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    ■Progress with the implementation of NEC’s Roadmap


    Fusion of Space Technologies and IT/Network Technologies


    NEC set up the project “NEC Space System Business Vision and Space System Business Roadmap” in 2010. As a part of this undertaking, NEC is able to offer “Comprehensive Space Usage Systems” by fusing space technologies and IT/Network technologies. The “Comprehensive Space Usage Systems” are to provide solutions for our users to solve issues not only by providing products of space technologies but also by providing technologies that are capable of fusing space technologies and other technologies.This paper introduces trends in the next generation platforms, such as cloud systems and also describes strategies for space system usages based on cloud systems, as well as for related issues that are yet to be solved.


    Strategies aimed at the Entry of Space Systems Business Enterprise to the Global Market


    In order to survive in the space industry market and to cope with the great changes affecting space industry projects it is essential for us to adapt our space business to suit the global market. NEC aims to provide “Global space system solutions” by setting the provision of small satellites as the core item of our space business agenda. To achieve this aim, expansion of our market share as well as improved product supply is essential in order that we are able to effectively enter overseas markets, especially those of the emerging space countries. Our space business agenda aims not only at selling space components but also at providing packaged hardware and software solutions. This policy is significantly different from trying to create business opportunities in the major space countries such as the European countries, the U.S.A., China or Russia. In order to deal with the space businesses of emerging space countries, cooperation between governmental agencies and the private sector is essential to support the business environment in its financial and engineering aspects. This is because such a program would be beyond the capacity of unaided private companies. In consideration of such conditions NEC aims to offer unrivalled solutions for space business in the overseas commercial markets.


    Promotion of Service Oriented Businesses for Space Utilization


    From manufacturing business view point, the market for the space has almost matured. For further development in this sector, it is essential to shift the main business focus from equipment manufacturing to service oriented businesses that include systems management and data usage. This paper introduces NEC’s activities in promoting “service oriented businesses for space utilization.”


    Development of the ASNARO, an Advanced Space System


    The ASNARO is a small earth observation and imaging satellite under development by NEC as a consignment contract together with: the Japanese Ministry of Economy, Trade and Industry (METI), the Institute for Unmanned Space Experiment Free Flyer (USEF) and the New Energy and Industrial Technology Development Organization (NEDO). It is not simply an engineering test satellite but aims at supplying subsequent models for the needs of future overseas markets. It is supported by some of our latest technologies in introducing standardization and miniaturization and it is being developed accordingly as a small, high-performance, low-priced satellite featuring high market competitiveness.


    ■Technologies/Products supporting roadmap implementation (Satellites/Space station)


    Development of the Japanese Experiment Module (JEM), KIBO for the International Space Station


    Japan has developed its first manned space facility by completing the Japan Experiment Module (JEM), KIBO for the International Space Station. In this development, NEC was in charge of systems including the Inter-orbit Communication System and Robot Arm System as well as the JEM Control Processor, various experiment devices and the Operations Control System. Putting the first priority on the safety of astronauts at the same time as pursuing operability, universality and versatility, NEC developed each piece of equipment by adding new manned space development requirements to the existing space development technologies and by coordinating them into the uniquely Japanese technologies. At present, the JEM is monitored and is operated on 24-hour schedules for performing various space experiments.


    Development of the Venus Climate Orbiter PLANET-C (AKATSUKI)


    Launched successfully on May 21, 2010, PLANET-C (AKATSUKI) is Japan’s first inner planet exploration spacecraft. Although it failed in the Venus orbit insertion mission, it is still continuing the flight and it is now targeting a successful insertion attempt in six years time. This paper introduces the system design of the PLANET-C explorer and its associated technologies.


    Development of Small Solar Power Sail Demonstrator IKAROS


    The solar power sail demonstrator is a probe that navigates by combining propulsion based on the momentum of photons from the Sun and an ion-propulsion engine. It is a middle-sized demonstrator spacecraft developed to demonstrate technologies that will be indispensable in the projected outer planetary exploration toward the Jupiter and its Trojan asteroid. The small solar power sail demonstrator IKAROS (Interplanetary Kite-craft powered by Radiation from the Sun) has been designed to reduce the risks of development in the middle-sized demonstrator program. It has succeeded in the first advanced demonstrations globally of the deployment a large membrane, power generation via power sail and photon acceleration/navigation using sail. This paper reports on the development of the bus technology of the IKAROS by NEC.


    Development of the KAGUYA (SELENE), a Lunar Orbital Spacecraft


    Beginning with the “one small step” of commander Armstrong of Apollo 11 in 1969, manned lunar exploration had been halted since Apollo 17 in 1972. In September 14, 2007, Japan restarted a new lunar exploration activity by launching the lunar orbital spacecraft SELENE (KAGUYA).This paper introduces the main specifications of the KAGUYA mission for which NEC acted as the prime coordinator, being in charge of the mission from the development to the operational stages. The operational process from the launch to the end of the mission is also discussed, together with the technology used in the laser altimeter that has also been developed by NEC.


    Development of the Earth Observation Satellite “DAICHI” (ALOS)


    The Advanced land Observation Satellite “DAICHI”(ALOS) is one of the world’s largest class earth observation satellite launched on January 24, 2006. The primary mission of “DAICHI” is obtaining enormous volume of image data for global topographic mapping and emergency disaster monitoring of the disaster-struck area.It has three remote sensing instruments (PRISM, AVNIR-2 and PALSAR) for the precise ground surface observation.This paper describes practical applications of the images obtained via the three remote sensing instruments over the five year period subsequent to the launch and the ways that the obtained data may contribute to the social infrastructures affecting the lives of the people both inside and outside Japan.


    Development of the Wideband InterNetworking Satellite WINDS (KIZUNA)


    The WINDS (Wideband InterNetworking engineering test and Demonstration Satellite, also called KIZUNA) is a stationary satellite developed for the technological development and demonstration of an ultrahigh-datarate satellite communications system using the Ka band that has high affinity to the Internet. It enables ultrahigh-datarate communications experiments all over Japan as well as in the Asia-Pacific region. The effectiveness of the satellite has already been demonstrated by many communications experiments conducted over the three years since the launch, and more experiments are planned for the future. This paper introduces an outline of the WINDS project and discusses the results of the main experiments so far.


    Small SAR Satellite Technology Promotes Dissemination of a Comprehensive Space Utilization System


    The needs of synthetic aperture radar (SAR) has recently been increasing. This is because it is an image sensor capable of observing the Earth’s surface regardless of weather or time of the day. Aiming at providing high performance Earth observation services, with the low price and the short delivery term, NEC is developing a small SAR satellite of the 500-kg class by utilizing the SAR system technology, spacecraft design technology and small-sized satellite standardization technology that have been accumulated up to the present. This paper introduces an outline of the small SAR satellite system, the techniques used in its development and the projected global deployment of an Earth observation data service.


    ■Technologies/Products supporting roadmap implementation (Satellite ground system)


    Ground Systems Supporting Satellite Operations


    To enable a satellite to complete its missions, it is necessary to prepare a ground system equipped with a satellite control function to monitor the satellite’s status and control it, functions to receive the various types of data acquired by the satellite, etc.NEC aims to develop an internationally competitive ground system through standardization, by packaging the required functions and developing technology elements to meet the latest trends.


    Data Processing System for Advance of Earth Observation Data


    Earth images observed from a satellite (satellite data) contain distortions due to the characteristics of the satellite-borne sensors, which makes it necessary to correct the satellite data with a data processing system so that the users can utilize the data effectively. The data processing system has previously been developed individually for each satellite or per sensor but, in the future, it is desirable to unify the data processing system into a single set of packages (image processing PKGs) that can be used commonly regardless of the satellites and sensors installed in them. NEC is planning to promote the use of satellite data by applying the common image processing package to the satellite data processing system.


    ■Technologies/Products supporting roadmap implementation (Satellite Bus)


    NEXTAR Standard Platform for Quick Startup of Remote Sensing Operations


    NEC boasts achievements in the manufacturing and operation of various spacecraft systems, from communications/broadcasting satellites to meteorological satellites, Earth observation satellites, scientific satellites and space stations. With the MUSES-C (HAYABUSA), which has recently returned to the Earth, NEC demonstrated that it possesses the technologies required for the agile operation of spacecraft in lunar and planetary orbits as well as in low Earth orbit (LEO) and geostationary orbits (GEO). The NEXTAR standard platform is the culmination of these achievements and enables public institutions and private businesses to start up remote sensing operations using observation sensors and communications equipment promptly.


    Standard Components of Satellite-borne Equipment


    Satellite-borne equipment includes components that are commonly used by any satellite. These components include earth sensors, transponders, GPS receivers and star trackers. NEC supplies these components to almost all Japanese satellites, and some of them, such as the earth sensor, have a big share of overseas markets as well.This paper introduces the development of compact, high-performance standard components by NEC aiming at increasing shares further in overseas markets.


    ■Technologies/Products supporting roadmap implementation (Communication)


    Communications Technologies Supporting Satellite Communications


    NEC supplies the rocket-borne communications equipment that assists the launch of satellites to the H-IIA/B launch vehicles as part of the corporation’s wide variety of technologies supporting satellite communications.NEC also developed the large deployable reflector (LDR) for the Engineering Test Satellite VIII (ETS-VIII), and this is expected to be applied to the Earth Observation Satellites and the Mobile Communications Satellites as the next-generation satellite communications technology. Other NEC developments targeting the implementation of high-capacity communications include the development and demonstration of optical communications equipment for the Optical Inter-orbit Communications Engineering Test Satellite (OICETS).


    Satellite Transponder Equipment in Active Worldwide Use


    Among the space businesses of NEC, the business related to communications/broadcasting satellite transponder equipment has achieved a large number of sales, even to the severe overseas satellite market, and its excellent technology and reliability are highly evaluated by worldwide satellite manufacturers. NEC is attempting to expand this business field by developing new devices and standardizing equipment while putting emphasis on areas with high added value. This paper is intended to introduce the present status of transponder equipment as well as perspectives for its future.


    ■Technologies/Products supporting roadmap implementation (Observation sensors)


    Optical Sensor Technology Supporting the Greenhouse Gases Observing Satellite (GOSAT, or IBUKI)


    Earth observation from satellites has recently been increasing in importance in global environment monitoring for dealing with climate change, monitoring natural disasters such as earthquakes, tsunamis, volcanic activity and torrential rains and collecting security-related intelligence.Since the development of the first satellite-borne optical observation sensor in Japan, NEC has developed a large number of satellite-borne optical sensors. This paper introduces NEC’s optical sensors, including the Thermal And Near-infrared Sensor for Carbon Observation (TANSO) mounted on the Greenhouse Gases Observing Satellite (GOSAT, or IBUKI) launched in 2009, the high-resolution OPtical Sensor (OPS) mounted on the Advanced Satellite with New system ARchitecture for Observation (ASNARO) under development, the Hyperspectral Image SUIte (HISUI) and the Second-generation GLobal Imager (SGLI) mounted on the Global Change Observation Mission (GCOM).


    Radio Frequency Sensor Technology for Global Rain and Cloud Observation


    The Dual-frequency Precipitation Radar (DPR) installed in the Global Precipitation Measurement (GPM) core satellite is the successor to the Tropical Rainfall Measuring Mission/Precipitation Radar (TRMM/PR) that was launched in 1997 and is still in use. It observes global precipitation distribution, including high-latitude regions, using two radars in the Ku and Ka bands. Meanwhile, the Cloud Profiling Radar (CPR) installed in the EarthCARE satellite observes the clouds of entire globe with approximately 10 times greater sensitivity than that of existing satellite-borne cloud radars.The CPR is the first satellite-borne millimeter-wave radar in the world with a Doppler velocity measuring function.These technologies will be applied to radars installed in earth observation and security-related satellites in the future.


    SAR Image Processing Technologies are Improving Remote Sensing Data


    Since the images from SAR data were successfully reproduced for the first time in Japan in 1980, NEC has been advancing R&D into various SAR image processing. High-level processing of SAR data enables acquisition of 3D information on the earth’s surface, extraction of its changes and “feature extraction” that is one of SAR advantages for target analysis. This paper introduces the latest SAR image processing technologies including; the polarimetric SAR image analysis software “RSGIS-SAR,” ScanSAR/ScanSAR interferometry and bistatic SAR image reproduction.


    An Industrial Waste Monitoring System Based On the Use of Satellite Images


    The many uses of space technology have found applications in various fields that affect our lifestyles and they have thereby tended to become more or less essential components of our every day lives. This trend has aroused attention as a new growth area in satellite based earth observations that are aimed at improvements in personal safety from a national perspective. This paper introduces the satellite technologies associated with earth observations that are being applied to industrial waste monitoring. It also discusses a recently deployed industrial waste monitoring system. We intend that these technologies will contribute to a wider promotion of the use and application of satellite imaging systems that have previously been limited to use by a small number of specialists.


    ■Technologies/Products supporting roadmap implementation (Fundamental technologies)


    Fundamental Space-Supporting Technologies and Their Development Process


    NEC’s space technologies are supported by a broad range of fundamental technologies. Production innovation activities have brought space technology from a field of work dependent on the skills and techniques of expert workers to the forefront of production innovation. Space technology is inextricably linked to material development. NEC developed the most advanced reaction-sintered SiC optical mirror material, which makes it possible to manufacture a mirror with light weight and high strength. Meanwhile, spacecraft on-board software technology is being developed to meet the trends of diversification and increased precision of mission requirements. Image processing for more advanced utilization of remote sensing data is a technology that responds directly to the needs of data users. This paper introduces the above fundamental technologies supporting NEC’s space technologies and their development process.


    Element Technologies for Trajectory Design for Lunar/Planetary Exploration


    Trajectory design for lunar/planetary probes requires technologies different from those required by Earthorbiting satellites. NEC has long been in charge of trajectory design for many lunar and planetary probes in cooperation with the Japan Aerospace Exploration Agency (JAXA) and its predecessor organization. This paper gives an outline of the main technology elements involved and the trajectory design characteristics of various projects based on them.


    Development of a Radiation-Hardened POL DC/DC Converter for Space Applications


    The operating voltages of space grade MPUs and FPGAs are getting lower. Therefore, the operating voltage drop caused by interconnection resistance hinders the stable operation of these kinds of components. To solve this problem, the necessity of a POL (Point of Load) DC/DC converter, a power supply installed adjacent to the MPU or FPGA, is increasing more than ever. This paper reports on the development overview of the POL DC/DC converter and on the results of reliability and environmental testing.


    Qualification Situation and Future Deployment of PWBs for Space Development Use


    The requirements for the size and weight reduction of electronic devices should also be met by the printed wiring boards (PWBs) used for space development through the maintenance of high reliability in this special environment. To make this possible, Yamanashi Avionics, Co., Ltd. (YACL) is continuing production activities by applying evaluation testing based on the specifications for the acquisition of JAXA qualifications. This paper reports on the design specifications of NEC’s JAXA-qualified parts together with perspectives on their future deployment.


    ■Technologies/Products supporting roadmap implementation (Guidance control computer)


    Guidance Control Computer for Launch Vehicle


    The H-IIA/H-IIB are the main launch vehicles domestically developed in Japan. With 14 consecutive successful launches among a total of 20 attempts, they have now acquired international reliance and are improving their competitiveness. NEC is involved in this project with the guidance control computer (GCC). As part of development for dealing with component depletion, NEC is developing a new GCC featuring high speed, high performance, compact size and light weight by adopting a new MPU. This paper introduces the circumstances of the development of past computers for launch vehicle together with the features, functions and performance of the new GCC and the efforts NEC will make with regard to computer systems for launch vehicle in the future.


    ■Asteroid probe MUSES-C (HAYABUSA)


    Results Achieved from the Development and Operation of the Asteroid Probe MUSES-C (HAYABUSA)


    The MUSES-C (HAYABUSA) is the first asteroid probe to have landed on a celestial body beyond the earth’s atmosphere that is further out than the Moon and to have brought samples back to Earth. NEC coordinated the MUSES-C project, and it was in overall charge of the design, manufacture, testing and operations of the entire system as well as of much of the payload equipment, including the bus components and the ion powered navigation engines.This paper provides details of the design and operation of the MUSES-C project. It also discusses the results achieved from its development and operation and the prospects for future commercial ventures.
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    Japan Aerospace Exploration Agency (JAXA) is the research and development organization that leads Japan’s aerospace initiative with responsibilities ranging from the research, development and utilization of satellites to research and development of rockets, the space station and aircraft, and space science and exploration.


    The relationship between JAXA and NEC is long and marked by numerous impressive milestones.They include the February 1970 launch of Japan’s first satellite “OHSUMI” by the Institute of Space and Aeronautical Science (University of Tokyo) – one of the predecessors of JAXA; the launch of “KIKU-1” – the first satellite developed by the National Space Development Agency of Japan which is another forerunner of JAXA; and the Geostationary Meteorological Satellite “HIMAWARI”. More recent achievements such as “DAICHI” (Advanced Land Observation Satellite) which performs highly detailed land observation and is making a large contribution to the production of maps, disaster surveys and other purposes; the “KIZUNA” telecommunications satellite for ultra-high speed Internet communications with expanded capacity; and Japan’s first large-size lunar explorer, the SELENE: SELenological and Engineering Explorer “KAGUYA” were developed by NEC. They also played a major role in the development of the Asteroid Explorer “HAYABUSA” which stirred the imagination with its epic journey to collect samples from an asteroid and return them to the earth. From observation sensors, telecommunications equipment and electronic components to ground station systems, NEC is engaged in diverse areas that support the space program, and indeed could be described as a leading company supporting the Japan’s development of space.


    Even among diverse areas of development and utilization of space pursued by Japan, satellites and other systems that utilize space is particularly indispensable to the lives of our citizens and global society, providing meteorological information, telecommunications and broadcasting, GPS and other vital services.JAXA’s Space Applications Mission Directorate which I head is charged with the development, operation and promotion of the development of business to utilize land observation satellites, telecommunications satellites, GPS satellites and other satellites that support our lives, but recently we not only drive the advance of these activities but also are expected to open up new frontiers for space utilization.


    Also, the Basic Space Law enacted in May 2008 and the Basic Plan for Space Policy which was formulated in June 2009 and provides a fundamental roadmap for Japan’s development and practical of the space environment, pave the way for a shift from an R&D-driven policy to one advanced by practical utilization of space, and demand our maximum exploitation and utilization of hitherto untapped potential in a variety of fields.


    Accordingly, it is necessary for our future space activities put an unprecedented focus on practical utilization of space. For example, in the case of satellite-based space systems, while making advances in utilization that contributes to the solving of planet-wide issues such as global warming and climate change, regional issues including food, water management and disaster observation and other social issues, we believe that it is vital to target new space utilization areas in response to the needs of society and to create new missions.


    Even higher expectations from citizens and the government for the future development and utilization of space that benefits society demand that we exploit the fruits of heretofore technological R&D and address global environmental problems and other issues that people everywhere have in common. At the same time, while we cannot expect national investment in the space program amid the current financial challenges facing the nation, the expansion of both hitherto limited space utilization by the government and public agencies and demand from overseas and the private sector are expected.


    In order for us to effectively respond to this situation, we must not only tackle lowering the cost of high-performance satellites and other hardware and provide them in a shorter time frame, but also cooperate with both domestic and overseas satellite users, identify and define potential needs that these users are currently not aware of, and then develop concrete responses – in other words, a major issue for JAXA is improving our capability to provide solutions. For this purpose, it is important to build a cooperative system that brings together the government, users, space agencies and corporations. It can be said that there will be especially high expectations for the integrated strengths of corporations to contribute to the development of solutions.


    In unison with government agencies and the private sector, the government is currently advancing a strategy to promote overseas business in not only areas such as high-speed rail and nuclear power, but also space systems. The government is pursuing a package-type overseas strategy - a policy to promote the sales and provision of satellites, rockets, ground station facilities and other system solutions to overseas clients as a total package. While offering a level of technology on a par with overseas competitors, Japan’s space agency’s record of achievements does not compare favorably and requires reinforcement from the private sector. JAXA is committed to aggressively tackling this issue.


    NEC is both a leading company and long-time partner in our country’s space development and utilization initiative, and has been active in a broad range of areas. We anticipate even further contributions from NEC in the coming years.
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    Our lives and how they relate to the frontiers of space are entering a period of dramatic change. With the enactment of the Basic Space Law in 2008, we are rapidly transitioning from “Space for development activities” to the “utilization of space”. In every imaginable field from telecommunications, the earth observation from space and global positioning to meteorology, disaster prevention and the environmental surveys, the utilization of space is moving forward and increasingly touching the lives of people in diverse ways. Also in our mid-term growth plan announced in 2010, space systems are identified as one of the industrial areas where we intend to make advances in the future. We are committed to transforming our space-related business into an industry that makes even more contributions to society.


    In NEC Group Vision 2017, we set forth our aim to “to be a leading global company leveraging the power of innovation to realize an information society friendly to humans and the earth”, and immediately launched a variety of activities. In order to make this vision a reality, the “Cloud Society” - a world where people around the planet can use ICT (information and communications technology) services via advanced networks anywhere and anytime - will be indispensable, and advances in the utilization of space will play a vital and effective role in dramatically expanding the menu of cloud services for this new society.


    Against this background, NEC Space Systems is furthering development of related technologies, increasingly aware of the necessity to transform our company into an enterprise that can contribute even more towards building an affluent society friendly to humans and the earth.


    Beginning with our leadership in the development of Japan’s first satellite Ohsumi launched in 1970, the story of the growth of NEC Space Systems has mirrored the history of Japan’s exploration and development of space. Recently NEC has been in the spotlight for its work in the development and manufacturing of the asteroid probe, “HAYABUSA”. Other NEC pioneering space developments in the news include satellites such as the Advanced Land Observing Satellite (ALOS) “DAICHI” which serves as a space eye on the earth for advanced applications ranging from mapping to resource surveys, and the super high-speed Internet telecommunications satellite “KIZUNA” which relayed high-definition broadcasts of the Beijing Olympic Games. Currently NEC is in charge of the development of an advanced small-satellite, “ASNARO” (Advanced Satellite with New system ARchitecture for Observation). With this positioned as a core product, NEC is setting its sights on developing global markets. I, myself, have headed missions to South America (August 2010) and Asian countries (February 2011) to promote the export of infrastructure and advanced systems in the space industry, and found an enthusiastic reception and an abundant need for our space system solutions. Now packages centered on small-satellites (satellite manufacturing, launch, ground station systems, satellite exploitation services, related human resource development, etc.) that respond to the space-utilization needs of such emerging countries are the focus of increasing attention.


    As a leading company in the space industry, NEC is multiplying efforts to answer these and other needs. Guided by the two key phrases “globalization” and “providing solutions”, we are tackling the development of the above-described packages and promoting various standardization methods. On a platform of space technologies honed to a cutting edge over the history of Japanese space exploration and development, NEC aims to answer the expectations of users by providing “space system solutions” that will make a contribution in markets around the world.


    This special issue will describe our vision for NEC’s space system business, our roadmap to its achievement, and details of the activities and programs that will lead us to our destination. These pages will also introduce the reader to the various space-related products that will provide a launch pad for our business as well as the platform technologies behind them.


    I hope that you enjoy this in-depth look at our space solution business and the promising future it holds, and you will continue to provide us with encouragement and invaluable support in the future.
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  The Business of Space: Our Vision and Roadmap


  
    Taking advantage of changes in market trends and industry policies, NEC’s Space Business is reinventing itself and transforming into a global solution provider. Leveraging a portfolio of technologies from miniaturization to sensors that have been honed to a cutting edge over the years, we are advancing solutions that fuse IT and network technologies with the aim of targeting this business at the global market with a focus on emerging nations. With our vision and roadmap for our Space Business serving as a compass, NEC is committed to unifying the company behind achieving this objective.
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    1. Preface


    Currently the space business coming to a major turning point. In recent years, there have been dramatic changes in market trends and industry policies, and swift and appropriate response to the changes in the market environment will lead to carving out a superior competitive position.


    Against this background, our space systems business formulated the NEC Space Business Vision and Space Business Roadmap in summer 2010 as an action plan that reorients the direction and objectives of our business, unifies the efforts of all employees related to this business, and accelerates change and reforms in our operations.


    Sharing these objectives within the NEC Group, we have clearly declared to our customers how NEC will change and our commitment to making this happen.

  


  
    2. Space System Business: Circumstances and Related Issues


    2.1 State of the Market


    In FY2008, the scale of the space-related market in Japan was approximately 7.2 trillion yen, growing at a steady annual rate of 5% (Source: The Society of Japanese Aerospace Companies, Research 2010). However, satellite communications and broadcast systems, car navigation systems and other products aimed at the general consumer accounted for over 95% of this market, and market scale of NEC’s main business domain of “space systems manufacturing” only amounted to approximately 250 billion yen. Moreover, the government’s space development budget accounts for a sizable presence in this manufacturing market, and this budget has come under severe pressure in the face of the severe fiscal condition of government finances. This same trend can be observed in countries around the world.


    When viewed by market segment, the communications and broadcast sector which accounts for the majority of the market is already quite mature while the relatively young market of remote sensing is the focus of increasing attention. Forecasts point to further exploitation of the unique wide area and borderless attributes of space as a place, and the expansion of the practical utilization of space through the provision of systems and services such as global environment and disaster monitoring and geo-spatial intelligence services that combine GPS data and related information.


    2.2 Changes in Industry Policy - Shift from Development to Utilization


    The enactment of the Basic Space Law signaled a major shift in the policy of Japan’s space industry away from “development” and towards the “utilization” of space. The advance of space development and its utilization was further promoted by the “New Growth Strategy” issued by the Cabinet in 2010.


    The government has clearly stated its intent to position the space industry as one of the strategic industries in the 21st century, and its pursuit of the following four approaches to bolster this industry’s competitiveness in the global arena:


    
      	Promotion of sustainable space utilization projects that serve as social infrastructure;


      	“Space Diplomacy” - space development and utilization as a diplomatic means or objective;


      	Promotion of the utilization of space in the area of national security; and


      	Elevating the level of overall industry through cutting-edge research and development.

    


    As a result of this change in government policy, while companies will be gaining support for the building of a space industry, there will be a strong demand for these same corporations to accelerate their response to these changes. Seizing these changes as an opportunity, the NEC Space Business Roadmap provides a compass for navigating the reinvention of NEC.


    2.3 NEC Space Business Objectives


    In order to realize NEC Group Vision V2017 “To be a leading global company leveraging the power of innovation to realize an information society friendly to humans and the earth,” NEC’s Space Business has given the following 3 management issues the highest priority.


    1. Raise the topline


    Double the scale of the space business to 100 billion yen in ten years through the expansion of the access market and business domains.


    2. Increase cost competitiveness


    Increase ratio of mass production and reduce costs through the promotion of product standardization.


    3. Stabilize business


    Build a business framework that supports sustainable investment and has reduced exposure to risks from market trends by escaping from the current state of the excessive reliance on few customers, expanding business globally, and broadening the scope of business activities including the field of space utilization.


    The Space Business Vision and Roadmap both clarifies these business objectives and shows the way to achieving them. Here we would like to introduce this content as well as its relevance to the “Progress with the implementation of NEC’s Roadmap” described in this special issue.

  


  
    3. Space Business Vision


    3.1 Reinvention as a Space Solution Company


    NEC is committed to transforming from a domestic R&D-centric satellite manufacturer and reinventing itself as a solutions company that provides “global space solutions” (See Fig. 1).
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        Fig.1 NEC space business vision.
      

    


    For our action plan based on NEC’s Group Vision V2017, our space business has set its sights on “global provision of a variety of solutions” that exploit the innovation tool called space.


    In 10 years, NEC sees itself as a space solutions enterprise that provides “integrated space-utilization systems” that fuse communications and global observation technologies, and services that exploit those systems and apply the remote sensing data that they capture. By processing, analyzing and storing both the observation data acquired from space systems and various sensor data collected from terrestrial sources, we aim to provide information services that can provide “any” user with “any” information that they need “anytime” and “anywhere” (See Fig. 2).
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        Fig.2 Integrated space utilization systems.
      

    


    The key to making these solutions a reality will be IT & Network technologies and miniaturization and sensor technologies in the space system segment - all fields in which NEC possesses an extensive record of achievements and high-level of technological expertise. Leveraging products and services basked by superior technological capabilities and vast experience, NEC will take its space business into global markets, aggressively pursue the expansion of our business domain in information services, and realize its transformation into a new and vital business.


    3.2 Expansion into Global Markets


    The key targets in NEC’s global business expansion are the emerging Asian, African and Central/South American nations with a demand for space solutions. There are great needs in these countries for solutions to various social issues (environmental pollution, resource management, response to natural disasters) by using remote sensing data and for the promotion of the development of their industries through the acquisition of cutting-edge space-related technologies.


    NEC believes that integrated space utilization systems based on compact earth observation satellites that both are relatively affordable and economical provide an optimum solution for the space utilization needs of developing countries. Packaging the “hardware” consisting of the systems that utilize the data and the essential “software” of technology transfer and human resource development, we aim to provide a key piece of the social infrastructure. With the development of small earth observation satellites serving as the nucleus of the system, Ministry of Economy, Trade and Industry (METI) is undertaking the Advanced Satellite with New System Architecture for Observation (ASNARO) Project. ASNARO will be the very latest in compact satellite engineering, incorporating both miniaturization and weight reduction technologies that we have honed over long years in this industry and the autonomous control technologies that were developed for and proven by the success of “HAYABUSA.” While weighing under 500 kg, this advanced satellite delivers the observation performance of a 2 ton-class commercial earth observation satellite.


    With this small satellite as the heart of our business, NEC Group will provide attractive solutions made possible by the fusion of the rich diversity of our IT applications, and launch theglobalization of our space business by exploiting our overseas business networks and the “One NEC” initiative which aims at encouraging greater cooperation and cross-leveraging among our subsidiaries and business units.


    3.3 Expansion of Business Domains


    In order to expand our revenue sources from the current product development to the provision of utilization systems and services, we are aiming at promoting product standardization and improving our “full turn key” project implementation capabilities.


    In the area of standardization, we have developed the standard satellite bus NEXTAR (NEC Next Generation Star) based on the results of ASNARO technological development, and are improving the lineup in combination with satellite-borne observation sensors. In parallel with this work, NEC is also moving forward the standardization with ground station systems (tracking and control station, data reception and processing facility) and developing a solution menu.


    Also in order to improve overall execution of operations in the value chain of the solutions provided by NEC (from consultation to serving services), we are seeking to accelerate our business through aggressive exploitation of collaboration and cooperation with external parties (Alliances and M&A). (Fig. 3).
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        Fig.3 Enhancing the value chain.
      

    

  


  
    4. Space Business Roadmap


    4.1 2-Phase Approach to Becoming the Company We Envision


    In order to double the scale of the current levels of our space-related business by 2020, NEC will pour its efforts into the growth sectors of overseas business (commercial equipment/devices + small satellites) and space utilization for domestic safety and security applications. As a result, NEC aims to transform our space business with a more stable business framework supported by 3 pillars: our ongoing R&D-centric business plus overseas-targeted commercial space business and domestic-oriented safety/security solutions.


    This process of transformation will be divided into two phases: “Seeding” and “Harvesting” (See Fig. 4).
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        Fig.4 Space business roadmap.
      

    


    In the seeding phase, the priority will be on enhancing our solutions business capabilities with the aim of improving our lineup of standard products and building a robust structure of affiliations and collaboration with companies outside of the NEC Group. Also NEC Group’s internal business structure will be reevaluated with an eye on improving operational efficiencies and strengthening our ability to respond to the new environment and needs of the market. By approaching emerging countries in tandem with ODA and other intergovernmental cooperation schemes, NEC aims to enter the global market. As preparation for the expansion of our business domain into the area of solutions, we will be devoting efforts to the construction of a business structure that includes collaboration with specialized business operators, and creating mechanisms and systems (information platforms) that will enable simple end-user access to remote sensing data.


    In the area of space utilization for safety/security applications, NEC will realize a robust business structure by promoting close cooperation among all Group safety/security-related assets and by proactive cooperation with assets and affiliations outside the Group.


    In the “Harvest” phase, we will exploit the business capabilities fostered in the previous phase and further expand the access market/business. This phase will also mark the construction of the integrated space utilization systems envisioned by NEC and the full-scale launch of our data utilization/provision service business. In step with the expansion of our business scale and scope of our domain, NEC will undertake the reconstruction ofour business structure. As our objectives in market expansion, we will shift to full-scale export of social infrastructure systems for emerging nations, provide space utilization systems for safety-security applications, and enter the commercial communications satellites market.


    4.2 Business Structural Reform


    The preceding sections have provided an overview of the NEC’s Space Business Vision and Roadmap, but for the efficient execution of the roadmap, it will be very important to clarify the respective roles and responsibilities of the Strategic Business Units (SBU) which are organized by the markets of “Communications/Broadcasting/GPS,” “Earth Observation,” “Future Large Scale Systems,” “Rocket-borne Equipment” “Satellites for Safety/Security,” “Satellites for Scientific/Technology” and “Commercial Equipment.” These SBUs are broadly positioned into two categories “Platform Business” and “Solution Business” as shown inFig. 5.
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        Fig.5 Space business framework
      

    


    In field of Platform Business are the “Safety/Security,” “Scientific/Technology” and “Commercial Equipment” SBUs. By securing stability of revenues from these business units and the development of new technologies that are the seeds of the future, NEC aims to make our Platform Business into a solid foundation for our space business.


