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Abstract

Regions outside of Low Earth Orbit (LEO, altitudes above approximately 1000 km) are classified as ‘‘deep space”, including Medium
Earth Orbit (MEO), geostationary orbit (GEO), as well as cislunar and lunar space. The deep space environment poses many challenges
for human and robotic exploration, including stronger ionizing radiation fluxes, more extreme temperature variations, as well as limited
data downlink volume. With the growth of the rideshare and hosted payload model aboard government and commercial lunar missions,
developing the capacity to design and implement payloads and other space avionics for this environment is of increased importance this
decade. Utilizing one of the growing number of rideshare opportunities offered by commercial lunar mission providers, National Central
University (NCU) has been working on the rapid development of Taiwan’s first scientific payload for lunar lander use, with launch
aboard the HAKUTO-R Mission 2 (M2) lander from ispace, inc. scheduled not earlier than Q4 2024. This Deep Space Radiation Probe
(DSRP) will provide measurements of radiation dose, dose rate, and single event upset (SEU) rate during the Earth-Moon transit, in
lunar orbit, as well as on the lunar surface. DSRP utilizes elements of the on-board computer (OBC) developed and flight qualified
aboard the NCU-developed IDEASSat 3U CubeSat mission in 2021, and was developed by a student team, in consultation with expe-
rienced engineers from the lunar lander team. In this paper, we will report on the objectives, concept of operation, design, and imple-
mentation of the DSRP project. We will also describe the steps taken to facilitate parallel development of the DSRP payload and the
HAKUTO-R M2 lander, as well as lessons learned during the design, implementation, and qualification process. The radiation data
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provided by DSRP will be beneficial for the development of future deep space spacecraft avionics, as well as crewed missions, and will
also serve to build the capacity for deep space spacecraft and payload development at NCU.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Over the past ten years, the barriers to accessing space
have been greatly reduced due to the proliferation of ride-
share opportunities, as well as small satellites based on
automotive, industrial, and even commercial grade hard-
ware. Rideshare opportunities to Low Earth Orbit (LEO)
for small satellites have led to the cost of deploying space
platforms to a range affordable for educational institutions
for scientific, education, and technology demonstration
purposes (Baker et al., 2020; Millan et al., 2019). Hosted
payloads, such as NASA’s Global Observations of the
Limb and Disc (GOLD) mission, have also opened regions
beyond LEO to new players in space (Eastes et al., 2017).
With the implementation of Project Artemis, as well as
the growth in rideshare and hosted payload opportunities
to higher orbits, such as Geosynchronous Transfer Orbit
(GTO), and even cislunar and lunar space, the coming dec-
ade shows many new opportunities in developing and
deploying space platforms into Deep Space (Desai et al.,
2019).

Compared to LEO, several environmental and technical
challenges exist for space platforms designed for and
deployed into deep space. Long communication distances
and much higher free space loss severely constrains the vol-
ume of data that can be returned, as well as the speed at
which it can be downlinked. The farther distance from
the eclipse region in the Earth’s shadow results in longer
extended times in direct sunlight, leading to greater chal-
lenges in thermal control (Wertz & Larson, 1999).

The ionizing radiation environment is one of the great-
est environmental threats to spacecraft electronics and
astronauts outside of LEO. Non-LEO orbits could have
trajectories that pass through regions of high radiation
flux, such as the trapped electron and proton populations
of the Van Allen radiation belts inside the Earth’s magne-
tosphere. When the spacecraft are in deep space outside of
the Earth’s magnetosphere they can be hit by Solar Ener-
getic Particles and/or Galactic Cosmic Rays (GCRs) or
dense and energetic plasma of the interplanetary Coronal
Mass Ejection with no shielding from the Earth’s magnetic
field. The total ionizing dose absorbed by spacecraft elec-
tronics over the course of their mission duration can
greatly reduce performance and lifetime. The impact of a
single ionizing radiation particle also has the probability
of causing single event effects (SEEs) that can lead to
anomalous performance, as well as temporary or even per-
manent device failure (Langley et al., 2003; Rodbell et al.,
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2007; Baumann & Kruckmeyer, 2019). Prominent single
event effects include single event upsets (SEUs), in which
single or multiple bits stored in computer memory can be
flipped via energetic particle impact. This can cause data
corruption, as well as anomalous behavior and/or resets
of on board flight software if the corrupted bits affect the
control logic of flight software (Baker, 2000; Chiu et al.,
2022). Single event latchups (SELs) can occur when com-
plementary metal-oxide semiconductor (CMOS) devices
are struck by heavy ions, forming a low impedance path
supporting high currents between device power and
ground, while also causing the device to lose functionality.
SEL recovery can only occur if the device is power cycled
and sustained overcurrent from SELs can result in device
damage or destruction (Baumann & Kruckmeyer, 2019).

The measurement and characterization of ionizing radi-
ation dose and dose rate in different space environments is
thus important for the design and validation of spacecraft
electronics to be operated in deep space, as well as for
potential future human flights to the Moon. It has also
been proposed that the counting of SEUs and measure-
ment of SEU rates in spacecraft computer memory can also
serve as a low-cost detector for ionizing radiation flux and
dosage. By periodically performing Error Detection and
Correction (EDAC) checks on saved data stored in mem-
ory, the accumulated number of SEUs can be counted,
and the corrupted data reset in preparation for the next
measurement cycle (Chen et al., 2019).

ispace, incorporated is a Japanese lunar exploration
company that was initially formed in 2010 as part of an
effort to compete for the Google Lunar X Prize, but later
grew to provide commercial lunar payload delivery ser-
vices. In the following paper, we describe the concept of
operation, design, and implementation of a low-cost Deep
Space Radiation Probe (DSRP) that was rapidly developed
by NCU over a two-year period for use aboard the
HAKUTO-R M2 lander developed by ispace, incorporated
(Maltagliati, 2023; ispace inc., 2023a,b), as well as lessons
learned during this process. Key challenges included paral-
lel development of the DSRP payload in Taiwan at the
same time as the HAKUTO-R M2 lander by ispace in
Japan, lack of prior experience at NCU in designing pay-
loads and spacecraft for deep space, limited development
time, as well as the more severe mass and power con-
straints, vibration, thermal, and ionizing radiation condi-
tions compared to past LEO missions developed at NCU
(Lin et al., 2017; Duann et al., 2020; Chandran et al.,
2021; Chiu et al., 2022). Preliminary contacts between
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NCU and ispace were established in April 2021, with a for-
mal Payload Services Agreement signed in March 2022.
Prototype development of DSRP began in summer 2021,
with an engineering model (EM) fit check performed with
the HAKUTO-R M2 lander payload interface in February
2023. The DSRP flight model (FM) was delivered to ispace
for integration with the HAKUTO-RM2 lander in Decem-
ber 2023 with an expected launch not earlier than 2024 Q4.
The payload is also being modified for future LEO and
deep space missions.

