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Abstract

The COnstellation of Radiation BElt Survey program (CORBES) is designed to deploy small satellites into a highly elliptic orbit for
multi-point exploration of the Earth’s radiation belts. Its scientific objective is to achieve unprecedented high-time-resolution dynamics
measurements within the regions of Earth’s outer radiation belts. The CORBES program initiative comprises satellites equipped with
three types of payloads: the Magnetometer (MAG), the Search Coil Wave Detector (SCWD), and the High Energy Electron Detector
(HEED). The energy interval of HEED is suggested as 0.1–4 MeV, logarithmically divided into 12 channels. To ensure extensive cov-
erage of the outer radiation belts, a highly eccentric and inclined orbit is suggested, featuring a perigee of 280 km, an apogee of 7 Earth-
Radius (Re), and an inclination of approximately 11�, resulting in an orbital period of approximately 13.5 h. Within a single orbital
period, it takes roughly 10 h to traverse the outer radiation belts (3 Re to 7Re). All satellites are expected to operate within the same
orbit, maintaining a spin-stabilized with sun-pointing spinning axis, and a spinning speed of approximately 8 RPM. Each satellite’s mass
should not exceed 30 kg. For telecommand, either S-band or X-band will be utilized, while X-band is designated for data downlink. The
satellites are scheduled for launch by one or two rockets, with the equipped upper stage placing them into the target orbit, and the
attached dispenser releasing them individually according to the required separation sequence. Key aspects of the program include
cross-calibration, radiation shielding, assembly integration and testing (AIT). Prior to launch, the cross-calibration is optional for the
payloads. The payloads will be tested in the same environment to calibrate the technical specifications. Post-launch, in orbit cross-
calibration becomes necessary to maintain data consistency and comparability. Specifically for HEED, this involves selecting electrons
with the same energy range during the magnetospheric quiet period (Kp < 3), and comparing the observation results of different HEEDs
under the same L,B conditions. A similar method applies to MAG and SCWD comparing observations during selected quiet period.
Given that the satellites will operate within radiation belts characterized by high-energy protons at low altitudes and electrons at high
altitudes, all on-board electronic components must meet fundamental requirements, including shielding geometry structure design, and
thickness calculation to mitigate the Total Ionizing Dose Effect (TID) to a level of 200 krad [Si] over a one-year mission cycle. Lastly,
system-level AIT before launch could be performed.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

In 2017, the Committee On SPAce Research (COSPAR)
assembled a group of researchers, managers, and policy-
makers to examine how small satellites might be used to
advance technology, science research, and space applica-
tions. To develop a performable plan for implementing
the COSPAR Strategic Action Plan and its Scientific Road-
map on Small Satellites for Space Science, the Task Group
on Establishing a Constellation of Small Satellites
(TGCSS) was built in late 2019. The TGCSS aimed to
encourage international cooperation and make a meaning-
ful contribution to solutions to the problems that are
important to humanity. For meeting this purpose, a sub-
group of TGCSS, Sub-Group on Radiation Belt (SGRB),
was established to deal with radiation belt measurements.
SGRB focuses on implementing the small satellites constel-
lation mission for radiation belt exploration.

Since 1990s, several scientific satellites, including the
Combined Release and Radiation Effects Satellite
(CRRES), the Solar, Anomalous, and Magnetospheric
Particle Explorer (SAMPEX) and the Van Allen Probes
were launched into GTO or LEO to measure the Earth’s
radiation belt energetic and high-energy particle popula-
tions (Brautigam, 2002; Baker et al., 1993; Blake et al.,
1992; Li et al., 1993, 2001; Reeves, 2007; Stratton et al.,
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2014; Mauk et al., 2012a,b). Additionally, operational
satellites such as GOES, POES, Fengyun, Meteor-M,
Electro-L, Arktika-M, GPS and the Beidou series have
been persistently monitoring high-energy particles in the
Earth’s radiation belt at GEO, MEO and LEO orbits
(Osedlo et al., 2022; Wang et al., 2022; Yang et al., 2014,
2017; Yang and Wang, 2008).

To achieve the SGRB’s goal, the COnstellation of Radi-
ation BElt Survey program, abbreviated as CORBES, was
proposed. This program envisages deploying a number of
small satellites in a highly elliptic orbit to conduct multi-
pointed exploration of the Earth’s radiation belts. The
main scientific goal is to provide high-time-resolution
dynamics measurements in the outer radiation belts. Sev-
eral small satellite missions or programs have been exe-
cuted or put forward to survey the radiation belts:
FORESAIL-1 is the first nano-satellite mission designed
to measure the energy-dependent pitch angle spectra of
the precipitating RB (Radiation Belt) particles and solar
ENA (Energetic Neutral Atoms) flux (Palmroth et al.,
2019a,b). The Magnetospheric Multiscale Mission
(MMS) consists of four satellites, each with an identical
Fluxgate Magnetometer (FGM) instrument suite consist-
ing of an Analog FluxGate (AFG) and a Digital FluxGate
(DFG). Two generations of CubeSat missions (CSSWE
and CIRBE) were designed to measure the relativistic
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Fig. 1. The configuration of small satellite formation flying.

J. Wu et al. Advances in Space Research 75 (2025) 6635–6652
electrons in the Earth’s magnetosphere (Li et al., 2022).
FY-3B satellite carries a space environment monitor
(SEM) with two instruments: the High Energy Ion Detec-
tor (HEID) and the High Energy Electron Detector
(HEED) (Zhu et al., 2022). An AMR-based vector magne-
tometer was developed for the Separated Payload program
to explore the field-aligned currents in Earth’s polar region.
However, these efforts faced limitations in the number of
satellites and the ability to perform multi-point detection.
Through international cooperation, multiple satellites
could effectively improve the revisit time and provide a
means for in-depth scientific research.