    The Solution Business category is comprised of the “Communications/Broadcasting/GPS” and “Earth Observation” SBUs. NEC has assigned this category with the role of driving the growth of our space business by serving as the nucleus for our integrated space utilization systems and services.


    Regarding SBU included in neither category, the “Future Large Scale Systems” SBU sets a course for the long-term formation of a business that will be a key pillar of NEC’s space business in 20 years, while the “Rocket-borne Equipment” will contribute to the space business growth through sound and steady business execution.


    The latter half of this special issue will introduce the various technologies and products that will help NEC achieve each milestone and reach the destination of our roadmap.

  


  
    5. Conclusion


    With our Space Business Vision and Roadmap serving as our compass, NEC has set new objectives and has set out to meet their challenge.


    We shall leverage the advanced technological strengths and rich experience gained over the years as Japan’s pioneer in space development, and synergistically integrate group-wide IT and network technologies to contribute to realization of NEC’s Group Vision of “an information society friendly to humans and the earth.”
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    In recent years, interest in the space business has seen a dramatic shift from “development” to “utilization.” As the leading company in Japan’s development of space, NEC is continuing to innovate the technologies and products that it has developed over years, and is providing an array of space utilization solutions with the aim of advancing our vision of “an information society friendly to humans and the earth.”


    This article will introduce how NEC intends to tackle the business of space in the future, and will provide the reader with an overview of the related technologies and products.
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    1. Introduction


    About 10 years have passed since NEC first began designing our iconic space business product “HAYABUSA.” During that time, NEC has continued to refine and innovate the space-related technologies that define “HAYABUSA” and play an active role as a leading company supporting Japan’s space program. In recent years, the environment surrounding the space business has undergone significant changes, transitioning from an era of “space development” to the age of “space utilization.” The space business of NEC also is in process of reinventing itself, transforming from a satellite manufacturer into a global “space solution” provider.


    In order to provide the reader with an overall picture of NEC’s space business, the first half of this special issue will introduce NEC’s vision which will serve as our compass for space business, and the roadmap that will guide to its achievement as well as our approach to execution of the roadmap. In the latter half, the reader will be introduced to the various space-related products and platform technologies that will provide the foundation for our pursuit of the vision.

  


  
    2. NEC’s Approach to Space Business


    As one of Japan’s leading companies in the Japan’s exploration and development of space, NEC has provided a broad range of space-related products over its history.Fig. 1 shows an overview of those products.
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        Fig.1 NEC’s space business.
      

    


    With this wide diversity of products and technological capabilities as our base, NEC’s space business intends to transform itself into an enterprise that provides “space solutions.” In detail, this means the proposal and provision of earth observation/surveying systems, communications systems and other social infrastructure systems to developing countries in Asia and Africa, integrating NEC’s strengths in IT and network technologies with space systems (satellites and ground stations systems) to create cutting-edge tools and the solutions necessary to realize “an information society friendly to humans and the earth.” Fig. 2 illustrates this concept.
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        Fig.2 Space solutions provided by NEC.
      

    


    Also NEC is developing a new type of satellite that allows delivery at a lower cost and in a shorter time. In order to promote the utilization of space, it is essential that satellites not only be “high performance and easy to use” but also be more economical to lighten the burden of ownership and operation. For example, just as in the case of personal computers and automobiles, the approach of offering a standard model and a catalog of optional satellite-borne devices from which the user can choose will be necessary for swift response to the demands of diverse customers.


    In addition, NEC is currently pursuing the miniaturization and standardization of satellites as a means to achieve satellites that are lower priced and easier to use while providing the same or improved functionality and performance compared with conventional satellites.


    Supplying the market with small-scale earth observation satellites that deliver multi-functionality and high performance at highly competitive prices and in a shorter delivery time is expected to further heighten space utilization needs. Miniaturization and standardization, which is the approach necessary formaking this a reality, is also introduced in this special issue.


    Fig. 3 shows the ASNARO Project currently under development.
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        Fig.3 ASNARO Project using small-scale satellites.
      

    

  


  
    3. Space Business-related Products and Technology


    3.1 Rich Diversity of Satellites and Related Technologies


    NEC’s space-related products cover a very broad spectrum from satellites and ground systems necessary for their tracking and control, and processing the data that they gather to space station-related equipment and devices as well as guidancecontrol computers for the rockets that carry them into space.


    In the field of satellites, for over 40 years since the launch of Japan’s first satellite “OHSUMI” in 1970, NEC has borne the responsibility for the development and manufacture of various types of satellites (See Fig. 4).
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        Fig.4 NEC achievements in satellite development and manufacturing.
      

    


    The various technologies involved in the development of these satellites together with our IT and network technologies will be the source of the technological power that will support the future of NEC’s space business.


    This special issue will introduce the reader to various examples of satellites including “KAGUYA,” which made a huge contribution to exploring the moon, and “DAICHI,” which was launched in 2006 and continues to supply valuable information for national land management and situational status observation when a disaster strikes. This issue will also put the spotlight on “HAYABUSA” which has received worldwide attention.


    3.2 Wide Variety of Mission Devices and Observation Sensors


    As the industry makes the shift from “Space Development” to “Space Utilization” and we ask what role will be played by space systems and satellites, increasing importance will be placed on mission equipment/devices and observation sensors. As shown in Fig. 5, NEC has been involved in the development of a wide variety of optical and radio wave sensors. Data gathered by these sensors (satellite imaging) is already playing an active role in monitoring the situation when a disasteroccurs and in various environmental observational fields. NEC also provides the TANSO sensor to measure the concentration of CO2, which is considered one of the main contributing factors to global warming.
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        Fig.5 NEC achievements in earth observation sensor development.
      

    


    In addition to supplying various products in the field of communications including our pioneering communications relay equipment that has been installed in over 150 satellites from around the world to date, NEC possesses an array of cutting-edge technologies including large-scale deployable satellite-mounted antenna technology and communications equipments that uses optical technology.


    In this special issue, we would like to introduce the various types of mission equipment and observation sensors borne on these satellites as wells the components, materials and technologies that serve as their foundation.


    Our employees engaged in the space business are also united in their efforts to innovate our manufacturing. The construction of efficient manufacturing lines that deliver mission-critical quality is one of the sources of the power that will drive NEC’s penetration of global markets. While the limited space in these pages does not permit a thorough description of this aspect of NEC’s space business, this special issue will touch on part of these activities.

  


  
    4. Conclusions


    As described above, NEC supplies a wide variety of products as one of the leading companies in Japan’s development of space products.


    In recent years, global interest in space utilization solutions is rising, and NEC’s space business intends to answer those needs with global space solutions built on the platform of advanced technologies that we have honed to cutting edge over the long history of our involvement in space development. And through these solutions, we shall contribute to building a better society where people all around the world can live in safety and security.


    We sincerely hope that this special issue will leave the reader with a better understanding our approach to reaching this goal and the technologies that will serve as a platform to carry our business into the future.
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    Abstract


    NEC set up the project “NEC Space System Business Vision and Space System Business Roadmap” in 2010. As a part of this undertaking, NEC is able to offer “Comprehensive Space Usage Systems” by fusing space technologies and IT/Network technologies. The “Comprehensive Space Usage Systems” are to provide solutions for our users to solve issues not only by providing products of space technologies but also by providing technologies that are capable of fusing space technologies and other technologies.


    This paper introduces trends in the next generation platforms, such as cloud systems and also describes strategies for space system usages based on cloud systems, as well as for related issues that are yet to be solved.
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    1. Introduction


    Technology development has hitherto been the main business domain in the space industry in Japan. However, the enactment of the Basic Law for Space Activities in 2008 signaled a major shift in the policy of Japan’s space industry away from “development” and towards the “utilization” of space. Along with the progress of space related technologies, people are beginning to show an increased interest in space topics. The space industry has now undergone significant changes in becoming an industry that contributes significantly to improving society.


    Against this background, in the summer of 2010 NEC formulated the “NEC Space Business Vision” and “Space Business Roadmap.” This vision and the related road map stated that NEC is committed to advance from being a domestic R&D-leaning satellite manufacturer and to reinvent itself as a solutions company capable of providing “global space related solutions.” Offering a portfolio of technologies from satellite developments that have been honed to a cutting edge over the years, we are advancing solutions that fuse IT and network technologies with the aim of providing a “comprehensive space utilization system.” The NEC “comprehensive space utilization system” outlined in Fig. 1 aims to provide information services that can provide “any” user with “any” information that they need “anytime” and “anywhere” by processing, formatting and storing both the observation/survey data acquired from space systems and the various kinds of sensor data collected from terrestrial sources.
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        Fig. 1 Comprehensive space utilization systems.
      

    


    Our “comprehensive space utilization system” does not provide space technologies via products but aims to provide them with solutions to solve the issues that users are facing.


    The latter part of this paper will introduce an outline of how NEC intends to promote the fusion of space technologies with our IT and network technologies with the aim of building a “comprehensive space utilization system.”

  


  
    2. Recent Trends in IT and Network Technology


    2.1 NEC's Cloud Systems


    As you can see the shift from internet to the NGN (Next Generation Network) telecommunications infrastructures have recently been advancing rapidly. At the same time, cloud computing, which allows users to access IT services; including hardware, software, data, information, systems development environments, etc., at any time they need to via the network, has been attracting more and more attention.


    This trend shows that the market has entered the stage of the “4th Wave” in other words the “era of cloud computing” as illustrated in Fig. 2. The information system configuration has been transformed from mainframes to PCs, Open systems, and then to cloud computing services.
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        Fig. 2 Trend of mission critical system usage environment.
      

    


    With cloud computing, users do not have to possess their own IT or information systems as they did in the past. What users do now is to acquire the necessary services via cloud computing systems and to build their own information systems while gaining the advantages provided by the cloud computing services such as speed, flexibility, convenience, productivity increase and cost reduction. To achieve this, NEC has prepared three types of service models as shown in Fig. 3, so that usage can configure the cloud computing environment that suits their situation or needs while allowing them to chose the most appropriate service models. Our cloud computing architecture is the new system model that fuses IT and network technologies.
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        Fig. 3 NEC's three service models.
      

    


    2.2 Expansion of the Market Segment of Space Utilization


    When viewed from the perspective of the space utilization market sector, satellite communications and broadcast systems, car navigation systems and other products aimed at the general consumer account for over 95% of the market. However, the relatively young market of remote sensing is the focus of increasing attention.


    As shown in Fig. 4, remote sensing technology can be applied to various market sectors such as agriculture, environment, disaster prevention, resource exploitation and security assurance, etc.
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        Fig. 4 Possibilities of space utilization in various market sectors.
      

    


    In the past, various services based on the information acquired from ground-based sensors or sensors mounted on aircraft have been developed and have then been applied to these markets. However, adequate results could not be achieved from this information alone, and users also found it burdensome to spend a lot of time and expenses in acquiring the information they sought. Innovative space utilization technologies are useful measures for solving these issues because the information required can be readily acquired via satellites whereas conventional sensors where incapable of providing it.


    Such market scenarios for space utilization may be expected not only in Japan but also in overseas countries, including in the developing countries and even more ambitious scenarios can be expected. Especially, countries with large land areas but without sufficient terrestrial network infrastructures may demand systems that enable the combination of information acquired from space with that from the ground in order to compensate for the inadequacy of their current information.


    Such possibilities of advances in space utilization will tend to change conventional market strategies that is technology-centered activities targeting individual customers. In order to cope with such changes, NEC will process, format and store the observation/survey data acquired from space systems as well as the various sensor data collected from terrestrial sources. Moreover, it is essential to prepare a “comprehensive space utilization system” to provide information services that can offer “any” user with “any” information that they may need “anytime” and “anywhere” while at the same time listening to expert opinion and thereby add more value to available services.

  


  
    3. Changes in Space Utilization that Cloud Computing will Introduce


    The possibilities of space utilization have been increasing, however, users who actually use space technologies and services are still limited to researchers and engineers with specialized knowledge or to those who work in a specific environment. General users are not able to use such technologies or services conveniently. For example, observed data acquired from a climate satellite is processed via a ground-based system, which is then evaluated by a weather forecaster or a specialist after combining the data acquired from the satellite with other information (terrestrial sensor data, etc.). Finally, a weather forecast is reported via TV and other media together with comments to make the report more understandable for ordinary people. People may then use the weather information to help them to decide on which clothes to wear or what plans to carry out on the day.


    In the case of utilization of a weather forecast, users may not have any idea that they are using information from space. They only use the weather forecast as an information resource to help them decide on carrying out their plans. The basic idea of the integrated space utilization system is to provide users with required information and services at different levels according to their needs so that they can achieve their objectives. The cloud computing system that NEC is engaged in is shown in Fig. 5. It corresponds to users’ needs by providing various space utilization services via an on-demand platform, so that users can select a required service or combine multiple services to achieve their planned objectives.
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        Fig. 5 Cloud computing systems that NEC is pursuing.
      

    

  


  
    4. Issues in Promoting Space Utilization


    As described above, space utilization possibilities exist in various market sectors. However, there are also issues to be considered before promoting these possibilities.


    1) Issues in satellite data utilization


    
      In Japan, most satellites excluding broadcasting and communications satellites are launched by the governmental agencies. This means that the governmental agencies manage these satellites and control the data acquired from these satellites. Therefore, for a private company to develop a business using such satellite data, it has to acquire permission from the relevant government department. It is therefore necessary to establish a standard procedure for this process.

    


    2) Standardization issues


    
      Specifications and formatting of data acquired from satellites are different for each satellite. Although movement toward standardization has been accelerating in the international market, such a course of action has only recently been started by the government of Japan.

    


    3) Issues of secondary use


    
      Before using satellite data, it is necessary to process it at the primary processing stage and then at the secondary processing stage (physical quantity conversion or image processing). Products produced from these processes are currently classified as primary use products. However, when the utilization of satellite data is expanded, such products produced from primary processed data or information have specialist knowledge added to them and they will be modified into products with “added-value information.” Such products are classified as secondary use products and how to handle and provide them is currently under discussion.

    


    The preceding issues have to be solved before starting business deployment of either domestic or overseas commercial satellites. Governmental agencies are therefore requested to prepare suitable mechanisms and rules to support their adoption. These issues are under discussion by governmental agencies and clear guidelines are expected to be established to promote the imminent commercial use of satellite data.

  


  
    5. Conclusion


    The advancement of space technology offers great hope and expectations for the people of Japan. Space, which used to be a childhood dream is not a far away world any more but is now within our grasp. Space technologies will be used as efficient measures in our commercial ventures and also to enhance our every day lives. NEC will deal with space utilization as an opportunity to create new businesses. There are so many issues to be solved, but NEC will challenge these issues and solve them in achieving our aim of integration into a powerful “One NEC.”
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    In order to survive in the space industry market and to cope with the great changes affecting space industry projects it is essential for us to adapt our space business to suit the global market. NEC aims to provide “Global space system solutions” by setting the provision of small satellites as the core item of our space business agenda. To achieve this aim, expansion of our market share as well as improved product supply is essential in order that we are able to effectively enter overseas markets, especially those of the emerging space countries. Our space business agenda aims not only at selling space components but also at providing packaged hardware and software solutions. This policy is significantly different from trying to create business opportunities in the major space countries such as the European countries, the U.S.A., China or Russia. In order to deal with the space businesses of emerging space countries, cooperation between governmental agencies and the private sector is essential to support the business environment in its financial and engineering aspects. This is because such a program would be beyond the capacity of unaided private companies. In consideration of such conditions NEC aims to offer unrivalled solutions for space business in the overseas commercial markets.
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    1. Introduction


    The current state of NEC’s overseas commercial share of the space systems markets includes delivery of satellite-borne components and subsystems primarily to the European and US manufacturers (SS/L: Space Systems Loral, BSS: Boeing Satellite Systems, LMCSS: Lockheed Martin Commercial Space Systems, EADS Astrium, and TAS: Thales Alenia Space) and also to Chinese and Russian satellite system manufacturers.


    However, due to changing market trends and industrial policies such as a shift from “development” to “practical usage” and from “component manufacture” to “usage and solution provisions,” globalization is now becoming an essential part of the space systems market. In order to cope with such changes, NEC has established a vision for itself in the space systems business by becoming an enterprise providing global space business solutions by setting small satellites as its core space business (Fig. 1).


    
      [image: e110106_01.jpg]

      
        Fig. 1 NEC’s space system business vision.
      

    


    This paper describes our agenda as the NEC space systems business enters the global market.

  


  
    2. Simultaneous Expansion of Product lines and Markets


    Currently the main NEC space business penetration in overseas markets is the supply of component products to satellite system manufacturers. To expand our businesses scale it is essential to promote both “Product diversity (business domain)” and “Market expansion” (Fig. 2).
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        Fig. 2 Expansion of product markets.
      

    


    To promote “Products diversity,” we must first of all, provide components and subsystems as our basic space business, and also promote further development of these products. We will subsequently provide satellite systems and finally will aim to provide “Total solutions” for the projected social infrastructures such as data applications to support terrestrial users.


    When considering how we will promote “Market expansion,” we have to realize that the supply and demand of space businesses in Europe, Russia, China, India and Korea are almost fully served inside their own countries. Therefore, it is difficult for us to develop satellite system component businesses in these countries. Moreover, unlike communications satellites that are intended for commercial use, earth observation satellites have characteristics that suit governmental projects. Therefore, each country tries to develop earth observation satellites by itself, even if the developmental cost would be higher than that of importing them.


    In consideration of such market conditions, we have decided to set our target to emerging space countries in Southeast Asia, Africa and the Middle East. These countries are expected to increase the demand for space products in the future.

  


  
    3. Basic Strategies for Entering the Markets of the Emerging Space Countries


    It is a fact that there is a need for space products in the emerging space countries. However, the details of these needs are not always clear, and this situation poses questions such as, “what sort of system is needed?” or “How will the systems or products be used.” It is essential first of all to consider specific needs, “What sort of problem do they have?”, “What sort of institutions or companies need the products?” or “Who will or should control these products?” In order to resolve these issues, we should provide optimum or so-called GCM (the Greatest Common Measure) solutions.


    Moreover, unlike the major space countries, these emerging space countries do not have adequate financial resources for purchasing space products. It is therefore difficult for them to introduce state of the art, large-scale satellite systems that tend to be very expensive. As one solution, it is essential to propose that the emerging countries introduce rather low cost, small-size and high performance satellite systems while availing themselves of the economic assistance offered by the ODA (Official Development Assistance) or ECA (Export Credit Agency).


    It is also essential to propose a human resource training menu; the so-called “Capacity Building” that is necessary when transferring such space system technologies, as most of the emerging space countries do not possess the requisite infrastructures, expert personnel or technologies.


    We should first of all investigate and understand the conditions of such countries, and we should provide optimum services for them in a timely manner. Conditions vary in each of these countries. For example, some countries have to purchase existing data or minimal space systems with grant aid support, and other countries have already imported satellites and are planning to become independent participant countries in the space industry. Such countries may require entire space system facilities, including the know-how of satellite design, manufacturing methods and test equipment. NEC prepares a variety of menus to cope with such various needs flexibly, speedily and also individually.


    However, as mentioned above, earth observation satellites have governmentally oriented characteristics and such tendencies are becoming more evident in the emerging space countries. The European countries such as France, U.K. Belgium, etc. and also China approach these emerging countries under umbrella of governmental-led projects. Even though NEC prepares a variety of menus to solve the needs of these emerging space countries, it is difficult for us, as an individual commercial company, to compete with the European countries or China. It is now becoming essential to arrange our strategy in the context of governmental cooperation.


    NEC actively requests the Ministry of Economy, Trade and Industry, the Ministry of Finance, and the Ministry of Foreign Affairs and the Strategic Headquarters for Space Policy of the Cabinet Secretariat to create a cooperative relationship and to promote a “Space technology used for foreign diplomacy” project. This would be an interactive relationship between commercial companies and governmental agencies, “Space technology for foreign diplomacy,” which is for the establishment and promotion of friendship between countries and also for the stable supply of mineral resources and foodstuffs. “Foreign diplomacy for space technology” is for the economic assistance of the ODA, etc. and to enable leaders to negotiate between countries.Fig. 3shows a packaged menu provision scheme for emerging space country users.
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        Fig. 3 Packaged menu provision scheme for emerging space countries.
      

    


    NEC’s space business domain provides total packaged menus according to the conditions of countries that introduce these menus. They cover the operational systems and technologies of advanced small-size satellites as well as human resources training menus to support the efficient operation of these systems. In cooperation with our governmental agencies, NEC will provide such systems and menus step by step within the range of a provision cycle from “the extraction and arrangement of usage needs (seeding)” to “the promotion and stabilization of using systems (industrialization)” (Fig. 4).
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        Fig. 4 Business development scheme for emerging space countries.
      

    

  


  
    4. Proposal Menu for Emerging Space Countries


    In the earth observation satellite market of the emerging space countries, satellites to be used for remote sensing purposes support: disaster monitoring, environmental monitoring, resource and energy exploitation and agricultural applications, in most cases. However, the applications for such usages do not function with unsupported satellite systems. They also require various social infrastructures in order to be effective, including a telecommunications environment, GPS systems, etc. Other support items may be required according to the conditions of the delivered countries.


    In addition, economic assistance is required for most of these countries because they do not have sufficient financial resources. Support mechanisms that correspond to the needs of each country have to be considered. Small-scale cooperative engineering schemes are ideal supports because they can be prepared in rather a short time. Financial support such as large-scale yen loans may also be considered.


    Fig. 5 shows a menu of “applications,” “support items” and “support schemes (financial and technological).”
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        Fig. 5 Proposal menu for emerging space countries.
      

    

  


  
    5. Issues in Entering Emerging Space Country Markets


    As described above, the scale of “financial resources,” “trade agreements” and “engineering skills” in emerging space countries differ significantly from those of the established space countries. To resolve these issues is far beyond the capacity of a commercial company. Cooperation and support at the governmental level is essential.


    The following are the items that require support at the governmental level.


    (1) Expedition of ODA grant procedures


    
      The issues to be sorted out among the related ministries (the Ministry of Foreign Affairs, the Ministry of Finance, and the Ministry of Economy, Trade and Industry) are as follows.


      1) Is it appropriate to treat space systems as a “Basic Human Need,” which is the basic premise of the ODA grant?


      2) Is the five year term of yen loan financed support adequate for the projected satellite service life?


      3) How can it be guaranteed that the provided space related technologies will not be applied for military usages?

    


    (2) Export License (EL) support


    
      Issues regarding EL acquisition support (provision of products and technologies) and data policies (provision of image data) are as follows.


      1) Limits of providing sensitive technologies (there is no clear definition for this matter at the moment).


      2) A balance is sought between protection of domestic industry and competition with overseas industries while considering the implications of information disclosure in overseas markets.

    


    (3) Acceleration of space diplomacy


    
      Active discussions among governmental agencies about the following issues are necessary.


      1) Various provision opportunities (personnel training, satellite launch support, satellite data including image data, etc.)


      2) Coordination between related ministries and agencies


      It is necessary that all related ministries and agencies work together and adopt consistent concepts for the Japanese space usage projects including agriculture, disasters (flood, etc.) and resources.

    


    NEC has already received some governmental support and has started to promote activities to propose detailed projects targeting the emerging space countries. The export of space related systems to emerging space countries is without precedent in Japan. Such a venture will always face difficulties when being carried out without previous experience. However, we intend to resolve outstanding issues and we anticipate the establishment of suitable means of continuous prerequisite support for our space projects.

  


  
    6. Conclusion


    The outline of our strategies for entering the global space business market is given above. However, there are some issues that NEC must first of all deal with. We should cast aside preconceived ideas that the “space systems” and “satellites”:


    
      (1) are the results of an integration of state-of-the-art technologies that are too expensive for developing countries.


      (2) involve high risk of being transferred to military usages.


      (3) are products that are too advanced to be employed by the developing countries.

    


    As a countermeasure for item (1), we can arrange earth observation satellites or communications satellites as well as infrastructures to launch them at a reasonable cost and with a short lead time because of our satellite location superiority. If developing countries wish to build infrastructures of ground information systems of the same quality as those of the developed countries, it will require a great amount of capital and lead time. However, the small-sized high-performance satellite that NEC is developing, costs much less compared to satellites that have been developed at various research institutes so far.


    As a countermeasure for item (2), it will be possible to prevent transferring them to military usages by investigating the political conditions of delivered countries, clarifying the usage purposes and suppressing the satellites performance (e.g. special resolution power, etc.) to a lower level than those of the conventional commercial satellites. Also, by adding clauses in the governmental official agreements in order to clarify the limits of usage purposes that can be expected to prevent such risks.


    As a countermeasure for item (3), NEC can provide total packaged menus including technology transfer and human resource training, so that the delivered country (client country) can easily establish an infrastructure with the required facilities and human resources.


    To end this paper, we would like to state that what NEC is pursuing in the space business domain is not just selling our products to gain company profits. What we pursue is contributing to developing a safe and secure social infrastructure in the emerging space countries. In order to achieve this objective, we aim to integrate NEC’s IT and NW technologies with the innovative technologies of “space systems” and “satellites.”
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    From manufacturing business view point, the market for the space has almost matured. For further development in this sector, it is essential to shift the main business focus from equipment manufacturing to service oriented businesses that include systems management and data usage. This paper introduces NEC’s activities in promoting “service oriented businesses for space utilization.”
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    1. Introduction


    The main enterprises in the Japanese space business domain so far have been related to technological developments. As regards to the space utilization, the main interest hitherto was meteorological observation, communication, broadcasting and GPS. However, most of the satellites for these purposes were made by overseas manufacturers. Moreover, Japanese space related manufacturers and institutes have been developing satellites mainly for scientific observation, planetary exploration and technological experiments. Recently the demand for observation satellites has been increasing worldwide, especially among the developing countries. Major space countries including France, some other European countries and the U.S. are proposing to introduce observation satellites to the emerging space countries. China, India, Israel and Korea are showing interest in this market and are becoming Japan’s competitors. In such market conditions, “space business” is focused as one of the state-of-the-art technologies of the projected Japanese new growth strategies aimed at entering global markets including those of the Asian countries.


    In order to survive in the current climate of global competition by setting space business as a Japan’s growth industry, it is essential to shift our involvement from being a hardware provision business such as equipment manufacturing including satellites and ground-base systems, to service oriented businesses such as systems management, operation and data utilization services that can be provided for the market as long term business ventures. NEC already possesses various technology elements that are suitable for establishing such businesses.


    This paper introduces an outline of the projected “service oriented businesses” for the space businesses of the future.

  


  
    2. Space Development Businesses in the Past


    As described in the above section, the space business in many fields has already stepped into the phase of practical utilization. In particular, this trend is accelerating in the fields of communications, broadcasting, meteorology and GPS and these are all now essential functions of our every day lives. Practical utilization of observation satellites is recently advancing and businesses using data from observation satellites have been increasing. In the following, an overview of the observation satellite systems and the businesses and services that use observation satellites are described.


    Fig. 1 shows an image of the comprehensive system that connects the functional elements of data utilization after the system acquires data from observation satellites. In such a system, a satellite is positioned as an observation satellite to acquire satellite data and also to function as an internet or communications satellite and to distribute satellite data for further data applications. Other than these, other functions such as satellite management planning, satellite control, receiving and processing of satellite data, the acquisition of various data other than from satellites, data value-added processing (informatization) are necessary to complete a system. An archive to storing data and information, a data control system including distributing data to users and a network control system to provide information to users are also required to the comprehensive system.
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        Fig. 1 Comprehensive system of observation data deployment.
      

    


    Not only Japan but also other overseas countries have already established observation satellite data usage systems. However, the entire system including required functions, etc. are not currently developed or manufactured by a single institute or a company. The functions are in fact manufactured separately by specialized institutes or companies.


    In such an operational environment, NEC used to deal with the provision of satellites and related ground-based systems, as well as the support services including maintenance of ground-base systems and the management of satellite operations. Other parts of the space system business were separately developed among JAXA (Japan aerospace Exploration Agency), related juridical foundations, data provision companies, VARs (value-added resellers) and network providers.

  


  
    3. Promotion of New Space Businesses


    However, changes have occurred recently in the organization of the space businesses: a decreasing number of governmental satellite launch programs, saturation of the satellite products market in the developed countries, tightening of related regulations, an increase in the service life of satellites, expansion of demands in the developing countries, downward price trends of satellites, etc. In such a market situation with so many limitations, a drastic change in the business model is required.


    Moreover, governmental policies are tending to be changed by; strengthening of state-of-the-art technologies, expansion of space usage businesses based on the Basic Space Law, amendment of the ODA policies, tighter coordination of governmental agencies and the private sector for promoting related packaged products, etc. In order to break through the economic recession in Japan, various industries are promoting the export of their products to developing countries and the space system business is one of those industries. While economic growth is accelerating in the developing countries, it is essential for these countries to control the various areas of administrative information such as that of trade, securing resources and foodstuffs, etc. Moreover, public concern regarding disaster observation and environmental conservation are increasing with regard to securing safer lives for the people of developing countries. In such a business environment, the space business will have a more important role in terms of global industries. Global social activities are promoted and relationships between countries are more and more expanded. With such global trends, attention to the space business has been increasing and it is now used for a wider variety of purposes, such as for enhancing national prestige, appealing technological advancements and other practical use capabilities. With such a background, “packaged products” are attracting attention in the space business market. This trend does not in itself lead to the export of a satellite but it can help export a satellite together with its associated ground facilities that are needed to operate it successfully, satellite launching services, satellite data utilization services and support services to administrate satellites and train human resources. With “packaged products”, business development in the space utilization markets will be accelerated. Fig. 1 shows the entire system of the “packaged products” services, and overall solutions including satellite data utilization that is aiming to be delivered to the developing countries.


    This is the innovative and promising business model for future space business. A single company provides comprehensive services that used to be provided via different institutes and companies. Fig. 2 outlines the services flow starting from data acquisition and ending at the information provision in the technology domain that is necessary for constructing a comprehensive space utilization system, as is shown in Fig. 1. A very wide range of technologies are involved, and NEC will provide them by optimally using our entire arsenal of technological expertise. For example, NEC has abundant experience in satellite-borne sensor developments. We also possess various elemental technologies such as IT, cloud services, network systems, telecommunication technologies, data processing and analysis, and also video terminal technologies including 3D display. By combining all of these technologies, NEC will construct a comprehensive space utilization system.
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        Fig. 2 Technology domains related to observation satellite data utilization business.
      

    


    While combining all of these element technologies, it is important to deal with total data utilization business in the space industry to expand NEC’s space related businesses.


    We consider that understanding the various customer needs of the developing countries should be one of our concerns and that we must provide solutions to meet such needs. By combining businesses that provide “products” including hardware and software within a comprehensive space utilization system, NEC aims to develop innovative businesses that provide solutions and contribute more effectively to people globally.


    As described above, NEC has already developed; satellite-borne sensor technologies, regional and global data distribution and telecommunications technologies, data processing technologies including data encryption, data display terminals, and also data center facilities using cloud systems. It is possible to apply these technologies and products to the satellite data and information provision business. When the concept of providing services is combined with these technologies, it will be possible to add value to our business ventures.

  


  
    4. Space Utilization Services Business


    In this section, we outline the space utilization services business and how our services can be integrated into the space utilization business (Fig. 1) via the use of observation satellites.


    Japanese space system business has been providing hardware, software and data acquired from satellites separately. In the weather reports markets, meteorological satellites are generally employed. Telecommunications satellites and broadcasting satellites are now essential for people’s everyday lives. Among these satellites, the space systems are employed for providing information services and this tendency has been increasing. However, weather report services using data other than from satellites are becoming popular recently. Data acquired from observation satellites is recognized as being essential in today’s markets; however, it is actually used mainly by some specialists and is not employed in the market widely.


    By shifting business that sets satellites as core sales items to business that sets them as only a part of the space system and by focusing on the data and information acquired from satellites, various services concepts can be developed. Such services aiming at the “utilization” or “materialization of users’ needs” are considered to be important and they are increasingly adopted worldwide. NEC has already deployed such service oriented businesses in the IT market.


    Every business element shown in Fig. 1 may be usefully employed in such services.


    These elements include; an observation system using satellites, data reception and processing systems, value-added data processing systems that convert simple data into value-added data, archive systems to store such data, information distribution systems for users to use information anywhere and at any time, information search systems for users that can access required data and also a system that indicates how to use such data or information. Service oriented businesses can be applied to all of these elements.


    By combining the concept of services oriented to these business elements, the satellite utilization business can be significantly altered. It is possible to provide “convenience” to users who use systems and information. We provide comprehensive space utilization systems such as packaged business for developing countries. This means that users can use information sent from satellites without specific knowledge about satellites and even without knowledge of the ground-based systems that are required to operate the satellites. This results in an increase in the utility value of the space systems. However, there is a limit to the amount of provided data and information acquired from satellites so that combining the data acquired from satellites and other data or information acquired from other sources than satellites is necessary in order to satisfy all the needs of users.


