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Abstract: Earth observation is one of the most important
applications of space systems. The ability to realize earth
observation using small satellites enables cost-efficient earth
observation. To do this, improvements are inevitable for highperformance image processing units. We developed a highperformance image processing system for earth observation,
HP-IMAP-EO, using commercial off-the-shelf technologies.
To achieve good reliability against radiation effects, an
autonomous hierarchical monitoring system is introduced.
We planned to install HP-IMAP-EO on three satellites,
TSUBAME, ChubuSat, and Hodoyoshi-3, which are
scheduled for launch in 2014. In this paper, we introduce the
outline of HP-IMAP-EO and the strategy used to achieve
high reliability to counter radiation effects.
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1. INTRODUCTION
Earth observation is one of the most important
applications of space systems.
Wide-area images
acquired by space systems can be utilized for various
types of applications such as disaster monitoring [1]-[2],
and vegetation monitoring [3]. Various types of earth
observation satellites are currently utilized and are
scheduled for launch.
Meanwhile, there has been significant interest in the use
of small satellites to reduce the cost of space systems [4][7]. Small satellites enable a reduction of both the
development and launch costs, because the structure of
small satellite systems is relatively simple than that of
full-scale satellites, and small satellites can be launched
as auxiliary payloads. If we realize earth observation
using small satellites, we can achieve more cost-efficient
earth observation, considering the high demands for its
services.
To realize earth observation using small satellites,
significant improvements are inevitable for existing highperformance image processing units. Generally, the data
transmission bandwidth of a small satellite is limited; the
resolution of an observation sensor has remarkably
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improved. It is difficult to directly receive acquired highresolution image data on downlink, and the data therefore
need to be processed and stored on board the satellite.
Therefore, we need a high-performance on-board image
processing system that also possesses the ability to store a
large amount of data. Because the size and weight of the
satellite are also limited, the image processing system
needs to be as small and lightweight as possible.
Current space cameras are large and costly, because
priority is usually placed on ensuring component
reliability in space. Their processing capabilities are also
limited, because they require highly reliable and
conservative devices. Although devices for terrestrial
applications are continually being improved, limited
progress has been made with devices that need to be
sufficiently reliable for use in the harsh environment of
space. However, if the use of devices for terrestrial
applications is possible for space activities while
maintaining high performance, the development costs can
be significantly reduced. We have previously applied
commercial off-the-shelf (COTS) technologies and
experimentally verified the suitability of advanced devices
and technologies in several space missions [7]-[13].
Based on these experiences, we developed a very small,
high-performance image processing unit based on COTS
technologies with a calculation capability of 500 million
instructions per second (MIPS) on a single 50 mm × 50
mm printed circuit board, and which incorporates various
interfaces using field-programmable gate array (FPGA)
technology [11]-[13]. Using this image-processing unit,
we developed a small, low-cost camera with image
processing capabilities for spacecraft applications. The
camera is called the high-performance image acquisition
and processing unit (HP-IMAP). HP-IMAP technologies
have been successfully demonstrated on the Interplanetary
Kite-craft Accelerated by Radiation of the Sun (IKAROS)
spacecraft, which was launched on May 21, 2010. The
mission of IKAROS is to evaluate the performance of
solar power sails, which are large membranes that use
sunlight for propulsion [13].
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satellites, TSUBAME, ChubuSat, and Hodoyoshi-3,
which are scheduled for launch in 2014. In this paper,
Table 1: Specifications of HP-IMAP-EO

Fig. 1: High-Performance Image Acquisition And
Processing Unit For Earth Observation (HP-IMAP-EO)
HP-IMAP is mainly focused on image processing for
relatively low-resolution situation monitoring.
By
expanding the performance of HP-IMAP, we develop a
high-performance image processing system for earth
observation, called HP-IMAP, for earth observation (HPIMAP-EO). To satisfy the requirements for high-data
transmission rate and the large data capacity of earth
observation, the FPGA was upgraded from VertexIIpro to
Vertex4FX (Fig. 1). Based on the FPGA upgrade, there
are concerns that the occurrence of radiation effects such
as single-event effects (SEEs) will increase, because the
effects of single events are a probabilistic effect caused by
the interaction between radiation particles and logical
elements, and the probability tends to increase for a
higher density of logic elements.
To achieve high reliability against radiation effects, a
hierarchical monitoring system was adopted. The
watchdog timer of the FPGA observes task-level
anomalies and evokes a mild task reset to maintain the
function of the processing system. In addition to the
internal watchdog timer, a programmable IC is installed
as an external watchdog timer to prevent cases in which
the FPGA cannot recover itself. The PIC has limited
calculation capabilities, but the single-event probability is
quite low, because the density of the logic elements is
very low. The over-current situation caused by the singleevent latch-up (SEL) can be detected by a non-logical
current detection and reset circuit. Based on radiation
test experiments, it was confirmed that radiation effects
can be successfully mitigated using an autonomous
hierarchical monitoring system (Fig. 2).
Now, HP-IMAP-EO is scheduled to be installed in three

Fig. 2: Concept of Hierarchical Monitoring System
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we introduce the outline of HP-IMAP-EO and the strategy
employed to achieve high reliability against radiation
effects.