The rest of the article is structured as follows: Section 2
introduces the scientific objectives and instruments, includ-
ing the baseline requirements for the payloads and possible
contributions. Section 3 describes the program profile and
analysis, including the observing strategy, the space envi-
ronment and the deorbit strategy. Section 4 presents the
preliminary system design, including baseline requirements
for small satellites and possible contributions, launcher and
launcher site, ground operation and science operation. Sec-
tion 5 illustrates the collaboration missions. Finally, Sec-
tion 6 is the summary of the CORBES program.

2. Scientific objectives and instruments

2.1. Scientific objectives

The Earth’s outer radiation belt is highly dynamic, with
fluxes of high-energy electrons that can surge during mag-
netospheric disturbances, increasing the risk of spacecraft
malfunctions. Understanding these dynamics is crucial
for solar-terrestrial energy and mass interactions. It is
important to fully understand why all these hazard events
happen, both from theoretical and practical perspective.
To address this, CORBES mission is proposed, which
would adopt a 10-satellite constellation in a highly elliptical
orbit for detailed time and space measurements of the outer
radiation belt. With the constellation in operation, a capa-
bility to acquire highly detailed measurements in both time
and space will be reached. This capability is essential for
comprehensively understanding the variations in the
Earth’s outer radiation belt. Given that the Van Allen
Probes are no longer operational, a dedicated satellite con-
stellation program is urgently needed.

The main scope of the CORBES mission is to address
the open questions on the physical mechanisms of the outer
radiation belt and to provide a better understanding of the
physical processes that govern the Earth’s radiation belts
dynamics. By deploying a CubeSat constellation to detect
energetic electron flux, geomagnetic field variations and
plasma waves, CORBES will investigate two groups of
physical processes: wave-particle interactions, which
include the interactions between charged particles and
whistler-mode waves, EMIC waves, as well as ULF waves,
and radial transport, which includes shock-induced injec-
tions, substorm injection, storm convection, incoherent
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radial diffusion, as well as magnetopause shadowing, then
have a further study of the physical mechanisms in the
outer radiation belts to comprehensively understand the
outer radiation belts dynamics (Wu et al., 2022).

CORBES plans to build a constellation composed of a
number of small satellites in elliptical earth orbit to con-
duct rapid revisit and detection of the high-energy elec-
tronic environment of the outer radiation belt. The artist
concept of the CORBES program is shown in Fig. 1.

At the same time, different satellites will be in different
positions of the radiation zone, and all satellites will
observe multiple points simultaneously. The constellation
with small satellites will provide continuous monitoring
of the radiation belts. By multi-points collaborative detec-
tions, wave-particle interactions and radial transport phys-
ical processes will be investigated.
2.2. Baseline requirements for instruments

Preliminary requirements on baseline instruments of
CORBES could be derived from the overall scientific objec-
tives. There are three main categories of instruments under
consideration: the MAG, SCWD, and HEED. Each small
satellite is equipped with two or three types of these pay-
loads, with at least one HEED being mandatory on each
satellite. This requirement ensures that the program can
adequately capture high-energy electron data. All the pay-
loads must be miniaturized to fit within the constraints of
the small satellite platform.

(1) MAG

The MAG is to measure the orientation and magnitude
of the magnetic field in the region of Earth’s radiation
belts. This information is of critical importance for under-
standing and interpreting EMIC waves, ULF waves,
shock-induced pulse and substorm depolarization. The
observations of MAG will be used in combination with
the energetic electron measurements to investigate



Table 2
SCWD specification requirements.

No. Specification Value

1 Frequency range 10–30 kHz
2 Noise 10 fT=

ffiffiffiffiffiffi

Hz
p

@1 kHz
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wave-electron interactions and radial transport processes.
Considering the magnitude of the magnetic field, its varia-
tions on GTO and the CORBES observational require-
ments of EMIC/ULF waves, the performance parameters
of MAG has been demonstrated by an accompanying
paper (Yang et al.). The specification requirements are
shown in Table 1. The typical science orbit of CORBES
satellite is an elliptical earth orbit. The magnetic field on
this orbit varies from more than 30000 nT to less than
100nT. The accuracy for MAG will be affected by linearity
error and orientation error of sensor heads, in higher mag-
netic field these errors will increase accordingly. Consider-
ing the scientific objectives of CORBES mission, accuracy
specified at Apogee will be more useful for MAG and its
scientific objectives.

In a baseline design, the MAG consists of a sensor head,
deployable boom and sensor electronics. Thus, it would
measure the vector magnetic field at a sampling rate of
up to 40 Hz.

The MAG ground calibration needs a low magnetic
noise test environment and a standard coil system to gener-
ate a stable magnetic field. The calibration magnetic field
should cover the measurement range of MAG. If possible,
a cross calibration between different calibration facilities
above could be carried out. The MAG in-orbit cross cali-
bration should be carried out in the same orbit region,
under quiet solar wind and magnetic field conditions.

The small satellite’s Magnetic Moment should be less
than 0.1 A∙m2, or spacecraft stray magnetic field should
be less than 10 nT @ MAG sensor head.

(2) SCWD

The SCWD is the main payload for detecting AC(Alter-
nating Current) magnetic field in space plasma physics,
which could detect AC magnetic field in a wide band with
high sensitivity. The sensor induces the change of magnetic
flux in the core of high permeability material as an electri-
cal signal in the coil to measure the magnetic field varia-
tion. SCWD will detect VLF plasma waves on GTO to
investigate the interaction between electrons and VLF
waves, which is required by the CORBES’s scientific objec-
tives. The performance parameters of SCWD, as shown in
Table 2, has been demonstrated by the accompanying
paper (Yang et al.).

The SCWD uses three mutually orthogonal induction
coils to achieve the detection of three components of the
space magnetic field. To avoid electromagnetic interfer-
Table 1
MAG specification requirements.

No. Specification Value

1 Measurement Range ±40,000 nT
2 Dynamic Range >80,000 nT
3 Frequency Response DC � 10 Hz
4 Resolution Better than 0.1 nT
5 Accuracy 1–2 nT at Apogee

6638
ences from the small satellite platform, the SCWD sensors
are deployed away from the small satellite through a boom.
In addition, the electronic unit of the SCWD, including the
preamplifier and the signal processing circuit, will be
deployed inside the small satellite. Therefore, the SCWD
has three parts: a three-component sensor, a boom, and
an electronic unit. The specification requirements are
shown in Table 2.

