be expected as
it speeds up.
To accommodate the constantly changing acceleration of
the pellet, an iterative algorithm for calculating its velocity and
displacement was used as shown in Figure 5. This was supplied
with the calculated or simulated accelerations from the four
methods outlined above.

The stagnation temperature of a flow can be calculated from:
(7)

Fig.4 Expected velocity profile for pellet.

Fig.5 Iterative parameter calculation algorithm.
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TABLE 2 Parameters in a common engine model by Billig [7]
Free stream
Mach number

Altitude (km)

Mixing section
Mach number

Pressure ratio

Mixing section
pressure (×105 Pa)

Mixing section
temp (°C)

Mixing section
temp (K)

Mixing section
speed (m/s)

3

14.6

1.53

8

1.0

140

413

620

4

17.5

1.95

16

1.28

244

517

879

5

20.0

2.36

25

1.37

339

612

1158

6

22.3

2.77

35

1.35

437

710

1454

7

24.4

3.14

47

1.31

533

806

1755

10

29.1

4.14

90

1.23

815

1088

2665

15

34.8

5.50

186

1.10

1327

1600

4239

20

42.0

6.65

314

0.69

1990

2263

5989

27

54.3

7.69

473

0.22

2609

2882

8292

The parameter Δt was reduced until the results always converged on the same values – in practice a default value of 1
μs was used in most cases as this was an order of magnitude
smaller than required.
A few simple extra lines can be added to this algorithm to
calculate the progress of the main flow along the duct and its
displacement relative to the pellet.
To calculate the pellet, intake and engine parameters in this
research, a very typical standard engine-design used for reference calculations in many papers was used. This is the work
published by Billig [7] and discussed by Anderson [19]. A table
of this data is shown in Table 2 (converted from imperial units
and reformatted).
The graphs opposite are for spherical pellets. It was found
that, although irregularly shaped pellets exhibited different stability and tumbling characteristics, they did not show much difference in airflow penetration – this is almost certainly because
the large Reynold’s number of the flow dominates the pellets
behaviour. However, pellet size does make a difference - with
penetration increasing with size. This is because flow-presentation area (and therefore force) increases as the square of pellet

radius, but volume and therefore pellet-mass increases as the
cube of radius. Therefore doubling the pellet radius increases
frontal area by a factor of four, but mass by a factor of eight
– and airflow penetration similarly scales (approximately doubles), ignoring the scaling-differences in skin and other drag
components.
The graph in Figure 6 shows the acceleration profile of a 2
mm radius pellet with a density of 850 kg/m3 (this is typical of
a heavier liquid fuel drop or a wax encapsulated light liquid
or gaseous fuel) in a Mach 5 (free-stream) engine. A similar
acceleration graph can be produced for all the other situations
discussed. Only one graph is shown here out of the several dozen from the experiments, since they all show the same trends.
The most likely values of acceleration are the three lines in the
middle with the solid lines representing the limiting values
(and the top – line A, being the absolute maximum theoretically possible). Line C terminates where reliable published figures
for drag run out.
Figure 7 shows the overall result for the whole flight-envelope for embedding of the same pellet in the air-stream. Here
the y - axis coordinate shows the distance into the air-stream
that the pellet has become embedded when the pellet itself

Fig.6 The acceleration profile of a typical 2 mm pellet in a Mach 5 free-stream engine.
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Fig.7 Embedding of 2mm radius liquid or encapsulated pellets in flow at flight Mach numbers.

has moved 10 cm from its original axial (x) position. It can be
seen from this that even in the worst-case scenario the pellet
is embedded 35 cm into the airstream (in other words when
the pellet has moved 10 cm the leading edge of the airstream
has moved 35 cm past it). Two lines are shown dotted because
some parameters which they rely on are extrapolated from
published data at lower speeds. In fact, even if we assumed that
the entire initial (worst-case) pressure were across the pellet
throughout its whole acceleration profile, the pellet would still
embed itself in the stream sufficiently well – at Mach 3 this calculation yields an embedding of around 30 cm.
This exercise shows that the pellets will become completely
engulfed in the airflow even in the most extreme scenarios and
that the first of the two major issues discussed in the last paragraph of Section two is (at least theoretically) not going to be
a problem.
Before finishing the discussion on pellets, a few other important issues would benefit from some attention. Some of these
were not elucidated clearly in the first papers on the method,
others result from audience questions arising when the system
has been presented at seminars in other institutions, companies and universities.
One important aspect of the system revolves around the
mechanisms of pellet break-up and vaporisation. Fortunately
these important parameters can be controlled closely in a number of ways – adding greatly to the usefulness and flexibility
of the system. Controlling the disintegration time of the pellet
allows fine tuning of pellet penetration and therefore the whole
combustion process.
The mechanisms of breakup and fuel dispersion in simple
uncoated pellets has been studied and reported by Bates [8] in
his work on a similar system (Bates suggested, in several papers, a system where pellets or strings of solid or semi-solid
fuel are injected into a continuous stream from the duct walls).

He has done extensive research, including experimental testing, on the topic and particularly pointed out the advantages
of a solid/liquid slurry as a fuel (particularly studying He/H2
cryogenic mixtures). His calculations from the latent heat of
the H2 slurries show that for small 1mm diameter pellets of this
fuel only 1.2 J of heat was required for complete vaporisation.
He also found that the following ratio is particularly important
in the breakup process:
(10)
Here the subscript f refers to the fuel pellet and a to the
airflow. The ratio must be greater than six for rapid effective
breakup and vaporisation and these characteristics can be controlled using this ratio and pellet size. Bates found, in his experiments and calculations – which used pellets of similar dimensions to those already discussed – a complete vaporisation
distance of around 30cm at flow conditions similar to the ones
already mentioned. Aside from this simple scenario however,
fuel can be encased in a wide variety of refractory coatings or
shells – which allows breakup time to be tightly controlled.
The current authors [20, 21] have also done extensive research into the use of radio-frequency and microwave radiation in scramjet thermal systems including its use in aiding fuel
release and mixing. Electromagnetically excitable material can
be added to the pellets and this allows their disintegration to
be controlled by a duct mounted radiation source (inductive
heating could potentially be used in a similar way).
The use of pellets also allows innovative solutions to the ignition and combustion stability issues which traditionally plague
scramjet design as a second-order issue. Pellets may be loaded
with hypergolic or pyrophoric fuels, combustion catalysts or
electromagnetically activated ignition agents which operate in
a similar way to those mentioned in the previous paragraph.
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Fig.8 Basic concept of rotating nose-cone or rotor with duct valves.