2. Mission scope and concept of operations (ConOps)

Following launch and initial check-out, the HAKUTO-
R Mission 2 lunar lander will enter a low energy Earth-
Moon transit orbit, during which DSRP will be powered
on and begin scientific observations. This will be followed
by Earth-Moon transit, lunar orbit, landing, and lunar sur-
face operation. Barring any anomalies, DSRP will be active
during the passive stages of the mission. The Science Trace-
ability Matrix (STM) for DSRP is shown in Table 1, as for-
mulated for inclusion aboard the ispace HAKUTO-R
Mission 2 lunar lander with launch scheduled no earlier
than Q4 2024. There are two scientific objectives (S1, S2)
and one mission objective (M1). The science objectives of
DSRP are to respectively measure the radiation dose and
dose rate (S1), as well as to measure the SEU rate (S2) dur-
ing Earth-Moon transit and on the surface of the Moon.
The expected mission duration is for up to four months,
Table 1
DSRP Science Traceability Matrix.

Deep Space Radiation Probe Mission Goal

The radiation environment is a hazard that must be faced by spacecraft avion
Knowledge of the radiation dose and dose rate in different space regions will
of performing such measurements in deep space will also help in building ca
avionics suitable for deep space operation.

Science Traceability Matrix
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lunar surface. In addition to periodic sampling of the mea-
sured radiation dose and SEU count, ancillary data needed
to infer dose and SEU rates include time stamps for each
sample, temperature, as well as orbit and absolute time
knowledge in order to infer the location at which each sam-
ple was taken. Sampled science data, as well as periodic
housekeeping (HK) data, are stored on the internal NAND
flash memory of DSRP and can be played back to the
spacecraft on command for downlink back to Earth. As
a safeguard to monitor data corruption from SEUs, data
stored in NAND Flash is protected using CRC16-CCITT
error detection codes per ispace requirements. An addi-
tional mission objective is to design, implement, and qual-
ify a deep space payload using a student team from NCU
(M1). This is in the context of student education, as well
as developing the capacity and know-how on the design,
implementation, and qualification of payloads and space-
craft avionics intended for use outside LEO. Up to the
end of 2023, all spacecraft and payloads from Taiwan have
been confined to LEO, with the maximum altitude attained
being that of the FORMOSAT-2 spacecraft operated by
the Taiwan Space Agency (TASA, formerly the National
Space Organization or NSPO), which operated in an
888 km altitude circular orbit from 2004 to 2016 (Chern
et al., 2006).

DSRP contains two sensors to measure radiation dose
and SEU count. Radiation dose is measured using a
ics and human spaceflight, especially in the deep space environment.
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pacity at National Central University (NCU) to develop radiation tolerant
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commercial off the shelf (COTS) Varadis VT-01A radiation
sensitive field-effect transistor (RADFET) module, com-
plete with readout circuit (Varadis, 2022). A RADFET is
a passive MOSFET-based sensor that has a threshold volt-
age that is sensitive to integrated ionizing radiation dosage.
By measuring the change in RADFET threshold voltage
(V threshold ), the absorbed ionizing radiation dose can be
inferred based on laboratory calibration data. RADFETs
have the benefit of being a passive sensor whose change
in threshold voltage due to irradiation is not dependent
upon being powered on (Andjelkovic et al., 2022). By sam-
pling the RADFET threshold voltage at specified and
tagged time intervals, the dose rate can be inferred from
the collected data through post processing.

DSRP includes commercial off the shelf NAND flash
memory to serve as a sensor for SEUs, while also serving
as non-volatile memory for storage for periodically logged
science and HK data. NAND flash is highly attractive due
to its low power requirements and high memory density.
However, even without the effects of ionizing radiation,
bit errors can occur due to data retention errors, as well
as disturbances from read/write operations. The use of
EDAC is therefore recommended when using NAND flash,
with codes capable of single error correction and double
error detection (SECDED) per word considered to be suf-
ficient for the purposes of single level cell (SLC) NAND
flash. It is notable that disturb errors tend to be rarer in
SLC NAND flash devices compared to multi-level cell
(MLC) devices, hence SLC NAND flash is selected for
DSRP (Heidecker, 2012; Fabiano & Furano, 2013). In this
case, the NAND flash used for DSRP was the
MT29F128G08AJAAAWP-ITZ from Micron Technology
(Micron Technology, Inc., 2023). A section of memory
blocks allocated to the SEU counting experiment are pre-
programmed with known Bytes and will be periodically
scanned to count the rate at which SEUs occur.

Science data packets containing time tagged RADFET
threshold voltages and SEU counts have a size of 27 bytes,
while HK packets containing information such as time
tagged command counts, reboot counts, write pointers,
and electrical data will take 47 bytes. Both science and
HK data are logged at a maximum cadence of 15 s. Assum-
ing a mission duration of 4 months, this results in a data
storage requirement of 51.15 MB. The NAND flash size
of 16 GB used in DSRP is more than sufficient to satisfy
this data storage requirement, while leaving plenty of mar-
gin, as well as space for the SEU counting experiment.
Additional constraints on DSRP include power consump-
tion less than 0.9 W, and a mass less than 400 g. DSRP
must also be capable of withstanding a total ionizing dose
(TID) of 10 krad, as specified by ispace.

The ConOps of the DSRP payload software is shown in
Fig. 1. Upon boot up, the payload will boot into Science
mode, while periodically generating and logging House-
keeping (HK) data packets containing payload state of
health data, as well as the last logged science data. The
HK packets are generated and returned to the host space-
4

craft upon request and are also saved to payload Flash
memory for future recall. DSRP also accepts a time syn-
chronization signal from the spacecraft to set its internal
clock to spacecraft system time, which can be used to infer
the position of the spacecraft during postprocessing of pay-
load data. In Science mode, the payload controller will
read the threshold voltage from the RADFET. It will then
scrub all the packets in NAND Flash allocated to the SEU
count experiment, identifying packet errors by determining
which packets have deviated from a nominal value of
0xFF. Packets failing this test will be reset, and the SEU
count incremented by the number of bits in error. After fin-
ishing the sweep, the RADFET threshold voltage and SEU
bit error count are saved to DSRP NAND Flash as a new
science data packet that can be recalled upon command by
the host spacecraft.