A calibrated coil and standard AC current source are
required for SCWD frequency response test. Electromag-
netic cleaning background is required for SCWD noise test.
If possible, a cross calibration between different calibration
facilities above could be carried out. The SCWD noise in-
orbit cross calibration should be carried out under quiet
geomagnetic field conditions. When several small satellites
in the same orbital region observe the same wave event,
SCWD magnitude response in-orbit cross calibration could
be carried out.

The magnetic interference at 1 m away from the small
satellite should be lower than the SCWD noise in the range
of 10 Hz � 10 kHz. Typical interference PSD is less than

0.3 pT=
ffiffiffiffiffiffiffi

Hz
p

@1kHz (20 cm away from the satellite).

(3) HEED

High energy electrons are one of the main objects of the
Earth’s radiation belt survey. HEED will detect the energy
spectrum and pitch angle distribution of high energy elec-
trons. In combination with the information on the mag-
netic field and plasma waves, observations of HEED will
be used to research wave-electron interactions and radial
transport processes. According to the plan of CORBES,
the HEED will be mounted on every small satellite.

To meet the CORBES’s scientific objectives, studying
the high energy population dynamics in the outer radiation
blet, the performance parameters of HEED, as shown in
Table 3, has been demonstrated by the accompanying
paper (Yang et al.).

The main scientific objective of HEED is to detect high
energy electrons with energy from 0.1 MeV to 4 MeV and
obtain the spectrum and flux of electrons. HEED can
include one or more measuring directions and needs to
consider contamination of protons. The specification
requirements are shown in Table 3. Time resolution means
get an electron measurement data result each 2 s. There is
no specific requirement for angular resolution, FoV, Geo-
metrical factors. Energy resolution is required to be better
than 15 %.

The HEED needs high energy electron accelerator to
calibrate on the ground. The HEED in-orbit cross calibra-



Table 3
HEED specification requirements.

No. Specification Value

1 Energy range 0.1–4 MeV
2 Energy bins 0.1–4 MeV, logarithmically divided into �12 channels
3 Time resolution 2 s
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tion should be carried out under quiet solar wind and geo-
magnetic field conditions by comparing the phase space
densities of electrons trapped by the geomagnetic field on
the identical phase space coordinates.

Certain contaminations, including particles that pene-
trate beyond the field of view(FOV) of the instrument
and bremsstrahlung radiation, must be taken into account.

The MAG, SCWD and HEED must be designed to
withstand the estimated environment levels of TID, Non-
Ionizing Dose and associated particle fluxes as specified
by small satellite platforms.
2.3. Possible contributions of instruments

Currently, there are three contributions of FGM, that
are MAG in National space science center, FGM in Bei-
hang university (BHU), and FGM in Space Research Insti-
tute Graz (IWF). NSSC will contribute two sets of FGM.
There are two contributions of SCWD, that are SCWD
in National space science center, and SCWD in Beihang
university (BHU). NSSC will contribute two sets of
SCWD. There are four contributions of HEED, that are
HEED in National space science center, HEED in Beihang
university (BHU), HEED in University of Turku (UTU),
and HEED in Paul Scherrer Institut (PSI). NSSC will con-
tribute two sets of HEED.
2.3.1. FGM

(1) MAG in National Space Science Center (NSSC)
The MAG consists of sensor heads, deployable boom,

and sensor electronics, as shown in Fig. 2. The specifica-
Fig. 2. The MAG includes sensor heads, de
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tions are designed to satisfy all the requirements in Table 1.
The power is 3 W, and the weight included the boom is
about 1 kg. The work temperature is about �100 to

+70 �C. The noise is about 0.1 nT=
ffiffiffiffiffiffiffi

Hz
p

@1Hz (Qiu
et al., 2018).

(2) FGM in Beihang University (BUAA)

The fluxgate magnetometer (FGM) measures the static
and extremely low-frequency vector magnetic field by gat-
ing the local magnetic flux and measuring the induced elec-
tromagnetic force in a sense winding. A high magnetic
permeability ring core, periodically driven into magnetic
saturation at frequency f0, is used to modulate or gate
the local field, thereby induces a signal at 2f0 (and other
harmonics) due to the nonlinear magnetic permeability of
the core as it enters magnetic saturation. The shared mag-
netic field processing unit simultaneously acquires and pro-
cesses the vector fluxgate signals, and the second harmonics
wave information can be extracted. The frequency response
of the FGM is DC-15 Hz, the dynamic range is ±60,000
nT, the resolution is better than 0.1 nT.

(3) FGM in Space Research Institute (IWF)

The Magnetometer on Foresail satellite, (MAST), is a
miniaturized low power fluxgate design with a small sensor
and highly integrated frontend electronics. The sensor itself
is located on a 60 cm long deployable boom. The measure-
ment range of MAST is ±60,000nT, and the dynamic range
is ±60,000 nT. The frequency response is DC � 64 Hz. The
sampling rate can be adjusted up to 128 Hz, however in
ployable boom, and sensor electronics.