2. HIERARCHICAL MONITORING
SYSTEM AGAINST POSSIBLE
ANOMALIES CAUSED BY RADIATION
2.1 Radiation Effects on the Electronics Devices
In the spacecraft’s orbit, solar radiation and particles
emitted by the Sun can directly affect on-board electrical
devices. The radiation effect is a key difference between
the terrestrial environment and the orbital environment.
The radiation effect can be divided into two categories:
the total ionizing dose (TID) and the SEE. The TID is an
irreversible degradation effect caused by a large amount
of radiation. This effect significantly depends on the
material and fabrication process of the devices, and it
corresponds to the potential lifetime of the devices in the
orbit. The TID can be verified by the gamma radiation
test, and the validation and screening of the devices are
therefore considered to be effective measures.
The SEE is a probabilistic effect caused by the radiated
particles, and the major effects are the single-event upset
(SEU), which causes the bit inversion of logical devices
and memories, and the SEL, which causes a tentative
over-current condition. Generally, the SEL can be
recovered by a rapid power reset of the devices; therefore,
a good approach for the mitigation of the SEE is to detect
the SEL by taking the current measurement and evoking
the power reset. The effect of the SEU is highly logical
and occurs in a probabilistic manner, based on the
characteristics measured by the particle radiation test.
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2.2 Mitigation of Single-Event Latch-up Effects
The probabilistic level of an SEL is quite low, but it
cannot be negated, because it causes permanent failure if
it is not properly treated. Because it is easy to recover
from an SEL by performing a hard reset, namely tentative
power off situation, the problem is how to detect the SEL
and to perform a secure reset. Because the SEL causes a
high electric current in the power line, the current
detection and reset circuit is installed in the power
conversion units.
Because the logical elements may
themselves cause the single event, the reset circuit should
consist of analog and very low-level logic elements.
2.3 Mitigation of Single-Event Upset Effects
The SEU, which refers to bit flipping, causes software
anomalies. With respect to the mitigation for memory
elements, the implementation of an error correction
system by redundant memory coding should be the most
direct way to mitigate against an SEU [8]. However, the
utilization of an error correcting bit highly suppresses the
memory capacity.
In the case of high-memoryrequirement applications such as image processing in
earth observation applications, such a suppression of
memory usage is critical. Moreover, redundant coding
suppresses not only the memory capacity but also the
logic element usage in the case of the FPGA.
Therefore, the use of a functional error detection and
mitigation process, such as a watchdog timer, is needed
for HP-IMAP-EO, but for safety considerations, the
watchdog timer is installed in a hierarchical manner.
First, each task is monitored by a specific watchdog
process. If any anomalies are detected in this process, the
milder mitigation process, i.e., a task level reset, is
evoked. The effect of this level reset is limited and
marginally affects the function of the entire system.
However, anomalies may occur at any point, and the
watchdog process itself may be affected by the single
event or by other effects. In the case in which the
mitigation process for task-level anomalies is suspended,
the external watchdog timer is adopted using a
programmable IC (PIC). The PIC has limited calculation
capabilities, but the single-event probability is quite low,
because the density of the logic elements is very low. The
PIC monitors only the FPGA anomalies and evokes a
hard reset in the case of anomalies to refresh all memory
areas, including the operating system (OS) area.