It is noted that the logical state of a NAND Flash bit is
determined by the value of its threshold voltage relative to
the read voltage, with a lower (higher) threshold voltage
corresponding to a logical ‘‘1” (‘‘0”). 0xFF is the erased
state of a NAND Flash byte, corresponding to 8 bits with
logical ‘‘1”. Research has shown that additional ionization
from a heavy ion strike may create excess holes in the float-
ing gate that would recombine with electrons if they are
present, decreasing the threshold voltage. If the resulting
threashold voltage is lower than the read voltage, the strike
does not create a bit-flip visible in the readout. Upon the
next erase cycle, holes are retained until the logical value
of ‘‘0” is written (Sheng et al., 2024). For future revisions
of DSRP, the default value of the scrubbed bits will be
modified to a logical ‘‘0” to eliminate this source of
uncertainty.

The most recent RADFET threshold voltage and bit
error counts are also provided to the host spacecraft with
HK data packets, which are generated and transmitted to
the spacecraft for archival at a 15 s cadence. Bulk replays
of science data packets stored in DSRP NAND Flash are
also available as a backup option for science data retrieval.

3. Payload architecture and design constraints

To facilitate the parallel development of DSRP by the
NCU team along with the HAKUTO-R M2 lander, an
Interface Requirement Document (IRD) specifying the
mechanical, electrical, data, and thermal interface require-
ments between DSRP and the lander was issued at the time
of official project kickoff in March 2022. DSRP was
assigned an installation on the top panel of the
HAKUTO-R M2 lander with direct exposure to space.
Notable development constraints and specifications are
shown in Table 2. DSRP was subject to significant power,
mass, and volume constraints with a maximum power con-
sumption not to exceed 900 mW, mass cap of 400 g, and
volume not to exceed 150 � 150 � 40 mm (approximately
0.3–0.4U). It is notable that the mass and volume con-
straints included the payload electronics, chassis, fasteners,
and thermal control components such as multilayer insula-



Fig. 1. DSRP payload embedded software concept of operation.

Table 2
DSPR Interface Requirements.

Electrical Power Input 5 V, 12 V
Maximum Power Consumption 900 mW
Maximum Payload Mass 400 g
Maximum Envelope 150 � 150 � 40 mm
Data Interface Protocol RS-422
Baud Rate 921,600 bps
Survivable Total Ionizing Dose 10 krad with 1 mm aluminum shielding
FM Delivery Deadline December 2023
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tion (MLI). DSRP was also required to be capable of sur-
viving a total ionizing dose (TID) of 10 krad behind 1 mm
of aluminum shielding. A flight model delivery deadline of
December 2023 provided the payload team of approxi-
mately 21 months of development, implementation, and
verification time for DSRP.

A block diagram of the hardware architecture of DSRP
is shown in Fig. 2, which illustrates the main electrical and
data interfaces between the powered subsystems compris-
ing DSRP, as well as with the HAKUTO-R lander payload
interface card (PIF). The PIF provides the electrical and
data interface between the lander and DSRP. The powered
subsystems of DSRP are the electrical interface, data inter-
face, payload controller, RADFET readout module, and
NAND Flash chip. These powered components are
de-rated according to NASA EEE-INST-002 guidelines
5

to increase lifespan (NASA, 2003). Not shown are the
structural and thermal control subsystems, which are
respectively comprised of the payload chassis and fasten-
ers, as well as thermal insulation, radiators, and heat
conductors.

The DSRP electrical interface is interfaced with regu-
lated 5 V and 12 V power supplies from the lander PIF.
DSRP electrical and digital ground connections are also
interfaced with the PIF ground. A 3.3 V DC/DC buck con-
verter further converts the 5 V input power to the 3.3 V
required by most of the payload electrical components,
except for the RADFET readout module, which requires
12 V input. eFuses are installed along the 5 V and 12 V
power input busses to provide an autonomous recovery
mechanism from single event latchups (SELs), which can
cause high electrical currents and device incapacitation that
can only be removed by power cycling (Baumann &
Kruckmeyer, 2019). In the event overcurrent is detected
by the eFuse, the eFuse will temporarily disconnect the
power bus, allowing for power cycling and SEL recovery
to occur.

The DSRP data interface consists of an RS-422 transcei-
ver IC and supporting circuits, which converts between the
universal asynchronous receiver/transmitter (UART) inter-
face protocol of the payload controller and the 921,600 bps
RS-422 protocol required by the lander PIF.



Fig. 2. DSRP hardware architecture. Red arrows correspond to power interfaces, black arrows correspond to ground, blue arrows correspond to data
interfaces.
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The payload controller of DSRP is a system on module
(SOM) unit from Emcraft based on the Microsemi Smart-
Fusion2 system on chip (SoC) (Microchip Technology,
Inc., 2023), which is responsible for sensor readout and
control, NAND flash read/ write, as well as communica-
tion with the spacecraft for command reception and
telemetry transmission. Although not explicitly intended
for space-based applications, the behavior of the SmartFu-
sion2 in ionizing radiation environments has been charac-
terized, demonstrating a limiting total ionizing dose
exposure between 480 and 660 Gray (48–66 krad) and
reduced SEE sensitivity if Triple Modular Redundancy
(TMR) is utilized (Microsemi, 2014; Tsiligiannis &
Danzeca, 2017). The SmartFusion2 was utilized success-
fully as on-board computer (OBC) for the IDEASSat 3U
CubeSat (Duann et al., 2020; Chiu et al., 2022), as well
as for the INSPIRESat-1 9U small satellite (Chandran
et al., 2021), providing a Cortex M3 microprocessor for
execution of embedded C code, as well as an FPGA fabric
that can be utilized to implement interface protocols or
serve as additional memory. The payload controller has
data and control interfaces with the Varadis RM-VT01-A
readout module, allowing for measurement of the RAD-
FET threshold voltage from which the ionizing radiation
dose can be derived using an analog to digital converter
(ADC). Another data interface with the NAND Flash chip
allows the payload controller to read and write data for
future replay, as well as to scrub the blocks allocated to
the SEU counting experiment. The payload controller also
periodically polls temperature sensing circuits comprised of
thermistors and ADC readout circuits to gauge the temper-
ature of itself and the RADFET readout module, the latter
of which can cause non-radiation related fluctuations in
RADFET threshold voltage.

As mentioned previously, DSRP utilizes a COTS
Varadis RM-VT01-A RADFET readout module, which
6

provides buffered readout of threshold voltages from two
identical RADFETs, designated R1 and R2. The
RM-VT01-A also accepts control logic signals to select
either R1 or R2 for readout, as well as an irradiation mode
that is the default state in DSRP when threshold voltage
measurement readouts are not being performed (Varadis,
2022).