Fig. 3. The IWF MAG flux gate magnetometer head.
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typical measurement the sampling rate is 1–16 Hz. The
noise floor of the sensor is less than 1nT2/Hz @ 1 mHz,
and less than 1e-3 nT2/Hz @ 1 Hz. The resolution can be
adapted to 22 bit (�15 pT). The accuracy of the sensor is
less than 1 nT and the power consumption of the sensor
head is less than 0.6 W. The magnetometer head is shown
in Fig. 3.
2.3.2. SCWD

(1) SCWD in National Space Science Center (NSSC)
According to Faraday’s law of induction, the change of

magnetic field in the magnetic core material induces an
alternating current signal in the coil, which forms a stable
sensitivity in a frequency band after being processed by
the preamplifier. The SCWD is as shown in Fig. 4. The
power is about 4 W. The mass included the boom is about
1.3 kg. The boom is designed to be 1 m. The SCWD has
two work mode that are normal mode and high-
resolution mode. The data rate of the normal mode is
about 110 kbps. And the data rate of the high resolution
mode is about 1.5 Mbps.
Fig. 4. The NSSC SCWD sensor.
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(2) SCWD in Beihang University (BUAA)

The SCWD is based on Faraday’s law of electromag-
netic induction, and its sensor consists of three magnetic
antennas which are orthogonal to each other. Changes in
magnetic flux along the antenna axis produce an induced
voltage at both ends of the coil. The SCWD sensor is
shown in Fig. 5. The shared Magnetic field Processing Unit
(MPU) simultaneously acquires and processes the DC and
AC vector field signals. The MPU has two modes of oper-
ation: a burst mode and a survey mode. In the burst mode,
waveform of one magnetic component in the measured fre-
quency range (sampling frequency 64 kHz). In the survey
mode, FFT frequency spectrum can be obtained. To reduce
low-frequency electromagnetic interferences from the satel-
lite platform, the SCWD sensor is mounted at the end of a
one-meter deployable boom. The operation frequency

range is 10 Hz–30 kHz, NEMI noise is 10 fT=
ffiffiffiffiffiffiffi

Hz
p

@1kHz.
2.3.3. HEED

(1) HEED in National Space Science Center (NSSC)
HEED detects the electrons from 0.1 MeV to 4 MeV.

The FOV is >30� with one looking-direction. The mass is
less than 2 kg and the geometry is
10 cm � 10 cm � 10 cm with an aperture 3 � 4 cm outside
of this 1 U box. The schematic cross section of HEED head
sensor is shown as Fig. 6.

HEED have several silicon detectors. The silicon has
inner and outer sensitive areas, inner area as main detect
area and outer areas as anti-coincidence detector. Each sil-
icon connects with charge amplifier circuit, according to
the pulse height Analyze and logic condition to discrimi-
nate and detect electrons. This instrument has been flown
on several missions already, including LEO, MEO and
GEO (Zhang et al., 2023). The silicon detector was shielded
to protect the radiation.
Fig. 5. The BUAA SCWD sensor.



Fig. 6. The Schematic cross section of NSSC HEED head sensor.
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(2) HEED in Beihang University (BUAA)

In order to fulfill the scientific requirements, the small
geometry factor of HEED telescope was defined as large
as 0.1 cm2 sr. The calculation of the geometry of the instru-
ment and of its shielding thickness is performed for the
expected energy range (i.e., from 100 keV up to 4 MeV
range) using the GEANT-4 (Agostinelli et al., 2003,
Allison et al., 2006, 2016) code from the European Organi-
zation for Nuclear Research (CERN). The telescope head
is made of an Al shell, a radiation shielding, a collimator,
10 lm aluminum window, 1.0 mm and 1.5 mm thickness
silicon detectors with the addition of guard rings.

The HEED sensor head contains the telescope head, the
associated front analog electronics, high voltage DC mod-
ular and Central Processing and Control Unit (CPCU).
The detector is designed to provide a view angle of ±18�,
looking perpendicularly to the spin axis of the satellite.
The configuration is depicted in Fig. 7.
Fig. 7. The BUAA HEED head sensor.
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(3) HEED in University of Turku (UTU)

The scientific objective of HEED is to measure the fluxes
of relativistic electrons and protons. The instrument will
have multiple energy channels for both particle species.
HEED measures the pitch-angle distribution relying on
spacecraft rotation. HEED will record a complete pitch
angle distribution on each half-spin of the spacecraft. The
instrument is slightly smaller than a 1U CubeSat module
with dimensions of 90 � 90 � 76 mm3. The total mass is
about 1.2 kg, depending on the amount of radiation shield-
ing shared by the spacecraft.

HEED comprises several detector layers shown in
Fig. 8. The energy range for electrons is from 400 keV to
8 MeV. In the range of incident electron energies of 0.4–
1 MeV, the energy resolution DE/E is 20 %; In the range
of incident energies of 1–8 MeV, the energy resolution
DE/E is 100 %. The energy range for protons is from 10
to �200 MeV. The energy resolution DE/E for protons is
about 40 %.

The aperture of the instrument is defined by a collimator
made of aluminium and tantalum layers. In the present
design, the collimator has an opening of 20 by 40�. Fig. 9
shows one of the cross-sections of the instrument detector
stack and the collimator. The 20�-wide opening scans the
pitch-angle distribution of particles. The expected resolu-
tion of the pitch-angle measurements is 15�. The instru-
ment has been extensively simulated in a virtual particle
environment using the GEANT-4 (Agostinelli et al.,
2003, Allison et al., 2006, 2016) software libraries.

(4) HEED in Paul Scherrer Institut (PSI)

The High Energy Electron Detector from PSI is based
on the scintillation detector module and the Front End
Electronic from the POLAR instrument flying onboard
the Chinese Space Laboratory TG2. Fast plastic scintillla-
Fig. 8. The proposed detector layout of HEED. D1, D2, and D4 are
silicon planar detectors with a thickness of 350 lm. D3 is a GAGG(Ce)
scintillation crystal with dimensions of 10 � 10 � 10 mm3.



Fig. 9. A cross-section of HEED instrument that shows the opening angles.

Fig. 10. The constellation to probe the energetic particles of radiation
belts.
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tors were used to detect gamma rays with energies from
about 15 keV up to about 1 MeV. It allows for a straight-
forward gain re-tuning to cover the range as needed by
CORBES mission (0.1–4.0 MeV). The readout uses a con-
ventional multi-pixel photo multiplier coupled with a ded-
icated ASIC. The signal is processed by a low-power
FPGA providing a telemetry stream from all pixels with
pulse amplitudes above the threshold. The readout logic
also includes coincidence patterns with veto signals. The
electronics based on COTS components was already
proved in space. In addition, it was tested and qualified
on-ground in the PIF facility at PSI for both TID and sin-
gle event effects(SEE) radiation resistance up to 20 krad.
The existing modules need only a small refurbishment to
be used as HEED monitor for CORBES. One envisions
modification of the scintillators geometry as well as adding
extra shielding and a High Voltage Supply module needed
for the photo-multiplier. The detector will be able to pro-
vide simultaneous multi-angle observations and utilize the
nuclear telescope detection technique.