3.HIGH-PERFORMANCE IMAGE
ACQUISITION AND PROCESSING UNIT
FOR EARTH OBSERVATION (HP-IMAPEO)
HP-IMAP-EO has two camera interfaces that acquire 8
megapixel class image data. Its size is 110 by 60 by 37,
and its weight is less than 200 g.
The major
specifications of HP-IMAP-EO are summarized in Table
1.
HP-IMAP-EO consists of three boards: the FPGA board,
the bus interface board, and the camera interface board.
(Fig. 3)
3.1 FPGA Board
The most significant feature of this board is that the highperformance FPGA, including the CPU IP core and its
peripherals such as RAM and flash memory, is realized
on a very small board (47 mm × 47 mm). (Fig. 4)

Fig. 4: FPGA Board
Furthermore, by utilizing the reconstruction function of
the FPGA feature, it is very easy to expand various types
of interfaces and functions. Actually, by using such a
capability, the same unit is used in various earth
observation missions of Hodoyoshi-3, TSUBAME, and
ChubuSat.
The main components of the FPGA board are shown
below:
・Virtex4FX (FPGA)
・PIC24HJ (Microcontroller)
・LAN8700 (Ethernet PHY)
・M25P64 (Serial flash memory)
・MT47H (DDR2 SDRAM)
・Micro SD Card connector
・EN53xx Regulator
・MCP9800 (temperature sensor)
・FX6-40 Connector x 2
Virtex4FX has a PowerPC processor (PPC405) and a
media access controller (MAC) by hard macro. PPC405 is
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driven at 450 MHz at the maximum, and it is sufficiently
fast to realize data acquisition and image processing for
earth observation applications. Virtex4FX has a sufficient
number of logic elements to realize major interfaces,
enabling earth observation applications, but in the case in
which the user is expected to utilize a larger number of
logic elements to achieve very complicated interface
logic, it can be improved by connecting an auxiliary
processor (APU) by fabric coprocessor bus (FCB) of
PPC405. The board includes a 128 MByte SDRAM and
an SD card, in addition to an 8 MByte serial flash
memory, which is used for the storage of software
libraries. An EthernetPHY IC is installed for mainly
debugging purposes, but it can be utilized in future
applications in which an Ethernet connection is supported
by the satellite’s on-board computer. PIC24HJ is used for
situation monitoring as a part of the autonomous
hierarchical monitoring system that is mentioned above.
The FPGA board is designed to provide an interface to
other extension boards such as the camera interface board
through two of the FX6-40 connectors that interconnect
boards in a gap of only 5 mm.
3.2 CAMERA IF Board
The camera interface (IF) board is one of the extension
boards of the FPGA board, and it covers the interface
with various types of camera head. (Fig. 5) Image data,
including a clock-synchronized parallel data stream, are
captured and automatically stored in the SDRAM of the
FPGA board using direct memory access through the bus
connection.
The camera interface also covers the
serialize and de-serialize interface capabilities in the case
in which it is expected that the camera head will be
installed at some distance from the processing unit, since
the serial interface is very robust to the length of the
interface cable. The camera interface de-serializes the
signals, which are the serialized pixel clock and the pixel
data in the camera head unit. This function is covered by
a complex programmable logic device (CPLD).
In the case in which the camera head interface is
changed, the camera interface board is customizable, and
the FPGA board can be utilized in the same structure.

Fig. 5: Camera Interface Board
In addition to such basic functions, the camera interface
board covers additional functions such as data storage
using 2 GB NAND flash memory and debug interfaces
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using JTAG, RS232C serial, and Ethernet.
3.3 BUS IF Board
The interface functions, such as the power interface,
telemetry and command interfaces, are covered by the bus
interface board. In the case in which the satellite
interface changes, the bus interface board is customizable,
and the FPGA board and camera interface board are free
from modifications. (Fig. 6)
The BUS IF board has a regulator from 5 V to 3.3 V and
an over-current detection-reset circuit. As mentioned
below, the over-current will occur in the case of an SEL.
In such a situation, the best way to recover is to perform
an immediate hardware reset. Because of the over-current
detection and automatic reset function, the processing
unit is free from the breakdown caused by the SEL. The
circuit measures the current on the high side using a
shunt after a common mode filter and regulates 3.3 V
from 5 V using a DC/DC converter. (Fig. 7) The voltage
drop at the shunt is amplified and compared with the
reference voltage using a hysteresis comparator. Then, the
polarity is reversed, converting the impedance, and the
signal drives the gate of the field-effect transistor (FET)
(internal DC/DC). The series resistor and parallel
capacitor are put into a gate, and the transient current
starts slowly for about 100 ms. The MCP9800, which is a
temperature sensor, monitors the board temperature to
ensure its ongoing health.
3.4 FPGA Internal Logic design
The internal design of the FPGA was performed using Xilinx
Platform Studio. Base System Builder (BSB) was used and
the PPC405, processor local bus (PLB), multi port memory
controller (MPMC), and XPS interrupt controller (XPS Intc)
were made. Furthermore, the IP core that is offered by Xilinx,
such as timer, serial parallel interface (SPI), general purpose
IO (GPIO), and IIC, was used. The image sensor frame buffer
(IMSFB) IP core of insourcing is mentioned later.
The required clock was made using digital clock manager
(DCM). 100 MHz is put into DCM1 from a crystal oscillator,
and a 100 MHz PLB clock, 200 MHz for MPMC, and 100
MHz of differential clock for DDR2 are made. The 200 MHz
output of DCM1 is put into DCM2, and is doubled for
PPC405. Because the PLB and PPC405 clock must have the
same phase, the source clock must be the same, and the
PPC405 clock must be an integral multiple of the PLB clock.
The PLB clock must also simultaneously be an integral
multiple of the DDR2 clock. Furthermore, since the DCM has
many restrictions, the method used to generate in excess of
350 MHz requires an input having more than 175 MHz into
the DCM, and it must be doubled using the delay lock loop
(DLL). Another clock source, such as an Ethernet MAC and
UART IP, serves as an external oscillator.
The reset system has a self-reset from GPIO and the reset
from the PIC. When the temperature exceeds 80 degrees, the
PIC begins to reset. The PIC is connected to the FPGA by the
UART, and the PIC is a function of the acquired temperature,
WDT, and configuration change. In many cases, the design
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will be simplified if the final PIC is selected from the
viewpoint of radiation or heat, rather than the FPGA.