The electrical components of DSRP are mounted on a
single PCB board. The DSRP FM PCB board mounted
in the bottom half of the payload chassis, including the
RADFET and SmartFusion2 modules, is shown in
Fig. 3a. A micro-D socket connector at the bottom center
of Fig. 3a serves as the data and electrical interface to the
spacecraft, while a JTAG connector on the upper right
hand corner of the PCB is used for firmware updates and
debugging. Fig. 3b shows DSRP fully enclosed in the chas-
sis, complete with exposed cover painted with UV resistant
white paint to serve as a radiator and MLI covering the
remainder of the payload chassis, as well as the harness
used to connect the payload micro-D socket connector
and the HAKUTO-R PIF. The payload coordinate system
is denoted in Fig. 4, which shows are rendering of the
DSRP payload with MLI removed. The xy-plane corre-
sponds to the length and width of the payload, while the
z-axis is perpendicular to the payload base, with the chassis
cover being on the +z face.
4. Payload design and analysis

4.1. Thermal design

DSRP is mounted on the top panel of the HAKUTO-R
M2 lander, directly exposed to space. One of the challenges
in the implementation of DSRP was the need to ensure that
all the components of the payload remain within their



Fig. 3. (a) DSRP FM with payload chassis cover and MLI removed. (b) DSRP FM fully enclosed in chassis with MLI.

Fig. 4. Rendering of DSRP payload with LI removed and payload coordinate system indicated.
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operational temperature ranges, while ensuring that the
total payload mass remained within 400 g and the total
power consumption remained within 900 mW. This was
further complicated by the fact that compared to the
dynamic heating conditions of lower Earth orbits where
spacecraft pass between orbital segments in sunlight and
eclipse, the low energy Earth-Moon transit orbit to be uti-
lized by HAKUTO-R M2 is subject to relatively static
heating conditions (Wertz & Larson, 1999). As a result,
portions of the spacecraft facing the Sun will be subject
to continuous heating, while portions of the spacecraft con-
tinuously facing cold space will be subject to continuous
radiative cooling, leading to larger temperature extremes.

The boundary temperatures for portions of the lander
top panel adjacent to DSRP were provided to the payload
7

team by ispace for thermal simulation purposes. The
portions of the lander in direct thermal contact with DSRP
are the MLI covering this exterior portion of the space-
craft, as well as the lander top panel itself located beneath
the MLI. The top panel MLI is in direct contact with the
baseplate on the �z face of DSRP, while the fasteners used
to secure DSRP to the lander are in contact with the lander
top panel beneath the MLI.

Thermal simulations for DSRP worst case hot and
worst case cold conditions were performed using the com-
mercially available Thermal Desktop analysis software
(Mitchao et al., 2018). Under hot conditions for both the
on orbit and lunar surface simulations, all electrical com-
ponents on DSRP were powered on, ultimately dissipating
consumed electrical power as waste heat. On orbit, the Sun
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was assumed to be 5 degrees off the DSRP y-axis. On the
lunar surface, the Sun was assumed to be 45 (90) degrees
off the DSRP z-axis for worst case hot (cold), correspond-
ing to a landing site of approximately 60 (75) degrees lati-
tude. For cold conditions on orbit, DSRP was not powered
on and dissipating waste heat, corresponding to scenarios
where the payload might be powered off due to anomalies
or other system level needs. For cold conditions on the
lunar surface, DSRP was powered on and dissipating waste
heat. Both on orbit cold cases, as well as the lunar surface
hot case correspond to the steady state radiative equilib-
rium temperatures of the payload under the aforemen-
tioned conditions.

From the worst case hot simulation results in Table 3
without internal payload thermal control (TC) compo-
nents, it can be seen that electronic components with high
duty cycles such as the RS-422 transceiver can approach or
exceed their maximum operating temperature limits, espe-
cially on the lunar surface due to the solar angle. We note
that this, as well as other components selected for use with
DSRP were automotive or industrial grade, owing to the
higher cost and longer turnaround times of space and mil-
itary grade components, as well as the CubeSat heritage of
the design team, which emphasizes part selection and test-
ing on a moderate budget (Sinclair & Dyer, 2013). In worst
case cold conditions on orbit with no TC, the converse is
true with most electrical components approaching or
exceeding their minimum operating temperature limits,
due in part to their being powered down and not dissipat-
ing waste heat. Under worst case cold conditions on the
lunar surface with the electronics powered on, the high
duty cycle RS-422 transceiver remains at elevated tempera-
tures due to its inability to effectively dissipate waste heat,
while other electrical components with lower duty cycles or
power consumption remain at lower temperatures.

To remedy these problems, thermal tape was applied to
the RS-422 transceiver to conduct heat away from this
component to the inside of the payload chassis. An addi-
tional screw was also applied to the SmartFusion2 payload
controller connecting it to the payload chassis to serve as a
heat sink. As shown previously in Fig. 3b, the chassis cover
was painted white using UV resistant paint to serve as a
radiator, while the other external surfaces are covered with
12 layer MLI to aid in heat retention. DSRP is also sepa-
rated from direct contact with the MLI covering the top
panel of the lander through the use of four thermal collars
installed at the holes for fasteners located on the corners of
the baseplate of the payload chassis as shown in Fig. 5.
Comparing the worst case hot results from the on orbit
and lunar surface stages with and without TC components
in Table 3, it can be seen that the temperature of the elec-
trical component most prone to overheating, the RS-422
transceiver, has been reduced to within the safe operating
range of the component. The overall temperature of DSRP
is higher for the worst case hot simulation on the lunar sur-
face compared to the worst case hot simulation on orbit,
which reflects the larger cross sectional area of the payload
8



Fig. 5. Thermal collars installed to the baseplate of the DSRP payload
chassis.
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exposed to the Sun due to the angle of the Sun vector at
this stage.

The aforementioned TC measures do have the effect of
further reducing the worst case cold temperatures of sev-
eral of the internal electrical components and chassis com-
pared to the case without TC, due to the increased
effectiveness in conducting heat away from internal compo-
nents and radiating waste heat into space. Due to the
inability to mitigate the sub-zero worst case cold internal
temperatures of DSRP electronics using only internal pay-
load TC components, an external heater will also be
installed to the baseplate of DSRP by ispace that will be
activated when the temperature of DSRP falls below
0 degrees Celsius, thereby addressing the worst case cold
conditions. It should be noted that the heater is applied
on the lander side and was not incorporated in the above
simulations performed by the DSRP development team,
as such information is considered proprietary to ispace
and was performed by the lander team.
4.2. Structural design

The structural design of the DSRP payload is required
to be capable of surviving the vibration, shock, and inertial
loads of the HAKUTO-R M2 launch, course correction
burns, and lunar landing. It is notable that the vibration
and acceleration environment for this mission are consider-
ably harsher compared to those encountered by many
small satellites in Low Earth Orbit. The maximum static
load factor required for DSRP to survive is 33 g along
the z-axis and 30 g along the xy plane. Here, the load factor
9

g = 9.8 m s�2. This can be compared with the maximum
predicted lateral load factor of 17 g specified for CubeSat
dispensers aboard the SpaceX Falcon 9 by Version 9 of
the Rideshare Payload User’s Guide (SpaceX, 2023). Addi-
tionally, the entire payload mass must be compliant with
the 400 g mass limit allocated for DSRP.