To maintain data consistency and comparability among
the HEEDs developed by different departments, an in-orbit
cross-calibration is necessary. The specific method involves
the following steps: select electrons with the same energy
range, identify a Magnetospheric Quiet Period (Kp < 3)
and compare observations under identical L,B conditions.
Adhering to this rigorous methodology for in-orbit cross-
calibration will enable the HEEDs to be fine-tuned and
corrected to provide consistent data across all instruments.
This approach will allow scientists to confidently combine
data from multiple HEEDs, knowing that discrepancies
are due to instrument performance rather than varying
external conditions.

3. Program profile and analysis

3.1. Science orbit

A highly eccentric and inclined orbit is proposed, so that
the measurements cover the outer radiation belts. The orbit
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apogee shall allow sufficient exploration in the magnetic
field. A typical science orbit is as follows: 280 km perigee,
7 Earth-radius (Re) apogee and around 11� of inclination.
The orbit period is then about 13.5 h for such an orbit. In
one period, it takes about 10.5 h to traverse the outer radi-
ation belt (3–7 Re). All the small satellites shall be operat-
ing in the same orbit, as shown in Fig. 10. The lifetime of
the program shall not be less than one year.
3.2. Observing strategy

The duration for single small satellite to enter and leave
the radiation zone (3 Re ? 7 Re ? 3 Re) is about 10.5 h.
All the satellites are distributed uniform in the same orbit.
If ten satellites detect different radiation zones at the same
time, they will survey the radiation zone in roughly 1 h. If
the number of the satellites reduces to 5, the time will be
2 h. The constellation with small satellites will provide con-
tinuous monitoring of the radiation belts. The coverage of
the outer radiation belts is depicted in Fig. 11. The curves



Fig. 11. The coverage of the outer radiation belts by a number of small satellites.
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with different colors represent the different satellites’ geo-
centric distances over time. The horizontal axis is time,
and the vertical axis is geocentric distance in Re unit.
The radiation zone ranges from 7Re to 3Re. The interval
time between adjacent satellites reaching the same distance
is about 1 h, which means that the position surveyed by the
first satellite will be revisited by the next satellite about 1 h
later. Meanwhile, all satellites will observe multiple points
simultaneously.
3.3. Space radiation environment analysis

Given that the small satellites operate within the radia-
tion belts—persistently impacted by high-energy protons
at low altitudes and electrons at high altitudes—it is crucial
to incorporate shielding design and space environment
effect analysis early in the engineering phase of small/Cube-
Sat satellites.

All onboard electronic components must meet certain
basic requirements. The design of the shielding geometry
structure and the calculation of its thickness are necessary
to mitigate the TID to a level of 200 krad [Si] over a one-
year mission cycle. At the same time, the platform and the
payloads also need to consider the electrostatic discharge
(ESD) damage and single-particle event (SPE).
3.4. Deorbit strategy analysis

The lifetime of a highly elliptical orbit (HEO) satellite is
determined not only by atmospheric drag but also signifi-
cantly influenced by lunisolar perturbation. These pertur-
bations result in long-period variations of the satellite’s
perigee, with the amplitude of the long-period variation
proportional to the eccentricity of the orbit. Due to the rel-
atively large eccentricity of the HEO, the amplitude of the
long-period variation in perigee (referred to as ‘‘ perigee
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variation ” hereinafter) is also substantial, thereby impact
greatly on the orbital lifetime.

We need to find out the law of the influence of the grav-
itational perturbation of lunisolar on the orbital life, and
then change the launch time and orbital parameters
according to the law, so as to design a rapid-decaying orbit.
The rapid-decaying orbit can ensure that the natural evolu-
tion of the orbit can also be quickly deorbited, which is
beneficial to the deorbit.

Deorbit methods include passive drag force deorbit and
active propulsion deorbit (Xiong et al., 2008; Yu et al.,
2020). For the passive method, there is no fuel consump-
tion, reliability, but deorbit by atmospheric drag force at
long time. For the active method, deorbit fast and it needs
propulsion.

3.4.1. Influencing factors

Before analyzing the influencing factors on deorbit, it is
essential to clarify some concepts. The instantaneous peri-
gee altitude, denoted as rp, refers to the instantaneous value
of the perigee altitude at a specific moment or the mean
value in a single orbital revolution. The mean perigee alti-

tude, denoted as r
�
p, signifies the long-term mean value of

perigee altitude over the entire orbital lifetime. The perigee
variation Drp is defined as the difference between the instan-
taneous perigee altitude and the mean perigee altitude,

denoted as Drp ¼ rp � r
�
p. Now we focus on the condition

when satellite entering orbit, i.e. Drp0 ¼ rp0 � r
�
p0.Where

rp0 is the initial instantaneous value of perigee altitude

and r
�
p0 is the initial mean value. The orbital perturbation

state when satellite entering orbit can be classified into 4
types based on Drp0 and D_rp0, as illustrated in A, B, C,
and D in Fig. 12. In the long term, if the instantaneous
value is in the range above the mean value, the perigee vari-
ation Drp > 0, taking the orbital state represented by A and
B, will have a downward influence on the orbit, causing a



Fig. 12. The relationship between the perigee variation and on-orbit time.
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decrease in altitude. Conversely, if the instantaneous value
is in the range below the mean value, the perigee variation
Drp < 0, will have an upward influence on the orbit, caus-
ing an increase in altitude. In the short term, take the effects
of A and B as an example for comparative analysis. In the
case of A, rpA increases initially before decreasing, indicat-
ing a temporary increase in orbital altitude before the long-
term decrease. On the other hand, rpB is directly decreases,
leading to a decrease in orbital altitude in both short and
long terms. Similarly, rpC represents an initial decrease fol-
lowed by an increase, while rpD increased directly. To
design a rapid-decaying orbit, it is advisable to set the ini-
tial orbital perturbation state corresponding to B as shown
in Fig. 12.