on Science and Technology (FIRST Program),” which
was initiated by the Council for Science and Technology
Policy (CSTP).

Table 2: The Probability of Anomalies Caused by
Irradiation Effect

References

4. VERIFICATION ON RADIATION TOLERANCE
To verify the effectiveness and radiation tolerance of the
hierarchical monitoring system, verification tests were
performed by proton irradiation.
The proton irradiation test was performed at the National
Institute of Radiological Sciences (NIRS). The proton
beam was formed and energized by the synchrotron, and
the energized level was 40 MeV. The beam rate was
4*105 count/cm2/s, which corresponds to a factor of 160
thousands orders of magnitude higher, i.e., a number of 3
year proton is irradiated in ten minute.
Table 2 summarizes the probability of the occurrence of
anomalies caused by the irradiation effect. Since the
anomalies caused by single event latch up was not
observed in this condition, the table only list up the
anomalies caused by the single event upset. On average,
the probabilities are located at a higher level comparing
low performance processors, because the density of the
logical element is quite high in Virtex4FX. Even though
the anomalies cannot autonomously recovered in the case
of internal watchdog timer support, adding external
watchdog timer covers the anomalies perfectly, and all
anomalies successfully mitigated by using external
watchdog timer. The results show that the hierarchical
monitoring system is effective for the mitigation of
single-event anomalies.

5.CONCLUSION
In this paper, we introduced the outline of the highperformance image acquisition and processing unit for
earth observation (HP-IMAP-EO). HP-IMAP-EO was
developed utilizing COTS technologies to realize high
performance in small-sized satellites. To achieve high
reliability against radiation effects, an autonomous
hierarchical monitoring system was introduced, and based
on verification experiments, the monitoring system was
found to be effective in achieving high reliability and
survivability. The concept of utilizing the hierarchical
monitoring system was considered to be effective not only
for image processing systems but also for other on-board
equipment to achieve high reliability when utilizing
COTS technologies.

Acknowledgment
This study was funded by a grant from the Japan Society
for the Promotion of Science (JSPS) through the
“Funding Program for World-Leading Innovative R&D
Volume 2, Issue 4 July – August 2013