The dimensions of the baseplate of the DSRP enclosure
are 140 mm by 140 mm, while the overall height is
38.3 mm. The sides of the payload enclosure and the chas-
sis cover were also subject to light weighting by reducing
the thickness of the interior areas of these components,
while the baseplate had holes cut out away from load bear-
ing areas. As shown previously in Fig. 3, the DSRP pay-
load PCB board is mounted inside a chassis machined
from aluminum alloy 6061-T6 using seven standoffs and
M3 screws. This is required to provide the necessary stiff-
ness and strength to survive the mechanical loads of the
flight environment. The Microsemi SmartFusion2 SOM
used as payload controller is also secured to the chassis
using an additional screw, which also serves to conduct
heat away from this component. All fasteners and connec-
tors were epoxied for the DSRP EMs and FM.

An unexpected lesson learned was encountered in the
process of baking out an earlier revision of DSRP to ensure
faster curing of the epoxy used to secure fasteners. Fig. 6a
shows the initial layout used for the fasteners used to secure
the PCB and payload controller to the chassis. In this con-
figuration, the payload controller is secured to the chassis
cover using a nut and bolt, which is the third fastener from
the left denoted by the red oval. During the bake out, it was
found that the PCB became warped with the center of the
PCB bending upwards, as can be seen in Fig. 6b. This was
determined to be the result of both differences in the heat
conducted by the different fasteners, as well as the upward
stress imposed by the nut and bolt securing the payload
controller to the chassis cover. This fault was mitigated
by securing the payload controller to the baseplate instead
using a screw, as shown by the red oval in Fig. 6c. This
removed the upward stress of the previous configuration
and was found to be effective in preventing PCB warping
during bake outs and thermal vacuum testing, as will be
discussed in more detail in Section 5.3.

Structural analysis of DSRP was performed through
analysis using SolidWorks, under conditions consistent
with the flight environment specified in the IRD for static
acceleration, random vibration, sinusoidal vibration, and
shock. The specifications of the prescribed random vibra-
tion test used for DSRP are shown in Table 4, which also
shows the maximum predicted environment (MPE) levels
prescribed by the SpaceX Rideshare Payload User Guide
for comparison (SpaceX, 2023). Plots of the two power
spectral density (PSD) profiles are also shown in Fig. 7.
The power spectral density (PSD) of the DSRP random
vibration spectrum is increased from an initial value of
0.026 g2/Hz by 6 dB/octave between 20 and 50 Hz, then
held constant at 0.16 g2/Hz between 50 and 800 Hz. The
PSD is then decreased by 6 dB/octave between 800 and



Fig. 6. (a) Initial layout of fasteners used to secure DSRP PCB to payload chassis. (b) Warped PCB resulting from bake out of initial fastener layout. (c)
Revised fastener layout used in DSRP FM to prevent PCB warping when heated. Altered fastener marked by red oval.

Table 4
Random vibration qualification test specifications as used with DSRP compared with SpaceX Rideshare maximum predicted environment levels.

DSRP Test Levels SpaceX Rideshare Maximum Predicted Environment

Band (Hz) DSRP Power Spectral Density (g2/Hz) Band (Hz) Power Spectral Density (g2/Hz)

20 0.026 20 0.01
20–50 +6 dB/octave 20–50 +1.33 dB/octave
50–800 0.16 50–700 0.015
800–2000 �6 dB/octave 700–800 +15.63 dB/octave
2000 0.026 800–925 0.03

2000 0.00644
Overall GRMS 14.1 g Overall GRMS 5.57 g
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2000 Hz. The overall g-force level defined by the GRMS
(root mean square) was 14.1 g. This GRMS is notably lar-
ger than the 5.57 g for the SpaceX Rideshare MPE, which
also displays smaller amplitudes throughout this band.

The structural displacement of DSRP under the random
vibration conditions predicted by SolidWorks is shown in
Fig. 8. A maximum displacement of 3.76 � 10�2 mm
occurs with the micro-D connector that serves as the data
and electrical interface between DSRP and the
HAKUTO-R M2 lander. This, as well as the results of
10
the other simulations used in structural analysis, was
within the maximum allowable value for this component,
verifying that the DSRP structure can survive the expected
flight environment and providing additional confidence
before fabrication and testing of the DSRP EM and FM.
DSRP does not include any internal harnessing, with the
only harness being an external harness interfacing DSRP
with the lander. Simulation of the effects of this harness
were performed on a system-wide level and were beyond
the scope of the DSRP payload team.



Fig. 7. Random vibration power spectral density for DSRP (blue
line) and according to SpaceX Rideshare Payload User Guide (orange
line).

Fig. 8. Structural displacement of DSRP under rando

Table 5
Progression of DSRP models during the design and implementation process.

Version
Number

Model Completion
Date

Notes

1 Prototype 2022/10 Basic circuit verification.
2 EM1 2023/01 Fit check with lander PIF. In
3 EM2 2023/05 Increased baud rate. Qualifica

single event effects. SOM chas
4A EM3 2023/07 Added watchdog IC and hard
4B FM 2023/10 Removed hard reset circuit. A
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11
5. Payload implementation and verification

5.1. Development progression

DSRP was designed and implemented by a core team of
undergraduate and masters students at NCU with a size
not exceeding four individuals. Some work handover was
necessary due to student graduation during the project.
Additional support and advising was provided by the fac-
ulty advisor, a postdoctoral researcher, lab staff and
alumni, as well as students assigned to other projects.
Biweekly progress meetings were also held with ispace engi-
neers, who reviewed progress and provided additional
guidance.

Kickoff of the DSRP project officially began in March
2022, following approximately one year following initial
contact, contract negotiations, and mission concept stud-
ies. Table 5 shows the progression of DSRP models
throughout the entire design and implementation phase
of the project. The first prototype of DSRP (Version 1)
m vibration conditions simulated by SolidWorks.

creased test points on PCB.
tion tests for vibration, shock, thermal vacuum, total ionizing dose, and
sis fixture modified.
reset circuit.
cceptance test for delivery.



Fig. 9. Fit check between DSRP EM1 and the HAKUTO-R M2 PIF.
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was completed in October 2022, allowing for verification
and fault identification of the initial circuit designs, while
also familiarizing members of the student team with the
requisite design tools and methodology. Revisions based
on these functional tests and verification were used to
develop Version 2, which was the first EM (EM1) of
DSRP. As shown in Fig. 9, DSRP EM1 was also subject
to a fit check with the HAKUTO-R M2 PIF in February
2023 to verify the structural, data, and electrical interfaces
between the payload and the lander.