This potentially allows an even flame-front to propagate across
the combustion space – something difficult with conventional
mechanisms.
Let us now consider the second point highlighted in the last
paragraph of Section two – the design of the airflow switching
mechanism.
4

INTAKE DESIGNS

Several options for switching the airflow into and away from
the inner duct were discussed in the first paper [3]. These
included using a system of shutters as a valve and a rotating
wedge diverter and many other possibilities can be readily imagined. However, simulation and calculation has shown that
one particular design seems to work well and is also a particularly elegant solution – a rotating nose-cone or rotor. The principle of this is shown in Figure 8.
The nose-cone consists of a cone shaped external structure
with standard design scramjet intake-ducts cut into it around
its periphery. This structure continues internally within the
body of the engine to form the isolator, mixing, combustion
and expansion sections of the system as part of a rotor. Figure 9 shows a simple configuration for the front (external)
portion of the rotor in 3 dimensions which was used in CFD
simulations.

Fig.9 External part of rotor with stepped scramjet intakes.

Within this basic idea there are many different configurations possible. These include the number and shape of the intake ducts. Some alternatives for these are shown in Figure 10.

- of which there are many published designs). Figure 10d shows
a staggered design which is a half-way house between b and c,
but is easier to design than a gently curving structure. Figure

Figure 10a shows a curved, gently changing duct-profile,
where the top surface of the intake is part of the engine cowl.
The idea behind designs like these is that, as they turn they provide a gradually changing profile to the incoming airflow and
therefore avoid an abrupt disruption. However, their complex
shape makes them difficult to design with traditional methods
and it is planned to explore this using genetic algorithms at a
later date. The intake compression surface may be a stepped
topology as shown in Figure 9 or an isentropic one. Figure
10b shows a similar structure to 10a, but with the entire intake
build into the rotor (and not using the engine cowl). This allows the top of the duct to be flat, making design simpler. Figure 10c shows a very simple square duct (like that in Figure 9

Fig.10 Some of the many possible intake configurations, viewed
from the front.
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Fig.11 Cross-sections of some designs explored for external rotors.

11 shows the cross-section of a design for the forward part of
an intake similar to Figure 9 and 10c on the left and a modified
staggered design on the right.
An alternative to having the whole intake rotate, is to keep
the outer (hypersonic) compression surface stationary and
have only the inner part (the lower-speed, supersonic section)
of the surface rotate. Alternatively, the isolator section of the
engine could rotate. These options are shown in Figure 12.
Similarly, the portion of the rotor internal to the engine has
many possible configurations including partitioned or continuous annular ducts. It should be noted, that although these designs are presented here as axisymmetric, it is equally possible
to create linear engine topologies using the same or somewhat
modified ideas.
The power required to turn the rotor can be calculated from
the aerodynamics of the situation. Consider an undiverted airflow represented by an average velocity vector va and also another vector vb representing the diverted flow’s average velocity.
The magnitude of the difference between these two velocities
represents the effect on the airflow of the switching mechanism. The energy required to produce this change is therefore
(assuming a loss-less system):
(11)
Where ρ is the average density of the flow and VD is the duct (or

ducts) volume. The power used by the system depends on the
speed of rotation of the nose-cone:
(12)

Where R is the rotational speed in r.p.m and ω is the angular
velocity in rad/s. With careful design these values are in the
tens to hundreds of kilowatts for practical engine powers in the
region of megawatts to tens of megawatts.
In fact this analysis can also be extended to calculate the
losses associated with a small rotation of the duct as air passes
through it, as shown in Figure 13. Here the velocity difference
used in the equation represents the edge effect of the duct rotating. It may be seen intuitively from this, that ratio of the speed
of the duct movement to the speed of an air particle is important – if the speed of a particle through the duct is much greater
than the speed of the edge of the duct then the effect of duct
rotation is minimised. This leads to the conclusion that, in this
respect anyway, many ducts around a relatively slow-moving
rotor would perform well.
Having discussed some of the many structures possible,
the aim of this section is simply to show that such a system is
theoretically plausible. In other words: Can a rotating ducted
valve of this nature redirect the airflow in a manner consistent
with the ASPIRE engine’s operation? This would show that the
system is possible at the theoretical level – and serve as a basis

Fig.12 Intake cross sections showing low-speed rotating duct topologies.
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Fig.14 Stylised topology of duct.

Fig.13 Effect of a small rotation of the duct.

for practical verification and design.
Fortunately there is a good way to describe the effect of a
rotating intake duct on the airflow. As already stated above, if
an incoming air-particle is moving much faster than the duct
is rotating, then the duct appears nearly stationary to the particle (another way of looking at this is that the problem of flow
through a moving duct is similar to a stationary duct on a yawing vehicle). Existing scramjet theory provides a way of assessing
this, as figures can be calculated which give the area constriction
required to cause the duct to unstart or stall. This happens when
the constriction in duct size is sufficient for the intake to disgorge a normal shock-wave. The theory of this is covered in Segal [1] on pages 98 – 100 and in Heiser [22] on pages 250 – 251.
In the case discussed here the constriction is caused by the inlet
area decreasing in effective size due to its rotation.
In this analysis several assumptions are made. These include that the duct is smooth, uses isentropic compression
and that edge effects do not cause a shock sufficient to disrupt
the main airflow. Viscous effects (like the boundary layer) are
also ignored. Segal provides several references which discuss
these effects and reports a measured case where these other phenomena caused an error of approximately 27% in the
calculated figures. The maximum area constriction is calculated by first calculating the Mach number of the post normal-shock flow:
(13)
Where M is the Mach number of the duct we are considering
and γ is the ratio of specific heats. The restriction of area before
unstart in an isentropic duct is then given by:

(14)
Where A0 is the normal duct area and AR is the restricted area.
Table 3 (opposite) gives the allowable constriction ratio over a
range of operational Mach numbers. As can be seen there is an
asymptotic progression towards a value of approximately 1.66.
We can see from these figures that, as long as the allowable apparent duct-area decrease caused by rotation is less than
around 28% at Mach 3 or 40% at Mach 25, during the time
taken for an air particle to transverse the intake, unstart should
not occur. Of course this is the limit, in a real system we would
probably not wish to exceed 10% of this value.
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A simplified topology of the system is visualised in figure
14. In this diagram a is the duct width, its height is b and its
depth c. The letter d designates the distance moved by the edge
of the duct at velocity Vd during the time T that an air particle
takes to transit the intake at velocity Va. The duct is shown as
rectangular because it is the conditions at its mouth that limit
its performance.
We can see from this that T = c/Va and that the distance d
swept by the edge of the duct during the time taken for a particle to pass through is TVd. The (shaded) area swept by the duct
is therefore bd = bVdT = bVd(c/Va). From this and designating
the ratio A0/AR as R, for the duct to be operational:
(15)
Or rearranging:
(16)
We can explore the effect of this by putting in some typical
figures. An intake width to length ratio is around 0.06 for a long
system, so, for example at Mach 5, Vd must be less than 24.36
m/s. Now, as already stated, we probably do not wish to exceed
10% of this value, which is 2.4 m/s. In an engine with a 1m radius rotor this corresponds to an RPM of around 23. This figure,
making the same assumptions, ranges from 10 RPM at Mach
3 to 134 at Mach 20. Table 4 gives the duct values, making the
same assumptions and rounded down to the nearest m/s for
the Mach numbers given in Table 3. For practically sized engines with several ducts this is perfectly compatible with the
fuel injection figures given in Table 1 – for example at Mach 5,
for 1 MW of power, approximately 800 2mm pellets need to be
deposited within the swept duct area, if there were four ducts
on the nose-cone, this would be around 200 pellets per 2.4 m
of swept area.
In many ways these figures are quite conservative. For example the output velocity of the intake has been chosen for the calculation above – in fact this only exists at its back-end and the
modal average would be more accurate (and Heisler uses the
free-stream velocity - since the duct does not technically stall
until the normal-shock appears at the front). The derivation
also ignores the progression of the duct to the right (in Figure
14) which sweeps out an area which is equal to that occluded
on the left – this would effectively half the area and double the
allowed duct speed. However, the aim of this analysis is to show
that the system is practical and so only the worst-case scenario
is described – but these points should be enough to compensate for ignoring the viscous effects already discussed.
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TABLE 3 Area constrictions necessary for unstart in an isentropic duct
Mach number
A0 /AR

3

5

10

15

25

1.39

1.54

1.63

1.65

1.66

TABLE 4 Maximum duct velocity values for an a/c ratio of 0.06
Mach number
Duct velocity Vd (m/s)

3

5

10

15

25

10

24

61

100

197

It is also worth pointing out at this juncture, that the above
analysis gives some interesting pointers to the performance of
the engine. For example: Both the intake and pellet calculations show that the engine works better at higher speeds – at
lower Mach numbers there is less pellet penetration and the
nose-cone must rotate more slowly (making injection timing
more critical). This could be overcome by using larger pellets
and more side-wall injection – and this is compatible with the
lower airflow speed and better mixing at these speeds.
At the rotor speeds calculated above, transitive disruptive
edge effects are minimal. During the passage of an air particle,
the edge sweeps out a wedge (it hasn’t moved when the particle enters and has swept out a distance d when it leaves). This
could cause a vertically orientated oblique shock emanating
from the edge into the intake. However the wedge angle is very
shallow and any shock therefore weak, close to the duct wall
and insufficient to disrupt the main flow.
So that the dynamics of the ducts could be observed in more
detail and some of the results discussed above could be confirmed, CFD simulations of the intake system were also undertaken. These used the same setup described in Section 3. Given
that the aim was a proof of principle, to simplify the problem
a simple single speed duct was chosen. Mach 5 was selected
as the free-stream speed because other published scramjet designs where available for comparison and this speed is achievable for testing on small sounding rockets. Only simple square
and staggered intakes were designed and simulated – as shown
in figure 10c and 10d. Finally, and again to keep the design
simple, stepped (two or three stage) compression ramps were

designed. Obviously this does not make for a practical engine,
but serves to prove the main points.
Several simulations were used to observe operation of the
duct – these included: a 3D simulation of the nose-cone system using setup similar to that already shown in figure 9; 2D
sectional simulations where each section of the nose-cone was
simulated slice-by-slice as it turned and then animated to show
flow in cross-section; finally moving-stream simulations were
also attempted. Figure 15 shows one of the 2D cross-sections
produced (half the cone shown) in the course of one of these
investigations.
5

DEVELOPMENT ROADMAP

At this point there is little more theoretical proof-of-concept
work that can be done on pellet dynamics – all our simulations
and modelling indicate strongly that these will operate as expected. In the next stage of the project the system principles
outlined above (pellet penetration) need to be confirmed experimentally.
Further theoretical work is desirable, though, to choose
between intake topologies and investigate the action of these
more thoroughly. In particular the aerodynamics of the different rotary duct types may be further illustrated with CFD simulations. It is intended to investigate this and publish the results
in a follow-up paper.
Practical confirmation of both operational aspects may be
done with two experiments. The first is to show that pellet em-