[1] A. Rosenqvist, M. Shimada, N. Ito, and M.
Watanabe,”ALOS PALSAR: A Pathfinder Mission
for Global-Scale Monitoring of the Environment”,
IEEE Transactions on Geoscience and Remote
Sensing, 45, 11, pp. 3307 - 3316
[2] Alex da Silva Curiela, L. Bolanda, J. Cooksleya, M.
Bekhtib, P. Stephensa, W. Suna, M. Sweetinga,
“First results from the disaster monitoring
constellation (DMC)”, A cta Astronautica, 56, pp.
261–271, 2005
[3] Y. Aoyanagi, T. Totani, K. Yamaguchi, A.
Nakamura, N. Takeyama, Y. Kanai, S. Satori,
“Status of VNIR Hyperspectral Sensor HSC-III
development: Optical and Data Acquisition
Subsystem” Proceedings of 61st International
Astronautical Congress, Prague, Czech Republic,
Sept, 2010.
[4] N. Rodriguez-Alvarez, X. Bosch-Lluis, A. Camps, I.
Ramos-Perez, E. Valencia, H. Park “Vegetation
Water
Content
Estimation
Using
GNSS
Measurements” IEEE Geoscience and Remote
Sensing Letters, 9, 2, pp. 282-286, 2012
[5] N. Sako, Y. Tsuda, S. Ota, T. Eishima, T.
Yamamoto, I. Ikeda, H. Ii, H. Yamamoto, H.
Tanaka, A. Tanaka and S. Nakasuka, “CanSat
Suborbital Launch Experiment - University
Educational Space Program Using Can Sized PicoSatellite”, Acta Astronautica, Vol.48, pp.767-776,
2001
[6] S. Nakasuka, Evolution From Education to Practical
Use in University of Tokyo's Nano-Satellite
Activities、Acta Astronautica, 66, pp.1099-1105,
Apr 2010
[7] S. Nakasuka, Students' Challenges towards New
Frontier –Enlarging Activities of UNISEC and
Japanese Universities, Transactions Of The Japan
Society For Aeronautical And Space Sciences, Space
Technology Japan, Vol.7, pp.19-24, 2009
[8] S. Kimura H. Mineno H. Yamamoto Y. Nagai H.
Kamimura S. Kawamoto F. Terui S. Nishida S.
Nakasuka S. Ukawa H. Hashimoto N. Takahashi
and K. Yoshihara, "Preliminary Experiments on
Technologies for Satellite Orbital Maintenance
Using Micro-LabSat 1," Advanced Robotics, 18 (2),
pp.117-138, 2004
[9] S. Kimura H. Yamamoto Y. Nagai M. Akioka H.
Hashimoto N. Takahashi M. Kato and K.
Yoshihara, "Single-Event Performance of a COTSBased MPU under Flare and Non-Flare Conditions,"
IEEE Transactions on Aerospace and Electronic
Systems, 41 (2), pp.599-607, 2005
Page 373

International Journal of Emerging Trends & Technology in Computer Science (IJETTCS)
Web Site: www.ijettcs.org Email: editor@ijettcs.org, editorijettcs@gmail.com
Volume 2, Issue 4, July – August 2013
ISSN 2278-6856
[10] S. Kimura and A. Miyasaka, "Qualification Tests of
Micro-camera Modules for Space Applications,"
Transaction of JSASS, Aerospace Technology
Japan, 9, pp.15-20, 2011
[11] S. Kimura, M. Terakura, A. Miyasaka, N. Sakamoto,
N. Miyashita, R. Funase and H. Sawada, "A HighPerformance Image Acquisition And Processing
Unit Using FPGA Technologies," Advances In The
Astronautical Sciences, 138, pp.407-414, 2010
[12] S. Kimura, A. Miyasaka, R. Funase, H. Sawada, N.
Sakamoto and N. Miyashita, "High-Performance
Image Acquisition & Processing Unit Fabricated
using COTS Technologies," IEEE Aerospace and
Electronics Systems Magazine, 26 (3), pp.19-25,
2011
[13] S. Kimura, M. Terakura, and H. Sawada, "HighPerformance Visual Monitoring System For
IKAROS,"
Advances
in
Microelectronic
Engineering, 1 (3), pp.57-65, 2013

Masato Terakura received M.E. degree in
electronic engineering from Tokyo University
of Science, Japan, in 2011, and B.E. degree in
2009. He is a doctoral student at Tokyo
University of Science in Japan. His research interests
include computer system, digital camera and satellite
system.

Shinichi Kimura received the B. S. degree in
chemistry on drug manufacturing from Tokyo
University, Tokyo, Japan, in 1988 and M. S.
and Ph. D. degrees in pharmacology from
Tokyo University, Tokyo, Japan, in 1990 and 1993
respectively. In 1993 he joined the Communications
Research Laboratory (which was converted to the
National Institute of Information and Communication
Technology in 2004) and has been the group leader of
Smart Satellite Technology Group since 2004. He holds
an additional post of a guest associate professor of The
University of Elecreo-Communications. In 2007, he
moved to Tokyo University of Science as a associated
professor, and in 2012 he became professor. He has been
engaged in the space robotics and autonomous control
technologies to maintain the telecommunication satellites.
He made experiments on Manipulator Flight
Demonstration on STS-87, Engineering Test Satellite VII
which is the first tele-robotic satellite, visual analysis
experiment of deployable antenna (LDREX) and MicroLabSat, visual monitoring system for the IKAROS
(Interplanetary Kite-craft Accelerated by Radiation Of the
Sun). He is engaging various missions and developing
on-orbit motoring cameras.
Volume 2, Issue 4 July – August 2013

Page 374