Results from the fit check were used to produce DSRP
Version 3 (EM2) in May 2023, which was the first revision
of the payload to be subject to both functional and envi-
ronmental testing. Environmental testing included shock,
random vibration, sinusoidal vibration, quasi-static load,
thermal vacuum, and ionizing radiation. The environmen-
tal tests were performed in this order, which is consistent
with the expected lifecycle of the DSRP FM.

Based on discussions regarding the frequency of payload
health monitoring and possible intervention by flight con-
trollers, it was decided to implement watchdog functional-
ity to DSRP Version 4A (EM3) to allow for autonomous
recovery from software errors potentially caused by single
event effects or shortcomings in payload embedded soft-
ware design. The time available for troubleshooting and
anomaly recovery is especially crucial during the period
of alive time on the lunar surface, which is expected to be
no longer than 12 days, making autonomous recovery a
mission critical function. A watchdog IC capable of per-
forming hard and soft resets of DSRP was included on
Version 4A, with hard resets being performed after a
12
threshold number of soft resets had occurred. The hard
reset functionality was removed from Version 4B of DSRP,
after it was verified that recovery from the software anoma-
lies encountered during functional and environmental test-
ing was possible using only a soft reset. Version 4B was
selected as FM for the HAKUTO-R M2 mission and deliv-
ered to ispace in December 2023 for integration with the
lander, which has been named Resilience (ispace inc.,
2023a,b).
5.2. Vibration, load, and shock tests

Starting from DSRP Version 3, the payload was subject
to vibration, load, and shock tests along all 3 axes (NASA
Goddard Space Flight Center, 2005a,b; NASA, 1999) with
specifications compliant with the IRD provided by ispace.
After being secured to the vibration table on a fixture cor-
responding to the appropriate payload axis (Fig. 10), the
payload was first subject to a resonance survey to verify
that its normal modes were all larger than 140 Hz to avoid
overlap with the normal modes of the launch vehicle
engines. This was followed by a quasi-static load test by
means of sine burst (EM only), sinusoidal vibration, ran-
dom vibration, and another resonance survey to determine
if the normal modes had shifted by over 10 % from pre-test
values, indicating a non-negligible change in the payload
structure possibly caused by deformation or separation.
Finally, the DSRP Version 3 payload was subject to a
shock test, followed by a final resonance survey to identify
possible damage. The test levels for qualification and



Fig. 10. DSRP secured to vibration table using fixture configuration for payload y-axis.

Fig. 11. Specification of sine burst qualification test along the DSRP (a) x- and y-axes, and (b) z-axis.

Table 6
Specifications of qualification level sinusoidal vibration test.

Frequency (Hz) Level (�9.8 m s�2) Sweep Rate

2–25 ±14.9 mm 2 octaves/minute
25–140 ±24 mm
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acceptance testing were identical, except for random vibra-
tion where the acceptance levels were decreased by 3 dB.

The specifications of the sine burst tests used to qualify
for quasi-static load are shown in Fig. 11. Consistent with
the predicted environment for static acceleration, DSRP
13
was subjected to sine burst tests with amplitudes of 30 g
along the payload x- and y-axes (Fig. 11a) and 33 g along
the payload z-axis (Fig. 11b). The time duration of the tests
was approximately 1 s, but the loaded vibration table
required pre-test warmups at amplitudes of 25 %, 50 %,
and 75 % of the desired value before reaching the desired
amplitude. As such, the DSRP models were subject to four
quasi-static load tests of varying amplitudes on all three
axes.

The specifications of the sinusoidal vibration qualifica-
tion tests are shown in Table 6. Only the DSRP EMs were
subject to sinusoidal vibration testing for qualification
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purposes. The specifications of the random vibration qual-
ification test used for the EMs were shown in Table 4. The
acceptance levels used for the FM were 3 dB lower than the
qualification levels. The shock test for the EM qualification
tests had a shock response spectrum of 8 Gsrs at 100 Hz, as
well as 1000 Gsrs at 1500 Hz and 10000 Hz. A shock test
was not required for the FM.

The DSRP EMs and FMs all successfully passed the
vibration, load, and shock tests, exhibiting consistency
between pre and post-test normal modes and passing func-
tional testing when powered on post-test. This verification
has led to a high level of confidence that the DSRP FM can
survive the mechanical stresses of the HAKUTO-R M2
flight environment.

5.3. Thermal vacuum cycling test (TVCT) and RADFET

temperature coefficient characterization

The DSRP EMs and FM were all subject to thermal
vacuum cycling testing (TVCT) to verify their ability to
function in the expected on orbit and lunar surface envi-
ronment (NASA Goddard Space Flight Center, 2005a,b).
The control temperature selected for the TVCT was the
temperature of the RADFET readout module, as the
threshold voltage level of the RADFET used to infer ion-
izing radiation dose is sensitive to temperature. As shown
in Fig. 12, the extreme control temperatures used for the
hot and cold soaks were 60 �C and 0 �C, respectively. These
correspond to the closest high value attainable using avail-
able test facilities to the worst case hot RADFET temper-
atures, as well as the lowest expected temperature
considering the effect of the external heater installed on
the lander side. The durations of the hot and cold soaks
were 4 h.
Fig. 12. Specifications of the acceptance level thermal vacuum cycling test for t
module, which was set as the control point.
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As indicated by the red points in Fig. 12, two functional
tests were performed at the beginning and end of each
TVCT at ambient temperature, before and after pump
down. The DSRP unit was powered off during the initial
pump down, as well as during the final re-pressurization.
The temperature cycles did not commence until after the
first functional test after pump down was completed. The
functional tests consisted of the transmission and verifica-
tion of execution of a set of commands to DSRP involving
telemetry requests and operational mode changes. A sim-
plified set of commands was transmitted and verified dur-
ing limited performance tests (LPTs) at the end of hot
and cold soaks, as indicated by the green and yellow points
in Fig. 12. An HK data request command was also trans-
mitted to the DSRP unit every 30 s to verify payload alive-
ness. The configuration of the DSRP FM during TVCT is
shown in Fig. 13. It can be seen that the MLI over the
DSRP main body has been installed, although the MLI
that will shield the harness to the lander was not installed
for this test.

During the first TVCT for DSRP EM2, the test unit
used was the one that experienced PCB warping during
the bake out for epoxy curing as mentioned in the previous
section. During the temperature reduction phases of the
TVCT, the test unit became non-responsive to commands,
while also showing anomalously large increases in electrical
current. These anomalies occurred at temperatures similar
to or lower than room temperature in the thermal vacuum
chamber. Recovery was only possible by increasing the
temperature with the test unit powered off and powering
on again at room temperature. This anomaly was not re-
producible using only cold sprays and refrigeration at nor-
mal atmospheric pressure but could be re-produced during
a second TVCT with the same unit. Based on the hypoth-
he DSRP FM. Temperature corresponds to that of the RADFET readout
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esis that this anomaly was caused by damage to the PCB
traces during the bake out, the configuration of the pay-
load controller fastener was changed on subsequent test
units as described in Section 4.2. This anomaly did not
occur on subsequent test units with this modification.