Fig.15 Simulation of Mach 5 open intake.
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bedding is as expected. This can be achieved simply in a standard shock-tunnel with a pellet dropping device and high-speed
camera. The second experiment is to confirm the practical
operation of the rotating nose-cone. It may be also possible to
do this in a shock-tunnel – however only if the gas burst is of
sufficient duration to observe the effect of rotation. One alternative would be testing in a high-temperature, high-speed flow
(the outlet of a rocket system), several organisations offer this,
although obviously the flow parameters are different in such a
stream. Another alternative is using a small sounding rocket
for in-flight testing – both these latter alternatives would be
more expensive than tunnel testing.
Once these two aspects are confirmed, a single-speed
functional demonstrator launched on a small sounding rocket would be a logical next step. Mach 4 or 5 are suitable and
achievable speeds for such a test (and even some amateur rocket groups in the USA have achieved these velocities).
Several possible designs for these options have already been
devised. Figure 16 shows a 3D printed rendering of a test nosecone. These designs can be machined from the same software
files using CNC for actual testing.
Finally, a full demonstrator for use with a larger vehicle
could be designed and tested. A road-map for developments is
shown in Figure 17.
A projected full-price cost for Phase A (the experimental
validation of the key technologies discussed in this paper)
would be in the region £100k - £200k at current costs. Phase B
(testing a simple small design on a sounding rocket) would be
around £250k. This is an important milestone, because at this
point all the key operating principles of the engine will have
been verified and tested. The cost of Phase C is difficult to estimate as it requires much more serious development and testing of hardware and the involvement of government or large
industrial bodies. In addition to this, a sustained on-going
simulation and theoretical effort to refine current designs and
produce new ones would be in the region of £40k per annum.
6

OTHER ADDITIONS AND APPLICATIONS

Numerous other variations and additions to the basic design
have been investigated. A few of the more important ones, not

Fig.16 3D printed rendering of an example test design for the
external nose-cone.

described in the previous papers are outlined in this section.
It has already been mentioned that several other options
for flow diversion are worth investigating (and many others
are theoretically possible). One of these discussed above is
switching the flow after the hypersonic intake section, at the
lower-speed compression or at the isolator stage. This may have
advantages, including less chance of flow instability and greater
ease of implementing a variable topology inlet. The reverse of
this philosophy is to switch the air before the (stationary) intake using a rotating plain or Busemann topology.
Another area of interest is the adaption of the design to use
a variable cycle. For example, the nose-cone could be locked
in place using a clutch system and the internal ducts used in a
pure rocket mode for final transition to the space environment.
A more complex option for multispeed operation would be an
internal concentric rotor within that already discussed, which
would rotate slowly as the engine passes through its flight
envelop to expose a gradually changing compression surface
through an open aperture in the outer rotor; the rotor assembly could also change its position relative to the cowl through
the flight envelop as implemented in the Pratt and Whitney J58
engine in the Lockheed SR71.
The system described here may be used for innovative propulsion purposes other than fuel mixing - for example to facilitate the introduction into the airflow [4] of:

Fig.17 Development roadmap.
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•	MHD active substances - perhaps to aid ionisation or increase flow conductivity.
•	Electrically active substances - to aid inductive or similar
electrical heating or acceleration.
• Chemical catalysts to aid (for example) combustion.
• Compounds which lase.
• EMA active substances.
7

CONCLUSIONS

The aim of the ASPIRE engine is to overcome the main problem with scramjet operation – poor air-fuel mixing. However,
the technique also offers an unparalleled degree of flexibility in
the distribution and release of the fuel through the airflow. It
is also an enabling technology for other advanced propulsion
systems because it can distribute a wide variety of substances
other than fuel into the flow.

This paper shows that the key untested parts of the system
are at least theoretically feasible. In fact the flexibility of the idea
is such that that there are a variety of possible topologies for
the whole system which afford many options for overcoming
technical issues. It is intended to follow this paper with another, analysing the intake section with more thoroughly through
CFD and/or other appropriate modelling. There is also a clear
road-map available between the current research and results
and a full experimental confirmation of the engine’s operation.
The route outlined would be very cost-effective, with comprehensive verification only costing in the region of £300k - £500k.
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The ever increasing satellite population in near-Earth orbit has made the monitoring and tracking of cooperative and
non-cooperative objects ever more important. Non-cooperative objects, or space debris, pose a threat to existing and
future satellites as they cannot avoid potential collisions. Furthermore, the orbit of the smaller debris is often not actively
monitored. As the population grows, the risk of a collision increases. Thus, various institutions around the world have been
upgrading their space detection capabilities in order to better monitor the objects orbiting Earth down to a few centimetres
in diameter. One of the latest such systems is the BIstatic RAdar for LEo Survey (BIRALES) space debris detection
system based in Italy. The BIRALES system is a bistatic radar composed of a radio transmitter in Sardinia and the Medicina
Northern Cross radio telescope near Bologna as the receiver. The backend of this system includes a digital beamformer
able to synthetize 32 beams covering the instrument’s Field of View (FoV). As a high-velocity object transits, its Doppler
shift signature (or track) can be measured. Whilst a number of streak detection algorithms have been proposed for optical
telescopes, the number of detection algorithms for high-speed objects for bistatic radars is limited. This work describes the
detection algorithm used in the BIRALES space debris detection pipeline. The detection algorithm takes the beamformed,
channelized data as input. Firstly, the data undergoes a number of pre-processing stages before the potential space
debris candidates are identified. Secondly, the candidates are validated against a number of criteria in order to improve the
detection quality. The algorithm was designed to process the incoming data across 32 beams in real-time. Initial validation
results on known objects are positive and the system has been shown to reliably determine orbiting objects with minimal
false positives.