    Reasonable prices and efficient and easy operation are demanded for these systems. Moreover, high quality “convenience” to meet users’ demands is the key to the system.


    With the comprehensive space utilization systems and services, the main targets of the space business will be expanded greatly into a major market that supports the construction of various infrastructures and their management systems in the developing countries, including the governmental-lead space related technology developments, science observation national projects, etc. Moreover, frequent and high quality information provision enables private companies to use space related information more actively. Some private sector businesses such as data provision services for weather reports, resource developments and resource explorations will be promoted even more widely. Moreover, data provision services for agricultural resources and environmental conservation, and the utilization of linkages between nations and UN activities can be expected. It is possible to create even more variety for markets such as contents provision services for consumers and the manufacturing of their related terminal products.


    As explained so far, if a business mechanism that enables the use of satellite data easily is constructed with comprehensive space utilization systems and related services for element technologies, data usage demands including satellite data will increase. This will result in the expansion of the related systems markets. Subsequently the expansion of comprehensive systems and data usage will create new demands and accelerate economic growth. This growth spiral will then result in the expansion of the markets.

  


  
    5. Conclusion


    The space business market is going to ripeness rapidly in the equipment manufacturing fields including that of satellite production. However, by finding new challenges in wider markets such as in services provision and in increasing their business share, it is possible to develop space business even more. In other words, changing the concept of the space business from manufacturing satellites to using satellites is becoming important. This is the way that NEC can truly become more active as a “space solutions company.”
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    1. Background


    NEC Space Systems Division is developing the ASNARO (Advanced Satellite with New system Architecture for Observation) under a consignment contract with the Japanese METI USEF and NEDO. It introduces an advanced space system concept by reducing the sizes of satellites.


    NEC has already manufactured many small satellites (around 500 kg) in the S&T field such as the HAYABUSA, MUSES-C, and the AKATSUKI, PLANET-C satellites, but the mainstream commercial market for earth observation/communication satellites deployed globally is for the development of large satellites of high performances and with multiple function capabilities (weighing a few tones) such as DAICHI, ALOS and KIZUNA, WINDS. The European and U.S. satellites occupy almost 100% of the share in the commercial satellite market and we are likely to encounter a high bar for new entries, even with our very attractive advanced technology and track record of reliability. However, in the small satellites field, the demand for small models at affordable prices is rapidly rising in the Asian, African and South American countries.


    Based on such a market background, the ASNARO has been developed as a small earth observation satellite featuring low price, short delivery term and high market competitiveness by introducing and advancing various recent technological innovations. These include the innovative “miniaturization” technology for small scientific satellites. Such advances are helping to provide the “multi-functionality” and “high performance” of large satellites while maintaining the features of small satellites such as “light weight,” “low price” and “short delivery term.”


    In addition, while previously satellites had been developed from the beginning so that the entire satellite system was optimized according to the needs of a specific mission, the development method has been reviewed and changed from that of a whole satellite system to an architecture that standardizes components used in common (bus module). This policy has favored component adoption by other satellites, even when the mission is quite different. For example, the ASNARO has a high-resolution optical sensor but the interface between the bus module and mission module is standardized. When an observation satellite using a radar sensor is to be developed, it can be implemented in a short delivery term and at a low price because the design makes it possible to minimize the modification of the bus module according to the requirements specific to the mission module.


    This paper describes the ASNARO project and our strategy for satellite size reduction and standardization by taking the development of the NEXTAR small standard bus as an example.

  


  
    2. Outline of ASNARO


    The ASNARO is a small earth observation satellite with a total weight of below 500 kg that orbits the earth at a low altitude of about 500 km. The mission objective of the ASNARO is the optical observation of the ground surface using a high-resolution optical sensor. This satellite is being developed to target a ground sampling distance (GSD) of below 0.5 meter, which is equivalent to that of the resolution of the 1-2 ton class of the commercial optical earth imaging and observation satellites of overseas manufacturers.


    The ASNARO is scheduled to be launched in 2012 and to operate for 3 years or more (Target 5 years), while utilizing ground station support from inside as well as outside Japan. The ASNARO is essentially composed of the bus and mission modules. The bus module is being developed as the NEC, NEXTAR small standard bus, and the mission module is being developed as three subsystems. These are: 1. the optical sensor subsystem that carries the camera for imaging the ground surface, 2. the mission control subsystem that controls the camera, communications equipment and satellite attitude and saves the captured images and 3. the direct transmission subsystem that transmits the image data to the ground by tracking the ground stations. Fig. 1 shows an external view of the ASNARO and Table 1 lists its system specifications.
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        Fig. 1 External view of ASNARO.
      

    


    
    
      Table 1 ASNARO system specifications.
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    3. Strategy for Size Reduction and Standardization using the NEXTAR Small Standard Bus


    The ASNARO uses the NEC NEXTAR small standard bus being developed based on the scientific satellite design concept of JAXA and ISAS (Institute of Space and Astronautical Science). This bus is designed so that the bus and mission module of the satellite are mutually independent: structurally, thermally and electrically. The interface condition between the mission and bus module is standardized so that the bus module is compatible with several missions without a need for a design change. Fig. 2 shows the view of the NEXTAR bus.
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        Fig. 2 View of NEXTAR standard bus.
      

    


    Fig. 3 shows examples of the application of the NEXTAR standard bus: (a) is an optical sensor satellite carrying the high-resolution optical camera adopted by the ASNARO, (b) is a satellite carrying a synthetic aperture radar (SAR) sensor based on radar technology and is capable of observation of the ground surface on a cloudy day or at night, which is impossible with the optical sensor, (c) is a case of carrying a hyper-spectral sensor that is capable of observation by separating the observed light into a very large number of wavelengths, and (d) is a case of carrying an IR sensor that observes IR rays generated from sources of heat.
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        Fig. 3 Examples of observation satellites using standard buses.
      

    


    Standardization of the bus enables common use and mass-production of on-board equipment to be applied on different satellites. It also permits to manufacture and stock the on-board equipment before manufacturing satellites. In addition, standardization of the manufacturing test procedure also enables significant reductions in cost and lead-time.


    An example of the introduction of standardization technology applied to the NEXTAR is the standardization of the data control inside the satellite by adopting the SpaceWire RMAP (Remote Memory Access Protocol), which is an embedded network standard formulated by international standardization under the leadership of the EU, the USA, Japan and Russia. The CPU boards of computers equipped on traditional satellites as well as other functions such as the data control, attitude control and mission control functions have been developed individually according to the mission requirements of each satellite. With the NEXTAR, this method has been changed to use a standardized computer that implements the functions required of the bus for the entire network (Fig. 4).
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        Fig. 4 Use of SpaceWire networking technology.
      

    


    As a result, the previous method of implementing the data control, attitude control and mission control using three different computers is now enabled with the use of a small common computer “SpaceCube2,” which contributes significantly to a reduction in the size and price of satellites (Fig. 5).
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        Fig. 5 Use of a compact satellite-born computer in NEXTAR.
      

    

  


  
    4. Strategy for Size Reduction of the Mission Module of ASNARO


    The equipment of the mission module of the ASNARO includes the high-resolution optical sensor, data recorder and the X-band transmission system, etc. The optical image captured from an altitude of 504 km is converted into a digital signal and stored in a 120 GB capacity (at the end of life) flash memory data recorder without compression. The stored image data is modulated via 16QAM modulation system and the frequency is converted into X-band (8-GHz band). It is eventually transmitted to the ground station at a high 800-Mbps data rate via a directional X-band antenna equipped with a two-axis gimbal.


    As shown in Table 2, the ASNARO introduces various new technologies for a small satellite of about 500 kg in order to implement a performance equivalent to that of a satellite weighing a few tones.


    
    
      Table 2 Performance comparison between the ASNARO and commercial satellites of other countries.
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    (1) Use of the NTSIC Mirror


    
      Optical observation satellites have traditionally used glass as the material for the primary mirror of the camera (telescope) but the ASNARO adopts a high-strength, reaction-sintered, silicon carbide (NTSIC, developed jointly by NEC TOSHIBA Space Systems, Ltd. and Toshiba Corporation). This material is obtained by improving silicon carbide (SiC) and features lighter weight, higher strength and lower thermal distortion than the glass material (Photo). NTSIC features a higher strength than the ordinary SiC material and has a dense and no pores on the surface.
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        Photo Primary mirror of ASNARO made from NTSIC material.
      

    


    (2) Use of flash memory


    
      The mainstream memory used hitherto in the data recorder for storing the observation data of traditional optical observation satellites has been the SD-RAM that features high-speed processing and high reliability. On the other hand, the ASNARO adopts a flash memory that features lower heat dissipation, lower power consumption, lower price, same size and larger capacity than the SD-RAM in order to reduce the size, weight and price of the data recorder.

    


    (3) Use of the 16QAM system


    
      Traditionally, optical observation satellites used to use the modulation system called QPSK for transmitting observation data. This system can transmit 2 bits of information per symbol and the rate is limited to around 400 Mbps due to the restriction of the 8-GHz frequency band used.


      Therefore, larger satellites had to have two sets of 400 Mbps communication equipment, including antennas, in order to transmit data at 800 Mbps.


      Currently, the ASNARO adopts a 16QAM system that can transmit 4 bits, which is twice that of the QPSK, per symbol. It can thereby achieve the same 800-Mbps transmission as larger satellites using a single set of communication equipment and as a consequence enable reductions in the size, weight and price of the satellite (Fig. 6).
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        Fig. 6 Equipment configuration of the data transmission system of the ASNARO.
      

    

  


  
    5. Conclusion


    One of the purposes of developing ASNARO is in order to manufacture a satellite that can compete with the satellites of other countries in the global market. This paper summarizes the development of the ASNARO satellite and discusses the miniaturization and standardization technologies used to achieve optimum performance and low price. The ASNARO satellite system is being manufactured and tested while targeting a launch date before the end of FY2012. At NEC, we aim to reliably develop the ASNARO, which is attracting worldwide attention, and to promote activities aimed at obtaining subsequent orders and exporting the product to overseas countries.


    We are also developing a space solution package using the ASNARO and NEXTAR standard bus as core products. As the package will include ground stations (satellite control stations and data reception stations) and TT (Technical Transfer for users, including education and technology support,) we will also standardize and prepare menus for these systems so that we can provide customers with solutions to meet their needs for shorter delivery terms and lower costs.

  


  
    * SpaceCube is a joint registered trademark of the Japan Aerospace Exploration Agency (JAXA) and Shimafuji Electric Incorporated.


    * NTSIC is a joint registered trademark of NEC TOSHIBA Space Systems, Ltd. and Toshiba Corporation.
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    Abstract


    Japan has developed its first manned space facility by completing the Japan Experiment Module (JEM), KIBO for the International Space Station. In this development, NEC was in charge of systems including the Inter-orbit Communication System and Robot Arm System as well as the JEM Control Processor, various experiment devices and the Operations Control System. Putting the first priority on the safety of astronauts at the same time as pursuing operability, universality and versatility, NEC developed each piece of equipment by adding new manned space development requirements to the existing space development technologies and by coordinating them into the uniquely Japanese technologies. At present, the JEM is monitored and is operated on 24-hour schedules for performing various space experiments.
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    1. Introduction


    The International Space Station (ISS) is a manned space facility of a size equivalent to that of a soccer pitch. It orbits the Earth at an altitude of about 400 km. In the environment that surrounds the ISS, there is little atmosphere, various kinds of space radiation are bombarding the ISS and the gravity is only about one millionth of that on the Earth. The ISS is a facility for conducting experiments, research and Earth/astronomical observations with the objective of advancing science and technology and serving in the contexts both of the present and the future of humankind. With the participation of 15 countries including the USA, Japan, Russia, European countries and Canada, the on-orbit assembly of the ISS started in 1998 and is scheduled to complete in 2011. An image of the current ISS taken from a space shuttle is shown in Photo 1.
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        Photo 1 International Space Station.
      

    


    Japan under the leadership of the Japan Aerospace Exploration Agency (JAXA) developed the Japanese Experiment Module (JEM), KIBO for the ISS. It is Japan’s first manned space facility capable of accommodating astronauts for a long period, and it was completed in July 2009 after three component launches. Fig. 1 shows an external view of the JEM produced by computer graphics.
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        Fig. 1 Japan Experiment Module (JEM, or KIBO).
      

    


    The JEM is a complex facility consisting of six separate modules including; the Pressurized Module (PM), the Exposed Facility (EF), the Experiment Logistic Module - Pressurized Section (ELM-PS), the Experiment Logistic Module - Exposed Section (ELM-ES), the Remote Manipulator System (RMS) and the Inter-orbit Communication System (ICS). Among these modules NEC managed the Inter-orbit Communication System and Remote Manipulation System, as well as the JEM Control Processor for coordinating and controlling the entire JEM, various experiment facilities and the JEM Operations Control System installed in the JAXA TsuKuba Space Center (TKSC).

  


  
    2. JEM Control Processor (JCP)


    The JEM Control Processor (JCP) is the main computer of the JEM. Working for 24 hours a day, it operates and controls the entire JEM by intercommunicating with the computer at the U.S. segment of ISS. The JCP has been working without interruption since the startup of the JEM Pressurized Module in June 2008.


    The hardware specifications were established in the initial period of development in the early 1990’s with; a 32-bit CISC processor, 12M-byte main memory, 300M-byte HDD with an SCSI interface and a total of 3 channels of MIL-STD-1553B network interfaces. The hard disk drive has been replaced by a second-generation drive based on the Solid State Drive (SSD) technology.


    The software offers a real-time execution environment and a file system. It also provides services supporting the operations and control of the entire JEM including; various network services such as command and telemetry transmission/reception and file transfer, system operation management that monitors faults and switches automatically to the standby system and the procedure execution environment that enables automatic operation of the JEM.


    The features of the JCP are as follows.


    (1) Redundant configuration


    
      The JCP adopts the standby redundancy system using a pair of processor units so that, even if one processor unit fails, it is switched automatically to the other one. The two units are installed at distant locations in the Pressurized Module so that the operation of the entire JEM can be continued even in the case of a local incident such as a fire.

    


    (2) Versatile computer system


    
      The capability of file backup and software updating/upgrading on the standby system enhances the operational versatility.


      We succeeded in developing reliable infrastructures to support the manned space system by diverting proven technologies in commercial industries to aerospace applications.

    

  


  
    3. Inter-orbit Communication System (ICS)


    The Inter-orbit Communication System (ICS) is a JEM onboard system to establish the direct communication with TKSC not via the NASA system. Fig. 2 shows the ISS-Ground communications architecture, in which the ICS provides data for the Japanese space link via the JAXA Data Relay Test Satellite (DRTS, or Kodama). The ICS is composed of the ICS Pressurized Module subsystem (ICS-PM, Photo 2 Left) that performs baseband data processing and the ICS Exposed Facility subsystem (ICS-EF, Photo 2 Right) that performs RF signal processing and transmission/reception by antenna.


    
      [image: e110109_03.jpg]

      
        Fig. 2 ISS-earth communication architecture.
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        Photo 2 ICS pressurized module subsystem (Left)/Exposed facility subsystem (Right).
      

    


    The features of the ICS are as follows.


    (1) The high-precision acquisition and tracking subsystem on a flexible structure


    
      ICS achieves high precision pointing to the DRTS at far distance, while it is subjected to a large attitude disturbance due to the ISS as a flexible structure. ICS is able to meet the difficult requirement by processing the ISS time/position /velocity data provided by ISS NASA module, and attitude information obtained from ICS own sensors (inertial reference unit, earth sensor, sun sensor).

    


    (2) Bi-directional multimedia communications


    
      The ICS performs multimedia data communications covering control commands/data, high-speed large-capacity data, and video, audio and Ethernet in full compliance with the CCSDS AOS*1protocol, which is the international standard for spacecraft communications.

    


    (3) Extensive use of commercial off the shelf products


    
      The MPEG compression, Ethernet protocol and ITU-T audio conversion are processed with dedicated ICs, but these have not previously been put to space use, so it was decided to use the commercial off the shelf board. As the evaluation data per device was not available, we evaluated the safety at the board or unit level and adopted the internal redundancy system in order to improve reliability.

    


    (4) Manned operation safety technology (Example: RF radiation control)


    
      The critical topic of the ISS is to secure the safety of astronauts. One of the most important ICS safety feature is the RF radiation control as follows.


      RF radiation is a necessary function of the ICS. As it may potentially cause damage, such as a malfunction of the astronaut life support system (which could lead to a loss of human life), we adopted the following countermeasures.


      
        	Mechanical function to avoid the antenna pointing to ISS fixed structure.


        	Radiation is automatically started and stopped based on the operation schedule planned by ground, and is shut down automatically when radiation for inhibited direction is detected.


        	Function for shutting down the radiation with double fault tolerance when an astronaut works in the proximity of the antenna during extravehicular activity.

      

    


    The technologies used by the ICS will be applied to the future space communication systems for greater distances from the Earth and that are required to provide higher functionality and complexity.

  


  
    *1 CCSDS AOS: Consultative Committee for Space Data Systems Advanced Orbiting Systems

  


  
    4. Remote Manipulator System (JEMRMS)


    The Remote Manipulator System of the JEM (JEMRMS) is the first practical space robot system of Japan designed for supporting the experimentation and maintenance work on the JEM. Japan already has achievements in this field with the Manipulator Flight Demonstration (MFD) test and the ETS-VII (KIKU 7). The JEMRMS is the third space-use remote manipulator system for Japan and all of the remote manipulator systems mentioned above have been developed by NEC.


    The JEMRMS is composed of the main arm, a small fine arm and the JEMRMS console. An external view is shown in Photo 3 and Fig. 3.
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        Photo 3 External views of main arm (Left) and small fine arm (Right).
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        Fig. 3 External view of the JEMRMS console.
      

    


    The main arm is a robot arm with 6 degrees of freedom using six joints that has an overall length of 10 meters and a weight of 780 kg. On the pitch is the end effector for holding the special grapple fixture on each carried payload. It can grapple and carry an object of up to 7,000 kg.


    The small fine arm is also a robot arm with 6 degrees of freedom using six joints, and has an overall length of 2.2 meters and a weight of 180 kg. The small fine arm can be operated when it is attached to the main arm and the electricity/communication lines are connected to it.


    The main arm has cameras on the wrist and elbow sections, and the small fine arm has a camera on the wrist section. The astronaut controls JEMRMS by monitoring the camera images from the JEMRMS Console.


    At present, the main arm is already in use on the ISS for use in installing experiment payloads and performing maintenance work. The features of JEMRMS are as follows.


    (1) Main/small fine arm configuration


    
      The main arm is capable of carrying large structures while the small fine arm is capable of fine operations such as bolt rotation. Combination of the two arms enables application to various operations.

    


    (2) Replaceable system configuration


    
      The risk of in-orbit failure is reduced because the joint mechanism, drive electronics, vision system and end effector of the main arm are designed to be replaceable by extravehicular work of an astronaut in the case of failure. A design that was compatible with replacement functions has been unavailable with previous satellites and this innovative design function is ideally suited to a manned space system such as the ISS.

    


    (3) Manned operation safety technology


    
      Just as for the ICS issue, to secure the safety of an astronaut is also the most important issue with the ISS. The JEMRMS ensures safety by enhancing the following two functions.

    


    
      1) Collision prevention function


      To prevent collision, the control system is designed with double fault tolerance.


      In particular, in order to keep certain distance between the Pressurized Module and JEMRMS, triple monitoring and shutdown functions are provided. The velocity of the arm’s pitch is limited to a safe level by software and the arms are designed not to give excessive impact to other objects in the case of a collision.


      2) Object floating prevention function


      It would be extremely dangerous if an arm released the grappled object due to a failure and the released object then collided with the ISS. In addition, certainty is particularly required when handling an object. Therefore, the arm is designed so that it is able to release an object only after grasping by the other party is confirmed by three kinds of signals and that three commands must be input to let the arm release an object.

    


    (4) Common designs


    
      The ISS includes three remote manipulator systems including the JEMRMS. To reduce the burden on the operations of astronauts, the control systems of the JEMRMS is designed by extensively adopting common designs.


      The technologies established for the JEMRMS will be utilized in future space missions including; the construction of bases on lunar/planetary surfaces, systems for unmanned surveys of planetary surfaces and satellites for collecting space debris.

    

  


  
    5. Operations Control System (OCS)


    The Operations Control System (OCS) of the JEM enables remote control and monitoring of the JEM from the ground and is installed at TKSC.


    Support from the ground is indispensable, so that a limited number of astronauts can conduct a large number of complicated experiments. The OCS can execute all of the controls required for operating the JEM, from support of the experiments conducted on it to the control and monitoring of the equipment, receiving video and voice exchange with NASA. Photo 4 shows a view of people working on the OCS.
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        Photo 4 JEM operations control room.
      

    


    The OCS started operation on the first flight of the JEM assembly mission (March 11, 2008) and currently continues 24-hour operation.


    The OCS is composed of about 20 computers, about 100 terminals, three large screens, about 70 audio terminals and other video and network equipment.


    The status of the thermal control subsystem, power subsystem, communication subsystem, air/temperature control and life supporting subsystem of the JEM can always be checked via the terminals. In the case of a fire, a drop in pressure or air pollution, the actions to be adopted by astronauts can be indicated via the audio equipment.


    (1) Flexible configuration change


    
      Unlike ordinary spacecraft, the JEM receives supply from the ground by using space shuttles or HTV. The configuration therefore changes occasionally following installation of experiment equipment for new experiments or the application of network technologies that have a better performance than previously.


      The OCS also changes the configuration as required to meet the new JEM configuration. It performs testing of the database for the next phase and training by efficiently using the standby resource of the redundancy systems that are provided for improved reliability.

    


    (2) Communications with astronauts


    
      The OCS is equipped with a voice data interface for communications with astronauts and a video data interface for monitoring the activities of astronauts. The data subsystem and the voice subsystem are separated to improve the versatility of the means of communications with the ISS.

    


    During the long-term operation of the JEM, the JEM as well as the whole ISS are expected to incorporate new technologies and equipment with higher performances and operability than before. Accordingly, the OCS also evolves continually and accumulates the operations and control system technologies for manned space systems.

  


  
    6. Space Environment Data Acquisition Equipment-Attached Payload (SEDA-AP) / Monitor of All-sky X-ray Image (MAXI)


    The JEM is the venue for various exposure experiments making use of the space environment. NEC developed the Space Environment Data Acquisition Equipment-Attached Payload (SEDA-AP) and the Monitor of All-sky X-ray Image (MAXI) for experimentation on the EF (Exposed Facility).


    The SEDA-AP acquires the space environment data using a wide variety of observation instruments that can be expressed as “the space weather reporter”. Its results are expected to support the manned space activities of the future. Fig. 4 (Left) shows the observation instruments mounted on the SEDA-AP and their external views.


    The MAXI observes space using X-rays to clarify the phenomena of space that is not detectable with visible light. In the period from September 2010 to January 2011, the Maxi discovered three cosmic X-ray objects, the flash reports of which were sent to researchers worldwide.


    Currently, the MAXI is the sole all-sky X-ray monitor that is available with an excellent sensitivity up to the low-energy X-rays. Consequently, astronomers all over the world are eagerly awaiting its output and expecting it to provide us observation data continuously in future as long as possible.


    Fig. 4 (Right) shows the external view of the MAXI.
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        Fig. 4 External views of SEDA-AP (Left) and MAXI (Right).
      

    

  


  
    7. Conclusion


    With the completion of the JEM, Japan has acquired an innovative manned space technology. To follow this project, studies have already started into exploration projects aimed at the Moon and at planets such as Mars. NEC will participate in these projects by utilizing/advancing the technologies already cultivated in the manned space development project of the JEM.
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    Abstract


    Launched successfully on May 21, 2010, PLANET-C (AKATSUKI) is Japan’s first inner planet exploration spacecraft. Although it failed in the Venus orbit insertion mission, it is still continuing the flight and it is now targeting a successful insertion attempt in six years time. This paper introduces the system design of the PLANET-C explorer and its associated technologies.
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    1. Introduction


    The Venus Climate Orbiter PLANET-C is Japan’s first inner planet exploration spacecraft. It is also the world’s first planetary meteorology satellite for investigating the activity of the Venusian atmosphere and for defining its meteorology in the context of comparative planetary meteorology. NEC has developed, manufactured and tested the entire system of the PLANET-C under the guidance of the Japan Aerospace Exploration Agency (JAXA). The PLANET-C was launched from the JAXA Tanegashima Space Center on May 21, 2010, using the H-IIA No. 17 launch vehicle. This paper gives an outline of the system design of the PLANET-C explorer and introduces the specifically adopted technological elements.

  


  
    2. Objective of PLANET-C


    The planet Venus has almost the same size and weight as the Earth and it is considered that a clear understanding of issues concerning Venus, will result in a deeper understanding of the Earth. Our twin sister, Venus still presents us with a major unresolved mystery as its atmosphere is rotating at a 60-times higher speed than the rotation of the planet itself. To solve this mystery known as super rotation is the main objective the PLANET-C mission.

  


  
    3. Characteristics of the PLANET-C Missions


    The three dimensional motion of the clouds surrounding the planet Venus can be recorded by imaging views of clouds at various altitudes using cameras based on various wavelengths. Fig. 1 shows the cameras that are mounted on the PLANET-C and their relationships with the imaging targets.


    
      [image: e110110_01.jpg]

      
        Fig. 1 Imaging targets of cameras mounted on PLANET-C (AKATSUKI).
      

    


    The PLANET-C travels along an extended elliptical orbit approximately above Venus’s equator. The altitude is about 300 km at the closest point to Venus and about 80,000 km at the most distant point. When PLANET-C is at its most distant point from Venus, the orbiter will move in synchronization with the Venusian atmosphere to observe changes in a targeted cloud formation over a long period of time. When the PLANET-C is at its closest point to Venus, the orbiter will change its relative positional relationship with the Venusian atmosphere and move over different atmospheric locations. Fig. 2 shows the mission objectives of PLANET-C in Venus orbit.


    
      [image: e110110_02.jpg]

      
        Fig. 2 Venus Orbit and Mission objectives of PLANET-C (AKATSUKI) .
      

    

  


  
    4. System Outline of PLANET-C


    The PLANET-C probe is the latest deep space explorer to inherit the bus module of the MUSES-C (HAYABUSA) that succeeded in returning asteroid samples for the first time. The light weight of 517.6 kg at launch is less than half the weight of the Venus exploration mission “Venus Express” of the European Space Agency (ESA). The main body has a rectangular parallel pipe shape of 1,450 × 1,040 × 1,400 mm, and a φ900 mm X-band (about 8 GHz) high-gain antenna for transmission on the +Z panel side and a φ900 mm rocket coupling ring on the - Z panel side. At the center of the rocket coupling ring is a bipropellant 500 N orbital maneuvering engine with a length of about 450 mm. In the ±Y direction, a solar paddle panel measuring 923 × 1,440 mm is held by means of a 1,088 mm boom. Table shows the bus specifications of the PLANET-C and Fig. 3 its external dimensions.


    
    
      Table Bus specifications of PLANET-C (AKATSUKI).
    
[image: e110110_03.jpg]
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        Fig. 3 External dimensions of PLANET-C (AKATSUKI).
      

    


    The PLANET-C controls attitude with the triaxial attitude control of the zero-momentum method and adopts an attitude similar to that of a geostationary satellite by installing the SAP (Solar Array Paddle) shaft in the orbit plane. The SAP attitude is controlled so that the solar cells always face the Sun using an SADA (Solar Array Drive Assembly) as the rotation drive system. The ±Y panels are used as the heat radiating surfaces on which the high-heat-generating equipment and the observation equipment are mounted. The attitude control in the orbit plane is performed by eight monopropellant 23N thrusters and control outside of the orbit plane is performed by four 3N thrusters. Fig. 4 shows the configuration of the PLANET-C.
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        Fig. 4 Configuration of PLANET-C (AKATSUKI).
      

    

  


  
    5. PLANET-C Technologies


    NEC has been acting as the system integrator of the PLANET-C mission, playing a key role in the system design from the initial stage of the project. In the fabrication (MONODZUKURI) phase, we designed and manufactured the structural and thermal control subsystems as well as the bus equipment; including the power, communications, data processing, and attitude and orbit control subsystems. The newly developed mission equipment includes the UV imager (UVI) and the long-wave IR camera (LIR).


    5.1 Features of the Bus Module


    (1) Overall bus system


    
      By handling the three panels on which the main equipment is installed as one unit, we wired the electrical system instrumentation (cables) without relay connectors, thereby reducing the weight of the overall bus system.

    


    (2) Structural subsystem


    
      We used a thrust tube incorporating an aluminum honeycomb core and CFRP skin as the main load path (main structure) to reduce the weight of the system. Fig. 5 shows the PLANET-C panel configuration.
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        Fig. 5 PLANET-C (AKATSUKI) Panel Configuration.
      

    


    (3) SAP (Solar Array Paddle)


    
      We developed an SAP that is resistant to high and low temperatures and can withstand twice the sunlight intensity of that on the Earth as well as the low temperatures experienced during the shade period of 90 minutes maximum.

    


    (4) Thermal control subsystem


    
      To supply the required electrical power by using the SAP, which was reduced in size to lighten the weight of the orbiter, we used software capable of leveling out the heater power supply and preventing peak power output.

    


    (5) Power subsystem


    
      We used a series-switching regulator that makes it possible to always output the peak power even if the distance to the sun and the solar cell voltage are changed. In addition, we developed two secondary lithium-ion batteries for the orbiter; each consisting of 11 cells in series and having an electric charge of 23.5 Ah.

    


    (6) Communications subsystem


    
      We used radial line slot-array antennas as the X-band high-gain antennas to avoid light condensing and to reduce the weight of the system. Fig. 6 shows an image of the high-gain antennas used for the PLANET-C. For the main power amplifier, we adopted a small, lightweight 20 W traveling wave tube amplifier.
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        Fig. 6 High-Gain Antennas Mounted on PLANET-C (AKATSUKI).
      

    


    (7) Data processing subsystem


    
      We used an on demand telemetry method that makes it possible to freely output desired telemetry data (information on the temperatures of satellite parts and the operating status of the payload equipment) within the previously determined range. In particular, this makes it possible, by defining report packets, to output short packets indicating changes in the orbiter status so that the ground station can collect and check data at the start of the communication that is held as soon as the orbiter becomes visible from the ground station. The PLANET-C also incorporates an automated autonomous function with a high degree of flexibility.

    


    (8) Attitude and orbit control subsystem


    
      We used a triaxial attitude control subsystem that determines the attitude by using a combination of various attitude sensors (two star trackers, three inertial reference units, one fine sun sensor, and five coarse sun sensors) and controls the attitude by using four diagonally placed reaction wheels. This configuration is made highly reliable by its advanced failure detection, isolation, and recovery features.

    


    5.2 Features of the Mission Payload


    Fig. 7 shows an image of PLANET-C during the overall testing of the FM (Flight Model). The two sensors developed by NEC are visible in the picture.
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        Fig.7 Overall view and mounted cameras of PLANET-C (AKATSUKI).
      

    


    The UV imager (UVI) captures the distribution of sulfur dioxide involved in the formation of clouds and the distribution of unknown chemicals that have absorptive properties of UV wavelengths using UV rays and, based on the variations of these distributions, determines the wind speed distribution at the cloud-top altitude. Photo 1 shows an image of the UVI.


    Photo 2 shows an image of the Earth obtained with the UVI when the orbiter was at a distance of 250,000 km immediately after the launch.


    The long-wave IR camera (LIR) uses IR rays that have a wavelength of 10 μm to create an image of the cloud temperature, and to clarify undulations and convection currents in the upper cloud layer, as well as the wind speed distribution at the cloud-top altitude on the night side. Photo 3 shows an image of the LIR.


    Photo 4 shows an image of the Earth obtained with the LIR when the orbiter was at a distance of 250,000 km immediately after the launch. Compared to the UVI image above, the Earth in the UVI image is imaged like a thin crescent moon but the Earth in the 10 μm IR image shows the overall shape regardless of the brightness of the visible light.
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        Photo 1 UVI.
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        Photo 2 Earth image by the UVI.
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        Photo 3 LIR.
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        Photo 4 Earth image by the LIR.
      

    


    5.3 Bolometer


    The LIR uses a bolometer that mounts an un-cooled IR sensor. Previous IR sensors used a special chip that needed to be cooled to -196°C. However, as the cooled IR sensor required refrigeration, the bulky system size and high system cost posed problems.


    On the other hand, the un-cooled IR sensor features: a thermal type IR sensor with a temperature resolution of below 0.1°C, non-necessity of cooling and compact size and low price. These advantages are due to the development of; 1) the MEMS (Micro Electro-Mechanical Systems) device that is thermally isolated from the IC chip used as the substrate by applying the chip microfabrication technology; 2) deposition/processing technology of the bolometer material (vanadium oxide) film with a property of a large resistance variation against heat; 3) signal processor circuit for reading trace IR signals, and; 4) vacuum package to insulation the MEMS structure device from the heat generated from the IC chip used as the substrate. Fig. 8 shows an external view of the un-cooled IR sensor package installed on the LIR, the 320 × 240-pixel sensor chip and the 37μm-pitch sensor MEMS pixel1).
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        Fig. 8 Un-cooled IR sensor of the LIR.
      