The TVCT was also utilized to characterize the level of
uncertainty in the measured radiation dose introduced by
temperature variations of the RADFET readout module
and associated electronics. For the batch of Varadis RM-
VT01-A readout modules used for EM2, EM3, and the
FM, the relation between the change in threshold voltage
and accumulated radiation dose (Dose) for silicon in units
of rad is:

DV threshold ¼ A� Doseð ÞB ð1Þ
Fig. 14. Variation in threshold voltages of the DSRP FM RADFET

Fig. 13. Configuration of the DSRP FM (upper left) during TVCT. The
payload harness providing power and data interfaces is visible extending
from DSRP to the lower right.

15
Here for the dose range of 0 krad to 10 krad, A ¼ 0:0068
and B ¼ 0:6164 (Varadis, 2023). Solving for radiation dose:

Dose ¼ DV threshold

A

� �1
B

ð2Þ

The relation between uncertainty in inferred radiation
dose (e Doseð Þ) and uncertainty in threshold voltage
(e DV thresholdð Þ) can be derived through error propagation as:

e Doseð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@

@DV threshold

DV threshold
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B
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DV threshold

A

� �1�B
B
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Fig. 14 shows the threshold voltages of RADFET R1 (a)

and R2 (b) in the DSRP FMmeasured during the TVCT as
a function of the RADFET temperature, as measured by
the DSRP internal temperature sensor. It can be seen that
the measured RADFET threshold voltages change very lit-
tle with temperature, with R1 and R2 respectively showing
mean threshold voltages of 1.40 V and 1.35 V. The stan-
dard deviation of the threshold voltages of R1 and R2

are respectively 2:52� 10�3 V and 8:98� 10�4 V. Taking
these as the uncertainty in threshold voltage in Eq. (3),
the resulting uncertainty in radiation dose as a result of
these voltage fluctuations are respectively 16.55 rads and
5.77 rads, which is small compared to the survivable TID
of 10 krad. This indicates that the relative uncertainty will
be higher during earlier stages of the mission but will
decrease along with the increasing TID throughout the
course of the mission.
5.4. Ionizing radiation tests

The IRD provided by ispace for DSRP required that the
payload be qualified to survive a total ionizing dose of 10
R1 (a) and R2 (b) with control temperature during the TVCT.



Fig. 15. Configuration of DSRP and fixture (center) during TID test. Cobalt-60 gamma ray source will be located at position of the two rods to the center
left. Power supply behind lead castle shielding is at the lower right.
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krad with aluminum shielding of 1 mm. Starting from Ver-
sion 3, DSRP was subject to total ionizing dose (TID) tests
to verify its ability to survive the required TID, as well as to
characterize the radiation doses inferred from the measured
RADFET threshold voltages. The ability to recover from
single event effects and identify bit flips in NAND Flash
for the SEU counting experiment was also verified using
a proton beam to simulate the effects of cosmic ray proton
strikes. DSRP units subject to radiation tests were disqual-
ified from flight.
Fig. 16. Time variation of ionizing dose inferred from threshold voltage chang
by NTHU considered as calibrated data (blue line). The time corresponds to
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A qualification unit using Version 3 of DSRP (EM2)
was subject to two rounds of TID testing using a Cobalt-
60 gamma ray source operated by the Institute of Nuclear
Engineering and Science at National Tsing Hua University
(NTHU). There was a 16 day interval between the tests. In
both tests, the DSRP qualification unit was attached to a
fixture located 40 cm from the gamma ray source, as shown
in Fig. 15. The dose rate provided by NTHU was taken as
ground truth, with a value of 2.48 krad hour�1 (24.8 Grey
hour�1). During the tests, the DSRP unit was powered on
es of RADFET R1 (red line), R2 (orange line), and the dose rate provided
the local time at which the test was conducted.



Fig. 17. (a) Time variation in total ionizing dose inferred from RADFET R1 (red line), R2 (orange line), and NTHU dose rate. Time is given as local time
during which the test was conducted. (b) Time variation in total ionizing dose rate inferred from RADFET R1 (red line) and R2 (orange line), compared
with NTHU supplied dose rate (blue line). Time is denoted as time elapsed since the start of the test. (c) Relative difference between RADFET R1 total
ionizing dose and dose computed using NTHU dose rate. (d) Same as (c), but for RADFET R2.

Fig. 18. Configuration of DSRP test unit during SEE test. Center target
of proton beam illuminated by laser cross hairs.

L.C. Chang et al. Advances in Space Research xxx (xxxx) xxx
and continuously commanded to return HK telemetry
every 30 s, allowing the R1 and R2 RADFET threshold
voltages to be monitored. The first test was 3 h and
48 min in duration, corresponding to a dose of 9.424 krad.
The second test was 4 h and 6 min in duration, correspond-
ing to a dose of 10.168 krad. The unit thus accumulated a
total dose of 19.592 krad before experiencing a component
failure at the end of the second test, namely the 3.3 V DC-
DC converter. Since this TID exceeded the maximum TID
survivability requirement of 10 krad, replacement was not
deemed to be nessecary.

The two separate TID tests also allowed for operational
factors in the payload embedded software affecting the
inferred radiation dose to be identified. Fig. 16 shows
the time variation of total ionizing dose inferred from the
threshold voltage changes in RADFET R1 (red line) and
R2 (orange line) using Equation (1) compared with the
dose computed using the dose rate provided by NTHU
(blue line). The time corresponds to the local time during
which the experiment was performed. For the purposes
of the radiation tests, the NTHU dose is considered to be
calibrated data. The discrepancy between the inferred
doses and the calibrated dose is significant with R1, which
consistently shows a relative error on the order of 70 %.
The dose error from R1 is initially lower, with values on
the order of 10 % during the first hour of the test, but
rapidly increases thereafter, growing to 40 % by the end
of the test. After consultations with Varadis, it was deter-
mined that the cause of this discrepancy was the fact that
17



Fig. 19. Number of bit errors detected in DSRP NAND Flash as a function of local time during the SEE test (red line). Green triangles denote
commanded resets of DSRP, orange triangles denote times when the proton beam was switched off, pink stars denote times when functional tests were
performed on the DSRP test unit.
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the RADFET readout module was continuously kept in
read out mode during the operation of DSRP, resulting
in decreased sensitivity to ionizing radiation.