Keywords: Orbital debris, Radar, Detection, Clustering

1

INTRODUCTION

Satellites have become indispensable to many areas and disciplines including telecommunications, climate research, navigation and human space exploration. Of the thousands of
satellites that were put in orbit, only a fraction remain operational either due to a planned decommission or a fatal breakup. In addition, Klinkrad [1] mentions several other sources of
inoperative hardware within the space environment including
spacecraft used to place the satellites in orbit, such as rocket
bodies, dust particles and leaked cooling agents. Collectively,
these objects are often referred to as orbital or space debris.
Both natural and man-made space debris pose a considerable threat to the active satellites and space missions. As the
number of space debris objects increase, the likelihood of a
collision is also increased.
This paper was originally presented at the 69th International
Astronautical Congress 2018 in Bremen, Germany – paper number
IAC-18.A6.1.9x47208.
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The increasing risk of orbit collisions has led to a heavy
investment in new preventive measures to mitigate the proliferation of space debris and minimize the collision risks for
active satellites. Bonnal and McKnight [2] list a number of direct removal techniques that have been proposed throughout
the years. Furthermore, post-mission disposal and mitigation
strategies are now taken into account during the mission design of new satellites.
It is thus important to characterize the orbital environment
of Resident Space Objects (RSO) through direct observations.
Measurements provide the space agencies and satellite operators with a deeper understanding of the current environment,
including growth trends [3] and accumulation regions. This
data is required not only at a mission design phase, but also to
assess the risk of potential collisions by predicting the debris
trajectory [4].
Space agencies amalgamate the output of different sensors in
order to detect, track and identify both known and unknown
orbiting objects. At present, the space environment is deter-
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mined through both space-borne [5] and ground based optical
and radar systems. Observational facilities and space surveillance networks monitor only a fraction of the space debris population. Thus, the introduction of new high sensitivity instrumentation is paramount to the better characterization of the
space environment. Apart from building new high sensitivity
instruments, one of the research missions of the ESA’s Space
Situational Awareness (SSA) goals is to use existing systems
and upgrade them for the monitoring of orbital debris.
Since 2006, the Istituto Nazionale di Astrofisica (INAF),
funded by the Italian Space Agency (ASI), has been investigating a number of possible radar setups at the Medicina radio
astronomical station. A review of the Italian space debris activity can be found in [6] and [7]. In 2007, the Medicina 32
m parabolic antenna was used in three space debris detection
tests. The observation campaigns were done in bi-static mode
with the Medicina parabolic dish acting as receiver and the RT70 parabola in Evpatoria, Ukraine, acting as transmitter. The
system has been shown to be capable of detecting small sized
debris in Low Earth Orbit (LEO) and Medium Earth Orbit
(MEO) [8].
In 2015, INAF, in collaboration with the University of Malta
and the Politecnico di Milano, embarked on an ambitious project to upgrade one of INAF radio telescopes for use in SSA.
The aim of the project is the design and implementation of an
operational bistatic radar for orbital debris in LEO as part of
the European Space Surveillance & Tracking (SST) Support
Framework [9] [10].
This contribution describes the processes used in the detection of orbital objects with the BIRALES system. First, an overview of the radar system is given. This is followed by a description of the data processing software implemented to process
the incoming data. Finally, the detection processing pipeline is
presented together with some preliminary results of this novel
system.
BIRALES: A BI-STATIC RADAR FOR SPACE DEBRIS
2	
DETECTION
The BIRALES is a bistatic radar which makes use of the Radio
Frequency Transmitter (TRF) located in the Italian Joint Test
Range of Salto di Quirra (PISQ), in Sardinia as a transmitter
operating in continuous wave mode with a maximum output
power of 10kW. The Basic Element for SKA Training (BEST)
[11], located at the Medicina radio astronomical station, near
Bologna, Italy, is used as receiving component of the bistatic
radar.
The BEST project was a series of planned upgrades to a subset of the Northern Cross antenna. The array is currently at the
second stage of the project called the BEST2 (Fig 1.) [12]. It
consists of eight East-West oriented cylindrical concentrators
as shown in Fig. 1. Each cylinder has a reflecting surface made
of 430 parallel steel wires of 0.5 mm placed 2 cm apart [13].
Four low noise receivers are installed on the focal line of
each cylinder. Each receiver combines the dipole signals in
groups of 16, resulting in four analogue channels per cylinder.
This gives a total of 32 elements which are arranged in a 4 by 8
grid having a total collecting area of 1420 m2.
The amplified RF signals travel to a receiver room, located within the central building, through analogue optical fibre
links 500 m long. The signals are down converted to the inter-

Fig.1 The BEST2 array within the Northern Cross in Medicina, near
Bologna, Italy.

mediate 30 MHz frequency and then fed to a ROACH-based
digital backend developed by [14] [15]. The signals are digitized and channelized into 1024 single polarisation, 78.125 kHz
wide, coarse frequency channels.
The channelized data are transferred as a UDP stream to a
processing server over a 10 GBit link [16]. At the processing
server, a purpose-built space debris software backend analyses
the incoming data for radar echoes reflected off in-orbit objects.
3	A DATA PROCESSING BACKEND FOR SPACE DEBRIS:
PyBIRALES
3.1

Description

The data processing system, called PyBirales, processes the incoming data from the BEST2 digital backend in real-time. The
data rate of the instrument is in the order of tens of megabytes
per second. For this reason, PyBirales was developed in Python
whilst computationally intensive tasks were developed in C++
and imported into Python.
The incoming antenna signals are processed using the PyBirales data processing pipelines. A data processing pipeline is
made up of a chain of separate processing stages as shown in
Fig. 2. At each processing stage, or module, the incoming data
is mutated and passed over to the next processing stage.
The processing modules can be chained in any order, so
long as the data container, or data blob, transferred to the subsequent module is compatible. A check on blob compatibility
in-between the chained modules is performed upon the initialisation of the pipeline.