It should be clarified that the Fig. 12 shows the effect of
four different initial orbital states on the orbital evolution,
rather than the deorbit process. When satellites with the
same orbital parameters are launched at different times,
their orbital lifetimes are different. We divide the orbital
states into A, B, C, D cases, according to the different peri-
gee variation and the rates of the perigee variation when a
satellite enters the orbit.

After the satellite’s orbital insertion time and initial
orbital parameters are determined, the variation pattern
of the perigee is established. The corresponding orbital
states for each point in Fig. 12 can be found in Table 4.

Lunisolar perturbation is composed of lots of oscilla-
tions. The impact of each term on the orbit varies for dif-
ferent orbits. Drp is determined by several main influence
terms, whose amplitude is larger and plays a leading role.
In CORBES constellation, most of the parameters are
determined by science mission, only the satellite’s RAAN
(Right Ascension of the Ascending Node) is designable.
Therefore, Drp can be designed by changing satellite’s
RAAN and launch time, which in turn designs the orbital
Table 4
The orbital state corresponding to perigee variation and derivative.

Status point Drp D_rp Orbital state

A >0 >0 Orbit Lowering
B >0 <0 Rapid Orbit Lowering
C <0 >0 Orbit Raising
D <0 <0 Rapid Orbit Raising
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lifetime. The changes of the perigee variation and deriva-
tive with the launch time and RAAN are shown in
Fig. 13. The change of perigee is affected by the coupling
of the launch time and RAAN, and the rapid-decaying
orbit can be designed from the selection of the launch win-
dow and the design of RAAN.

Carry out high-precision mathematical simulation on
the evolution of the orbit throughout 2025 and obtain
the relationship of orbital lifetime with launch window
and RAAN, as shown in Fig. 14 a), with the color bar indi-
cating the corresponding values in years. In order to facil-
itate the comparison of the results of Drp and orbital
lifetime, the 3D graph in Fig. 13a) is transformed to match
the perspective of Fig. 14(a), that is Fig. 14(b). Comparing
Fig. 14(a) and (b), it is obvious that the orbital lifetime is
strictly related to Drp. So, it can be concluded that by
designing Drp, the orbital lifetime can be changed in a large
range, so as to design a rapid-decaying orbit.
3.4.2. Rapid-decaying orbit design

Based on the above analysis, we propose the basic
design method of rapid-decaying orbit. Choosing the state
corresponding to point B in Fig. 12 can make the satellite
rapidly deorbit. After the launch time is confirmed, the
RAAN is designed to maximize the Drp and make D_rp neg-
ative, so as to ensure the shortest orbital lifetime under the
same conditions. Then design Drp of the nominal orbit
according to the orbital lifetime requirements.

Taking the launch in mid-2025 as the approximate win-
dow, and according to the deorbiting principle, RAAN is
designed to be 80�. According to the requirements of deor-
biting within 5 years after the end of the program, the
design nominal orbital perigee altitude is 280 km.

Based on this premise, we simulate and calculate the
orbital lifetime, and search for the launch window in a wide
range of time intervals to ensure that the orbital lifetime
does not exceed 6 years (the program period is calculated
as 1 year). Across all time windows, it is imperative to guar-
antee that the orbital lifetime is no less than 1 year. This
ensures that the mission’s objectives are not compromised
due to an insufficient operational period in space. Accord-
ing to simulation calculations, the orbital lifetime within
the designated launch windows satisfies this criterion. The
details of these findings are illustrated in in Fig. 15 and
summarized in Table 5.
3.4.3. Deorbit methods

(1) Passive deorbit method
Passive deorbit principle: perigee has high atmospheric

density, and apogee can be reduced through atmospheric
drag. Under the same satellite area, the lower the perigee
is, the denser the atmosphere is, and the shorter the deorbit
time is. With the same perigee height, the larger the area is,
the greater the atmospheric drag is, and the shorter the
departure time is. And for HEO, the orbital lifetime will



Fig. 13. Drp and D_rp with launch window and RAAN.

Fig. 14. The orbital lifetime and Drp with launch window and RAAN.

Fig. 15. The orbital lifetime throughout the year 2025.
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also be affected by lunisolar gravitational perturbation,
which is also the main design basis for rapid-decaying
orbit.

If the area-to-mass ratio is greater than the threshold,
deorbit time will satisfy 5-year requirement. If the area-
to-mass ratio of the satellite cannot meet the requirements
for deorbit, it can be improved through drag increasing
devices. The drag-increasing balloon is unlocked and then
inflated to expand at the end of program. By increasing
the area-mass ratio, the orbital decay is accelerated, and
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the orbital lifetime is reduced to meet the requirements of
rapidly deorbiting.

(2) Active deorbit

Active deorbit principle: apply deceleration pulse at
apogee, make perigee lower than 90 km, and directly reen-
ter the atmosphere. The lower the initial perigee, the smal-
ler the speed increment demand.



Table 5
Launch window (utc) for naturally decay orbits.

No. Launch Window From Launch Window To Duration

1 2025-05-11 06:00:00 2025-05-13 09:00:00 >75 h
2 2025-05-17 18:00:00 2025-05-22 21:00:00 >123 h
3 2025-05-24 15:00:00 2025-05-25 12:00:00 >21 h
4 2025-05-26 12:00:00 2025-05-29 06:00:00 >72 h
5 2025-05-30 12:00:00 2025-05-31 18:00:00 >30 h
6 2025-06-05 15:00:00 2025-06-06 21:00:00 >30 h
7 2025-06-08 00:00:00 2025-06-12 18:00:00 >114 h
8 2025-06-13 12:00:00 2025-06-14 03:00:00 >15 h
9 2025-06-15 12:00:00 2025-06-25 06:00:00 >228 h
10 2025-12-02 21:00:00 2025-12-06 21:00:00 >96 h
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Considering that not all the satellites in CORBES can
deorbit actively, our deorbiting scheme adopts passive
deorbit method, and designs a mission orbit with rapid-
decaying capability.
4. System design

4.1. Baseline requirements for small satellites

The essential subsystems for the small satellites consist
of the instrument, propulsion, attitude and orbit control
system, power system, thermal system, structure and
mechanical system, and communication, command & data
handling system. The requirement specifications are shown
in Table 6.