    

  


  
    6. Conclusion


    The PLANET-C attempted the Venus orbit insertion (VOI) by firing its 500N thruster on December 7, 2010. Unfortunately it failed to enter the Venus orbit due to an irregularity in the propulsion system (this function was not managed by NEC). However, as a second opportunity will come in another six years, we are planning to retry the VOI at that time. After the MUSES-C and PLANET-C, NEC intend to go on to help pioneer the Age of Geographical Discovery in the Solar System under the guidance of JAXA with an eye to subsequent explorations of the planets Mercury, Mars and Jupiter.
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    Abstract


    The solar power sail demonstrator is a probe that navigates by combining propulsion based on the momentum of photons from the Sun and an ion-propulsion engine. It is a middle-sized demonstrator spacecraft developed to demonstrate technologies that will be indispensable in the projected outer planetary exploration toward the Jupiter and its Trojan asteroid. The small solar power sail demonstrator IKAROS (Interplanetary Kite-craft powered by Radiation from the Sun) has been designed to reduce the risks of development in the middle-sized demonstrator program. It has succeeded in the first advanced demonstrations globally of the deployment a large membrane, power generation via power sail and photon acceleration/navigation using sail. This paper reports on the development of the bus technology of the IKAROS by NEC.
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    1. Introduction


    Although the use of chemical engines has a mainstream application in current rocket technology, it should be regarded as a secondary solution from the perspective of propulsion for space navigation systems. The solar sail navigation system based on solar energy simplifies the energy problem significantly and semi-permanent acceleration makes it possible to reach a high velocity in a relatively short time. The success of the IKAROS has established a new concept for solar system navigation. In this project, NEC supports the bus technology via telemetry commands, distance measurements, data transmission and attitude control of a deep space explorer. This paper summarizes the IKAROS system and innovative bus development devices.

  


  
    2. Outline of the IKAROS System


    Fig. 1 shows an external view of the IKAROS at the time of its launch. The IKAROS is a spin satellite and its form at the time of launch is like a metallic cylinder wrapped in a membrane. Fig. 2 shows a view of the IKAROS accommodated in the adapter unit. The IKAROS is installed in the IKAROS installation adapter of the H-IIA No.17 launch vehicle and is launched together with the Venus climate orbiter PLANET-C (AKATSUKI). Photo 1 shows an external view in orbit, shot from two ejected “deployable cameras.”
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        Fig. 1 External view of the IKAROS at launch.
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        Fig.2 Adapter accommodation status of IKAROS.
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        Photo 1 In-orbit external view of IKAROS.
      

    


    The main specifications of the IKAROS are as follows.


    (1) Structure subsystem


    
      	Main body shape: Cylindrical (Diameter 1.6 m, height 1 m).


      	Membrane shape: Square (Sides 14 m, thickness 7.5 μm).


      	Weight: 315 kg (Membrane 15 kg, propellant 20 kg)

    


    (2) Temperature control subsystem


    
      	Thermal insulation on the SAP, mission module and propulsion subsystem, heat is exhausted from the lower panel.


      	Temperature gradient from the propulsion subsystem tank to the thruster module.


      	Heater control and temperature management with HCE.

    


    (3) Communication subsystem


    
      	Xup/Xdown coherent transponder.


      	Downlink bit rate:

      ≧ 512 bps (initial operation)

      ≧ 16 bps (regular operation)

    


    (4) Antennas


    
      	Whole range covered by LGA (× 2) and MGA (× 1).

    


    (5) Power subsystem


    
      	Series switching regulator, non-regulated 50 V bus.


      	Power fed by SAP on the top panel.


      	SAP generation power: ≧ 230 W (6 months)


      	On-board secondary battery for use during peak power operation.

    


    (6) Data processing subsystem


    
      	Telemetry generation, command processing and DR.


      	Autonomous control: Request commands, universal autonomy function.


      	Automatic control: Timeline, macro commands, system timer.

    


    (7) Attitude control system


    
      	Single spin method, passive attitude stabilization (ND)


      	Membrane deployment and extension by the centrifugal force of spinning.


      	Control modes:

      Spin rate control,

      spin axis maneuver control,

      sun angle control, ANC.


      	Attitude determination: SAS solar angle, RF Earth angle.


      	Other sensor: Triaxial gyro (ANC, attitude measurement).

    


    (8) Propulsion subsystem


    
      	Vapor-liquid equilibrium thrusters.


      	Thrust: 0.4 N. Specific thrust: About 40 s.

    

  


  
    3. Mechanical Development Items


    3.1 Rocket Interface


    From the initial stage of development, the IKAROS was positioned as part of the dummy mass (800 kg) for attenuating the vibration environment of the PLANET-C, occupying 315 kg of the 800 kg dummy mass. However, since 70 kg of its weight corresponding to the mission module contains the sail membrane, it was difficult to predict how this weight would contribute to rigidity. Therefore, we proceeded to develop by assuming preliminarily that the mass serving effectively as a damper would be 230 kg. When a combined analysis of the “satellite adapter + IKAROS model” configuration was performed later in the launch vehicle study, it was found that the effective weight of 230 kg does not serve as a frequency damper unless the overall characteristic value is set between 40 and 45 Hz. A value below 40 Hz leads to deterioration of the environment of the IKAROS, and a value over 45 Hz deteriorates the environment of the PLANET-C. Consequently, we designed the satellite adapter and IKAROS so that their nominal characteristic value is 48.3 Hz and that a dummy mass of up to 74 kg can be mounted on the adapter if the value exceeds 45 Hz in a modal survey test of the combined status. As a result of the actual modal survey conducted in the general test, the measured value was 41.0 Hz, this confirmed that the requisite standard could be satisfied without mounting a dummy mass. Photo 2 shows the testing conditions.
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        Photo 2 View of modal survey test.
      

    


    3.2 Satellite Mass Characteristic


    The IKAROS deploys its membrane via the centrifugal force of spinning in orbit. To enable the complicated deployment sequence, the positioning tolerance of the center of gravity in the vertical direction from the geometric center of the membrane surface (Z = 380 mm) should be limited to Z = 380+30/-10 [mm]. Accordingly the restrictions imposed by the structural analysis of the launch vehicle is 47.5 less than Ixx and Iyy less than 51.5 [kg・m2]. In addition, as the specified mass of the launch vehicle interface is 315+0/-10 [kg] and the center of gravity in the lateral direction is SQRT(X2+Y2) less than 10 [mm] , it is deemed necessary to adjust the spinning axis inclination as closely as possible to zero under the above stated restrictions. As a result of the spin balance test conducted in the general testing for the spin adjustment, we adjusted the static/dynamic balance of the satellite by installing a balance weight.

  


  
    4. Development of the Payload Equipment


    This section describes the design and manufacture (procurement) of the payload equipment required for the IKAROS that is not normally used in a spacecraft.


    4.1 Equipment Development Policy


    As the IKAROS needed to be developed with a short lead time and at a low cost, we decided to minimize development of the equipment by utilizing equipment that had been previously designed, flight models from other projects and the prototypes of previous satellites.


    Table 1 and Table 2 list the main payload equipment and the previously designed payload equipment that was utilized by IKAROS. The equipment listed includes the maincomponents of the power, communication, data processing and attitude control subsystems.


    
    
      Table. 1 Payload equipment used.
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      Table. 2 Already designed payload equipment.
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    For the rate gyro (RG), we adopted a consumer product based on the R&D for a previous satellite (INDEX, or REIMEI). Limiting new developments to only two kinds of equipment the PCU and the DRU contributed to a significant reduction in the lead time and cost.


    The PCU is the component that controls power distribution to the on-board equipment and to the BAT charge/discharge control. This device was newly developed because the power distribution method is specific to each satellite.


    The DRU is the component that handles all of the functions that cannot be achieved with the above named equipment. Its multiple functions include; the launch sequence processing, telemetry/command processing for non-intelligent components, attitude control processing and heater control processing. Concentrating the newly developed items in a single component is advantageous for improving the development efficiency and for customizing functions for a small satellite. We attempted to improve the development efficiency of equipment for the IKAROS by focusing on its specific key technologies and by utilizing a wide range of existing equipment that has already been proven to have high reliability.


    4.2 Control During Carrier Rocket Separation


    As the IKAROS is deployed as a piggyback satellite, it adopts the cold launch method with which it is powered ON after the launch of the carrier rocket. The IKAROS is turned ON by starting the BAT power supply upon reception of a pulse command from the H-IIA that is issued before separation. Due to a request from the H-IIA, the IKAROS is inhibited to output RF for 200 seconds after the separation from the H-IIA. For this purpose, the IKAROS begins the timer sequence after it has detected the separation from the H-IIA. Fig. 3 shows the timer sequence immediately after the separation of the IKAROS from the H-IIA. The timer sequence is controlled by the DRU as described above.
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        Fig. 3 Timer sequence immediately after separation.
      

    


    4.3 Heater Control Method


    The orbit of the IKAROS is fully sunlit so the power is permanently fed from the solar cells. However, the power balance is so tight that, if more than the specified number of heater CHs are ON, an insufficiency of power may cause lock-up, making it impossible to feed sufficient power from the solar cells. To prevent this happening, we adopted the duty control for limiting by time division of the number of heater CHs that can be turned ON at a time. The duty control directs the heaters ON/OFF by registering the patterns of the heater CHs to be turned ON in the satellite and by switching the patterns at certain intervals. The heater function used for controlling the temperature over a certain range is calculated from thermal analyses made in advance. This method is variable as long as it can control the temperature stably over a range, even when the temperature varies periodically. However, certain countermeasures are required in case the function needs to be changed depending on the value of the highest and lowest temperatures.


    Since the temperature environment inside the IKAROS varies depending on the orbit and attitude and that the temperature range to be controlled is narrow, the function needs to be optimized according to each event. However, it is actually a difficult task to change this frequently due to the restricted availability of the communication circuit.


    As a result, while the ordinary function control switches the heater CHs ON and OFF according to time division, we designed the duty control of the IKAROS so that it permits or inhibits the heater CHs to turn ON. When a heater CH is permitted to go ON, the temperature is detected and the CH is turned ON only when the detected temperature is below the specified temperature. With this method, when the duty for the case of lowest temperature is set to the CHs, the temperature controls of both low/high temperature sides is possible with a single function because the heaters of these CHs are not turned ON even if the temperature rises. This heater control is also executed by the DRU.

  


  
    5. Conclusion


    The success of the IKAROS project has proven the reliability of NEC's core bus system technology supporting deep space explorers that began with MUSES-C (HAYABUSA). In addition, we also consider that it contributes to the creation of key technologies that lead directly to the deployment of space solutions business enterprise, which is an important goal of NEC.
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    Abstract


    Beginning with the “one small step” of commander Armstrong of Apollo 11 in 1969, manned lunar exploration had been halted since Apollo 17 in 1972. In September 14, 2007, Japan restarted a new lunar exploration activity by launching the lunar orbital spacecraft SELENE (KAGUYA).


    This paper introduces the main specifications of the KAGUYA mission for which NEC acted as the prime coordinator, being in charge of the mission from the development to the operational stages. The operational process from the launch to the end of the mission is also discussed, together with the technology used in the laser altimeter that has also been developed by NEC.
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    1. Introduction


    The KAGUYA or SELENE (SELenological and ENgineering Explorer) was launched by the 13th model of the H-IIA launch vehicle on September 14, 2007. It was the most important lunar exploration mission since the Apollo project. After being injected successfully into lunar orbit on October 4, the spacecraft reached the observation orbit, which is a circular lunar orbit (polar orbit) at an altitude of 100 km and with an orbital inclination of 90°. It also succeeded in injecting the two sub-satellites for lunar gravity field measurement (relay satellite Rstar, or OKINA, and VRAD satellite Vstar, or OUNA) into their designated orbits during its orbit transfer from the extended elliptical orbit to the circular orbit.


    The KAGUYA performed 14 observation missions from its orbit at a 100-km altitude and acquired much data required for the elucidation of the origin and evolution of the Moon. The lunar and gravity field maps thereby created using the altimeter data are now published in the textbooks of elementary and high schools and some of the results even challenged established theory on the evolution of the Moon. The impressive images recorded with the HDTV camera were also applauded by their many viewers.


    From an engineering viewpoint, the mission succeeded in verifying the key technologies required to support the planned lunar orbit spacecraft to follow, such as the Asia-first satellite delivery into lunar polar orbit and the implementation of triaxial attitude control on lunar orbits.

  


  
    2. Outline of the KAGUYA, SELENE


    The KAGUYA is composed of three satellites including the main orbiter and two sub-satellites (Rstar and Vstar) and the total weight at the time of the launch was 3,020 kg (including 1,120 kg of propellant). This is a large satellite with a single-wing canted solar array paddle (generating 3,500 W power), a deployable biaxial gimbal, high-gain antenna with a 1.6-m diameter and bipropellant 500-N main engine (OME: Orbit Maneuvering Engine) for use in the precise injection into lunar orbit.


    Table 1 shows the main specifications of the KAGUYA satellite system and Fig. 1 shows its external view on circular lunar orbit. Each sub-satellite weighs about 57 kg and has an octagonal pole shape with approximate dimensions of 1 × 1 × 0.65 meter. The outer surfaces of the octagonal pole are the solar cell panels generating power of about 80 watts.


    
    
      Table. 1 Main system specifications of the KAGUYA.
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        Fig. 1 On-orbit configuration of KAGUYA.
      

    


    After the main orbiter has entered the circular lunar orbit at 100-km altitude, it deploys a lunar magnetic field observation antenna of about 12-meters length and lunar radar sounder antennas (×4) each of about 16-meters length. After deployment of all antennas, the overall system size on orbit is about 23 × 24 × 3 meters.


    The main features of the KAGUYA are as follows.


    (1) The center of mass


    
      The solar array paddle and high-gain antenna of the KAGUYA are installed asymmetrically. In order to deal with any deviation in the center of mass caused by separation of the sub-satellites or consumption of the propellant, we adopted measures to accurately set the OME installation position and the cant angle as well as applying the torque arms of the control thrusters.

    


    (2) Heat radiation design


    
      Under regular operational conditions, the KAGUYA orbits the Moon while facing the +Z-plane toward the lunar surface between the solar light and the solar-irradiated lunar surface areas. The lunar surface temperature may be up to +120°C.


      To ensure the requisite heat radiation performance and reduce the heater power during a lunar eclipse, we restricted the heat radiation surface to the +Y-plane and installed nine thermal louvers.

    


    (3) Bus/mission shared high-gain antenna (HGA)


    
      The high-gain antenna is installed on the Z-plane that is permanently facing the opposite direction to the lunar surface. To enable communications with the Earth, it is always oriented toward the Earth by driving the biaxial gimbal mechanism via signals from the attitude/orbit maneuver system. When the satellite enters the far side of the Moon as seen from the Earth, the high-gain antenna is oriented toward a sub-satellite and is deployed for gravity field measurements using the 4-way Doppler method.

    


    (4) Power circuit management design


    
      The solar array with a cant angle of 30° is set to the optimum angle according to the relationship between the solar light incident angle and the 100% sunlit orbit and a yaw around maneuver (inversion of traveling orientation) is performed every six months to reserve the required power. Although the KAGUYA carries a battery with a capacity of about 5,500 Wh (fully charged,) the battery would be exhausted when the phase between the shadow of the Earth and that of the Moon is in the worst condition, i.e. during a lunar eclipse (a phenomenon in which both the Moon and satellite are inside the shadow cast by the Earth). To prevent such an occurrence by operational considerations, the phase adjustment operation (orbit adjustment, maneuver) is executed about a month before lunar eclipse in order to minimize battery discharge.

    


    (5) Electromagnetic compatibility design


    
      Since a requirement of the mission is to observe faint radio waves, a noise filter is added and the harnesses are shielded to minimize the level of field-emission noise emitted by the KAGUYA. As a result, the satellite achieves quietness below -20 dB (1/10) of the MIL standard in the frequency domain below 30 MHz. In the 5-MHz domain, which is at the center of the frequency of observation, the quietness is as low as about -60 dB (1/1000) of the MIL standard with reference to the observation equipment GND.

    


    (6) Magnetism control


    
      The magnetic field of the Moon is only 1/100,000 that of the Earth. With the KAGUYA, the magnetism produced by the satellites should be minimized in order to measure such a low lunar magnetic field. For this purpose, we have taken measures that include the installation of magnetic shields, cancellation magnets and cancellation loop wiring, etc., and have succeeded in meeting the requirements of the observation equipment.

    

  


  
    3. Lunar Orbital Transfer and Lunar Orbital Injection


    (1) Lunar orbital transfer operation


    
      There are several lunar transfer orbits that can be taken to reach the Moon from the Earth. For the KAGUYA, we adopted the phasing orbit that orbits the Earth by 2.5 turns because this method can deal flexibly with unexpected events. For the lunar transfer orbit phase we twice performed orbit maneuver using the OME and three times for orbit maneuver using four 20N thrusters. Fig. 2 shows the orbit maneuver sequence and Table 2 shows how the maneuvers were achieved. With the orbit maneuver, the start time and amount of acceleration are set via commands and firing is stopped automatically based on the on-board accelerometer data. In spite of anxiety concerning the noise of the accelerator, we were able to control the orbit with high accuracy. An acceptable small error only was estimated from the orbit determination values obtained after the completion of the orbit maneuver procedures.
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          Fig. 2 Orbit maneuver sequence for lunar transfer orbit.
        

      


      
      
        Table. 2 Lunar transfer orbit maneuvers achieved.
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    (2) Lunar orbit insertion operation


    
      When the satellite approaches the synodic conjunction point with the Moon, its velocity is increased by the gravitational pull of the Moon. When the satellite reaches the closest point to the Moon, the OME is fired for a long period to decrease the velocity. This causes the satellite movement to be balanced with the gravitational pull from the Moon so the satellite starts to orbit the Moon.


      This operation is called the “lunar orbit insertion maneuver.” If this fails, the satellite would advance in an unintended direction away from the Moon. Although it was the most difficult operation with the KAGUYA, the difficulty was overcome and the extended elliptical lunar orbit was entered successfully. Subsequently, the two sub-satellites were separated and orbit maneuver was performed five times using the OME and three times using the 20N thrusters, and eventually the circular orbit was entered at 100-km altitude.


      The error between the planned and achieved maneuvers was below 1% (Table 3). The saving in the consumed propellant thanks to the highly accurate orbit maneuvers will enable significant economies in subsequent missions.


      
      
        Table.3 Lunar orbit insertion maneuvers achieved.
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    4. Regular Operation and Controlled Impact Operation


    (1) Regular operation


    
      After insertion in the lunar polar orbit at a 100-km altitude, the KAGUYA performed on-orbit checks for six weeks and then proceeded to the regular observation operation, in which 14 kinds of lunar exploration missions and image capturing using the HDTV camera were carried out. As HDTV camera images such as the “Earth rise image” and the 3D image of the Tycho crater shot with the terrain camera can be viewed on the website of the Japan Aerospace Exploration Agency (JAXA), we introduce below the bus operations achieved during the regular observation operation.


      With the lunar orbit at a low altitude of 100 km, the orbit tends to present extremely complex behavior due to the significant effects of the asymmetry of the lunar gravity field. The orbit maneuver must also be performed accurately because of the exploration mission to capture images of the whole of the sunlit area of the Moon without missing any part.


      In addition, on the boundary with β angle of 90°, there are a large number of operational events to be performed, including the inversion of the solar array paddle rotation direction, the survival operation during lunar eclipse and the yaw around maneuver operation. These operations were executed via commands from the SELENE Mission Operation and Analysis Center that had been installed at the JAXA Sagamihara Campus.

    


    (2) Controlled impact operation


    
      After about seven months of post-term operation, we performed a controlled impact of the satellite using the small amount of propellant that remained. This operation aimed at learning the technique for dropping the satellite precisely on target, which was expected to provide useful experience that could be applied to support future lunar landing technology. The target impact point was selected to meet the following conditions; 1) it should be located in the shadow area on the near side of the Moon that could be viewed from the Earth so that the light emission accompanying the crash could be confirmed, and; 2) the satellite should approach the moon through the sunlit area until immediately before impact so that clear camera images would be obtained. Consequently, we performed a controlled impact operation on June 11, 2009, by setting the target location near to the Gill crater as shown in Fig. 3 and we were successful in achieving impact at the targeted location. The light emission accompanying the crash was confirmed from several locations inside and outside Japan.
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          Fig. 3 KAGUYA’s controlled impact location.
        

      


      Fig. 4 shows the data of the laser altimeter during the controlled landing operation. This clearly indicates a gradual decrease in the distance from the KAGUYA to the lunar surface as well as the altitude variations due to the presence of craters. The laser altimeter is a sensor developed by NEC and its results provided not only a successful preparation for a map of the whole lunar surface but also included valuable data that will serve lunar landing missions of the future. Details of the laser altimeter are discussed in section 5 below.
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          Fig. 4 Laser altimeter data during controlled impact.
        

      

    

  


  
    5. Laser Altimeter Technology


    The laser altimeter (LALT, Fig. 5) emits laser light from the KAGUYA to the lunar surface and measures the distance by metering the round-trip time until the light reflected by the lunar surface returns to the KAGUYA. The device measures the altitude every second, and the altitude data of the entire lunar sphere obtained during the operation is used to draft a lunar topographic map. The laser altimeter acquired data that had not been available before the KAGUYA mission, including altitude data of the lunar polar-regions and details of the topography inside craters that had never been lit by the solar light.


    
      [image: e110112_08.jpg]

      
        Fig. 5 External view and internal structure of the LALT.
      

    


    The temperature of the LALT on lunar orbit is controlled using a heat radiation surface and heaters for dealing with temperature variations. The performance of the optical equipment including the laser deteriorates even by the smallest structural distortion due to temperature change. Therefore, the thermal and structural designs of the LALT incorporate various measures for preventing the influence of thermal distortion on the performance. To measure the complicated topography without missing anything from the altitude of 100 km, the LALT adopts a high-power laser and high-sensitivity detectors so that even the light reflected from inclined planes can be detected. The LALT also incorporates a counter circuit capable of measuring the lunar surface distance with a resolution of 1 meter, various laser driver circuitry and optical systems. Designed to withstand the H-IIA launch environment and the operating environment on the lunar orbit, it was mounted on the KAGUYA only after passing extended evaluation testing on the ground.


    The LALT of the KAGUYA allowed us to verify the technologies required for the laser systems for space use including those suitable for lunar and planetary explorations.

  


  
    6. Conclusion


    For the lunar explorations of the future, the final report of the Council on Lunar Exploration held by the Strategic Headquarters for Space Development of the Japanese Cabinet Secretariat and compiled in June 2010 proposes to perform soft landing and robot exploration in the next lunar exploration mission scheduled for 2015. NEC wishes to maintain participation in the lunar exploration projects as the core activity of the science and technology development group by utilizing/advancing the lunar/planetary exploration know-how that has been cultivated over 25 years, since the Halley’s Comet mission “SAKIGAKE.” We aim to continue our activities in this field via our ongoing contributions to the work of the leading Japanese science foundations.
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    Abstract


    The Advanced land Observation Satellite “DAICHI”(ALOS) is one of the world’s largest class earth observation satellite launched on January 24, 2006. The primary mission of “DAICHI” is obtaining enormous volume of image data for global topographic mapping and emergency disaster monitoring of the disaster-struck area. It has three remote sensing instruments (PRISM, AVNIR-2 and PALSAR) for the precise ground surface observation.


    This paper describes practical applications of the images obtained via the three remote sensing instruments over the five year period subsequent to the launch and the ways that the obtained data may contribute to the social infrastructures affecting the lives of the people both inside and outside Japan.
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    1. Introduction


    The “DAICHI” (ALOS:Advanced Land Observation Satellite) is an earth observation satellite that had been developed by NEC acting as the prime contractor. It was launched on January 24, 2006 from the JAXA Tanegashima Space Center by the H-IIA launch vehicle No.8. “DAICHI” is one of the world’s largest class earth observation satellites and is still continuing on its observation mission.


    The mission objectives of the “DAICHI” include; 1) global topographic mapping; 2) regional topography observations; 3) disaster situation monitoring, and; 4) underground resources surveys. The “DAICHI” has three remote sensing instruments for the precise observation of the Earth’s land area. These are the Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM), the Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2), and the Phased Array type L-band Synthetic Aperture Radar (PALSAR). In order to utilize fully these data obtained by three remote sensing instruments, three advanced technologies were developed: low thermal distortion structure, high-speed and large-capacity mission data handling capability and precision satellite position and attitude determination capability. In addition, we developed a Precision Pointing, geo-location Determination System (PPDS). This system functions as a part of ground processing system for improving the location determination accuracy of the observation data that enables determination of a location on the ground surface within an error of a few meters from a height of 700 km.


    With regard to the usage of the obtained data, its application as a public infrastructure is being verified by employing it for “global topographic map making and updating,” “regional observation for ensuring harmony between the environment conservations and development strategies,” “situation monitoring of large-scale disasters inside and outside Japan” and “underground resources surveys inside and outside Japan.”

  


  
    2. Outline of the “DAICHI” mission


    (1) External view of satellite in orbit and specifications


    
      Fig. 1 shows external views of the “DAICHI” satellite on orbit and Table shows its main characteristics.
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          Fig.1 External view of the “DAICHI.”
        

      


      
      
        Table Main specifications.
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    (2) Observation sensors


    
      The “DAICHI” has three remote sensing instruments of ground surface observation.


      1) PRISM


      The PRISM is a sensor for observing the ground surface using the visible wavelength band. In order to obtain topographic data including elevations; the PRISM is comprised of three telescopes for quasi-simultaneous observations of the forward, nadir and backward views. These sensors observe the ground surface as three-dimensional image data with a spatial resolution of 2.5m and a swath width of 35 or 70 km.


      2) AVNIR-2


      The AVNIR-2 is a visible and near infrared radiometer for obtaining data on various land usage and vegetation type with 10m spatial resolution and a swath width of 70 km.


      3) PALSAR


      The PALSAR is the improved synthetic aperture radar and is ideally suited to detect changes in topography and geology from microwave backscattering of the ground surface. This sensor is capable of continuous observation regardless of day/night or weather conditions. It features three observation modes. These are; a high-resolution mode for observation with a spatial resolution of 10m and a swath width of 70 km, the broad-area mode for observation of swath width from 250 to 350 km, and the multi-polarization mode.

    

  


  
    3. Technologies Adopted for Broad-area, Precision Observation


    3.1 Low Thermal Distortion Structure


    In order to ensure the performance and pointing control accuracy of the optical sensors, it was necessary to develop a structure with low thermal distortion and deformation.


    The thermal distortion of the “DAICHI” was reduced by adopting a truss type construction that used a low thermal distortion material. This choice has made it possible to ensure proper load transfer during launch phase and low thermal distortion on orbit.


    With the PRISM, which requires extremely high pointing accuracy, was installed on a highly rigid and low thermal distortion structure called the optical bench with the precision Star Tracker (STT) that is used as the attitude reference on orbit. The technology applied in the development of the low thermal distortion structure is as follows:


    
      1) Carbon-fiber reinforced plastic (CFRP) laminate design for minimization of the coefficient of thermal expansion.


      2) Minimization of thermal deformation of the joints between truss members.


      3) Use of CFRP with high thermal conductivity for reducing thermal deformation due to temperature gradient.


      4) Use of a resin with low moisture absorbing distortion for reducing deformation due to moisture emission from the structure while in space.


      5) Use of a thermal control technology that reduces thermal distortion by minimizing the temperature variation amplitude of the truss in each turn of orbit.

    


    3.2 High-accuracy Attitude Control System


    In order to enable making of 1/25,000-scale maps, which is one of the missions of the “DAICHI”, it is required to determine the location on the ground surface (latitude, longitude and elevation) of each observation image obtained as well as to obtain high-quality images. This makes it necessary to improve the pointing stability, pointing and positioning determination accuracy.


    To suppress attitude disturbance caused by the Solar array Paddle drive of the Data Relay and Communication (DRC) antenna or the large mirror of the AVNIR-2, the “DAICHI” has a high-torque reaction wheels.


    In addition, when driving the DRC antenna or the large mirror of the AVNIR-2, feed-forward control is applied to suppress the satellite attitude disturbance by compensating for the angular momentum caused by the drive. Furthermore, to facilitate image processing on the ground by reducing the effects of the Earth’s rotation on the sensor image data, a yaw steering operation is performed, which modifies and corrects the yaw attitude of the satellite continually according to the latitude argument of orbit.


    To improve the attitude and pointing determination accuracy, we developed the STT with extremely low bias error and integrated with the inertial reference unit (IRU) on the low distortion optical bench structure where the PRISM is installed. As a result, the satellite attitude can be determined with a accuracy of 3.0 × 10-4 deg. (equivalent to 3.6 m from an altitude of about 700 km) with the satellite’s internal processing, or of 1.4 × 10-4 deg. (equivalent to 1.7 m from an altitude of about 700 km) when the ground processing is applied additionally.


    Regarding the satellite position determination, this is enabled with an accuracy of below 1 m by adopting a GPS receiver featuring dual-frequency carrier positioning and processing of the GPS data on the ground.


    3.3 Precision Pointing and Geo-location Determination System (PPDS)


    In order to generate high-quality images without distortion of the captured object shapes and with a high absolute location accuracy (latitude and longitude), it is necessary to prepare the information of the satellite position, attitude and observation sensor alignment. To determine the satellite attitude from the attitude sensor information and to estimate the PRISM alignment that varies depending on the thermal distortion, we developed the PPDS (Precision Pointing and geo-location Determination System) to support the “DAICHI”. The PPDS uses the observed data of the known ground control points (GCPs) periodically and estimates the variation of orbiting period, annual period and the fixed bias data continually from the obtained information in order to improve image location accuracy.


    The PRISM images are geometrically corrected by means of the PPDS data and satellite position determination data obtained with other systems. As a result, the PRISM images achieved absolute pointing accuracy of 7.8 m (RMS) for the nadir, forward views and 8.7 m for the backward view, even when no GCP is in the image. These accuracies are suitable for the updating of the 1/25,000-scale terrain maps conducted by the Japanese Geographical Survey Institute.


    3.4 High-speed Data Processing/Transmission System


    Since the three remote sensing instruments integrated on the “DAICHI” have high-resolution, they generate an enormous volume of observation data. The total data rate would rise to 1.36 Gbps, including 960 Mbps from the PRISM (three view data), 160 Mbps from the AVNIR-2 and 240 Mbps from the PALSAR in the high-resolution mode. To transmit these data effectively to the ground, the “DAICHI” applies on-board, real-time compression of the data. Data compression ratios are as follows: PRISM 960 Mbps to 240 Mbps, AVNIR-2 160 Mbps to 120 Mbps.


    The compressed image data is transmitted via the Data Relay Test Satellite (KODAMA) at a rate of 240 Mbps in the Ka-band (26.1 GHz), while it is also transmitted directly to the ground at 120 Mbps in the X-band (8.1 GHz). In case communication with the “KODAMA” and ground station is unavailable, the data is stored to onboard data storage temporarily. For this purpose, the “DAICHI” has a solid-state recorder with a large capacity of 96 GBytes.


    The “DAICHI” is designed to operate effectively by means of the capability of multiplexing the data of the PRISM, AVNIR-2 and PALSAR according to operation requests and switching the data transmission routes according to each operation.

  


  
    4. Examples of “DAICHI” Data Usages


    Uses for the data acquired from the “DAICHI” are being verified in various fields. It is contributing to protection of natural, social and living environments and safety in Japan as well as globally.


    1) Global topographic mapping


    
      Previously, the 1/25,000-scale terrain maps of Japan have been updated based on aerial images and surveys. However, at present, the PRISM data is already in use for this purpose.


      As there are many areas in the world for which precise maps are not available, the data of the “DAICHI” is also contributing to the mapping of such areas.


      It should also be noted that preparing the terrain data and updating it every day are also essential for the quick monitoring of situations in the case of a large-scale disaster as well as for initiating relief and recovery measures.

    


    2) 2 Regional topography observation


    
      The observation data of the “DAICHI” is continually stored on a worldwide scale and is also used to promote harmony between the global environment conservations and development. For example, as shown in Fig. 2, the image data of the Amazon region is supplied to the Brazilian government to monitor areas of illegal logging. In addition, the data is also supplied to organizations inside and outside Japan to support a harmonious relationship between the global environment conservations and development needs; e.g. in surveys of vegetation, fauna and flora, monitoring of arable lands usages, surveys of agricultural crops, surveys of fishery, observation of glacier conditions in the Andean Cordilleras and monitoring of world heritage sites such as the Geoglyphs of Nazca.
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          Fig. 2 Decrease in tropical rainforest in the Amazon basin.
        