Fig.2 The pipeline design pattern used in the PyBirales pipelining
framework.
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The processing pipelines in PyBirales are designed to process the data in real-time. This means that the following real-time condition in each module is met:
(1)

For instance, at a sampling rate of 78,125 samples per second, 262144 samples need to be processed in less than 3.35 s for
the real-time condition to be met. This condition has to be met
at each processing stage within the pipeline.
The creation of a data processing pipeline is facilitated by a
framework that is able to generate different processing pipelines with ease. This framework provides a standard and concise method of chaining a set of modules into a pipeline by
making use of a pipeline manager that initialises the processing
modules and chains one processing module to the next. Using
this system, a number of pipelines can be created, such as the
detection and the correlation pipelines. The latter is an integral part of the calibration routine that is used to calibrate the
BEST2 array.
3.2

Calibration

A radio interferometer array will always be liable to geometrical and instrumental delays, with the latter changing on short
time scales and thus requiring frequent corrections. Geometrical delays arise from the fact that the array itself is inherently
composed of antennas with a quantified ground separation,
with radio waves arriving at each antenna at specific time delays. Such introduced delays can thus be easily defined and
corrected for with accurate knowledge of the antenna and the
observed point source. On the other hand, instrumental delays
are less predictable and are inherent to the instrument itself.
Such errors are the reason for which the calibration observation of a point source passing through the beam is necessary.
For calibration of the BEST2 array, a correlation matrix of
complex visibilities is first produced by the correlation pipeline. This is generated through an observation of an unresolved
calibration source, such as Cassiopeia A or Taurus A, as it transits through the field of view of the array’s beam. Consequently, after the point source transits at the meridian through the
beam, the entire correlation matrix dataset is inspected by the
calibration routine. The selection of those visibilities obtained
at the point source’s exact moment of passage at the meridian
ensues. These visibilities are selected on the premise that, for a
perfectly calibrated array, the phase component of the complex
visibilities for all baselines during the passage of a point source
at zenith should be equivalent to zero. Corrections to obtain
such visibilities’ phases are calculated for every antenna, taking
a specific antenna as phase reference.
Thus, after obtaining phase coefficients through this routine,
the visibilities are phase aligned accordingly. A gain calibration routine follows, using the phase calibrated visibilities as
a starting point. The gain calibration assumes that the source
power observed is equal throughout the array, with its absolute value dependent only on the source brightness itself. A
logarithmic implementation of a least squares estimation technique is used for obtaining an estimate for gain solutions per
antenna. These are combined with the calibration coefficients
obtained from the initial phase calibration routine (which
themselves also solve for gain errors to some extent) in order
to obtain the final calibration coefficients. Such coefficients are
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normally produced once per observation.
The complexity of the system is shielded away from the operator by a web-application. This is a consolidated approach in
monitoring, control and administration of PyBirales. Ultimately, the goal of the system was to build the necessary components that will eventually be used for the detection of orbital
debris. The next section gives an in-depth description of the
detection pipeline within PyBirales, and how this is used for
the detection of orbital debris in LEO.
4

DETECTION STRATEGY

The detection of RSO objects is done through a dedicated detection pipeline built using the PyBirales framework described
earlier. The detection pipeline makes use of a number of processing modules and its composition is illustrated graphically
in Fig. 3.
The incoming data from the digital backend is consumed by
the receiver module. The signals from the 32 antennas in the
BEST2 array are beam formed into a number of beams. The
number of beams generated, together with their pointing, is
configurable and can be specified by the operator of the PyBirales software backend. At present, the default configuration
generates 32 coherent beams within the primary beam of the
BEST2 array.
The channel bandwidth is too wide for the detection of small
signature objects such as space debris. Hence, finer channelization is applied at the channelizer module. A polyphase filter
bank channelizer is used since leakage is significantly less than
a standard Discrete Fourier Transform. The channelizer splits
a single coarse channel into 8192 separate channels of around
9.5 Hz each. This gives a temporal resolution of around 100 m.
The output data blob of the channelizer module serves as the
input to the pre-processor module. It is an n-dimensional array
consisting of 8192 channels by 32 time samples for each of the
32 beams. The operations described in the following sections
are applied across all the 32 beams generated by the PyBirales
beamformer.
4.1

Pre-processing and Filtering

The pre-processing module takes in the beam formed, channelized data blobs and calculates the power P from the received
antenna voltages V as:
(2)

An estimate for the background noise at a channel was taken
to be the root mean square value of the power of the N samples
at that channel c. This noise needs to be filtered out before a
detection could be made. Filtering of this data is done at the
next module in the pipeline namely filtering.
The filtering module consists of a number of filters that are
applied on the data sequentially. The aim of the filters is to remove the background noise as much as possible. This process
reduces the number of data points that the detection algorithm
has to process thereby simplifying the detection problem at a
later stage.
Fig. 4 shows a subset of the raw, pre-processed data that is
depictive of the input to the filtering module. One may note
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The application of this filter clips the bulk of the data given
that most of the data in this blob is noise. However, this filter does not adequately filter the RFI noise introduced by the
transmitter line. In observations where the transmitter is located near the receiving part of the radar, the RFI signature of the
transmitter can be measured. This is usually distinguished by
two unique characteristics. First, due to the relative proximity
of the transmitter, the measured power is very high, usually orders of magnitude higher than other detected signals. Second,
the transmitter frequency does not change in time and is present within the same frequency channels across time. These two
features are exploited in the transmitter line filter.
The channels at which a high power is measured are identified by performing a peak search on the data. This is achieved
by summing the bandpass across N samples. Channels whose
summed power is greater than an arbitrary threshold τ are considered to be peaks. At these channels, the power Pc across all
time samples is clipped (Eq. 4).
(4)

Fig.3 A block diagram of the detection pipeline used in the
BIRALES system. The modules pertaining to the detection of RSO
are highlighted in grey.

the radar signature of an RSO (NORAD 30774) as it passed
through the FoV of the instrument. The Radio Frequency Interference (RFI) contribution of the transmitter is also visible.
The first component in the filtering module is the background noise filter. A data point is considered to be noise if its
power value P is within four standard deviations, σ of the mean
noise power Pε (Eq 3).
(3)

Fig.4 A spectrogram of a subset of the channelized, pre-processed
data showing the power received across a set of channels and time
samples. The transmitter RFI frequency and the radar signature of
an RSO object can be noted within this image.