Each small satellite has the capability of telecommunica-
tion and operates independently. For TTC, the frequency is
UHF/VHF, or S-band, and each satellite operates indepen-
dently. For data downlink, the frequency is UHF/VHF, or
S/X band, and X-band is selected if the stations of CAS
(China) are employed.
4.2. Possible contributions of small satellites

Currently, there are three contributions of small satel-
lites, that are Foresail satellites in the Foresail satellites
in Finnish Centre of Excellence in Research of Sustainable
Space (FORESAIL), IMACAS satellites in Innovation
Academy of Microsatellites (IMAC), and HIT satellite in
Table 6
Requirement for the satellite.

No. Specification Value

1 Mass 30 kg
2 Spin-axis pointing Sun-pointing
3 Spinning speed 8 RPM
4 Pointing error 5�
5 Memory 512 Gbits
6 Total ionization dose 200 krad
7 Data transmission rate 100 Mbps
8 Lifetime 1 year
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Harbin Institute of Technology (HIT). IMAC will con-
tribute 2 satellites.

(1) Foresail satellites in the Finnish Centre of Excellence
in Research of Sustainable Space (FORSAIL)

The Foresail satellites are developed by a Finnish led
consortium, funded by the Research Council of Finland.
FORESAIL, short for Finnish center Of Excellence in
Research of SustAInabLe space, consists of Aalto Univer-
sity, University of Helsinki, University of Turku and the
Finnish Meteorological Institute. The consortium has
already launched the Foresail-1 satellite and plans space
environment studies with the upcoming Foresail-2 and
Foresail-3 twin satellites. The main goal of the Foresail-2
and -3 missions is to acquire insight into the ULF and
EMIC wave dynamics and related effects in Earth’s radia-
tion belts. For this, the Foresail satellites are equipped with
three distinct payloads. Both satellites will use the high-
grade fluxgate magnetometer MAST, developed by Space
Research Institute (IWF) of Austria, accompanied by rela-
tivistic electron experiment sensor (REPE), developed by
University of Turku. The third payload, Coulomb Drag
Experiment (CDE), is aiming to demonstrate new deorbit-
ing capabilities for small satellites by using a several meter
long charged tether. It’s measurement modes are also
linked to plasma measurements in ULF research (Anger
et al., 2022, 2023a,b).

The 6U satellite mission and the satellite is designed and
built by Aalto University. The nominal mission duration is
limited to six months, mainly due to high radiation levels
and usage of non-space specific electronic components.
According to simulations (Fetzer et al., 2024), the shielding
required to keep the total dose at a tolerable level for elec-
tronics during the mission, has been identified as 6 mm of
aluminum. This should be sufficient to bring down the total
ionizing dose to 1 kRad per month in orbit. The satellite
mass is according to current design approximately 14 kg.
The satellites are designed with S-band communication
and telemetry link. In nominal mode, the satellite will
require roughly 18 W of continuous power to operate.
Two foldable solar panels together with a spin-stabilized
orientation towards the Sun ensure sufficient power gener-
ation throughout the mission. Due to magnetic cleanliness
restrictions an attitude control system based purely on
thrusters had to be selected. The Foresail-2 satellite struc-
ture is depicted in Fig. 16.

(2) IMACAS satellites in Innovation Academy of
Microsatellites (IMAC)

IAMC has participated in over 70 satellite missions.
Many of these satellites are smallsats for science missions.
IAMCAS could support (1) System engineering, mission
analysis, and spacecraft design, (2) Key technology devel-
opment/test in Lab, (3) Validation of cubesat design, man-



Fig. 16. The Foresail-2 6U CubeSat. The Foresail-2 6U CubeSat. The Main features are the foldable magnetometer boom and the two deployable solar
panels.

Fig. 17. The IMAC satellite structure, the left is with boom deployed, the right is the equipment in the cabin.

Fig. 18. The HIT satellite structure, the left is before boom deployed, and the right is after boom deployed.
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ufacture, AIT test and in-orbit test. The small satellite is
shown in Fig. 17.

(3) HIT satellite in Harbin Institute of Technology (HIT)

LilacSat-4, also named CORBES-S7, is a micro-
satellite weighing about 30 kg. The satellite is being devel-
oped by LilacSat Micro-nano Satellite Student Team of
Harbin Institute of Technology (HIT). The satellite is
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equipped with three payloads developed by Beihang
University, an FGM, an SCWD, and a HEED, as shown
in Fig. 18.

LilacSat-4 is triaxial-stabilized and is spun up to 8 rpm
by a reaction wheel with large angular momentum. There-
fore, no propellant needs to be consumed for spinning up,
spinning retention, and spinning off. Moreover, it is easy
for the satellite to spin off and keep its data transmission
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antenna stably pointing to the ground station. A cold gas
propulsion unit is mainly used for orbit control, but also
a backup device for spinning up and spinning off. The
TT&C system uses an X band for downlink and uplink.
Using an X band data transmission system, the satellite
can transmit more than 1-GB detecting data every time it
passes over the ground station. To protect the electronic
devices from the high total ionizing dose, the satellite
shielding is designed as no less than 5 mm of aluminum.

4.3. Launcher and launcher site

The program is planned to be launched at the end of
2024 at the earliest, and the first half of 2025. Considering
international cooperation regulations, two rockets were
adopted. Some satellites will be launched domestically by
one rocket from CAS SPACE and launched at Wenchang,
China. Other satellites enter the same orbit by another
commercial launcher.

One rocket from CAS SPACE is PR-1. The successful
launch of PR-1 and existing technology for satellite deploy-
ment and some consideration for CORBES. PR-2 is a two-
stage liquid rocket with a larger capacity than PR-1. It
could be used for SSO and GTO missions. The capacity
for GTO is 700 kg, which will meet the requirement of
CORBES.