Based on these results, the DSRP embedded software
was modified such that the RADFET readout module
was kept in irradiation mode with all control pins grounded
when not actively being polled for threshold voltage read-
ings by the payload controller. This results in the RADFET
readout module being in readout mode for less than 1 s dur-
ing each reading. Test 2 was performed using this new con-
figuration. Fig. 17a shows the time variation of the total
ionizing dose inferred from RADFET R1 (red line) and
R2 (orange line), compared with the dose computed using
the NTHU supplied dose rate (blue line), which is again
considered to be calibrated data for the purposes of this test.
Note that the total ionizing dose does not start from 0 rads
due to the change in RADFET threshold voltages from Test
1. Compared to Test 1, the RADFET inferred total ionizing
dose curves are much closer to that of the truth data. A sim-
ilar situation can be seen for the dose rates computed from
the RADFET observations shown in Fig. 17b. From the
relative differences between the RADFET R1 and R2 and
truth total ionizing doses shown respectively in Fig. 17c
and d, it can be seen that the total ionizing dose inferred
from R1 showed a maximum difference of 8 % from the
truth values, while R2 showed a maximum difference of
17 %. Additional TID tests will be performed to determine
the consistency of these results for other RM-VT01-A
RADFET readout modules from the same production
batch, to aid in data calibration.

A proton beam was used to bombard a DSRP Version
4A (EM3) test unit to simulate single event effects (SEEs)
caused by cosmic ray strikes. The objective was to verify
the ability of DSRP to survive and recover from SEE, while
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also verifying the ability of DSRP to detect and count bit
errors in the onboard NAND Flash as required by the
SEU counting experiment. The test setup utilized the pro-
ton beam produced by a 230 MeV cyclotron at the Proton
and Radiation Therapy Center of Linkou Chang Gung
Memorial Hospital (Hsiao et al., 2024). The proton beam
had a mean energy of 221.2 MeV, with a proton flux of

1:32� 107 cm2 s�1. A broad beam in the shape of an
8 cm � 8 cm square was used to irradiate the bare DSRP
PCB board, which was powered on during the entire dura-
tion of the test. The beam was targeted on a point just adja-
cent to the payload controller, as shown in Fig. 18.

During the SEE test, the DSRP test unit was irradiated
by the proton beam for a total time of 33 min, resulting in a

fluence of 2:37� 1010 cm�2 and an estimated dose of 1.29
krad. The test unit was polled for housekeeping data every
15 min and also periodically subjected to functional tests
and commanded resets. The SEU counting experiment
was performed using a total memory volume of 3.78 MB.
No anomalous un-commanded resets or power cycles
occurred during the test, which indicates that embedded
software hangs, as well as power cycling to recover from
SEL induced overcurrent events did not occur, verifying
the ability of DSRP to tolerate proton strikes.

The red line in Fig. 19 shows the number of bit errors
detected in DSRP NAND Flash during the SEE test as a
function of local time. It can be seen that there were five
distinct spikes in bit errors during the periods of irradia-
tion. Given that similar spikes in bit errors were not pro-
duced during the operation of DSRP for equal or longer
periods of time while not being irradiated, these bit errors
are likely the result of SEUs caused by proton bombard-
ment. This provides confidence that DSRP is capable of
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detecting bit errors caused by proton strikes. One anoma-
lous point is the persistence of 436 bit errors for a 5 min
period starting around 12:13 local time. This may be attri-
butable to a software bug, as the bits in error should be
reset at the end of each memory sweep. Another possibility
is a charge pump failure, which can prevent a proper erase
from occurring. The cause for this bug is still under inves-
tigation, but similar persistent events can be identified and
corrected during post-processing.

6. Discussion and future work

Following acceptance testing, the DSRP FM for
HAKUTO-R Mission 2 was delivered to ispace for integra-
tion with the Resilience lunar lander in December 2023. As
delivered, the DSRP FM had a total mass of 399 g. Of this,
the chassis and PCB comprising the main body of the pay-
load accounted for 342 g, while MLI covering the main
body and the harnessing accounted for 57 g. HAKUTO-
R Mission 2 is scheduled for launch no earlier than Q4
2024. DSRP is expected to be powered on shortly after
launch with the opportunity to begin measurements as
the spacecraft passes through the Van Allen Belts. DSRP
is expected to be active during Earth-Moon transit, in lunar
orbit, as well as on the lunar surface.

DSRP Version 4B units with the same configuration as
the FM are being used on the ground by ispace and NCU
for simulation and diagnostic purposes during spacecraft
integration and the mission. Additional TID tests will be
performed to examine the consistency of differences between
radiation doses measured by DSRP and truth values, in
order to generate correction factors that can be used in the
calibration of flight data. Due to the accelerated develop-
ment schedule and the learning curve for FPGA and soft-
ware design required, some shortcomings in the payload
software development were addressed by treating symptoms
rather than the root cause. For example: a data read anom-
aly that consistently occurred after long term operation of
DSRP was treated by forcing periodic autonomous soft
resets. Additional diagnostic and debugging work will be
performed to identify the cause and a more robust solution
for future revisions. The SEU counting algorithm will also
be revised to use a more realistic mix of 1 s and 0 s, as
opposed to the current version which uses only 1 s.

The form factor and interface of DSRP is also being
modified to be compatible with the 3U CubeSat form fac-
tor of the COSPAR-1 mission, which is in development as
a Low Earth Orbit kickoff mission for the Committee on
Space Research (COSPAR) Task Group on Establishing
a Constellation of Small Satellites (TGCSS) tentatively
scheduled for the late 2024/early 2025 time period (Baker
et al., 2020; Smallsat News, 2023). The low mass, power
consumption, data size, and pointing requirements of the
revised version of DSRP, named the Compact Radiation
Probe (CRP), make it particularly attractive for CubeSat
use.
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7. Conclusions

In this study, we have examined the scientific and capac-
ity building motivations behind the development of the
Deep Space Radiation Probe to be flown aboard the ispace
HAKUTO-R M2 commercial lunar lander scheduled for
launch in late 2024. Considering the rapid growth of lunar
exploration, rideshare opportunities, and infrastructure
development, the mission is motivated by the need to better
characterize the ionizing radiation environment between
the Earth and the Moon, as well as to develop the capacity
to design and implement payloads and spacecraft systems
for the deep space environment. The rapid design and
implementation process by an NCU student team over
the course of a 21-month period has been described, which
provided a valuable hands-on education opportunity, while
also serving to establish deep space design and exploration
capacity. The ionizing radiation dose, dose rate, and SEU
bit error count data products that will be produced by
DSRP aboard the HAKUTO-R M2 Resilience lander will
be beneficial in characterizing the deep space radiation
environment at a time of growing activity in this region.
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