After the application of these filters, the data is still characterized by random and isolated pixels with a high SNR. These
data points, or pixels, can be removed through binary hit-ormiss transform. This transform finds the pixels which match
a specified pattern or mask. The mask is a representation of a
single pixel with no immediate neighbouring pixels.
As shown in Fig. 5, the application of the aforementioned
three filters proved to be very effective in clipping most of the
noise thereby reducing the complexity of the detection algorithm. However, some noise can still be present after this filtering process. Thus, the detection algorithm, needs to be robust
enough to cope for any noise artefact that are left after the filtering stage.
4.2

Detection

The detection module accepts channelized data which has
been pre-processed and filtered at the previous modules in the
pipeline. The aim of the detection algorithm is to identify the

Fig.5 The output of the filtering module after filtering the data from
the background noise, transmitter RFI and speck noise. It can be
noted that most of the noise is eliminated and the radar signature
of the target RSO is clearly noticeable.
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radar echoes reflected by the RSO. These echoes are characterised by a sharp increase in intensity when compared to the
background level. Given the linearity of these radar signatures,
classical edge detection algorithms such as Hough transforms
were investigated initially. The Hough transform solves the
edge detection problem by converting the problem to a local
peak detection search in parameter space [17]. In earlier work
[18], this method proved to be effective in the identification of
large RSOs. However, the algorithm proved to be less effective
in the presence of noise and targets with a low SNR.
The manuscript presents the use of a clustering technique
for the automated identification of these radar echoes. Clustering is the unsupervised organisation of unlabelled data into
groups called clusters. Patterns within one cluster are considered to be more similar to each other than to any other pattern
associated with a different cluster [19].
Given that the number of radar echoes present is not known
a priori, a hierarchical clustering technique was used. Consequently, an established, density-based clustering technique
known as Density-Based Spatial Clustering of Applications
with Noise (DBSCAN) [20] was used. An added advantage of
this clustering algorithm is that it is able to classify isolated pixels as noise thereby distinguishing them from valid clusters.
The algorithm groups together data points based on their
proximity to each other using a distance metric a minimum
number of points per cluster. The Eps-neighbourhood of a
point q is defined by NEps(q) ={p D|dist(q, p) ≤ Eps} where
dist(q, p) is the distance function and Eps is a constant that defines the maximum distance between two data points p and q
belonging to the same cluster. The Eps distance was determined
empirically and set to 5 pixels.
In DBSCAN, data points are classified as either being inside
(core points) or at the edge of a cluster (border points). A point
p is said to be directly density-reachable from a point q if p
NEps(q) and |NEps(q)| ≥ MinPts where MinPts is the minimum
number of points in a cluster. On the other hand, a point p is
said to be density-reachable from a point q if there is a chain
of points p1,. . ., pn, p1 = q, pn = p such that pi+1 is directly density-reachable from pi. A border point can also be considered
to be density-connected to a point q if there is a point o such
that both p and q are density-reachable from o. Thus, a cluster
C is considered to be a non-empty subset of D if the following
conditions are satisfied.
Maximality: p, q: if p C and q is density-reachable from
p w.r.t. Eps and MinPts, then q C.
Connectivity: p, q: if p C and q is density-connected to q
w.r.t. Eps and MinPts.
Points which do not satisfy these conditions are regarded as
noise such that if C1. . . Ck are clusters of D, then noise ={p
D| i: p Ci}. Once the point p is classified as either a core, border or noise, the algorithm moves to the next point in D. Thus,
this approach groups points that are closely packed together,
expands clusters in any direction where there are nearby points
using a density-based metric. This way, it is able to deal with
different shapes of clusters making it ideal for the detection of
radar echoes.
The clusters identified by this algorithm are referred to be
beam tracklets or just tracklets. A tracklet is a grouping of pixels in a beam with an associated Doppler shift, channel and
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Fig.6 The output of the DBSCAN algorithm that is applied on the
filtered data. The target object is identified as being Cluster 1.
False positives are also identified including data points identified
as noise.

time epoch. Fig. 6, shows the clusters labelled by the DBSCAN
for a typical dataset. One may observe that the algorithm is
very effective in grouping most of the pixels related to the target detection. Isolated, small, clusters of pixels are also correctly
classified as noise. However, one may also observe the presence
of clusters which are clearly false positives. This is especially
true near the channels at which the transmitter RFI frequency
was present.
False positives are handled by a validation process on the
detected clusters. The validation process consists of a number
of criteria. For instance, clusters made up of a few data points
are ignored. Furthermore, the shape of the cluster is also taken
into account. Tracklets are expected to be linear where the frequency and time of a detection are strongly correlated.
Another optimisation that was introduced was to ignore
clusters with an unrealistic Doppler shift value. Analysis of the
catalogued objects in orbit put the expected Doppler shift Δf
to lie between -12143 and +13245 Hz. Clusters with a Doppler shift value outside of this range were dropped. Similarly, a
range for the rate of change in the Doppler shift of the detection was obtained. The rate of change in the measured Doppler
is expected to lie between -291.47 and -69.62 Hz s-1. This process ensures that only valid RSO tracklets are passed on to the
next stage.
A single RSO transient can produce multiple tracklets across
multiple beams. These tracklets can appertain to the same radar echo, or track, of an RSO. A track can span multiple data
blobs. As a result, different tracklets in subsequent data blobs
can belong to the same RSO track. Thus, a system of merging,
or linking, these tracklets, across multiple beams and blobs, belonging to the same RSO was put in place. This process is called
tracklet linking.
In tracklet linking, the detection tracklets are associated with
a single RSO track or just track. This is achieved by comparing
the parameters of the detection tracklets with the RSO tracks.
A RSO is associated with a parent RSO track if the cosine similarity between the two is below a threshold. In so doing, the
track grows as new tracklets are detected and associated with
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it. In the case when no track exists in the queue, an empty RSO
track is created and the new cluster is associated with it.
The track is kept in memory in order to be able to compare
the track with any future detections of new tracklets. The candidate is popped out of the queue when the candidate is not
updated for a specified number of iterations. This ensures that
no two tracks belonging to two distinct RSO get merged by
chance. Whilst this approach is adequate, a more accurate approach is to calculate the theoretical time at which the space
candidate exists the instrument FoV.
RSO tracks which were created or modified during an iteration are persisted to the MongoDB database. The detected RSO
tracks and other observation details are made available to an
operator in real-time through the monitoring dashboard that
is shipped with PyBirales. At the end of an observation, the
detection made are saved in TDM format at a post-processing
stage once the pipeline is stopped.