The upper stage will bring small satellites to the target
orbit, and an attached dispenser will release the satellites
one by one according to the separation phase required.
The upper stage is shown in Fig. 19.

4.4. Ground operation and science operation

The ground stations are responsible for receiving the sci-
entific data. Up to now, there are at least three ground sta-
tions from National Space Science center (NSSC) in Sanya,
China, National Institute for Space Research (INPE) in
Fig. 19. The schema o
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Brazil, and Laboratory for Atmospheric and Space Physics
(LASP) in United States.

(1) Ground Support System in China (GSS)

Three parts of GSS operated by NSSC, including data
center, mission center and ground stations have been intro-
duced. This GSS have successively provided ground sup-
port service for four missions of Strategic Priority
Program (SPP) Phase I and will continually support SPP
for its Phase II. The GSS of NSSC have up-link and data
receiving capability at X-band, and data receiving capabil-
ity only at S-band, which would provide essential ground
support service for CORBES program.

(2) Stations in National Institute for Space Research
(INPE)

The Brazilian Space Research Institute (INPE) has sev-
eral locations spread over the Brazilian territory (Ricardo
et al., 2016). INPE has ground stations currently at some
of these locations that might be suitable for the CORBES
program. This infrastructure is depicted in Fig. 20, which
shows Concept of Operations (ConOps) for a prospective
INPE´s contributions to CORBES constellation (Batista
et al., 2021).

In the ConOps presented, we assign some basic
CORBES program requirements, indicated as MisReq, to
point out high level requirements for the prospect ground
segment. The Natal ground station is located in the North-
east of Brazil, whereas the Cuiabá station is located in the
Central region, finally the Cachoeira Paulista ground sta-
tion is in the Southeast of the country. The main INPE´s
location at São José dos Campos is home to the
EMBRACE, the Brazilian Space Weather Center, where
CORBES payload data may be pre-processed and dis-
tributed for data assimilation on the science community.
f the upper stage.



Fig. 20. The prospective INPE´s contributions to CORBES ground segment.

Fig. 21. Fig. 2 of Li et al. (2022). Comparison between daily averaged electron fluxes from REPTile, MagEIS, and REPT for the first two REPTile energy
channels, E1: 0.58–1.63 MeV and E2: 1.63–3.8 MeV, and similar energy channels from MagEIS and REPT.
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Fig. 22. Configuration of REPTile-20s sensor head.
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All these stations are committed to work to the current
Brazilian satellites and arrangements on infrastructure will
be needed so that CORBES constellation could effectively
be served in addition.

(3) Stations in Laboratory for Atmospheric and Space
Physics (LASP)

The raw data is required to be pre-processed and cali-
brated by each scientific payload provider, and multi-
level data will be generated for different study purposes.
COSPAR will be the official end user of the processed sci-
entific data, and it has been responsible for the distribution
of the data to the public.

5. Collaboration missions

Two missions are closely relevant to CORBES and
worth noting. Colorado Student Space Weather Experi-
ment (CSSWE) CubeSat (Li et al., 2012; 2013a,b), which
was a student-led mission and funded by National Science
Foundation of USA. There was only one science payload
onboard: Relativist Electron and Proton Telescope inte-
grated little experiment (REPTile), measuring 0.5–
>3.8 MeV electrons in three channels and 8–40 MeV pro-
tons in three channels. REPTile is a miniaturized and sim-
plified version of REPT onboard Van Allen Probes (Baker
et al., 2012, 2021; Mauk et al., 2012a,b). CSSWE was a
tremendous success in sciences, engineering, and education.
CSSWE operated in space for more than two years, in a
low Earth orbit, and involved over 65 students. There have
been 26 peer-reviewed publications, including two in Nat-

ure, and five completed Ph.D. dissertations associated with
CSSWE (https://lasp.colorado.edu/csswe/). Fig. 21 shows
an example of REPTile’s measurements in comparison
with measurements by REPT and MagEIS (Blake et al.,
2013). The fluxes of the electrons in similar energy ranges
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are different in magnitude, due to different orbits of
CSSWE and Van Allen Probes, but the correlations
between them are apparent. Colorado Inner Radiation Belt
Electron Experiment (CIRBE) (Li et al., 2022), another 3U
CubeSat mission, funded by NASA of USA, was launched
into a sun synchronous orbit (97.4� inclination and 509 km
altitude) on April 15th, 2023. The only payload onboard
CIRBE is REPTile-2, an advanced version of REPTile,
which has been operating nominally, measuring 0.25–
5 MeV electrons in 60 channels and 6.5–100 MeV protons
in 60 channels. The design of HEED (Fig. 6) is similar to
REPTile-2 (and REPTile), the configuration of its sensor
head is displayed in Fig. 22. The experience gained from
CSSWE and CIRBE, even though both of which are in
low Earth orbit, will certainly benefit CORBES.

More institutions are welcome to participate in the
CORBES program, such as payloads, platforms, receiving
stations, scientific data processing, etc. At the same time,
we also looking forward to collaborating with related in-
orbit satellite programs and satellite programs planned to
be launched in future.

6. Summary

CORBES will realize the observation and research of
the acceleration and loss mechanism of high-energy elec-
trons in the radiation belt for the first time so as to achieve
the scientific goal of comprehensively understanding the
physical nature of the dynamic evolution of the high-
energy electron environment in the earth’s radiation belt,
improving or establishing a new model of the earth’s radi-
ation belt, and achieving catastrophic space weather
forecasting.

Quantities of space research institutes, universities, and
commercial companies from all over the world are con-
vened with their intention and capacities of providing plat-
forms, instruments, and system design.

The raw data is required to be pre-processed and cali-
brated by each scientific payload provider, and multi-
level data will be generated for different study purposes.
The measurement data are primarily shared with the par-
ticipants, and then available to the public. COSPAR will
serve as the official end user of scientific data and will be
responsible for distributing the data to the public. We wish
this program could become a paradigmatic, cross-national,
and science-collaborative model for similar tasks in the
near future.
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