      

    


    3) Disaster situation monitoring


    
      In the case of a large-scale disaster in or even outside Japan, emergency observation is conducted to monitor the situation as it unfolds in the disaster-struck area (Fig. 3). Since the “DAICHI” is observing the whole world periodically, comparison of images before and after the disaster helps identify the scale and to pinpoint aspects of the disaster and also to contribute to relief and recovery measures. Monitoring of diastrophism will also help prepare countermeasures for possible disaster areas in the future.
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          Fig.3 Disaster monitoring: Gulf of Mexico oil spill disaster, Off-New Orleans (Left) and interferogram of diastrophism, Chili earthquake (Right).
        

      


      Since the “DAICHI” observes the same regions periodically, the results of regular basis monitoring of both volcano and submarine volcanic areas can also be used in the prediction of eruptions. The results of periodical observations of floating ice in the Okhotsk Sea in winter are provided as sea ice information to marine transportations, thereby contributing to their safe navigation safety.

    


    4) Underground resources survey


    
      Analysis of terrain characteristics and vegetation using the PALSAR and AVNIR-2 data can support surveys of unexplored underground resources such as oil-bearing strata.

    

  


  
    5. NEC's Business Deployment


    Based on NEC's long term accumulation of innovative technologies, we have developed and marketed an image processing software package that can create a three-dimensional Digital Elevation Model (DEM) with a horizontal precision of about 10m and a vertical precision of about 5m from the PRISM image data as shown in Fig. 4. This software package is purchased by governmental organizations for use in global topographic mapping procedures both inside and outside Japan.


    
      [image: e110113_05.jpg]

      
        Fig. 4 Example of 3D image processing of the Myogi-san Mountain (Bird's-eye view).
      

    


    We are also conducting studies for monitoring the effects of natural gas mining on the environment and facilities by detecting crustal elevation changes around the gas field areas by means of the application of interferometer processing to the PALSAR image data under guidance of the Earth Remote Sensing Data Analysis Center (ERSDAC).


    We are expanding the usage of “DAICHI” observation image data in support of new fields, countries and organizations and are path finding new business in these areas as described above.

  


  
    6. Conclusion


    The on-orbit operation of the “DAICHI” has already lasted for its target life of five years. However, as the satellite is still in good health and a sufficient amount of propellant remains, it is expected that the satellite observation period can be extended.


    The “DAICHI” will continue to contribute as a useful public infrastructure that serves to protect the natural, social and living environment and safety in Japan as well as globally. At the same time, we will also support the continuation of its fruitful operation by adopting a supportive role for the “integrated space utilization systems” that are scheduled for promotion by NEC in the near future.

  


  
    Author's Profiles


    
      WATANABESatoru
    


    
      Senior Manager

      Space Systems Division

      Aerospace and Defense Operations Unit
    


    
      HIRAOAkihiro
    


    
      Manager

      1st Engineering Department

      Space Systems and Satellite Information Systems Division

      NEC Aerospace Systems, Ltd.
    

  


  
    
      Special Issue on Space Systems
    


    
      Technologies/Products supporting roadmap implementation (Satellites/Space station)
    

  


  Development of the Wideband InterNetworking Satellite WINDS (KIZUNA)


  
    BABAIsao, OKUITamio, TORIUMITsuyoshi
  


  
    Abstract


    The WINDS (Wideband InterNetworking engineering test and Demonstration Satellite, also called KIZUNA) is a stationary satellite developed for the technological development and demonstration of an ultrahigh-data-rate satellite communications system using the Ka band that has high affinity to the Internet. It enables ultrahigh-data-rate communications experiments all over Japan as well as in the Asia-Pacific region. The effectiveness of the satellite has already been demonstrated by many communications experiments conducted over the three years since the launch, and more experiments are planned for the future. This paper introduces an outline of the WINDS project and discusses the results of the main experiments so far.
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    1. Introduction


    Satellite communications are a very effective means of communication for the mountainous regions and isolated islands where the use of terrestrial communications networks are difficult, as well as for areas that are affected by large disasters. They can also be used to provide a variety of simultaneous communications services that require broadband coverage. In order to enhance satellite communications services, the key is the application of broadband communications. The WINDS (Wideband InterNetworking engineering test and Demonstration Satellite, or KIZUNA) was developed by the Japan Aerospace Exploration Agency (JAXA) and the National Institute of Information and Communications Technology (NICT) (Fig. 1). It formed a part of the R&D program related to the creation of advanced information and telecommunications networks under the framework of the “e-Japan Priority Policy Program” of the IT Strategic Headquarters for the Promotion of an Advanced Information and Telecommunications Network Society (IT Strategic Headquarters) of the Japanese government. WINDS covers the entire Japan and the Asia-Pacific region in order to enable ultrahigh-data-rate communications at the top level globally of 1.2 Gbps or high-data-rate communications of 155 Mbps, when received with a household antenna. It is a large stationary satellite weighing about 5 tons at the time of launch and measuring about 22 meters across on orbit. As NEC was appointed as the main manufacturer of the satellite; we developed: the satellite system, the mission equipment including the Ka-band high-power multi-beam antenna (MBA), multi-port amp (MPA), onboard high-speed switching router (ATM switch router, ABS), network information transmitter/receiver (NITR) and IF switch (IFS), and the ground experiment system. WINDS was launched February 23, 2008, from the Tanegashima Space Center and many communications experiments have been conducted successfully since the launch.


    
      [image: e110114_01.jpg]

      
        Fig. 1 Wideband internetworking satellite WINDS.
      

    

  


  
    2. Features of WINDS


    WINDS uses the Ka-band (20 GHz to 30 GHz) as its communications frequency band. This enables ultrahigh-data-rate, 1.2 Gbps communications with a 5-meter class antenna, and assumes business use or high-data-rate communications of 155 Mbps reception/1.5 Mbps transmission with a 45-cm class antenna that can be installed on the porch of a standard household (Fig. 2). It is required to have high transmission/reception capabilities to enable high data rate communications with such small earth stations, WINDS has succeeded in implementing these aims by developing an MBA of large aperture and high gain and an MPA with maximum transmission power of about 280 W (Photo 1).


    
      [image: e110114_02.jpg]

      
        Fig. 2 Features of WINDS.
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        Photo 1 Ground test of MPA.
      

    


    Although the Ka band is advantageous for high-data-rate communications, it has the problem of large attenuation due to rainfall. With WINDS, the transmission powers of the beams of the MBA allocated per communications target areas can be set individually by adjusting combinations of the eight traveling-wave-tube amps of the MPA. This capability enables flexible power distribution to the target areas, e.g., by transmitting high-power data to rainfall areas, and low-power data to the dry areas. Stable communication quality can thereby be maintained even in rainy weather and it can also contribute to the effective power utilization that is important for the satellite (Fig. 3).
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        Fig. 3 Diagram explaining rainfall compensation by MPA.
      

    


    The MBA beams of WINDS are connected via the ABS, which is a satellite-borne router, so that information can be sent only to those limited areas that need it. This enables efficient satellite power utilization without emitting radio waves to unnecessary areas as was the case with previous satellites.


    One of the weak points of communications using a stationary satellite is the delay time due to the long distance between the satellite at 36,000-km altitude and the earth station. Thanks to the use of ABS, the WINDS can halve the communications delay time compared to that of previous satellites that had no router function and for which the two-way communications between the satellite and Earth was required to relay the signal via a ground switching center.

  


  
    3. Systems Outline


    3.1 Satellite System


    The satellite system of WINDS is composed of a mission module for use in communications experiments shared with the Earth station and the bus module that is in charge of power supply to the entire satellite operation, attitude control, etc. The mission module includes: two 2.4-meter diameter MBAs capable of transmitting multiple beams to the Japanese domestic area and the Southeastern Asia area, an MPA with eight I/O ports and eight parallel-connected traveling-wave-tube amps, an active phased array antenna (APAA) capable of electronic scanning of a broad area, an ABS for regenerative switching relay, an NTRX for transmitting/receiving network control signals and an IFS for connecting them. The satellite bus is designed to improve reliability while inheriting the previously developed technologies. The solar array paddle made in Japan employs highly efficient multi-junction solar cells to decrease the weight. Photo 2 shows a view of a ground test.
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        Photo 2 Preparation for the RF emission test.
      

    


    3.2 Ground Based Experiment System


    The ground based experiment system is composed of the reference station controlling the network, the beacon station used as a pointing reference for the satellite antenna and user stations of the communications users. The reference station is located at the JAXA Tsukuba Space Center and the beacon station at the JAXA Tracking and Communication Station.


    User stations of the regenerative link include: the 155 Mbps high-data-rate VSATs (uplink/downlink 155 Mbps max.), portable VSATs (uplink 51 Mbps max., downlink 155 Mbps max., equipped with a 1-meter auto-acquisition antenna), ship borne stations (uplink 51 Mbps max., downlink 155 Mbps max, equipped with a 1.3-meter auto-acquisition antenna). Those of the bent-pipe link include large earth based stations (uplink/downlink 1.2 Gbps max.). Together they form an IP broadband network environment making use of features of WINDS.

  


  
    4. Communications Experiment Situations


    Since the start of regular operations in July 2008, experiments making use of the WINDS’ features such as broadband, mesh and IP multi-cast functions were conducted one after another and achieved significant success. They included: the multi-location HDTV conference/e-learning experiments in the Asia/pacific region, emergency communications/disaster information distribution experiments making use of the excellent portability of user terminal systems, and ocean ship communications experiment in the EEZ (Exclusive Economic Zone) sea areas of Japan that are the typical digital divide region (region in which the broadband network infrastructures such as optical cables are not arranged).


    Among these experiments, the subsections below will introduce the HDTV relay experiment held during 2008 Beijing Olympic Games and the HDTV relay experiment of the total solar eclipse from the Iwo-jima Island in 2009.


    4.1 HDTV Relay Experiment of the Beijing Olympic Games


    On the occasion of the Beijing Olympic Games in 2008, an HDTV relay experiment was conducted connecting the International Broadcasting Center (IBC) in the Olympics stadium, NHK China Head Office, NHK Shibuya Broadcasting Center and NHK Nagoya Broadcasting Station (Fig. 4, Photo 3).
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        Fig. 4 Outline of Beijing Olympic Games HDTV relay experiment.
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        Photo 3 User station installed in IBC and NEC experiment staff.
      

    


    This experiment included the three HDTV-image multiplex transmission experiment, remote image editing experiment and the multi-cast distribution experiment. It demonstrated that the satellite broadband environments provided by WINDS user terminals can be used with various applicationsjust as in the Japanese domestic terrestrial broadband environments and that they can be deployed and installed very easily.


    4.2 HDTV Relay Experiment of Total Solar Eclipse at Iwo-Jima Island


    On July 22, 2009, a total solar eclipse was observed in the Japanese land territory for the first time in 46 years. To observe the solar eclipse at Iwo-jima island where total eclipse lasted for about 5 minutes and to relay viewing via HDTV, a joint team was organized by NHK (relay), the National Astronomical Observatory of Japan (observation), JAXA (satellite transmission route) and NICT (providing the car-mount station and domestic broadband network) (Fig. 5, Photo 4).
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        Fig. 5 Iwo-Jima Island total solar eclipse HDTV relay experiment
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        Photo 4 Car-mount WINDS station dispatched to Iwo-jima Island.
      

    


    On the day of the total solar eclipse, four HDTV image circuits and five IP phone circuits were established between the car-mount WINDS terminal installed in Iwo-jima island and the portable KIZUNA terminal installed at the NICT Koganei Station, waiting for the expected event. As Iwo-jima island had been struck an hour before by a torrential squall in the total eclipse time zone, we were concerned that stable observation might be affected. However, by good fortune, the weather began to recover gradually about 30 minutes before the eclipse. Eventually, in the total eclipse time zone from 11:25 to 11:30,the impressive images were broadcast to the delight of viewers throughout Japan.

  


  
    5. Conclusion


    Many governmental institutions and educational organizations from both inside and outside Japan are planning various experiments utilizing the excellent features that are enabled by WINDS. These are expected to contribute significantly to the implementation of an information communication society in which high-data-rate communications services will be of benefit to anyone, anytime and anywhere, without the need for a large ground based communications station.


    NEC is currently developing an ultra-broadband satellite communications system applying a multilevel modulation/demodulation technology. Our aim with this system is to achieve satellite communications with a data rate of over 2 Gbps by exceeding the current top global data rate of 1.2 Gbps, which has already been achieved in experiments using the WINDS satellite.
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    Abstract


    The needs of synthetic aperture radar (SAR) has recently been increasing. This is because it is an image sensor capable of observing the Earth’s surface regardless of weather or time of the day. Aiming at providing high performance Earth observation services, with the low price and the short delivery term, NEC is developing a small SAR satellite of the 500-kg class by utilizing the SAR system technology, spacecraft design technology and small-sized satellite standardization technology that have been accumulated up to the present. This paper introduces an outline of the small SAR satellite system, the techniques used in its development and the projected global deployment of an Earth observation data service.
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    1. Introduction


    SAR (Synthetic Aperture Radar) is a radar system for imaging the Earth’s surface using radio waves. To obtain a resolution equivalent to optical sensor images, the SAR features an antenna installed on an aircraft or spacecraft and repeats electromagnetic wave transmission and reception following the movements of the platform. A virtual antenna with a large aperture is thereby synthesized in the space. For this reason it is called “synthetic aperture” radar.


    Since SAR is an active sensor that transmits microwaves from an antenna and observes the reflected waves from the earth’s surface, the microwaves can be transmitted through clouds and smoke etc. and it is capable of making observations at any time of day and night. These features have led to a recent increase in the necessity of SAR for earth observation and monitoring purposes, and some overseas satellites have begun to be deployed for their commercial observation services.


    This paper reports on a 500 kg class small SAR satellite that is currently being developed with the aim of providing SAR-based earth observation services that feature high performance, low price and a short delivery term.

  


  
    2. Development Background


    2.1 History of SAR Development at NEC


    NEC started independent research for the development of SAR image processing software in 1970’s and succeeded in developing NEC-SAR1), Japanese first airborne SAR, for use in our in-house R&D in 1992. This achievement led subsequently to the design and manufacture of the Pi-SAR, an airborne SAR for National Institute of Information and Communications Technology (NICT) and Japan Aerospace Exploration Agency (JAXA), in 1996 and of the Pi-SAR22), a high-resolution airborne SAR that succeeded Pi-SAR, for NICT in 2008.


    For the apaceborne SAR, we developed the PALSAR mounted on ALOS (DAICHI) satellite for JAXA and Japan Resources Observation System and Space Utilization Organization (JAROS). Since its launch in 2006, PALSAR has been offering high-quality SAR images up until the present time (Fig. 1).


    In addition, we have also developed and delivered a large number of SAR sensors and image processing systems.


    
      [image: e110115_01.jpg]

      
        Fig. 1 PALSAR observation image (Izu Peninsula and Mount Fuji).
      

    


    2.2 Motivation for the Development


    The observation capability regardless of weather and time of the day of the SAR has led to a recent increase in the need for SAR observation and monitoring functions. Some overseas commercial satellites such as Canadian RADARSAT, German TerraSAR-X and Italian COSMO-SkyMed have begun to deploy their observation services.


    To meet these needs, we are developing a high-resolution SAR satellite of low price and small size to follow the development of the small optical sensor observation satellite ASNARO.

  


  
    3. Small SAR Satellite System


    3.1 Satellite Configuration


    Fig. 2 shows an image of the small SAR satellite and Fig. 3 shows its functional block diagram. The small SAR satellite can be divided roughly into the satellite bus and the mission module. The satellite bus employs the small standard satellite bus NEXTAR (NEC Next Generation Star) described in section 4, while the mission module is composed of the SAR observation sensor subsystem including the SAR antenna and SAR electrical unit, the mission control subsystem and the data transmission subsystem.
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        Fig. 2 Image of small SAR satellite.
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        Fig. 3 Functional block diagram of small SAR satellite.
      

    


    Of the SAR components: the SAR electrical unit generates the transmitted RF signals, the SAR antenna transmits it as X-band (9 GHz band) microwaves, the same SAR antenna receives the radio waves reflected from the earth’s surface, the SAR electrical unit amplifies, frequency-converts, demodulates and samples the received RF signals, and the data recorder in the mission control subsystem records the sampled observation data. When the satellite transmits the observation data to the ground, the data recorder outputs the recorded observation data, the data transmission subsystem modulates and amplifies the data and the SAR antenna transmits it to the ground station. The shared use of a single antenna for SAR observation and data transmission to the ground contributes to reduce the satellite size.


    3.2 Main Features


    Table shows the main features of the small SAR satellite.


    
    
      Table Main system features of the small SAR satellite.
    
[image: e110115_04.jpg]


    The small SAR satellite achieves the high resolution of below 1 meter by utilizing the X-band radio waves of the 9 GHz band. We selected the X-band frequencies because of their three advantages, which are; the possibility of achieving a high resolution, that of reducing the antenna size relatively easily and that of observation regardless of weather.


    While it is required to use a broad frequency band to improve the resolution of SAR, consideration of the radio wave usage restriction and fractional bandwidth led us to the conclusion that a high frequency band like the X-band should be selected in order to achieve a resolution of below 1 meter. When high frequencies are used, it is also possible to reduce the antenna size because a high antenna gain can be implemented by narrowing the antenna beam. However, bands of a higher frequency than the X-band such as the Ku band (13 GHz band) and Ka band (35 GHz band) are sensitive to the effects of rain and cloud so that the all-weather advantage of the SAR compared to the optical sensors would be lost if these bands were used. These are the reasons why the X-band was selected.


    The observation modes include the spotlight mode for observations at the highest resolution of below 1 meter covering narrow spot area and the strip-map mode for observation of an area composed of strips (Fig. 4). The SAR is additionally equipped with a function for switching the observation direction to the left or right according to the satellite flight direction.
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        Fig. 4 Observation operations of small SAR satellite.
      

    


    The observation data is transmitted to the ground at the high speed of more than 800 Mbps using the X-band. The standard satellite altitude is set at about 500 km. For the satellite weight, the development target is set to the 500 kg class, which consists of the small satellite bus NEXTAR with a 300 kg class weight and the 200 kg class mission module developed by the size reduction technology described in section 4.

  


  
    4. Development Techniques


    This section describes the development techniques that are adopted in order to reduce the size, reduce the weight and improve the performance of the small SAR satellite. The small SAR satellite is developed using the techniques shown in Fig. 5.
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        Fig. 5 Development flow of small SAR satellite.
      

    


    4.1 Development of Parts Other than the SAR Antenna and SAR Electrical Unit


    SThe SAR satellite consists of the mission module that performs the SAR observation and data transmission to the ground and the satellite bus that manages the entire satellite.


    NEC started the development of NEXTAR, which is a standard satellite bus with a 300 kg class weight for use on 500 kg class small satellites, in FY2007. NEXTAR has already been adopted for the small optical sensor satellite ASNARO. It will also be adopted in the small SAR satellite in order to achieve a short term development of its satellite bus at a low price and to implement a 500 kg class satellite by combining the 200 kg class mission module.


    The mission module of ASNARO is composed of the optical sensor, data transmission and mission control subsystems. On the other hand, the mission module of the small SAR satellite is composed similarly to include SAR, data transmission and mission control subsystems. Furthermore, the data transmission and mission control subsystems adopt the same components as ASNARO in order to minimize the number of newly developed elements and to enable development over a short period, at a low price and with a small size.


    4.2 Development of the Small Spaceborne SAR


    The expertise and technical achievements as described below will be applied to the SAR currently under development. These achievements refer to the comprehensive system technologies including those of various satellites and SARs as well as the image processing components that were deployed with the SARs for the large satellite (PALSAR, etc.) and the high-resolution airborne SAR (Pi-SAR2).


    We will enable high resolution and a short development term for SAR of small satellites by utilizing the technologies of PALSAR and Pi-SAR2. PALSAR was developed by utilizing the technologies previously applied for the airborne SAR Pi-SAR-L (the L-band (1.3 GHz band) section of the Pi-SAR) and by providing them with a satellite- mounting capability. With the SAR currently under development we will also enable high resolution and a short development term by effectively utilizing the technologies developed for Pi-SAR2 and by providing them with a satellite-mounting capability. The key technologies applied in the development include the technologies required for the high resolution of below 1 meter, such as the high-frequency technology for the X-band (9 GHz band) broadband circuit design technology and the spotlight SAR observation technology.


    To reduce the size and weight of the small apaceborne SAR, we utilize the technologies of NEXTAR, ASNARO and the large deployable reflector (LDR) antenna. The technologies adopted with NEXTAR and ASNARO for the size/weight reductions refer to the high-density packaging and high-speed signal interfacing technologies.


    The antenna size/weight reduction is particularly important for the implementation of the small SAR satellite. With the newly developed small SAR satellite, we adopt a parabolic antenna featuring a simple design, light weight and low price in place of the phased-array antenna that is complicated, heavy and expensive, in spite of its high functionality, in order to meet the needs for frequent high-resolution observation with a low price and short delivery term rather than pursuing high functionality in observation. The development of the parabolic antenna will be ensured by utilizing the technologies of the large deployable reflector (LDR).


    To evaluate and confirm the above-described key technologies for resolution improvement and size/weight reduction, we had developed partial bread board models of the signal generator/processor that requires broadband and small size and the high-power amplifier block that is necessary for using the parabolic antenna. The technologies applied in the development of the signal generator/processor include the broadband circuit design technology for the airborne SAR described above and the high-density packaging technology for the small satellite.

  


  
    5. Conclusion


    NEC are developing a small SAR satellite featuring high performance, low price and a short delivery term by utilizing the SAR technology, spacecraft design technology and size reduction technology that have been accumulated up to the present. The small SAR satellite uses the same small standard satellite bus NEXTAR as the other small optical sensor satellite. It belongs to the series of small earth observation satellites that are based on a common platform that can handle tasks from the operation of satellites to the use of observation images on the ground.


    The lineup of the small earth observation satellite series will allow us to commercialize the earth observation data services (sale, use and application of data) combining SAR images, optical sensor images and other sensor images. At the same time, we will also deploy an integrated space utilization system based on small earth observation satellites in overseas markets by representing it as a social infrastructure system for the emerging countries.
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    Abstract


    To enable a satellite to complete its missions, it is necessary to prepare a ground system equipped with a satellite control function to monitor the satellite’s status and control it, functions to receive the various types of data acquired by the satellite, etc.


    NEC aims to develop an internationally competitive ground system through standardization, by packaging the required functions and developing technology elements to meet the latest trends.
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    1. Introduction


    To enable a satellite to complete its missions, it is necessary to prepare a ground system to control and operate the satellite, receive the data acquired by the satellite, etc.


    At NEC, we have the highest market share in Japan in the field of satellite ground systems, playing an active role throughout the system life cycle, from development and system integration to the operation and maintenance of wireless transmission/reception equipment to operations software.


    This paper gives an outline of a satellite operations ground system, the efforts we are making to package the system and the trends and development situation of satellite operations-related technologies.

  


  
    2. Outline of a Satellite Operations Ground System


    A satellite operations ground system plays the roles of monitoring/controlling the mission execution of the satellite, maintaining/managing the satellite and supporting mission operations using a satellite control function to monitor the satellite’s status and control its mission execution, using a mission data reception function to receive the mission data acquired by the satellite and transmit it to a processing function, etc. The rest of this section gives an outline of the satellite control and mission data reception subsystems that implement these functions.


    2.1 Satellite Control Subsystem


    The satellite control subsystem monitors satellite status with telemetry so that the satellite can accomplish its missions reliably. Its satellite control function sends satellite control instructions and mission operation programs as commands. It also has an orbit determination function to determine the satellite’s orbit.


    The configuration function, satellite control function and orbit determination function of this subsystem are described below.


    (1) Configuration


    
      Fig. 1 shows an example of the configuration of a satellite control subsystem.


      
        [image: e110116_01.jpg]

        
          Fig. 1 Example configuration of a satellite control subsystem.
        

      


      In general, a satellite control subsystem consists of transmission/reception stations for direct communications with the satellite and an operations control station for monitoring and controlling satellite status and determining the satellite’s orbit.


      In the most general system configuration, transmission/reception stations are installed in several locations to increase communication opportunities, improve orbit determination precision and back up operations in case a station stops working due to a disaster or bad weather, and they are connected with the operations control station through a network.


      Each transmission/reception station consists of an antenna, an antenna control block, a modulation/transmission block, a reception/demodulation block, processor blocks for processing the command data controlling the satellite and telemetry data indicating the satellite’s status, a station control block, etc.


      The operations control station consists of a satellite control block, which generates command data and monitors telemetry data, an orbit determination block, which calculates the satellite’s orbit, and an operation-planning block.


      Photo 1, Photo 2 and Photo 3 show pictures of the antenna, transmission/reception equipment and satellite control equipment of a quasi-zenith satellite tracking and control system as an example of a satellite tracking and control system.
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          Photo 1 φ7.6-meter transmission/reception antenna.
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          Photo 2 Transmission/reception equipment.
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          Photo 3 Satellite control equipment.
        

      

    


    (2) Satellite control function


    
      A transmission/reception station builds a communications link by pointing an antenna toward the satellite using the orbit forecast value generated by the operations control station or by automatically tracking the incoming radio wave’s direction. The wireless communication frequencies used are usually in the S band (2 GHz) or Ku band (12 GHz), but some scientific satellites use the X band (7 to 8 GHz) and some positioning satellites use the C band (5 GHz).


      After a communications link is built, the transmission/reception station receives and demodulates the satellite’s telemetry data, processes it with frame synchronization and error correction and then transmits it to the satellite control block. The telemetry data indicates the operating status and health of each subsystem in the satellite. The satellite control block uses it for limit monitoring and management based on the statistical processing of long-term tendencies.


      The satellite control block also generates the command data for controlling the satellite’s attitude, orbit and payload according to the satellite’s operation plan and modulates the data in a transmission/reception station for transmission to the satellite. A function is also provided to check the execution results of each transmitted command and to retransmit as required.


      The satellite control subsystem may sometimes be equipped with a function to check satellite behavior by running a computer satellite simulator before transmitting the command.


      The data rate of telemetry and command transmissions ranges from a few to some hundreds of kbps, which is relatively low compared to the data rate of the data reception subsystem described later.

    


    (3) Orbit determination function


    
      This function determines the satellite’s orbit and forecasts its future orbit. The orbit determination result is used to confirm the satellite’s flight path and to forecast the data transmission/reception start time and antenna pointing angle, and also as satellite information for use in satellite operations planning and data processing.


      When the orbit determination result is used for orbit confirmation and forecasting, the range and range rate method is used, based on the range (distance) between the transmission/reception station and the satellite and the range rate (distance change rate or velocity). The orbit determination error with this method is between some tens of meters and 1 km.


      Range is calculated by transmitting a range measurement signal from the transmission/reception station, receiving the signal sent back by the satellite and measuring the two-way propagation time. Range rate is calculated from the size of the Doppler frequency shift of the signal received from the satellite.


      On the other hand, when the orbit determination result is used in mission data processing, such as the mapping of satellite images, precision below a few meters is required. In this case, high-precision orbit determination using GPS data is applied, in which the satellite receives GPS signals and transmits them to the ground so that they are corrected in the ground system, making it possible to measure the orbit with high precision. At this time, correction based on Satellite Laser Ranging (SLR) is sometimes combined with this method. With SLR, a laser reflector is installed on the antenna and range is measured from the round trip time of the laser. SLR equipment in Japan is prepared by us at NEC.
　　
    


    2.2 Mission Data Reception Subsystem


    The mission data reception subsystem receives the data acquired by an Earth observation satellite or scientific satellite, stores it temporarily and then transmits it to the data processor block.


    (1) Configuration


    
      Fig. 2 shows an example configuration of a mission data reception subsystem.
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          Fig. 2 Example configuration of a data reception subsystem.
        

      


      This subsystem consists of an antenna, an antenna control block, a reception/demodulation block, a preprocessor block, a recorder block and a station control block. It is sometimes connected to the mission data processor block and satellite control station through a network, as shown in the figure, but there are also cases in which all of the equipment is installed in a single location.
　　
    


    (2) Data reception function


    
      The mission data reception subsystem establishes a communications link by pointing an antenna toward the satellite using the orbit forecast value generated by the operations control station or by automatically tracking the incoming radio wave's direction. Its wireless communication frequency is usually in the X band (8 GHz).


      After the communications link is established, the mission data reception subsystem receives and demodulates the mission data, preprocesses it (this includes format synchronization, error correction, etc.), stores it temporarily and then transmits it to the data processor block for image processing, etc. As the allocation of processing operations within the data processor block is determined by taking operational conditions and the network environment into consideration,it is variable between ground systems.


      As the transmission of data from an Earth observation satellite requires a high transmission rate (hundreds of Mbps), broadband data receivers, high-capacity recording media and high-speed data transmission networks are prepared for this purpose.


      Fig. 3 shows the structural principles of a satellite operations ground system containing satellite control and data reception subsystems.
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          Fig. 3 Structural principles of a satellite operations ground system.
        

      

    

  


  
    3. Ground System Packaging Efforts


    NEC is tackling the development of a standard ground system that packages operations control and mission data reception functions.


    Table shows the main specifications of a standard ground system.


    
    
      Table Main specifications of a standard ground system.
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    This standard system is compliant with the data communications standards established by the Consultative Committee for Space Data Systems (CCSDS) and has the universality to make it usable both inside and outside Japan. NEC’s use of standard products enables both the flexibility of enabling the early incorporation of advanced functions and cost reduction.

  


  
    4. Development Situation and Trends in Satellite Operations-Related Technologies


    Most satellite operations technologies utilize already-established technologies, in consideration of reliable operation.


    Nevertheless, as recent increases in mission data transmission rates and enhanced requirements for secrecy and interference immunity for satellite control have been advancing studies in improving communications and signaling methods, we are developing technology elements to meet this trend.


    (1) Improved mission data transmission rates


    
      Recent requirements in the field of Earth observation for expanded observation area and increased resolution are making it necessary to substantially increase the volume of observation information (Fig. 4).
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          Fig.4 Changes in the data transmission rate of Earth observation satellites (NEC survey).
        

      


      On the other hand, with low-altitude Earth-orbiting satellites taking a polar orbit, such as Earth observation satellites, the period of each satellite communication session can be as short as 10 minutes, and the number of communicating opportunities per Japanese reception station is limited to 4 or 5 times a day.


      To increase the frequency and duration of opportunities for communication, countermeasures such as constructing reception stations in high-latitude areas and relaying data using geostationary satellites have already been put to practical use.


      To deal with the transmission rate limit imposed by the bandwidth restriction defined in the Japanese Radio Act, polarization multiplexing technology is now being put to practical use. This can improve bandwidth utilization efficiency by using polarized waves with different modes of propagation.


      Use of the Ka band (20 to 30 GHz), in which a broad frequency band can be used, may enable increases in transmission rate. However, use of this band is accompanied by the problem of substantial power attenuation due to rain, which leads to a drop in the availability of communications circuits. Therefore, increases in data multiplicity by means of multilevel modulation are being studied because they are expected to increase transmission capacity in a narrow frequency band.


      The current mainstream standard is 2-bit simultaneous transmission based on quadrature phase-shift keying (QPSK). 4-bit simultaneous transmission based on 16-quadrature amplitude modulation (16QAM) is scheduled to be implemented, and we at NEC have already developed asatellite-borne modulator and a terrestrial demodulator for it. As it is estimated that the number of phases may increase to 64 in the future, there are high expectations for the results of developing this technology because increasing the number of phases will make it possible to increase transmission rates.

    


    (2) Improved security for satellite control/operations


    
      Satellite use in the security field requires an even higher security level for operational information, such as observation locations and frequencies, than that required for the mission data collected by the satellite. This leads to a requirement for high secrecy for satellite control/operation commands and telemetry data, and also makes it necessary to study countermeasures against denial-of-service attacks based on command spoofing.


      These countermeasures may be made possible by introducing spread-spectrum communication techniques in addition to using multiple frequencies (frequency hopping, etc.). For spread-spectrum communication, we have already completed the development of a command/telemetry data modem using CDMA modulation and have tested its transmission/reception using an in-orbit satellite. We are presently accumulating more expertise in this area.

    

  


  
    5. Conclusion


    This paper outlined a ground system supporting satellite operations and introduced packaging efforts, technical trends and the overall development situation.


    Growth of the space-related market, focusing on Earth observation, is expected worldwide, and an increasing number of overseas projects are requesting the supply of packages combining a satellite and its operations system.


    Based on this market trend, we are planning to develop and promote internationally competitive package systems by making use of our strength, which is NEC’s capability to develop both satellites and ground systems in-house.
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    Abstract


    Earth images observed from a satellite (satellite data) contain distortions due to the characteristics of the satellite-borne sensors, which makes it necessary to correct the satellite data with a data processing system so that the users can utilize the data effectively. The data processing system has previously been developed individually for each satellite or per sensor but, in the future, it is desirable to unify the data processing system into a single set of packages (image processing PKGs) that can be used commonly regardless of the satellites and sensors installed in them. NEC is planning to promote the use of satellite data by applying the common image processing package to the satellite data processing system.