Fig.7 A plot of power against time for the NORAD 20439 detected
on the 30 June 2017.

This TDM file is also the input to the orbital determination
block developed by a team of researchers at the Politecnico di
Milano, Italy [4]. The tailored algorithm makes use of the beam
illumination sequence, SNR and Doppler shift together with
the beam distribution and antenna pointing. These parameters
are used to refine the orbital parameters of known RSO or perform a preliminary orbit determination in the case of unknown
objects.
5

RESULTS AND DISCUSSION

One of the earliest tests of the BIRALES system was performed
on the 30th of June 2017 observation, in which the system
successful in detecting the OSCAR 16 (PACSAT) (NORAD
20439). Launched in January 1990, OSCAR 16 is an operational satellite for the amateur radio community. Having a RCS of
0.1139 m2, it is an ideal target to test the system capability thus
far. The parameters of the observation are listed in Table 1.
TABLE 1 The parameters for the NORAD 20439 observation
campaign on 30 June, 2017
Transit time (UTC)

2017-06-30 12:13:46.043

TRF Elevation (°)

72.150251

TRF Azimuth (°)

120.76353

BEST2 Declination (°)

29.988066

Altitude (km)

786.75898

TRF Range (km)

821.32114

BEST2 Range (km)

1054.9398

Slant Range (km)

1876.2609

RCS (m )

0.1143

Doppler shift (Hz)

+8192.5523

2

The measured SNR profile of the detected object is shown
in Fig. 7. Multiple beams are illuminated as the object passes
through the instrument’s FoV. The Doppler profile of this detection is represented in Fig. 8. In this case, the highest SNR per
time epoch is selected. One may observe that a strong linear
relationship with a correlation coefficient of -0.99985 obtained,
indicative of a hyper-velocity transient.

Fig.8 A Doppler profile for the NORAD 20439 detected on the 30
June 2017.

The measured SNR profile of the detected object is shown
in Fig. 7. Multiple beams are illuminated as the object passes
through the instrument’s FoV. The Doppler profile of this detection is represented in Fig. 8. In this case, the highest SNR per
time epoch is selected. One may observe that a strong linear
relationship with a correlation coefficient of -0.99985 obtained,
indicative of a hyper-velocity transient.
A global SNR maximum of 19.795 dB was measured in the
central beam at 12:13:45.869 at a Doppler shift of 8208.770 Hz.
Comparing these values with the expected values in Table 1
one finds that the transit time is off by less than half a second.
The measured Doppler shift shows a similar level of agreement.
6

CONCLUSION

With the exponential increase in satellite launches, the population of defunct or broken material in space has grown substantially. This is especially true in sensitive orbits such as the LEO
and GEO regimes. This material, collectively known as space
debris, can pose a considerable threat to the operational satellites. This makes the monitoring of these objects of the utmost
importance.
In this work, a new process for the detection of high velocity
RSO is presented. The detection process makes use of new data
processing software that was especially built to process the incoming data from the BEST2 digital backend at the Medicina
radio astronomical station.
The detection module uses a clustering algorithm, DBSCAN, to group neighbouring pixels into detection clusters or
JBIS Vol 72 No.3 March 2019 107
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tracklets. These detection tracklets are validated against a number of criteria and grouped into RSO tracks. Space debris tracks
are saved to a database and made available to the real-time
monitoring front-end that is shipped in PyBirales. Detection
information can also be dumped to disk and made accessible
to the orbital determination block within the BIRALES project.
Preliminary results indicate that the BIRALES system is able
to detected objects at an RCS of 0.11 m2 at a slant range of 1876
km. These initial results are encouraging and will be extended
in future works. For instance, the data processing system will
be optimised to accommodate a higher data rate in an eventual
upgrade of the BEST2 system. Furthermore, tests on smaller
objects in beam park experiments are planned. In these observations, the performance of other detection strategies may be
compared to the one presented in this work. Apart from estab-

lishing the sensitivity of this novel system, these observation
test the reliability of this new radar system within the European
SST network.
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Putting Astronauts in Impossible Locations
A one day technical symposium
9:00 a.m - Wednesday 27 November2019
BIS HQ, 27/29 South Lambeth Road

While the human exploration of the Moon and Mars has been extensively
examined, serious technical consideration of the rest of the solar system
has been largely ignored. This symposium is designed to explore the
limits of where human exploration can go in the solar system and how to
overcome the challenges involved. The symposium is open to papers on
the transportation requirements, the practicalities of habitation in extreme
environments and any other aspects of a solar system wide civilisation.
Submissions should be on the basis that there will be a completed paper
delivered before the symposium as well as giving a presentation on the
day. All papers will be considered for publication in the Journal of the
British Interplanetary Society.
Proposed papers should be described in an abstract of no more than 400
words, and submitted to the Society at info@bis-space.com
Submission deadline 31 July 2019
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