    


    
      Keywords


      data processing, Earth observation satellite, sensor, Earth observation data, satellite data, package (PKG), multi-mission

    

  


  
    1. Introduction


    Earth images observed by satellite-borne sensors (satellite data) are processed by the data processing system. The data processing system has previously been developed individually for each satellite or per sensor but, in the future, it is desirable to unify the data processing system into a single set of packages (image processing PKGs) that can be used commonly regardless of the satellites and sensors installed in them. This paper introduces the details of the newly developed image processing packages and discusses the future deployment perspectives of NEC image processing packages.

  


  
    2. What is a Data Processing System?


    Raw satellite data cannot be used effectively because it contains sensitivity anomalies that influence the image brightness, etc. This is due to the specific properties of each sensor and also to the geometric distortion due to the oblique image capturing angle of the satellite. In order to deal with this issue and to generate usable data, the data processing system of the ground-based component of the satellite system corrects the sensitivity deviation and geometric distortion that is present in the satellite data. Fig. 1 shows the positioning of the data processing system’s role in the ground component of the satellite system.
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        Fig. 1 Positioning of the data processing system.
      

    


    Since the introduction of the MOS-1, Japan’s first earth observation satellite, the NEC Group has been responsible for the image processing of most of the Japanese earth observation satellites and it has developed, for example, the ground data processing systems of the ALOS, GOSAT and GCOM-W1. The satellite data collected by each earth observation satellite is received by the parabola antenna of the earth station and then transmitted from the earth station to the data processing system. The data processing system generates the required satellite products by processing the received satellite data via level 0 processing for extracting packets, the level 1 processing for correcting distortions and other required higher products processing such as compilation of information via DEM (Digital Elevation Model). The generated satellite products are saved and are also offered to the user via data distribution systems.


    The NEC Group has constructed many data processing systems for earth observation satellites such as the ALOS and GOSAT as described above. However, as these systems were made to the specific processing requirement of each sensor in each satellite, it has hitherto been necessary to newly develop each key function when building a new system for a new satellite. This has meant that a large development expense has been incurred each time a system is constructed. In addition, since recent data processing systems are required to be multi-mission systems that are compatible with multiple satellites, the traditional system development method is no longer able to cope with the requirements of present day users. What is required for the development of future data processing systems is to package the data processing system by gathering those functions that can be used commonly by different satellites into common function blocks so that multi-mission systems can be implemented with lower costs.

  


  
    3. Outline of Our Image Processing Packages


    We package the job controller functions and level 1 specific processing functions of the data processing system into the job control PKG and level 1 processing PKG respectively. We decided to package the data processing system based on the data processing systems previously developed by the NEC Group and also in consideration of the requirements that would be posed for satellite data processing systems in the future. As a result, we categorize the functions that can be used commonly by data processing systems of multiple satellites (common function block) and those that should be designed according to the sensors of each satellite (sensor-unique function block) and implement the common function blocks into the image processing packages accordingly.


    As our basic packaging policy, we are planning the implementation of four features. These are reliability, scalability, operability and cost reduction. Table shows details of these implementations.


    
    
      Table Implementations of image processing packages.
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    3.1 Job Control PKG


    The job control PKG provides the mechanism for running image processing operations simultaneously on several computers.


    This PKG collects the information necessary for the level 0 processing, level 1 processing and higher products processing based on processing requests from the data distribution systems and users and gathers the work orders that compile the information required for each type of processing. It then distributes the work orders to the level 0 processing, level 1 processing and higher-order processing in order to control them. Fig. 2 shows the configuration of the job control PKG.
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        Fig. 2 Configuration of the job control PKG.
      

    


    (1) Job planner function


    
      This function compiles the work order according to the processing requests sent from the data distribution system or users.


      As the processing flow of the job planner function varies depending on the details of each processing, it is not possible to accommodate the entire function in the common function block. Therefore, we distinguish the functions into unique functions and others, or common functions and implement the common functions in the job control PKG and the unique functions as package plug-ins.

    


    (2) Job management function


    
      This function executes a job (image processing) when it is triggered by the job planner function or when an external event is received and manages the progress of the job.


      As the entire management progress function can be accommodated in the common function block, it is included in the job control PKG.

    


    (3) Job scheduler function


    
      This function identifies a computer with available CPU resources and invests a job automatically in it.


      The job scheduler function is implemented using open source software and is included in the job control PKG as a common function.

    


    (4) Job controller function


    
      This function controls the execution of an image processing program or of serial/parallel executions and the queuing of multiple image processing programs.


      The job controller function is implemented using modules of past data processing systems as the assets, and these modules are included in the job control PKG as common functions.

    


    3.2 Level 1 Processing PKG


    The level 1 processing PKG creates the level 1 products from the level 0 data, orbit data and attitude data according to the level 1 processing work order created by the job control PKG. Fig. 3 shows the configuration of the level 1 processing PKG.
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        Fig. 3 Configuration of Level 1 Processing PKG.
      

    


    (1) Pre-processing function


    
      This function acquires the information required for level 1 processing that includes the level 0 data, sensor data (telemetric data), orbit data and attitude data, and prepares them so that they can be used as input data.


      We include the pre-processing in the level 1 processing PKG because it can be dealt with by setting the items that vary depending on sensors as parameters.

    


    (2) Level 1 unique function


    
      This function uses the input data prepared by pre-processing and applies correction of the distortion contained in the satellite data (geometric/radiometric correction processing).


      Since the level 1 unique algorithm varies between sensors, this function block inevitably includes processing specific to each sensor. Therefore, we use a common processing method for the intermediate file I/O that interfaces the pre-processing and post-processing for inclusion in the level 1 processing PKG so that only the processing algorithm is changed.

    


    (3) Post-processing


    
      This function creates the level 1 data by converting the geometric/radiometric-corrected data into the specified data format. At the same time, it also creates the level 1 catalogue and level 1 processing result.


      Just as for the pre-processing, we include the post-processing in the level 1 processing PKG because it can also be dealt with by setting the items that vary depending on sensors as parameters.

    


    3.3 Package Features


    (1) Reliability


    
      The job scheduler function in the job control PKG uses open source software which is proven as a job scheduler. The job controller function uses modules that are proven in operations with past data processing systems.


      The combination of proven software improves reliability without compromising functionality.

    


    (2) Scalability


    
      The job control PKG enables multi-mission operations and accepts various satellites by varying the parameters independently from the specifications of each satellite. The job scheduler function makes it possible to configure the processing computers in a scalable manner according to the amount of satellite data processing required by each mission.


      To facilitate the addition of sensors in the future, the level 1 processing PKG makes the pre-processing and post-processing variable by parameter settings and isolates the sensor-specific processing as a plug-in to the level 1 specific processing function.

    


    (3) Operability


    
      The job scheduler function has a switching function for selecting whether satellite data is processed by placing importance on the throughput or turnaround time. When the processing of throughput time is emphasized, the processing of an item of satellite data is allocated to a single computer to enable the parallel processing of multiple satellite data items using multiple computers. When the processing of turnaround time is emphasized, an item of satellite data is processed by multiple computers so that the processing time taken per single satellite data item may be reduced compared to the processing emphasizing throughput.


      High-speed processing is possible by executing the turnaround time-emphasized processing as priority over the throughput-emphasized processing by assigning priorities to the job waiting queues. When more emergent image processing is required, for example in the case of a disaster, this function makes it possible to process the image data of the disaster-stricken area quickly in priority over any other data. For emergency operation as in this case, the job scheduler function checks the emergency operation queue first of all and, if there is any emergency operation waiting in the queue, this function lets the processing computer(s) process it as priority. Fig. 4 shows the operational sequence of emergency operation.
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          Fig. 4 Emergency operation.
        

      

    


    (4) Cost reduction


    
      The production cost of the sections controlling the computer environment is reduced by extensively utilizing open source software.


      Gathering the functions that can be used commonly by data processing systems of multiple satellites into a common function block will also contribute to a reduction in the manufacturing costs of the data processing systems of future satellites.

    

  


  
    4. Future Perspectives


    In the development of packages for future data processing systems, we plan to refine the required functions such as the common function block of the job planner function of the job control PKG and the post-processing function of the level 1 processing PKG.


    We are also planning to construct a display to assist the operator in the form of a web user interface and to include it in the image processing package by providing optimum control of the data processing system, even from a remote location using a web browser.

  


  
    5. Conclusion


    This paper introduced the packaging of our data processing systems. Such packaging makes it possible to provide users with universal data processing systems with high reliability and scalability. In addition, it also allows a vendor working on systems developments to improve system convenience and to reduce costs.


    From the NEC perspective, we intend to also promote the use of satellite data by using image processing packages as the basis for building the satellite data processing systems of the future.
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    Abstract


    NEC boasts achievements in the manufacturing and operation of various spacecraft systems, from communications/broadcasting satellites to meteorological satellites, Earth observation satellites, scientific satellites and space stations. With the MUSES-C (HAYABUSA), which has recently returned to the Earth, NEC demonstrated that it possesses the technologies required for the agile operation of spacecraft in lunar and planetary orbits as well as in low Earth orbit (LEO) and geostationary orbits (GEO). The NEXTAR standard platform is the culmination of these achievements and enables public institutions and private businesses to start up remote sensing operations using observation sensors and communications equipment promptly.
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    1. Introduction


    Since remote sensing operations utilize imaging data of various wavelengths, from the RF region to visible and ultra-violet light, they require a highly reliable satellite that can continue uninterrupted operation even in space, where it is exposed to drastically varying temperatures and high-density radiation.


    To start up a remote sensing operation promptly, so as not to miss the best business opportunity, it is necessary to deploy and operate onboard observation sensors quickly into orbit.


    The NEXTAR (NEC Next-generation Star) standard platform responds to this need by providing a development framework that can complete system integration in a short time maintaining its high reliability.


    This paper describes the subsystems of the standard platform, including the satellite management subsystem, power supply subsystem, solar array paddle subsystem, attitude and orbit control subsystem and structure subsystem/thermal control subsystem.

  


  
    2. Satellite Management Subsystem


    The satellite management subsystem, which is in charge of the data processing of the NEXTAR standard platform, consists of the following components:


    
      	Versatile onboard computer (Space Cube 2)


      	Telemetry/command interface module


      	SpaceWire router


      	Network data recorder


      	Standard middleware


      	Software development kit

    


    These components are implemented with universality by improving on previous satellite subsystems on the following points:


    (1) Radiation-resistant devices


    
      To prevent soft errors caused by space radiation, such as data inversion or latch-up due to excessive current, the main devices, including microprocessors and routers, are manufactured using the SOI (Silicon on Insulator) process, which features excellent radiation resistance. This leads to the error-free operation of the devices in the radiation environment inside the solar system.

    


    (2) High-speed, universal embedded network: SpaceWire


    
      We adopted the SpaceWire RMAP (Remote Memory Access Protocol) standard, which is the embedded network protocol standardized internationally by the EU, USA, Japan and Russia. This is the first international network specification standard for space-born equipments in which Japanese proposals have been incorporated. The protocol demonstration was performed successfully for the first time in the world using the satellite-borne computer described below in low Earth orbit, and the results led to recognition of the contribution of Japanese industries, including NEC, to the establishment of this international standard.*1


      This standard supports a serial communication rate of up to 400 Mbps with an electrical interface and supports higher rates with an optical interface. The electrical interface manifests this performance using exclusively digital circuitry, without using an analog PLL.


      In consequence, the devices for implementing system LSIs equipped with high-speed communication interfaces can be selected with moderate restrictions related to export control from the available devices in the market, such as the ASIC (Application-Specific Integrated Circuit) and FPGA (Field-Programmable Gate Array). This facilitates the overseas deployment of our space system business.

    


    (3) Versatile multi-purpose embedded computer


    
      With previous satellites, it had been a common practice to develop a dedicated embedded computer in each subsystem, such as the data processing subsystem, attitude/orbit control subsystem and mission subsystem, including observation sensors. For the NEXTAR standard platform, we have developed the Space Cube 2, a versatile multi-purpose computer applicable for the control of any subsystem, by reflecting recent improvements in microprocessor performance and advances in LSI integration. Photo 1 shows an external view of the computer, and Table shows its specifications.


      
        [image: e110118_01.jpg]

        
          Photo 1 Space Cube 2.
        

      


      
      
        Table Space Cube 2 specifications.
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      By concentrating our effort for the development of the single type of computer, implementing ASICs extensively and developing basic software, we succeeded in reducing the dimensions to 1/8 those of previous computers, thereby contributing to the size reduction of the satellite bus. This computer was mounted on the SDS-1, JAXA’s small demonstration satellite, and completed the in-orbit demonstration without a problem.

    


    (4) Standard middleware/software design kit


    
      The Space Cube 2 uses a RTOS (Real-Time Operating System) based on TRON as its basic software. The RTOS based on the TRON specification was developed by a collaboration of Japanese industry and universities and comprises about 60% of the RTOSs used in the embedded equipment market. It is low-priced, makes building high-quality applications easy and is blessed with a substantial technical education environment for fostering quality software development engineers.


      We packaged our high-reliability technology assets as the standard middleware on the RTOS, achieving integration of the development environment across all subsystems.


      The RTOS and standard middleware are integrated into the SDDS/E (SystemDirector Developer’s Studio/Embedded) that is provided by NEC as an open platform and are provided as an Eclipse-based embedded software integrated development environment. This development environment is provided exclusively through the NEC portal site based on cloud computing technology in order to ensure version control and configuration control. It also enables business deployment based on joint collaboration with a third-party vendor or enterprise.


      The implementation of a standard platform in this way makes it possible to adapt flexibly to the remote sensing target, operation scale, operation mode and system operation period of each operator, to quicken integration and to deliver the spacecraft system to customers promptly in operation on the orbit.

    

  


  
    *1 Joint research with JAXA/ISAS (Japan Aerospace Exploration Agency/the Institute of Space and Astronautical Science) scientists was held to establish scalable network architecture from stand-alone satellite as ASTRO-H, JAXA’s upcoming X-ray astronomy observatory, to constellation satellites for which NEC took the lead in the establishment of network specifications and its implementation.

  


  
    3. Electrical Power Subsystem and Solar Array Paddle Subsystem


    For the Electrical Power Subsystem(EPS) and Solar Array Paddle subsystem(SAP), we developed power supply units and SAP that is compatible with use anywhere from low Earth orbit to deep space exploration and which features a reduced number of units, compact size, light weight and low cost.


    Electrical power is supplied using the series topology, in which the SAP outputs are connected in series to an APR (Array Power Regulator), which performs step-down regulation. This makes it possible to regulate SAP output voltage, which varies greatly depending on the distance from the sun. We also adopted the battery bus topology, in which the BAT (battery) and other satellite onboard equipments are connected directly to the APR output, so that the SAP output and BAT charging can be controlled by adjusting the APR output alone.


    The SAP uses triple-junction high-efficiency solar cells and the BAT uses large (50 Ah capacity) lithium-ion battery cells.


    The PCU (Power Control Unit) has a SpaceWire-type data bus interface and achieves high functionality, compact size and light weight by means of high-density packaging (Fig. 1).
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        Fig. 1 Electrical Power Subsystem/Solar Array Paddle subsystem.
      

    

  


  
    4. Attitude and Orbit Control Subsystem


    The AOCS (Attitude and Orbit Control Subsystem) determines attitude and orbit position based on information from sensors detecting satellite attitude and location and controls attitude and orbit by driving actuators. Since the functions, specifications and configuration of devices such as sensors and actuators are variable between satellites, the functional and performance requirements for the AOCS are highly dependent on each satellite’s mission requirements. Consequently, the AOCE (Attitude and Orbit Control Electronics), which is the computer handling the integrated control of these devices, is difficult to produce by repetitive manufacturing, making it necessary to develop and verify this subsystem independently for each project.


    We introduced SpaceWire technology in the AOCS and succeeded in implementing a “standard platform AOCS,” which is a standardization of hardware and software at the module level that makes it possible to cope with any mission requirement using a catalogue menu selection method.


    
      (1) The interfaces of the AOCE are implemented as individual interface modules (ACIMs). ACIMs can be combined according to the equipment configuration of each satellite, so the AOCE can be produced by repetitive manufacturing. SpaceWire connections between ACIMs and the AOCE make design changes due to additions or modifications unnecessary. The AOCE itself is implemented using a universal computer (SMU: Satellite Management Unit) of the same type as that used in the data processing subsystem (Fig. 2).
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          Fig. 2 Variable AOCE configuration based on SpaceWire ACIM connections.
        

      


      (2) When changing sensors and actuators according to mission requirements, different types from the same manufacturer are always selected in order to maintain the same interface and enable the common use of ACIMs and embedded software.


      (3) The embedded attitude control software uses common control modes in consideration for use in the standard satellites and derived satellites expected in the future (5 types). Functions are modularized to enable repetitive manufacturing of the software.

    

  


  
    5. Structure Subsystem and Thermal Control Subsystem


    The structure subsystem forms the basic structure of the satellite and supports or installs all equipment. Its function is to maintain the mechanical environments of equipment within the specified ranges.


    NEC has already developed a small standard bus structure for a satellite which weight at launch is in the 500-kg class and a midsize standard bus structure for a satellite which weight at launch is in the 2-ton class. The small standard bus structure is adopted by the ASNARO (Advanced Satellite with New system ARchitecture for Observation) project of the Japanese Ministry of Economy, Trade and Industry (METI) and the SPRINT-A (Small scientific satellite Platform for Rapid INvestigation and Test - A) project of JAXA, while the midsize standard bus structure is adopted by JAXA's GCOM (Global Change Observation Mission) project. These small and midsize standard bus structures are constitute a standard platform/structure subsystem by complying with multiple launch vehicles, including overseas ones, and by equipping with a standard interface enabling the installation of various observation instruments. In addition, at present, we are commissioned by JAXA to conduct a study on weight reduction in the bus systems of geostationary observation satellites and are tackling drastic weight reduction in the structure subsystem. NEC will provide easier-to-use structure subsystems by taking advantage of the result of this study in the future.


    The thermal control subsystem controls and maintains the temperature of satellite-borne equipment even when the satellite is exposed to extremely high or low temperature environments in space. The temperature environment in space is greatly variable between low Earth orbit and geostationary orbit and is even more severe in orbits around distant planets. We do not deal only with orbits around the Earth but also have experience developing thermal control subsystems for planetary exploration spacecraft such as the MUSES-C (HAYABUSA) and PLANET-C (AKATSUKI), for which thermal control is more difficult than for earth orbiters.


    NEC also applies the thermal control technology cultivated for the planetary exploration spacecraft mentioned above to the thermal control subsystems of small and midsize standard bus structures so that they can adapt flexibly to various orbits, attitudes and missions. The thermal control technology has already been adopted by small and midsize satellites such as the SPRINT-A and GCOM, and the SPRINT-A has completed thermal model testing to verify its thermal design. In the future, too, NEC is determined to offer thermal control technology that can respond to a variety of mission requirements (Photo 2).
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        Photo 2 ASNARO vibration testing (Left) and thermal testing (Right).
      

    

  


  
    6. Conclusion


    The NEXTAR standard platform is an application development platform that makes it possible to start up remote sensing operations using 100-kg to 2-ton class satellites and to deploy business operations stably for long periods thanks to high reliability.


    In closing this paper, we would like to express our gratitude toward JAXA, METI, NEDO (New Energy and Industrial Technology Development Organization) and USEF (Institute for Unmanned Space Experiment Free Flyer Foundation) for their kind guidance.

  


  
    * SpaceCube is a trademark or a registered trademark of the Japan Aerospace Exploration Agency (JAXA) and Shimafuji Electric Incorporated.


    * TRON is an abbreviation for “The Real-time Operating system Nucleus.”


    * Eclipse is a trademark or a registered trademark of Eclipse Foundation.

  


  
    Author's Profiles


    
      HIHARAHiroki
    


    
      Engineering Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    


    
      YOSHIDATeiji
    


    
      Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    


    
      TANAMACHITakehiko
    


    
      Senior Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    


    
      KUMASHITAKyousuke
    


    
      Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    


    
      KOBAYASHIAkihide
    


    
      Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    

  


  
    
      Special Issue on Space Systems
    


    
      Technologies/Products supporting roadmap implementation (Satellite Bus)
    

  


  Standard Components of Satellite-borne Equipment


  
    YONEDAMasayoshi, KURIIToshihiro, KAKINUMAMasahiro, MAEKAWAKatsunori, HIGASHINOIsamu
  


  
    Abstract


    Satellite-borne equipment includes components that are commonly used by any satellite. These components include earth sensors, transponders, GPS receivers and star trackers. NEC supplies these components to almost all Japanese satellites, and some of them, such as the earth sensor, have a big share of overseas markets as well.


    This paper introduces the development of compact, high-performance standard components by NEC aiming at increasing shares further in overseas markets.
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    1. Introduction


    At NEC, we are developing equipment that can be used as standard components by Japanese and non-Japanese satellites.


    We started sale of the ESA (Earth Sensor Assembly, Photo 1) in the worldwide satellite market in 1992. Since then we have shipped a total of about 350 units and have acquired a 50% share among main sensors for use in the attitude control of communications/broadcasting satellites around the world. By setting this achievement as the target, we are presently developing the following kinds of equipment under the guidance of the Japan Aerospace Exploration Agency (JAXA) so that they can be standard components that meet the requirements of satellites in the future:


    
      	MTP (Multi-mode Integrated Transponder)


      	Satellite-borne GPSR (Global Positioning System Receiver)


      	STT (Star Tracker)

    


    For the MTP, we have already completed the development phase after passing in-orbit experimental proofing and certification assessment using a demonstration satellite. It is presently in the production and supply stage of the flight model.


    Our previously developed transponder products have already achieved great results in overseas markets. However, the product developed as a standard component on this occasion has a smaller size and higher performance than before and is more competitive in terms of both cost and delivery. We are planning to use this new standard component to acquire and expand our share in overseas commercial markets to match that of the ESA. This paper introduces the standard components for the MTP, GPSR and STT.


    
      [image: e110119_01.jpg]

      
        Photo 1 ESA (Earth Sensor Assembly).
      

    

  


  
    2. MTP (Multi-mode Integrated Transponder)


    (1) Outline


    
      Regardless of its mission, every satellite bears a piece of communications equipment (transmitter/receiver or transceiver) called a transponder, which allows the ground station to perform TTC (Tracking, Telemetry and Command) of the satellite.


      Most previous Japanese spacecraft, including earth observation satellites such as the ALOS (DAICHI) and GOSAT (IBUKI), lunar spacecraft such as the SELENE (KAGUYA) and explorer spacecraft such as the MUSES-C (HAYABUSA) and PLANET-C (AKATSUKI) carry transponders manufactured by NEC. With these multiple achievements, high reliability and high performance, we are now supplying a large quantity of similar equipment to overseas commercial satellites.


      In the past, a transponder was developed and supplied for each satellite. In order to standardize transponders for future satellites, we have developed an S-band (2 GHz band) MTP as “the standard transponder to be carried on JAXA satellites” (Fig. 1 and Fig. 2).

    


    
      [image: e110119_02.jpg]

      
        Fig. 1 Concept of the MTP (Multi-mode Integrated Transponder).
      

    


    
      [image: e110119_03.jpg]

      
        Fig. 2 External view of the MTP.
      

    


    (2) S-band standard transponder requirements and measures taken


    
      To enable its use as a standard transponder, we developed the MTP to meet the following requirements, in addition to the traditional requirements for a transponder:


      1) As a key satellite-borne device, a transponder should achieve smaller size, lighter weight, lower power consumption and lower cost and should be competitive internationally.


      2) A transponder should be capable of faster data transmission than before.


      3) Considering the tightening of the S-band frequency due to the increase in satellites, a transponder should make satellite operation possible even when several satellites use the same frequency.


      To meet requirement 1), we decided to completely digitalize modulation/demodulation processing. We developed a dedicated ASIC and succeeded in size reduction, weight reduction, performance improvement and adjustment-free circuitry implementation.


      To meet requirements 2) and 3), we added new processing modes to the traditional transponder modes so that each mode can be selected freely for use.

    


    (3) S-band standard transponder specifications


    
      Traditional transponders generally used the USB (Unified S-band) mode, which is the most proven mode. In case inter-satellite communication with a data relay satellite at an orbit altitude of 36,000 km was necessary, a transponder equipped with an SSA (S-band Single Access) function was used.As an S-band standard transponder, the MTP packages, in addition to the above modes, a QPSK mode for high-speed transmission and a CDMA mode for avoiding interference. While these modes are switchable with commands from the ground, it is also possible to perform modulation/demodulation in the optimal mode by identifying the received signal automatically, for improved convenience of the user. Just like traditional transponders, in addition to its communication functions, the MTP also has a distance measurement function that measures the distance to the satellite.


      Table shows the main performance specifications in each mode.


      
      
        Table Main performance specifications.
      
[image: e110119_04.jpg]

    


    (4) Future plan


    
      The MTP has finished its certification test as an S-band standard transponder using the certification model and an in-orbit demonstration on the SDS-1 (Small Demonstration Satellite-1) using a satellite-borne demonstration model, and has been confirmed to be free of problems in all aspects, including functions and performance. In the future, production will enter the repetitive manufacturing phase so that MTPs will be installed as the standard transponders of many satellites.

    

  


  
    3. GPSR (Satellite-borne GPS Receiver)


    (1) Outline


    
      Recent earth observation satellites carry a GPSR to identify the location and time of observation data with high precision. Since the start of practical operation of GPS satellites, most recent earth observation satellites, including the ALOS and the GOSAT, carry NEC-made GPSRs.


      Unlike ground-use GPSRs, satellite-borne GPSRs require frequent processing for satellite switching, etc. because the satellite is moving at an altitude of several hundreds of kilometers with a velocity of 7 km/sec.


      As shown in the development flow in Fig. 3, satellite-borne GPSRs have undergone size reduction, functional improvement and performance improvement in every generation. The current GPSR is the fourth-generation model carried on the GOSAT and has an external appearance and specifications as shown in Fig. 4.
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        Fig. 3 Satellite-borne GPSR development flow.
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        Fig. 4 External view and specifications of the current GPSR.
      

    


    (2) Development of a next-generation GPSR


    
      With the goal of implementing a next-generation GPSR as a standard component, we are developing it to meet the following requirements, in addition to the traditional requirements for a GPSR:


      1) As a piece of key satellite-borne equipment, a GPSR should achieve smaller size, lighter weight, lower power consumption and lower cost and should be competitive internationally.


      2) A GPSR should be able to offer location and time data with higher precision than before.


      3) A GPSR should increase its number of receiving channels as well as the number of GPS satellites it can receive from.


      For RF circuitry, we will develop a dedicated ASIC using a radiation-resistant CMOS SOI to achieve reductions in size, weight, power consumption and cost. Correlation processing and dedicated DSP will be implemented in multichannel operations using radiation-resistant CMOS SOI and ASIC technologies. We will also improve location precision from 100 meters to a few meters by increasing the number of receiving channels and applying ionospheric correction.

    


    (3) Outline of NEC's next-generation GPSR


    
      Our GPSR has a maximum of six RF input channels and reserves the visual field of the antenna in any satellite attitude. The RF circuitry adopts a simple configuration by employing the direct sampling system, which converts frequencies directly from analog to digital without down-conversion. The receiving signals consist of 3 codes in 2 frequencies, including L1 (C/A): 36CH, L2P: 16CH and L2C: 36CH.

    


    (4) Future plans


    
      The next-generation GPSR is scheduled to complete certification testing as a standard component in FY2011. The NEC-made GPSR will be carried in a large number of satellites in the future.

    

  


  
    4. STT (Star Tracker)


    (1) Outline


    
      An satellite carries attitude sensors to determine its attitude. The STT is an attitude sensor that determines attitude with a very high precision with reference to stars.


      A large number of Japanese satellites that have been launched up to the present carry NEC-made STTs. These satellites include scientific satellites such as the ASTRO-C (GINGA), SOLAR-A (YOHKOH), MUSES-B (HALCA), ASTRO-EII (SUZAKU) and ASTRO-F (AKARI) and earth observation satellites such as the ALOS (DAICHI).


      Traditional STTs have been first-generation models that offer only star image capturing and star location calculation functions. However, to meet requirements for higher precision and higher agility from the viewpoint of space science and earth observation, and to improve satellite autonomy and reduce the burden of ground operations, a second-generation STT with the following features is now demanded:


      1) Autonomous attitude determination.


      2) High attitude determination precision.


      3) Improved ease of installation and operation.


      To meet these requirements, we are developing a next-generation STT that can autonomously output attitude determination results from the stellar pattern over the whole sky without using a-priori attitude information. The STT is composed of an optical block, an electrical block and a buffle, as shown in the external view in Photo 2.
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        Photo 2 External view of a next-generation STT (From left to right: optical block, electrical block and buffle).
      

    


    (2) Next-generation STT requirements and measures taken


    
      Since our next-generation STT is expected to be adopted as the standard STT of the second generation, we are developing it according to the following requirements:


      1) Autonomous attitude determination


      To enable autonomous attitude determination without the need for a-priori attitude information, the STT will incorporate a high-speed image processor and MPU, perform star identification based on pattern matching with the incorporated star catalogue and output attitude determination information (quarternion) based on the J2000 coordinate system.


      2) High-precision attitude determination


      To enable high agility by reducing random errors, the STT will employ high-sensitivity lenses and CCDs (charge-coupled devices). The optical block is equipped with a low thermal distortion structure to reduce bias errors dependent on the installation temperature environment. To reduce thermal distortion, optics (lenses and CCDs) and circuitry are thermally isolated and the optics employ a kinematic mount.


      3) Improved mountability and operability


      The low thermal distortion structure described above is used to comply with a wide range of temperature environments. A high optical interference rejection performance is obtained by adopting a ultra-black surface, with the world's lowest reflectance level, inside the baffle.

    


    (3) Functions and specifications of our next-generation STT


    
      NEC's next-generation STT is equipped with various functions and performance improvements to meet the requirements imposed on it.

    


    (4) Future plans


    
      The next-generation STT is presently under qualification testing using the qualification model and its development is scheduled to be completed by the beginning of FY2011. Afterward it will be subjected to an in-orbit demonstration using a satellite-borne demonstration model and then the flight model for X-ray astronomy satellite ASTRO-H will be manufactured.

    

  


  
    5. Conclusion


    This paper outlined the development situation of satellite components such as the MTP, GPSR and STT. In the future, the developed products will be carried on many satellites as standard components contributing to their missions.


    In closing this paper, we would like to express our gratitude toward JAXA for their guidance in our development of standard components.

  


  
    Author's Profiles


    
      YONEDAMasayoshi
    


    
      Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.

    


    
      KURIIToshihiro
    


    
      Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    


    
      KAKINUMAMasahiro
    


    
      Manager

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    


    
      MAEKAWAKatsunori
    


    
      Engineering Expert

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.

    


    
      HIGASHINOIsamu
    


    
      Engineering Expert

      Space Engineering Division

      NEC TOSHIBA Space Systems, Ltd.
    

  


  
    
      Special Issue on Space Systems
    


    
      Technologies/Products supporting roadmap implementation (Communication)
    

  


  Communications Technologies Supporting Satellite Communications


  
    YAMADA Shinji, FUKAKURAEiji, TABATAMinoru, SHIRATAMAKoichi
  


  
    Abstract


    NEC supplies the rocket-borne communications equipment that assists the launch of satellites to the H-IIA/B launch vehicles as part of the corporation’s wide variety of technologies supporting satellite communications. NEC also developed the large deployable reflector (LDR) for the Engineering Test Satellite VIII (ETS-VIII), and this is expected to be applied to the Earth Observation Satellites and the Mobile Communications Satellites as the next-generation satellite communications technology. Other NEC developments targeting the implementation of high-capacity communications include the development and demonstration of optical communications equipment for the Optical Inter-orbit Communications Engineering Test Satellite (OICETS).
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    1. Introduction


    At NEC, we not only cover every domain of satellite communications-related technologies for Earth stations, launch vehicles and satellites but also work positively with the most advanced technologies expected to become the satellite communications technologies of the future. This paper introduces the three kinds of representative products listed below.


    1) Transport system communications equipment


    
      Transport system communications equipment is mounted on a launch vehicle for use in the transmission/reception of control signals between the ground and the launch vehicle and in tracking the launch vehicle's flight path.

    


    2) Large deployable reflectors


    
      The large deployable reflector is a technology that miniaturizes the receiving equipment, such as mobile phones and terminals, by the reflector size enlargement enabled by folding the reflector into the rocket fairing.

    


    3) Optical communications equipment


    
      Ordinary satellite communications use radio waves of frequencies between 2 and 30 GHz. Optical communications equipment uses light (lasers) with higher frequencies in order to carry communications of higher capacity than can be carried by radio waves.

    

  


  
    2. Transport System Communications Equipment


    Transport system communications equipment (rocket-borne equipment) includes the telemetry/communications system avionics equipment that is also mounted in H-IIA/B launch vehicles, Japan’s main commercial-use large launch vehicles.


    The telemetry/communications system avionics devices we at NEC handle include data acquisition units, telemetry transmitters, tracking radar transponders and various antennas.


    Data acquisition units collect data from various rocket-borne sensors, and telemetry transmitters modulate edited data and transmit it to the Earth station through the antenna. Multiple data acquisition units and telemetry transmitters are mounted in each stage of the launch vehicle because they transmit a large amount of data. Data acquisition controls are interlocked with the guidance control computer.


    The tracking radar transponder is used for accurate distance measurement of rocket location using secondary pulse radar. Considering these circumstances, we do not exclusively use high-reliability components for rocket-borne equipment but also use general consumer-oriented components and perform repetitive manufacturing of three launch vehicles per year to decrease equipment costs.


    Although its mission time is much shorter than that of satellite-borne equipment, rocket-borne equipment extensively employs anti-vibration measures so that it can operate normally in the vibration and impact environments of launch vehicle flight. In addition, antennas installed near the exhaust valve of the liquid propellant tank are treated with dew condensation prevention measures.


    When a launch vehicle carries a satellite with an exploration mission, direct communications between the Earth station and the launch vehicle become unavailable in certain time zones. Therefore, equipment for communications through a data relay satellite can optionally also be mounted. For the Epsilon all-stage solid propellant rocket under development, we are planning to reduce cost by effectively utilizing the telemetry/communications equipment of the H-IIA/B.


    Apart from commercial launch vehicles for launching satellites, there are also sounding rockets for use in research by various educational institutions. Since sounding rockets are small-sized, we are developing a system which integrates avionics equipment to save space and are allocating this saved space as space for experiments.


    At present, few Japanese manufacturers other than NEC are capable of handling transport system communications equipment. We are therefore expected to play a central role in the development of future rockets.

  


  
    3. Large Deployable Reflector (LDR)


    A parabolic antenna, equipped on the satellite, focus weak radio waves from the ground on the power feed system by reflecting with the parabolic reflector. An LDR is a kind of parabolic antenna, which is installed into the rocket fairing in a folded configuration and deployed to be a proper reflector configuration after the satellite reaches the orbit. The LDR is required to be as light and compact as possible from the viewpoint of the payload mass and accommodation volume of the rocket.


    On the other hand, an enlargement of the antenna size enables to miniaturize the receiving equipment, such as mobile phones and terminals, and therefore improves their communications environment. The LDR is a technology that makes the satellite antenna to be small when launched and be large when deployed on orbit.


    As shown in Photo 1, which is one module of the LDR, the LDR is composed of a mirror-surface structure forming the reflector and a truss structure deploying and supporting the mirror-surface structure.The mirror-surface structure consists of a metallic mesh for reflecting radio waves and a cable network which forms the metallic mesh into a parabolic curved shape. The mirror surface is required to be high precision. For instance, in case of the S-band (2.0 to 2.5 GHz), the surface error should be no more than 3 mm RMS for the reflector larger than 10 meters. This precision should not only be achieved by manufacturing tolerance but should also consider the on-orbit deformation due to the thermal environment and the degradation.


    
      [image: e110120_01.jpg]

      
        Photo 1 One module of the LDR.
      

    


    NEC developed the LDR equipped on the ETS-VIII (KIKU-No.8) under contract with the Japan Aerospace Exploration Agency (JAXA). As shown in Fig. 1, which is the overview, the ETS-VIII is equipped with two LDRs (for reception and transmission) of approximately 19 m × 7 m in diameters. Each LDR is a multi-module structure composed of fourteen modules of approximately 4.8 meters in diameter. The ETS-VIII was launched in 2006. The LDRs, equipped on the ETS-VIII, were excellently successful in deployment in space and the ETS-VIII completed all of the initial planned missions (the regular operation phase). There are only a few manufacturers in the world that have been successful in the LDR deployment on-orbit, and NEC is one of them.


    
      [image: e110120_02.jpg]

      
        Fig. 1 Overview of the ETS-VIII.
      

    


    Based on our achievements with the ETS-VIII, we are presently developing a new VLDR (Very Large Deployable Reflector) which is light in spite of its large size. The VLDR can be deployed larger than before by an advancement of the truss structure, and is the lightest design in the world for its surface density (LDR mass/LDR area). At present we are conducting a feasibility study of this VLDR in cooperation with European manufacturers, aiming at providing to European earth observation and mobile communications satellites.


    In the future, it is expected that demand for such LDRs will be increased globally, in various fields for the satellite utilization including the earth observation and the mobile communications. Although the LDRs manufactured by NEC have previously been for the Japanese projects, we are planning to compete in the global market by promoting the further development for light mass, short delivery term and low cost, taking advantage of the VLDR technology.

  


  
    4. Optical Communications Equipment


    1) Features of space optical communications


    
      Increases in the resolution of Earth observation cameras have increased the amount of image data obtained by observation aircraft and spacecraft. However, with the radio wave communications, the transmission capacity (rate) is approaching the limit and making it hard to capture image data at high frequency. Optical communications equipment based on laser beams can break this limit by implementing high-capacity, high-data-rate communications with a compact, lightweight, low-power-consumption system. Optical communications have the following advantages over radio wave (millimeter wave and microwave) communications:


      
        	High frequencies (laser beam technology uses tens of thousands of GHz while millimeter wave technology uses tens of GHz) allow data capacity to be increased.


        	The ultra-sharp beam can avoid wasting transmission power without dispersion and allows equipment to be low power consumption, small aperture and small size.


        	Confidentiality is high because interception is impossible unless in the proximity of the beam line. Resistance against interference avoids complex international coordination of frequency allocation and is advantageous for the quick development of multiple satellites.


        	The key technology is the advanced technology required for the precise acquisition/tracking of ultra-sharp beams.

      

    


    2) Global trends in space optical communications and efforts made by NEC


    
      For the precise acquisition/tracking technology which is the key technology for aligning ultra-sharp beams between fast-moving objects (a low-orbit satellite, for example, travels at about 7 km/s), the basic test stage has been completed after almost all of the possible combination patterns were recently demonstrated in orbit by Japan and Europe (Fig. 2). Now that the feasibility of this new technology has been demonstrated, a global trend of space optical communications is expected towards increases in capacity data rate and decreases in equipment size.


      
        [image: e110120_03.jpg]

        
          Fig. 2 World’s first success achieved in experimental optical communications in space (Published part).
        

      


      NEC has been developing space optical communications equipment since the experimental LCE (Laser Communication Equipment mounted on the ETS-VI [KIKU-6], shown in Fig. 2) achieved optical communications between a high-altitude satellite and the ground for the first time in the world in 1994. We also for the first time in the world achieved bidirectional communications between a low-orbit satellite and a geostationary satellite or the ground in 2005 and 2006 using the LUCE (Photo 2) mounted on the OICETS (KIRARI). We are currently performing R&D on optical communications with higher capacity and higher data rate (NeFOC, described later) and ultra-small optical communications terminals (SOTA, described later).

    


    
      [image: e110120_04.jpg]

      
        Photo 2 LUCE optical communications equipment on OICETS (KIRARI).
      

    


    3) High-data-rate (40 Gbps) free-space optical communications system: the NeFOC project


    
      The NeFOC project refers to “R&D of Space Optical Communications Technology”, which was one of thesubjects of the Request for Proposals related to information communications technology started by the Japanese Ministry of Internal Affairs and Communications in FY2010. Fig. 3 shows an outline of the system we are aiming for. Our plan is to develop a space optical communications technology that enables a data rate of over 40 Gbps from a mobile object such as an aircraft to the ground in the presence of the atmospheric fluctuations that pose problems for free-space optical communications. With this technology, even when a transmission is interrupted momentarily by an obstacle such as a cloud, the transmission is restarted without loss of time, or the data is retransmitted to another location. The divided data is collected at the ground data center through a ground optical communications network.


      
        [image: e110120_05.jpg]

        
          Fig. 3 Outline of NeFOC high-data-rate (40 Gbps) free-space optical communications system.
        

      


      To deal with degradation in communications efficiency due to momentary link disruption and routing through different transmission media, we are developing a high-efficiency transmission protocol capable of linking and coordinating free-space optical communications with terrestrial networks. For variations in the optical reception level due to atmospheric fluctuations, we are developing a high-sensitivity communication method based on digital coherent technology and high-efficiency error correction. For wavefront and pointing angle variations, we are developing a stable acquisition and tracking system based on wavefront compensation and high-precision acquisition/tracking technologies. Fig. 4 shows an outline image of the free-space optical communications terminal and a close-up picture of the fixed optics under development.


      
        [image: e110120_06.jpg]

        
          Fig. 4 Free-space optical communications terminal and its optics.
        

      

    


    4) Ultra-small optical communications terminal: the SOTA project


    
      The SOTA project is a project of the National Institute of Information and Communications Technology (NICT), started in FY2009, aiming at developing an ultra-small optical communications terminal weighing less than a few kilograms for mounting on a micro satellite (50-kg class). For emphasizing reductions in size and power consumption, we adopt a reduction in the data rate requirement that reduces the aperture and the overall size, and relaxation of the beam convergence requirement (increase of the beam width).Wider beam width eases the pointing accuracy requirement that makes it possible to use a small, low-cost acquisition/tracking mechanism, because its design can be simplified and even a consumer product can be used. Fig. 5 shows the results of designing the SOTA’s optics and acquisition/tracking mechanism. This terminal carries a variety of transmission systems and a variety of wavelengths (1.55 μm, 1.06 μm, etc.) simultaneously.
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          Fig. 5 Design results of SOTA’s optics and acquisition/tracking mechanism.
        

      

    

  


  
    5. Conclusion


    In the above, we outlined NEC’s technologies related to satellite communications. At NEC, we have developed a wide range of advanced products as a frontrunner in the field of satellite communications. In the future, too, we will promote technology/product development in this field to contribute to the realization of an affluent, safe and secure society.
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    Abstract


    Among the space businesses of NEC, the business related to communications/broadcasting satellite transponder equipment has achieved a large number of sales, even to the severe overseas satellite market, and its excellent technology and reliability are highly evaluated by worldwide satellite manufacturers. NEC is attempting to expand this business field by developing new devices and standardizing equipment while putting emphasis on areas with high added value. This paper is intended to introduce the present status of transponder equipment as well as perspectives for its future.
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    1. Introduction


    Our overseas sales of communications/broadcasting satellite transponder equipment began with Intelsat-IV in the 1970s. Since then, we have supplied equipment for various communications/broadcasting satellites around the world. The number of satellites for which we have supplied equipment up to the present is over 150 (Fig. 1).


    
      [image: e110121_01.jpg]

      
        Fig. 1 Satellites using NEC’s satellite transponder equipment (Partially including TTC equipment).
      

    


    With technical abilities and reliability that meet the stringent requirements of commercial satellites, our equipment has earned high evaluations from worldwide satellite manufacturers, as well as a high share among them.


    This paper introduces the present status of transponder equipment for the overseas market and perspectives for its future.

  


  
    2. Communications/Broadcasting Satellite Transponders


    Fig. 2 shows a simplified configuration of the block diagram of a communications/broadcasting satellite transponder. The configuration of an actual satellite is much more complex than this figure because multiple transponders are mounted, switching between active and redundant pieces of equipment is required in the case of failure and switching of transmission paths is also necessary to provide various services. The main functions of a transponder are 1) receiving a faint signal from the ground; 2) amplifying it with low noise; 3) converting it to a frequency to be transmitted to the ground; 4) limiting bandwidth to prevent unnecessary signal emission; 5) amplifying power to a level for transmission to the ground; 6) transmitting the signal to the ground.The transponder is generally organized by combining multiple pieces of equipment, each of which provides one of the above functions. When we refer to transponder equipment, we mean these individual pieces of equipment.
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        Fig. 2 Basic configuration of a communications/broadcasting satellite transponder.
      

    


    NEC has achieved sales of large quantities of such equipment, but, as well as individual pieces of equipment, the corporation also has experience supplying whole transponder systems to overseas satellite manufacturers, for example in the cases of the Express-AM1 and the BSAT-2C (Photo 1). In the future, we will endeavor to supply whole transponder systems, because their added values are higher than those of individual pieces of equipment.
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        Photo 1 Transponder of the Express-AM1 (Russia).
      

    

  


  
    3. Low-Noise Amplifier (LNA)


    At present, one of the leading products among our transponder equipment is the low-noise amplifier (LNA). The LNA is used to amplify a received faint signal with low noise and is therefore required to have excellent noise and wideband characteristics. The LNA is a single-function equipment with a compact size and its specifications are not much dependent on the specifications of individual satellites. As two to four LNAs with the same specifications are often used in fixed communications on the C, Ku and Ka bands, we have developed a new equipment called the Block LNA, which consists of a set of four LNAs with standard specifications, and supply it to many overseas satellite manufacturers (Photo 2*1). The Block LNA allows users to select any number of LNAs from 1 to 4 without design change and can therefore meet user requirements very flexibly. We have already supplied a total of 100 Block LNA sets (corresponding to 400 LNA units) as of 2010.
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        Photo 2 Block LNA (Low-noise amplifier).
      

    


    The L-band LNA is used in mobile communications and it sometimes happens that more than 100 LNA units are mounted on a single satellite. We have therefore developed a compact LNA by separating the peripheral circuitry, including the power supply, as shown in Photo 3. We have already supplied more than 1,000 units of this model.
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        Photo 3 L-band LNA (Low-noise amplifier).
      

    


    Current LNAs use the GaAs FET as an amplification device, but we are studying standardization and cost reduction using MMICs as well as a device that can meet the increasingly severe over power input requirements.

  


  
    *1 This photo shows the Ka-band model.

  


  
    4. Frequency Converter


    A frequency converter is used to convert the frequency of a received signal into a frequency for use in transmission to the ground. For instance, the Ku-band frequency converter converts signal frequency from the 14-GHz band to the 12-GHz band. The main characteristics required for a frequency converter include low spurious emissions, linearity and a stable local frequency. Particularly in the case of frequency conversion for satellite equipment, the input and output frequencies are close, so reducing spurious emissions from the mixer becomes a key design issue. In addition, since frequencies often vary due to satellites and communication channels, the manufacturing of frequency converters is characterized by high-mix, low-volume production.


    Up to the present we have achieved sales of about 2,000 frequency converters. The frequency converter is one of our main equipment, as evidenced by the fact that we received orders for four series of satellites in 2010.


    Aiming at further increasing our share, we have changed our equipment configuration from the connection of multiple single-function modules in the past to the MCM (Multi-Chip Module), which incorporates multiple functions in a single module. The new compact frequency converter has succeeded in implementing a weight of about 60% of that of the previous configuration (Fig. 3).
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        Fig. 3 Ku-band frequency converters (Left: Current model; Right: Newly developed model).
      

    


    In the future, we will promote standardized design in place of the previous design method of dealing with individual specifications in order to reduce costs further.

  


  
    5. Solid State Power Amplifier (SSPA)


    The output power required for communications/broadcasting satellites is on the order of tens to hundreds of watts. Demands for the C or higher band and several tens of watts are usually dealt with by electron tubes called traveling-wave tubes (TWTs), while those for the C or lower band and tens of watts are dealt with by solid state power amplifiers (SSPAs) using semiconductor devices. The SSPA is superior to the TWT amplifier (TWTA) in reliability and linear characteristics but its power efficiency and maximum output power are inferior. Therefore, its use as a final-stage amplifier for communications/broadcasting satellites is limited.


    Current SSPAs mainly use GaAs FET devices. However, as the withstanding voltage of GaAs FETs is low, the maximum output power of satellite-use devices is only around 10 W per device. Meanwhile, the GaN FET, featuring high withstanding voltage and high output power, has recently been developed as a new device and has already been put to practical use in ground communications. A prototype GaN FET designed for satellite mounting has already achieved an output power of more than 20 W per device in the S band. We also plan to evaluate it for use in SSPAs and then launch an SSPA using it into the market. Since the GaN FET can improve SSPA power efficiency and maximum output power, it is expected that the part of the market that had previously been monopolized by the TWTA will be replaced by the SSPA, thereby leading to the expansion of the SSPA market.

  


  
    6. Traveling-Wave Tube Amplifier (TWTA)


    The traveling-wave tube (TWT) is an RF signal amplification device used by power amplifiers. It is used widely in ground microwave communications systems and earth stations for satellite communications, as well as in satellite-borne transponders.


    Since RF amplifiers for satellite transponders require high efficiency and high reliability, R&D of TWTs featuring higher efficiency than that of semiconductor chips has been conducted actively since the mid-1980s.


    The TWT is a kind of electron tube and is used to amplify an RF signal by making use of the helix forming the RF circuit and the interaction of electron beams. Fig. 4 shows the structure of a typical TWT for satellite use. The TWT can operate on a wide frequency range, from the L band (1.5 GHz) to the V band (60 GHz), and its main features are efficiency and output power higher than those of semiconductor devices. As a result of development emphasizing features required for satellite use, such as long life, high reliability, compact size and light weight, the TWT has now become the core equipment for satellite transponders. A considerable number of TWTs are currently used on space-borne power amplifiers.


    
      [image: e110121_07.jpg]

      
        Fig. 4 Structure of a space-borne TWT.
      

    


    We are presently developing a TWT for use in new fields, such as for ion engines and for the radar to be borne on the ASNARO (Advanced Satellite with New system ARchitecture for Observation). We will continue product development by also eyeing supply for large communications/broadcasting satellites in the future.

  


  
    7. Antenna


    The antenna is the equipment characterizing each communications/broadcasting satellite's mission. Its functions include the formation of multibeams and contoured beams and the tracking of aircraft or other satellites. At NEC, we possess advanced antenna technologies thanks to our experience developing a large number of satellite-borne antennas, but competition in the antenna market is still severe due to the presence of many advanced overseas manufacturers. We therefore aim to accelerate market entry for antennas developed with our original technologies and to emphasize the supply of whole transponder systems including antennas. The antennas developed with our original technologies include the radial line slot antenna and the mesh deployment antenna. Both of these antennas are much lighter than previous parabolic antennas for satellite use and can be supplied at lower cost. These antennas, based on our original technologies, will be the tools of our entry into overseas markets.

  


  
    8. Conclusion


    The communications/broadcasting satellite market is expected to advance steadily, with about 20 satellites launched per year. As increases in satellite size are increasing the number of transponders per satellite, the market for communications/broadcasting satellite-borne transponders is also expected to expand, though the rise will be rather small. For the future, we will attempt to increase our share in the satellite market by developing new devices and reducing prices through standardization. In addition, we should not limit our business in this field to the sale of traditional individual pieces of equipment. We will also release new types of equipment into the market, emphasizing the sale of transponder systems that give higher added values than those of individual pieces of equipment, and we will expand our overseas business with them.
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    Abstract


    Earth observation from satellites has recently been increasing in importance in global environment monitoring for dealing with climate change, monitoring natural disasters such as earthquakes, tsunamis, volcanic activity and torrential rains and collecting security-related intelligence. Since the development of the first satellite-borne optical observation sensor in Japan, NEC has developed a large number of satellite-borne optical sensors. This paper introduces NEC’s optical sensors, including the Thermal And Near-infrared Sensor for Carbon Observation (TANSO) mounted on the Greenhouse Gases Observing Satellite (GOSAT, or IBUKI) launched in 2009, the high-resolution OPtical Sensor (OPS) mounted on the Advanced Satellite with New system ARchitecture for Observation (ASNARO) under development, the Hyperspectral Image SUIte (HISUI) and the Second-generation GLobal Imager (SGLI) mounted on the Global Change Observation Mission (GCOM).
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    1. Introduction


    Since the development of the satellite-borne Multi-spectral Electronic Self-Scanning Radiometer (MESSR) mounted on the MOS-1 marine observation satellite, which was Japan’s first Earth observation satellite, launched in February 1987, we at NEC have been providing optical sensors for a large number of satellites, including Earth observation satellites and scientific satellites. We are developing a large variety of sensors, from those with high resolution (below 1 meter) to spectral observation equipment with high precision. For wavelengths, too, we have achieved the development of optical sensors with a wide range of wavelengths, from UV to visible light and IR light. This paper introduces the technical background of the optical sensors NEC is currently developing and an outline of their sensor systems.

  


  
    2. ASNARO-OPS Optical Sensor Mounted on the ASNARO


    NEC has proposed the NEXTAR series of small standard satellite buses featuring low cost, short delivery time and high functionality thanks to new techniques and mechanisms for development, manufacturing and operation. We are currently developing the Advanced Satellite with New system ARchitecture for Observation (ASNARO) (Fig. 1), to be launched in FY2012 as the first application of the NEXTAR bus. The ASNARO has been commissioned by the New Energy and Industrial Technology Development Organization (NEDO) and the Institute for Unmanned Space Experiment Free Flyer Foundation (USEF) and is being developed under the guidance of the Japanese Ministry of Economy, Trade and Industry (METI). This section describes the ASNARO-OPS, which is the optical sensor to be mounted on the ASNARO.


    
      [image: e110122_01.jpg]

      
        Fig. 1 Image of the ASNARO flight configuration.
      

    


    The ASNARO-OPS optical sensor is capable of imaging a desired 10 km square on the Earth's surface from orbit at an altitude of 504 km. It uses two bands, including a panchromatic band offering monochrome images and a multi-spectral band offering color images. The two bands can be used to obtain images of a single location simultaneously, with a resolution below 50 cm with the panchromatic band and below 2 meters with the multi-spectral band.


    The ASNARO-OPS (Fig. 2) employs TMA (three-mirror anastigmat) optics and is composed of a primary mirror (PM), secondary mirror (SM), tertiary mirror and two foldable plane mirrors. The PM (see Photo) is made of NTSIC (New-Technology Silicon Carbide), an advanced material with ideal properties for mirrors, such as excellent specific rigidity (Young’s modulus - density) and shape stability (thermal conductivity/linear expansion coefficient).


    
      [image: e110122_02.jpg]

      
        Fig. 2 External view of the ASNARO-OPS.
      

    


    
      [image: e110122_03.jpg]

      
        Photo External view of an NTSIC primary mirror.
      

    


    To improve the quality of the acquired image, the ASNARO-OPS drives a CCD (Charge Coupled Device) using the TDI (Time Delay and Integration) method. TDI is a technology for maintaining an optimum SNR (Signal-to-Noise Ratio) despite changes in land surface emissivity depending on the imaged location, seasonal variation, ground surface altitude, etc.


    Aiming at using these advanced technologies as precursors to the compact, lightweight, low-cost Earth-observing optical sensors of the next generation, the ASNARO-OPS flight model is entering the final steps of the manufacturing phase.Fig. 3 shows a simulation of an image sent from the ASNARO-OPS.
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        Fig. 3 Image obtained with ASNARO-OPS (Simulated image).
      

    

  


  
    3. Hyperspectral Image SUIte (HISUI)


    The Hyperspectral Image SUIte (HISUI) (Fig. 4) is a sensor we are developing jointly with the Japan Resources Observation System and Space Utilization Organization (JAROS) under the guidance of METI and commissioned by NEDO. NEC has already succeeded in developing the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor that was launched in 1999 for oil resource exploration, etc., but the HISUI is intended to further improve resource exploration capabilities and the precision of observations for global environmental conservation. It consists of two sensor elements: a multi-spectral imager with excellent spatial resolution and observation width and a hyperspectral imager with a high identification capability thanks to a high wavelength resolution (Fig. 5).
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        Fig. 4 Image obtained from HISUI data.
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        Fig. 5 Performance comparison between HISUI and ASTER.
      

    


    One of the biggest features of the hyperspectral imager is the inclusion of a spectroscopic function dividing wavelengths into 185 bands in addition to traditional imaging functions. This makes it possible to improve the identification of minerals, vegetation, environments, etc. and to obtain highly usable image information over a wide area with high frequency. On the other hand, the multi-spectral imager has four bands in the visible and near-IR regions for obtaining color images in near-natural colors (Fig. 6 and Fig. 7).
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        Fig. 6 Image of a hyperspectral imager (Top) and a multi-spectral imager (Bottom).
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        Fig. 7 The spectroscopy of a hyperspectral imager.
      

    


    The hyperspectral imager aims in particular to offer observation data of the highest quality in the world, with a higher SNR and a higher wavelength determination precision compared to competing projects in overseas countries (Fig. 8). For this purpose, we have put emphasis on implementing a bright telescope for obtaining a larger amount of observation light, a spectroscope with extremely high efficiency and a sensor/signal processor system with low noise. In addition, we also endeavor to guarantee stable physical information on the observation target, such as scattering intensity and wavelength, in order to make observation data easy to use by refining the in-orbit calibration technology we have cultivated with optical sensors in the past.
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        Fig. 8 Comparison of wavelengths obtained with HISUI and ASTER.
      

    


    The HISUI is presently in the manufacturing/test stage of the evaluation model. We will begin manufacturing of the flight model in FY2012, aiming at a launch around FY2014.

  


  
    4. SGLI Mounted on the Global Change Observation Mission


    We, as the main contractor, are currently developing the Second-generation GLobal Imager (SGLI), aiming at installation on the first climate change observation satellite (GCOM-C1, Fig. 9) of the Global Change Observation Mission (GCOM). The SGLI is a broad-area, multichannel optical radiometer and is the third-generation successor of the Ocean Color and Temperature Scanner (OCTS) mounted on the Advanced Earth Observing Satellite 1 (ADEOS-I, or MIDORI) and the GLobal Imager (GLI) mounted on the ADEOS-II (MIDORI-2). The SGLI covers a broad wavelength range from the UV to the thermal IR domains. It is a sensor system observing an area on the Earth's surface more than 1,000 km wide every day to monitor the land surface, atmosphere, ocean and snow ice involved in global-scale climate change, as well as the effects of human activities on them. It is under development with a launch scheduled in FY2014.
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        Fig. 9 Overall view of the GCOM-C1.
      

    


    Since the SGLI needs to cover a wide range of wavelengths, it is composed of two sensors, including a Visible and Near-infrared Radiometer (VNR, Fig. 10) and an Infrared Scanner (IRS).
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        Fig. 10 External view of the VNR.
      

    


    With the VNR, we adopted a multi-element CCD sensor that can handle multiple bands with a compact size and can image an area of 1,150 km width at a time. For this purpose, we developed a new image sensor collecting 11 (for 11 bands) one-dimensional CCDs into a single chip. In addition to these 11-band image sensors, the VNR also uses two bands to observe polarization in three directions (Table 1).


    
    
      Table 1 Main specifications of the SGLI VNR.
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    With the IRS, we adopted a large, high-sensitivity sensor to scan images by rotating a plane mirror (Fig. 11). Using IR rays makes observation possible regardless of day or night conditions on the ground surface, and observation is scheduled to continue for five years after the launch. The sensors used in observation are cooled to reduce noise. In particular, the thermal IR measuring system is designed to maintain a very low temperature of 55 K (-218°C) using a mechanical refrigerator (Table 2).
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        Fig. 11 External view of the IRS.
      

    


    
    
      Table 2 Main specifications of the SGLI IRS.
    
[image: e110122_14.jpg]

  


  
    5. Thermal And Near-infrared Sensor for Carbon Observation (TANSO) Mounted on GOSAT


    The Thermal And Near-infrared Sensor for Carbon Observation (TANSO, Fig. 12) was launched on January 23, 2009 on the Greenhouse Gases Observing Satellite (GOSAT, or IBUKI) in order to measure the global concentration distribution of greenhouse gases and to clarify the absorption/emission amounts of greenhouse gases on the Earth. The TANSO determines gas concentrations by measuring the absorption spectra of greenhouse gases such as CO2present in the shortwave IR domain (1.6 and 2.0μm) and the thermal IR domain (14.3μm) using a kind of spectroscope called a Fourier interferometer.


    
      [image: e110122_15.jpg]

      
        Fig. 12 External view of the TANSO.
      

    


    Since the TANSO uses reflected light and thermal radiation light from the Earth as its light source, it is capable of global observation. It can drastically improve observation area and frequency, for example changing the previous observation method based on ground observation of about 286 points (as of May 2000) to the coverage of 56,000 points around the entire Earth in three days. For observation precision, too, its extensive use of the latest technologies, such as the Fourier interferometer, which achieves a high wavelength resolution and high SNR, and the pointing mirror, which directs the observation point with high precision, makes it possible to achieve a relative precision of each measuring session of no more than 1% as of October 2010. This makes possible the land area measurement of CO2 vertical column amounts in a 1,000-km mesh with a 3-month average relative precision of 1%.


    In addition, it is expected that the use of TANSO data can reduce the estimation uncertainty of the CO2 absorption/emission amounts that have previously been obtained using ground observation data only. This reduction of estimation uncertainty is particularly large in South America, Africa and Asia, where the amount of ground observation is small (Fig. 13).*1


    
      [image: e110122_16.jpg]

      
        Fig. 13 Uncertainty reduction rate of CO2 absorption/emission amounts.
      

    


    The TANSO has already completed its initial operations, and its ground processing algorithm is currently being studied for further improvements in precision. The application of this advanced ground processing to calibrated observation data is expected to make it possible to regularly distribute information on average CO2 and methane concentrations with higher precision.

  


  
    *1 Interim result as of October 2010 announced by the National Institute for Environmental Studies (NIES).

  


  
    6. Conclusion


    In the above, we introduced the technical background and system outline of the optical sensors we are developing. We would like to express our deep gratitude to METI, JAXA and other organizations for their kind guidance in the development of these optical sensors.


    At NEC, we have long been developing optical sensors incorporating advanced technologies as the front-runners of satellite-borne optical sensors. In the future, too, we will contribute to the implementation of an affluent, safe and secure society through the development of more advanced optical sensors.
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    Abstract


    The Dual-frequency Precipitation Radar (DPR) installed in the Global Precipitation Measurement (GPM) core satellite is the successor to the Tropical Rainfall Measuring Mission/Precipitation Radar (TRMM/PR) that was launched in 1997 and is still in use. It observes global precipitation distribution, including high-latitude regions, using two radars in the Ku and Ka bands. Meanwhile, the Cloud Profiling Radar (CPR) installed in the EarthCARE satellite observes the clouds of entire globe with approximately 10 times greater sensitivity than that of existing satellite-borne cloud radars. The CPR is the first satellite-borne millimeter-wave radar in the world with a Doppler velocity measuring function. These technologies will be applied to radars installed in earth observation and security-related satellites in the future.
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    1. Introduction


    Climate changes at the global scale, such as global warming, have been attracting attention recently. Factors affecting climate change include the distribution of rainfall and clouds, and the only means of knowing their global distribution on both land and ocean areas is through observation using satellites. NEC and Toshiba Corporation were jointly in charge of the development of the Tropical Rainfall Measuring Mission/Precipitation Radar (TRMM/PR) installed on the TRMM satellite launched in November 1997. It was the world's first satellite-borne rainfall radar.


    The TRMM/PR is highly acclaimed and is still working 13 years after its launch, substantially exceeding its design life of 3 years. Currently, as the missions succeeding the TRMM, NEC and NEC TOSHIBA Space Systems, Ltd. (hereinafter referred to as “we”) are designing and manufacturing the Global Precipitation Measurement/Dual-frequency Precipitation Radar (GPM/DPR) to be installed in the GPM core satellite, which is under Japan-US joint development, and the Earth Clouds, Aerosols and Radiation Explorer/Cloud Profiling Radar (EarthCARE/CPR) to be installed on the EarthCARE satellite, which is an earth observation satellite under Japan-EU joint development. In this paper, we will introduce the precipitation and cloud observation radars to be used with these satellites. In addition, we are also developing another radar, a Synthetic Aperture Radar (SAR). The SAR is introduced in a separate paper in the present feature pages, entitled “Small SAR Satellite Technology Promotes Dissemination of a Comprehensive Space Utilization System”.

  


  
    2. Dual-frequency Precipitation Radar (DPR)


    The TRMM/PR transmits a Ku-band radio wave from the satellite to the Earth and receives the radio waves scattered by raindrops. The GPM/DPR is designed to be capable of observing a wide range of precipitation by combining a Ka-band Precipitation Radar (KaPR) suitable for observing weak rainfall and a Ku-band Precipitation Radar (KuPR) suitable for observing strong rainfall. The KuPR has been improved in performance over that of the TRMM/PR, including an increase in transmission power.


    The DPR is being developed in cooperation with the Japan Aerospace Exploration Agency (JAXA) and the National Institute of Information and Communications Technology (NICT). It will be carried on the GPM core satellite (Fig. 1) developed by NASA and will be launched by JAXA's H-IIA launch vehicle in FY2013.


    
      [image: e110123_01.jpg]

      
        Fig. 1 External view of the GPM core satellite.
      

    


    We are in charge of the design and manufacture of the DPR according to an contract with JAXA. We have already completed manufacture of the proto-flight model (PFM) and are currently under test.


    2.1 Outline of the DPR


    (1) External view and configuration


    
      The KuPR and KaPR have box-shaped structures (Photo 1) and their sizes are, respectively, 2.6 m × 2.4 m × 0.7 m (KuPR) and 1.3 m × 1.5 m × 0.8 m (KaPR).


      
        [image: e110123_02.jpg]

        
          Photo 1 External views of KuPR (Left) and KaPR (Right). (The upper sections are the antenna subsystem. OSR protection covers are attached on the side panels.)
        

      


      Each structure incorporates a Transmission/Reception subsystem (TRS), a Frequency Converter/Intermediate Frequency unit (FCIF) and a System Control/Data Processor (SCDP), and an antenna subsystem (ANT) is installed on the nadir side of the structure. On the sides of each structure, optical solar reflectors (OSRs) for heat dissipation are attached, and the other outer surfaces, except the antenna, are covered mainly with germanium-deposited heat control film.

    


    (2) Main functions and specifications


    
      The DPR emits a radio wave by variable pulse repetition frequency (PRF) according to satellite altitude and measures the intensity of the signals scattered by raindrops (echo signals). The function of variable PRF according to satellite altitude is newly added with the TRMM/PR.


      The signals scattered by raindrops are converted into the intermediate frequency band and are then subjected to logarithmic detection. The output video signal is then A/D converted, subjected to digital signal processing such as integration and sent as observation data to the ground through the core satellite.


      The main functions and specifications of the KuPR and KaPR are as follows:


      
        	Observed rainfall strength: KuPR ≧ 0.5 mm/h, KaPR ≧ 0.2 mm/h


        	Observed altitude range: Ground surface to 19 km


        	Observation scanning width: KuPR 245 km, KaPR 125 km


        	Variable PRF according to altitude information from the satellite


        	Internal/external calibration function


        	Independent thermal control from the satellite

      

    


    2.2 Technologies Implementing the DPR's Functions and Specifications


    The KuPR and KaPR can identify the altitude distribution of precipitation based on the time from the transmission of the radio wave until the reception of echoes from raindrops. And, they have a function for scanning an antenna beam in the cross-track direction. So, they can measure 3D precipitation distribution. Both the KuPR and KaPR adopt a phased array antenna to achieve this antenna beam scanning. The antenna subsystem is composed of 128 antenna elements, and the antenna beam is scanned electronically by controlling the phase of the radio wave transmitted or received by each antenna element. For this purpose, each antenna element has a T/R module incorporating a phase shifter, a solid state power amplifier (SSPA) for amplifying the transmitted radio wave, and a low-noise amplifier (LNA) for amplifying the transmitted radio wave. To save installation space, every eight T/R modules are grouped into a T/R unit (Photo 2).


    
      [image: e110123_03.jpg]

      
        Photo 2 Ku T/R unit (Left) and Ka T/R unit (Right).
      

    


    The SSPAs and LNAs incorporated into the T/R unit are equipped with high-precision temperature compensation so that they can collect data stably without causing gain variation, even when exposed to the severe temperature environments of outer space.

  


  
    3. Cloud Profiling Radar (CPR)


    The EarthCARE (Fig. 2) is a satellite for global-scale observation of the vertical distribution of cloud particles and aerosols (fine particles in the atmosphere, such as dirt and dust) and the velocity of the upward/downward movement of cloud particles. The results of these measurements will be applied to elucidate the heating/cooling effect of clouds and aerosols and to improve the accuracy of climate change prediction.
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        Fig. 2 External view of EarthCARE.
      

    


    The CPR is a radar that transmits a millimeter- band radio wave from the satellite orbit to the Earth and receives the radio waves scattered by cloud particles. It is capable to observe clouds with approximately 10 times greater sensitivity than the existing satellite-borne cloud radars. The CPR is the first satellite-borne millimeter-wave radar in the world with a Doppler velocity measuring function, which can detect the vertical distribution of clouds as well as the velocity of the upward/downward movement of clouds.


    The EarthCARE is under joint development by JAXA and the European Space Agency (ESA). The CPR is being developed by JAXA and NICT, and we are in charge of its design and manufacture according to a contract with JAXA. We have already manufactured the ground test model and are conducting development test.


    3.1 Outline of the CPR


    (1) External View and Configuration


    
      The CPR is composed of a main reflector (MREF), deployment mechanisms (DPM), hold/release mechanisms (HRM), a support structure (STR), a quasi-optical feed system (QOF) and a platform (Fig. 3).


      
        [image: e110123_05.jpg]

        
          Fig. 3 External view and configuration of the CPR (With MREF deployed, excluding thermal control parts).
        

      


      The platform incorporates a transmitter/receiver subsystem (TRS), signal processor units (SPU) and a heater switch (HSW). Part of the outer surface of the platform is covered with optical solar reflectors (OSRs) for heat dissipation, and other outer surfaces are covered mainly with germanium-coated thermal control film. The MREF is stowed at the time of launch and deployed in orbit. The QOF and TRS are being developed by NICT and JAXA.

    


    (2) Main functions and specifications


    
      The CPR emits a 94-GHz-band radio wave while varying pulse repetition frequency (PRF) according to satellite altitude and measures the intensity and phase profile of the signals scattered by cloud particles (echo signals).


      The signals scattered by clouds are converted into the intermediate frequency band and then their intensity is subjected to logarithmic detection while the phase is subjected to IQ detection. The output is then A/D converted, subjected to digital signal processing such as integration, and sent as observation data to the ground through the satellite body.


      The main functions and specifications of the CPR are as follows:


      
        	Minimum detection sensitivity: ≦ 35 dBZ (at top of atmosphere)


        	Doppler velocity precision: ≦ 1.0 m/s


        	Internal/external calibration of satellite-borne equipment


        	MREF deployment/holding functions and thermal control function

      

    


    3.2 Technologies Implementing Functions and Performance


    (1) System and signal processor block


    
      The diameter of the CPR observation range is about 700 meters. Since the satellite moves at an ultrahigh ground speed of about 7 km per second, the observation range is passed in only 0.1 seconds. To measure the vertical velocity of cloud particles with the specified precision in such a high-speed situation, system design is conducted by checking with detailed Doppler velocity simulations. A/D conversion with a resolution equivalent to 16 bits is required to implement the Doppler velocity precision; however, we achieve the required resolution by combining an A/D converter with 14-bit resolution with oversampling signal processing technology since there is no satellite-use A/D converter with a resolution higher than 15 bits available.

    


    (2) High-surface-accuracy MREF


    
      To implement high-sensitivity observation and Doppler velocity measurement, an MREF with an aperture diameter of 2.5 meters (Photo 3 Left) of the CPR is required to have higher mirror surface accuracy than conventional communications antennas (i.e., less than 60 μmRMS). It must meet this high-surface-accuracy requirement under the severe restrictions imposed by the wide temperature variations in orbit (approx. -50 to +60°C) and the weight limit. We therefore apply a sandwich structure in which high-elasticity carbon-fiber reinforced plastic (CFRP) face sheets are adhered on both sides of a newly developed CFRP flex honeycomb core (Photo 3 Right). This core makes it possible to reduce the thermal expansion/contraction of the MREF in both the in-plane and out-of-plane directions, thereby greatly reducing the deformation of the MREF during manufacture as well as in orbit.
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          Photo 3 Main reflector (Left) and CFRP flex honeycomb core (Right).
        

      

    


    (3) Sunlight concentration prevention


    
      The CPR points at the Earth during regular operation; however, the CPR may point at the Sun due to satellite attitude error, causing sunlight to concentrate on the QOF located near the focal point of the MREF and that leads a rapid temperature rise within a short time of period. To inhibit such concentration, the reflecting surface of the MREF is covered with germanium-coated film to absorb and diffuse the sunlight (Photo 4). Entire aperture diameter of 2.5 meters is covered by connecting several segments of extremely thin film (approximately 25 μm in thickness) to minimize effects on 94-GHz-band radio waves.
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          Photo 4 Reflecting surface of main reflector covered with germanium-coated film.
        

      

    

  


  
    4. Conclusion


    Since the TRMM/PR was launched as the world's first satellite-borne precipitation radar, we have been developing the GPM/DPR to follow it up, aiming at further improvement of observation performance. We are also improving our technical ability in radar system and signal processing design technology, high-surface-accuracy reflector design and manufacturing technology, sunlight concentration prevention technology, etc. through the design and manufacture of the CPR, equipped with the world's first Doppler velocity measurement function. In the future, we will effectively apply these technologies to the radars installed in earth observation and security-related satellites, as well as to the high-gain, high-pointing accuracy antennas installed in general satellites.
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    Abstract


    Since the images from SAR data were successfully reproduced for the first time in Japan in 1980, NEC has been advancing R&D into various SAR image processing. High-level processing of SAR data enables acquisition of 3D information on the earth’s surface, extraction of its changes and “feature extraction” that is one of SAR advantages for target analysis. This paper introduces the latest SAR image processing technologies including; the polarimetric SAR image analysis software “RSGIS-SAR,” ScanSAR/ScanSAR interferometry and bistatic SAR image reproduction.
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    1. Introduction


    SAR (Synthetic Aperture Radar) is imaging radar installed on aircraft or spacecraft to obtain images of the earth’s surface using microwave. Unlike an optical sensor, SAR requires the image reproduction processing of the acquired data via the radar in order to obtain images of the earth’s surface. The imaged data may be further subjected to a high-level processing in order to obtain 3D information on the earth’s surface, extract its changes and “feature extraction” that is one of SAR advantages for target analysis.


    In this paper, we report some results of our recent R&D related to SAR image processing.

  


  
    2. SAR Image Processing at NEC


    We began independent research for the development of SAR processing software in the 1970’s and succeeded in the reproduction of images from SAR data for the first time in Japan in 1980 (using observation data from the U.S. satellite SEASAT).


    Subsequently, we developed and delivered; NEDIPS dedicated SAR image processing computer for the Remote Sensing Technology Center of Japan (RESTEC) in 1985, the NEDIPS-SAR image processing computer for JERS-1 SAR, Japanese first spaceborne SAR of National Space Development Agency of Japan (currently Japan Aerospace Development Agency, or JAXA) in 1992, and independently developed the image processing software for PALSAR, which was installed on ALOS (DAICHI) and was the latest spaceborne SAR in Japan in 2006.


    The image processing of airborne SAR is more complicated than that of the spaceborne SAR due to the motion disturbance of the aircraft, etc. In 1992 which is the same year as JERS-1 SAR was launched, we succeeded in developing SAR image processing software for “NEC-SAR,” which is the first Japanese airborne SAR (Fig. 1). We subsequently continued to research into SAR processing, which led to the development of an on-board SAR image processing system that can be mounted on aircraft and the image processing software for airborne SAR with a maximum resolution of 30 cm.


    
      [image: e110124_01.jpg]

      
        Fig. 1 Observation image of airborne SAR “NEC-SAR”.
      

    


    The basic SAR image processing technologies such as the motion compensation technology for airborne SAR and the extraneous interference elimination technology, and the high-level processing technologies such as the interferometric SAR processing for generating a 3-dimensional DEM (Digital Elevation Model) (Fig. 2)1), the differential interferometric SAR processing for extracting crustal movements (Fig. 3) and the polarimetric processing (multiple polarized wave processing) for various types of analyses of the targets, are developed up to the present.


    
      [image: e110124_02.jpg]

      
        Fig. 2 Example of DEM obtained with interferometric SAR processing.1)
      

    


    
      [image: e110124_03.jpg]

      
        Fig. 3 Example of the extraction of the crustal movement with interferometric SAR processing (2008 Miyagi Earthquake, Japan).
      

    

  


  
    3. Latest Developments of SAR Image Processing Technologies


    This section shows the following three technologies that are the latest SAR image processing technologies.


    
      	Polarimetric SAR image analysis software “RSGIS-SAR”


      	ScanSAR/ScanSAR interferometry


      	Bistatic SAR image processing

    


    3.1 Polarimetric SAR Image Analysis Software “RSGIS-SAR”


    SAR equipped with full polarimeric observation, such as Pi-SAR and PALSAR, is called a polarimetric SAR and the number of polarimetric SARs has been increasing recently. In full polarimetric observation mode, SAR transmits two linear-polarized signals (horizontal and vertical) by turns, receives two linear-polarized reflection waves (horizontal and vertical) and gives full (quad) polarimetric data (HH, HV, VH, and VV) for polarimetric radar applications. It is capable of extracting and analyzing the feature of target information that cannot be extracted with a single polarimetirc data.


    NEC developed RSGIS-SAR, which is the software for the analysis of polametric SAR. This software features the following two functions.


    The first one is the virtual change of the polarized directions used in the transmission/reception of SAR. With SAR images in general, the reflection intensities of the radio waves from the target vary depending on the polarized directions of the radio waves used in transmission/reception and the view of the target after the imaging also varies accordingly. On the other hand RSGIS-SAR virtically modifies the polarized directions of the radio waves used in transmission/reception and outputs images by calculating the reflection intensities that would be observed with the modified polarized wave directions.


    Fig. 4 shows a PALSAR image obtained by modifying the polarized wave directions. Image (a) is obtained via transmission using the vertically-polarized wave for transmission and the horizontally-polarized wave for reception. Image (b) is obtained when the directions of the polarized waves used in both transmission and reception are rotated by 60 degrees. The received signal hidden in image (a) becomes identifiable when the polarized directions are modified in image (b). This function can be used to select the polarization angles that provide clear target recognition.


    
      [image: e110124_04.jpg]

      
        Fig. 4 SAR observation image with modified polarization direction.
      

    


    The second function is the calculation and display of graphs of the relationship between the types of polarized waves used in transmission and reception (polarization signature diagrams) of each pixel based on the quad polarization data observed via the polarimetric SAR. The polarization signature diagram depends on the shape of the target reflecting the radio waves and this function can be used to define the target shape.


    3.2 ScanSAR/Scan SAR interferometry


    As described above in section 2, the high-level processing technologies for SAR include differential interferometric SAR processing. This image processing technology extracts crustal movements by observing the same location on two or more occasions, thereby allowing the observed data to mutually interfere and to thus obtain differences from the DEM (Digital Elevation model).


    Recent spaceborne SARs such as PALSAR often have a wide area observation mode called ScanSAR in addition to a traditional stripmap SAR mode. ScanSAR switches the observation direction based on a time division so that it can observe a few times wider area than the stripmap SAR with a single observation path. The time-division switching of the observation direction of the ScanSAR posed the problem of difficulty in matching the switching timings of the two observation pathes to be interfered with the interferometric SAR. However we overcame this difficulty and achieved a world first in succeeding in differential interferometric SAR processing between data obtained in the wide area observation modes (ScanSAR) of PALSAR.


    Fig. 5 shows the result of differential interferometric SAR analysis in the high-resolution mode (stripmap SAR) of PALSAR of the data before and after the 2008 Sichuan Earthquake in China (result of analysis by the Geospatial Information Authority of Japan, or GSI2)). To observe the effects overa wide area, the image connects several differential interferometric SAR images obtained from observations of different areas before and after the quake.


    
      [image: e110124_05.jpg]

      
        Fig. 5 Results of differential interferometric SAR analysis using multiple images captured at 2008 Sichuan Earthquake, China.2)
      

    


    Fig. 6 shows the image reproduced by NEC as the result of differential interferometric SAR (ScanSAR/ScanSAR interferometry) processing in the wide area observation mode (ScanSAR)3). With an observation width of 350 km, we succeeded in extracting the crustal movements of before and after the quake over a very wide area, from only one set of observation data.


    
      [image: e110124_06.jpg]

      
        Fig. 6 Result of differential interferometric SAR analysis with ScanSAR/ScanSAR interferometry at 2008 Sichuan Earthquake, China.
      

    


    3.3 Bistatic SAR Image Processing


    In the case of the generally-used SAR, an antenna is shared by both radio wave transmission and reception. Such SAR with which the transmission and reception antennas are in the same location is referred to as the “monostatic SAR,” while SAR that separates the transmission and reception antennas and installs them in different locations is referred to as “bistatic SAR.” The observation information and images of the monostatic and bistatic SARs are different because their radio wave reflection directions on the ground surface are different. There are for example cases in which an object that cannot be observed with monostatic SAR is observable with the bistatic SAR. However, the different locations of the transmission antenna/transmitter and reception antenna/receiver of bistatic SAR tends to pose a problem in the synchronization of shared timings.


    In a bistatic SAR experiment of spaceborne and airborne SARs commissioned by JAXA, we succeeded in imaging bistatic SAR observation data by solving the issue of the timing synchronization by means of image processing of the observation data, without installing a special function for bistatic SAR in the SAR hardware. The algorithm applied in the image processing is shown in Fig. 7. The bistatic SAR image processing is achieved by performing the timing synchronization in the “Synchronization” step during ground-basedprocessing of the data after observation and the motion compensation and Doppler frequency estimation for bistatic SAR in the subsequent “Doppler estimation” step. Fig. 8 (a) shows the bistatic SAR observation image obtained by the above method.


    
      [image: e110124_07.jpg]

      
        Fig. 7 Bistatic SAR image processing.
      

    


    
      [image: e110124_08.jpg]

      
        Fig. 8 PALSAR monostatic SAR observation image.4)
      

    


    Compared to the monostatic SAR observation image in (b), the difference in the views of the two images such as the different reflection intensities depending on the objects on the ground surface allows us to confirm the effectiveness of the bistatic SAR between the spaceborne and airborne SARs4).

  


  
    4. Conclusion


    NEC has been advancing R&D into SAR image processing continuously since the 1970’s, achieving new results in SAR image reproduction and higher-level processing such as SAR image analysis software “RSGIS-SAR,” ScanSAR/ScanSAR interferometry and bi-static SAR. In the future, too, it is our intension to continue development of practical and useful technologies by enhancing the remote sensing data including the SAR data and by improving its image identification capability.
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    Abstract


    The many uses of space technology have found applications in various fields that affect our lifestyles and they have thereby tended to become more or less essential components of our every day lives. This trend has aroused attention as a new growth area in satellite based earth observations that are aimed at improvements in personal safety from a national perspective. This paper introduces the satellite technologies associated with earth observations that are being applied to industrial waste monitoring. It also discusses a recently deployed industrial waste monitoring system. We intend that these technologies will contribute to a wider promotion of the use and application of satellite imaging systems that have previously been limited to use by a small number of specialists.
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    1. Introduction


    As was discussed in “Space System Businesses - Vision and Roadmap,” the use of space based technology has been contributing to various aspects of our lives such as in weather forecasting and for broadcasting and communications and it is now becoming an indispensable feature of our every day lives. However, its use is still insufficiently adopted in the field of earth observations (remote sensing) such as in agriculture, fisheries, civil engineering, urban planning, disaster countermeasures and prevention and topographical observations etc. Nevertheless, since it clearly offers a potential means for enhancing life styles by making them safer and more comfortable, it is attracting public attention as a new and growing field in the business enterprise domain.


    One of the current examples of the use of data acquired from earth observations is an Internet site showing views that combine various satellite images and aerial photographs. However, the observation dates of the satellite image data used in such services are often unknown and sometimes tend to be rather out of date. In addition, it is also said that the variances in time and accuracy between images make these services unsuitable for earth observations that require high accuracy. Up to the present, there has been no mechanism that makes it possible to obtain satellite data of the known observation timing of a required location, to apply necessary image processing to such data and to then store it in a database by adding relevant information. This would enable people who need such satellite image data to readily obtain it at a low price and at the requisite timing.


    When we consider the social needs for the use of satellite image data, an urgent need may be found in the field of local government. The departments of local government are currently spending a large amount of time and labor in monitoring industrial waste issues and they will be sure to find satellite imaging data a convenient means of improving surveillance levels for investigating and preventing illegal dumping, etc.


    At NEC, we have been developing an industrial waste monitoring system that makes use of the satellite images of the ALOS (Advanced Land Observation Satellite), which is regarded as an earth observation satellite of the foremost class.


    The satellite images obtained via the ALOS are relatively low-priced compared to past satellite images, so the resulting expansion of the possibility of the use of satellite images by local communities is attracting attention. Below, we introduce our “industrial waste monitoring system” using satellite images.

  


  
    2. Outline of Satellite Imaging


    2.1 Outline of ALOS


    The ALOS is an earth observation satellite launched by the Japan Aerospace Exploration Agency (JAXA) in 2006. It orbits the earth in a 46-day period at an altitude of about 700 km and observes the ground surface vertically. If weather permits, it can observe a specific area for up to eight times per year. Observation is possible with a resolution of 2.5 meters (a precision that enables the location of roads and the presence/absence of buildings) over a broad area of 35 km × 35 km per image.


    The satellite images obtained with the ALOS include a 2.5-meter resolution monochrome image called a “PRISM image” as shown in Photo 1 that is used mainly in the creation of stereoscopic images, and a 10-meter resolution color image called the “AVNIR-2 image” as shown in Photo 2 that is used in the creation of land-cover or land-usage classification maps. As these are hard to read visually in their original forms, they are merged with an actual map in order to create a 2.5-meter resolution color image called a “pan-sharpened image” as shown in Photo 3 (hereafter and for convenience the term “satellite image” will refer to the pan-sharpened image).


    
      [image: e110125_01.jpg]

      
        Photo 1 Monochrome, high-resolution PRISM image (Near Morioka JR Station).
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        Photo 2 Color, low-resolution AVNIR-2 image.
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        Photo 3 Pan-sharpened image compiled from Photos 1 and 2.
      

    


    2.2 Compilation of an ALOS Satellite Image


    As the satellite images observed via the ALOS are distorted due to the fact that the Earth is spherical as well as being affected by variable topographic altitudes, they cannot be projected onto planar map data. The satellite image data is therefore compiled into planar satellite images by adopting thefollowing steps.


    
      (1) A common reference point is determined on both the PRISM image and on the map data (maps published by the Geographical Survey Institute or other organizations).


      (2) With respect to the reference point, the distortions of the PRISM and AVNIR-2 images are corrected by means of applying orthographic projections.


      (3) Optimum color adjustments are applied to the PRISM and AVNIR-2 images.


      (4) The PRISM and AVNIR-2 images are superimposed so that their reference points are matched.


      (5) Steps (3) and (4) are repeated until an optimum image is obtained.

    


    Since the skill and expertise in reference point setting and color adjustments tend to vary between operators, the above method is accompanied by the issue of difficulty in maintaining a satisfactory quality among the created images. At NEC, we are solving this problem by standardizing the operating procedure so that optimum quality can be maintained even when a large number of images are compiled.

  


  
    3. Efforts for Industrial Waste Monitoring System


    NEC has accumulated a wide range of expertise related to the prevention and containment of illegal dumping and of the inappropriate treatment of industrial wastes from the practical utilization of satellite images. This has been achieved via the ALOS with technical guidance for satellite image use by Emeritus Professor Ryuzo Yokoyama of Iwate University, who is currently working at the Center for Regional Collaboration in Research and Education, Iwate University. The result is the Industrial Waste Monitoring System based on the use of satellite images that is introduced in the present paper.


    The typical image used for image analysis in a monitoring system may be a mechanism that compares multiple satellite images automatically and extracts differences for analysis. In fact, however, it is said that the practical implementation of such a mechanism is difficult because the contexts of the satellite images vary greatly depending on the season as shown in Photo 4 and Photo 5.


    
      [image: e110125_04.jpg]

      
        Photo 4 Satellite image observed in springtime.
      

    


    
      [image: e110125_05.jpg]

      
        Photo 5 Satellite image observed in the fall.
      

    


    At NEC, we are designing an industrial monitoring system based on the expertise in industrial waste monitoring that we have accumulated up to the present. The images may thereby be read visually by local government officials in charge of industrial waste monitoring who have detailed knowledge of the imaged locations and have much experience in their particular job. The operations of such persons resemble those of physicians who read X-ray image data and use the results to support their diagnoses. In other words, the system is designed to improve the monitoring effects based on the fusion of expert human knowledge and satellite images.

  


  
    4. Outline of the Industrial Waste Monitoring System


    The industrial waste monitoring system features a server database of satellite images and associated information (map information, industrial waste treatment facility information, etc.) and the user can browse the stored information via the Internet as shown in Fig. 1. The system utilizes cloud computing and the service is provided as SaaS (Software as a Service) for which the user does not have to possess a server or any in-house applications.


    
      [image: e110125_06.jpg]

      
        Fig. 1 Main window of the industrial waste monitoring system.
      

    


    A user who monitors industrial wastes can identify the changes visually over time by arranging multiple satellite images captured at different times side by side as shown in Fig. 2 or by superimposing satellite images and switching the displayed image by successively pressing a button.


    
      [image: e110125_07.jpg]

      
        Fig. 2 Window showing a comparison of satellite images captured at different seasons.
      

    


    The basic functions available with the industrial waste monitoring system include inquiries regarding satellite images via the database, enlargement and reduction of image sizes and by repositioning across locations.


    Distance and area calculations are also available as auxiliary functions for use in comparisons of changes over time. With regard to the area calculation, the user designates multiple points and the system displays the area of the polygon connecting them in hectares or square kilometers as in Fig. 3. The information on the selected regions and the calculated results are saved so that they may be recalled later without a need for re-calculation.


    
      [image: e110125_08.jpg]

      
        Fig. 3 Measurement of area of a designated region and its display at window center.
      

    

  


  
    5. Toward Commercialization


    The industrial waste monitoring system is currently being verified by the industrial waste monitoring departments of 12 Japanese prefectures under the industrial waste monitoring model project of the Ministry of the Environment. The system is highly evaluated for its capability of looking down upon a broad area from directly above, the ease of comparison of changes over time and the ease of inquiry using maps and facility information. Various other impressions and opinions have also been collected and are supporting our efforts. These include the enhancement and improvement of functions such as high-resolution image capturing and volume calculations/displays. We are therefore aiming at commercialization before the end of FY2011.


    Since the industrial waste monitoring system contains many useful functions, it can also be applied over a wide range of monitoring functions other than for industrial waste monitoring, such as in archaeological site management and forestry improvements etc. Currently, we are conducting studies for its application in other fields by sharing information with local government departments that are responsible for operations other than industrial waste monitoring.

  


  
    6. Conclusion


    In this paper, we introduced our recently developed industrial waste monitoring system.


    The promotion of the use of space based technology in the field of earth observation (remote sensing) is expected to improve the safety and comfort aspects of people’s lifestyles. For this purpose, NEC intends to advance commercialization of the service introduced here and to promote its use over wider fields.


    In closing this paper, we would like to express our gratitude to Emeritus Professor Ryuzo Yokoyama of Iwate University and the staff of the Laboratory for Remote Sensing Application of the Center for Regional Collaboration in Research and Education, Iwate University.
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    Abstract


    NEC's space technologies are supported by a broad range of fundamental technologies. Production innovation activities have brought space technology from a field of work dependent on the skills and techniques of expert workers to the forefront of production innovation. Space technology is inextricably linked to material development. NEC developed the most advanced reaction-sintered SiC optical mirror material, which makes it possible to manufacture a mirror with light weight and high strength. Meanwhile, spacecraft on-board software technology is being developed to meet the trends of diversification and increased precision of mission requirements. Image processing for more advanced utilization of remote sensing data is a technology that responds directly to the needs of data users. This paper introduces the above fundamental technologies supporting NEC’s space technologies and their development process.
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    1. Introduction


    To develop equipment and systems for space use and to provide associated services, it is indispensable for us to possess a very broad base of fundamental technologies. In this paper, we will introduce our production innovation activities, our mirror material technology which is a core sensor technology, our software supporting all systems and our image processing technology which is the key to the utilization of data.

  


  
    2. Production Innovation Activities


    2.1 Background


    We at NEC have been involved in a large variety of space equipment and systems, such as the MUSES-C (HAYABUSA), which demonstrated the height of Japanese and NEC technologies worldwide, and the IKAROS, which is continuing its solar sailing using the radiation pressure of solar light as its propulsion force. Although these spacecraft achieved great results from the viewpoint of accomplishing their missions, it is also a fact that much of this work is dependent on the skills and techniques of expert workers from the viewpoint of the “MONOZUKURI”*1process, from development/design through to production/testing.


    Recognizing that it is urgent for an enterprise in charge of “MONOZUKURI” to solve the above problem as early as possible, we first proceeded to production innovation activities at the site of commercial solar array panel production.


    2.2 Start of Activities with Solar Array Panels for Commercial Satellites


    The initial process of the production of the solar array is CICing.*2In the case of the commercial satellite, more than 2000 CICs is assembled for one panel. CICs are connected in series by welding machine and then bonded onto the light weight substrate with adhesive (Fig. 1).


    
      [image: e110126_01.jpg]

      
        Fig. 1 Outline of commercial solar array panel production.
      

    


    We began our innovation with the “2S” methodology of sorting (SEIRI) and setting in order straightening (SEITON) using the red tag technique*3and followed this with a thorough application of the “3-fixed” methodology (fixed location, fixed items and fixed quantity) and advanced synchronization of the rough flow by preparing a VSM*4. Here, “flow” refers to “a train of items that move regularly (tactically) according to the progress of the process.” Based on the results of our work analysis, we focused on 1) advancing workload leveling; 2) changing to a layout with a good view (see Fig. 2); 3) determining the takt time; 4) conducting process observation. In this series of activities, we were able to view our efforts from the viewpoint of total optimization.


    
      [image: e110126_02.jpg]

      
        Fig. 2 Creation of flow.
      

    


    After efforts at the site of production of solar array panels, our production innovation activities have now extended to thesite of production of satellite-borne equipment. After the application of the “2S” and “3-fixed” methodologies, layout change activity for the creation of rough flow is underway, and activities are also promoted in the model line aiming at increasing production quantity by shortening production lead time.


    2.3 Satellite Standardization and Company-wide Process Improvement


    In the development and design department, efforts for standardizing small satellites with the NEXTAR (NEC Next Generation Star) bus are underway. With the NEXTAR bus, we are standardizing bus components equipped with universal basic functions and are combining various mission components in order to conduct business in the global market by taking advantage of the benefits of standardization, including low costs, short delivery terms, high flexibility and reduced risk.


    By promoting this effort for standardization in combination with production innovation activities, we are also improving the entire process of “MONOZUKURI” at the top level, from development and design to production and delivery.


    2.4 Future Perspectives


    To make the space business profitable, it is necessary to implement world-class QCD (Quality, Cost, Delivery) early. Although we are still at the entrance to “product innovation,” we are determined to advance our activities as “one NEC” aiming at total optimization in order to foster human resources capable of performing autonomous reform as well as management innovation.

  


  
    *1 “MONOZUKURI” is a Japanese word meaning production; “MONOZUKURI” in this paper covers a value chain including product development/design, production/testing and delivery processes.


    *2 CIC: Coverglass Integrated Solar Cell.


    *3 Red tag technique: A technique for classifying necessary and unnecessary items by attaching warning tags (red tags) and disposing of unnecessary ones.


    *4 VSM: Value Stream Map (mapping of material and information flow).

  


  
    3. Mirror Base Material Development Technology


    3.1 Satellite-borne Optical Mirrors


    Satellite-borne optical sensors must improve spatial resolution to acquire more detailed information. For this purpose, large-aperture reflector optics are adopted to improve sensitivity with increased amounts of light and to enable the observation of fine spatial structures.


    On the other hand, a large optical mirror needs to minimize the surface distortion caused by its own weight and must feature light weight, high strength and high rigidity in order to withstand the severe vibration and shock load of the rocket launch environment. In addition, thermal shape stability is needed to deal with temperature changes in the orbital environment.


    3.2 SiC ceramic material
Compared to glass, the traditional mirror base material, SiC (silicon carbide) has high thermal stability because of a relatively low thermal expansion coefficient, high thermal conductivity, high strength and high rigidity. Fig. 3 shows a performance comparison between glass and SiC. Thanks to these properties, SiC has recently been put to practical use in overseas countries as the base material for high-precision mirrors larger than 1 meter and in 3.5-meter cooled IR optics.

    
      [image: e110126_03.jpg]

      
        Fig. 3 Comparison of Mirror Base Materials
      

    


    3.3 New-Technology SiC (NTSIC)


    NEC is developing and marketing a high-strength, reaction-sintered SiC material under the product name “New-Technology SiC” (NTSIC). This high-strength, reaction-sintered SiC material is developed by combining technologies of exclusively Japanese manufacturers*5.


    1) Pore-free, dense construction


    
      In the NTSIC manufacturing process, silicon is infiltrated during sintering so that the carbon in the material powder reacts with the silicon to become SiC. At this time, residual silicon fills the remaining pores, and a fully dense of sintered body is obtained. With conventional sintered SiC, the surface is coarse due to the presence of pores, as shown in the left picture in Photo, or polishing is difficult because of non-uniformity due to the presence of constituents other than SiC, thereby making it necessary to coat the mirror surface with SiC before polishing it. With NTSIC, on the other hand, the consistency is dense, as shown in the right picture in the photo below, so the shape and surface roughness required for the mirror surface can be obtained by polishing the surface directly. Avoiding the need to coat before polishing can reduce cost and lead time.


      
        [image: e110126_04.jpg]

        
          Photo Photomicrographs of polished surfaces: Sintered SiC (Left) and NTSIC (Right).
        

      


      2) High strength


      With a bending strength twice that of conventional sintered SiC and more than 15 times that of glass, NTSIC has excellent properties for use as the base material of a large mirror with reduced weight. Taking the main mirror of the Hubble Space Telescope (diameter 2.4 m, weight 828 kg) as an example, the use of NTSIC would make it possible to reduce mirror weight by more than 600 kg.

    


    3.4 Future perspectives


    NTSIC has begun to be used as the mirror base material for various optical sensors, including that of the ASNARO (Advanced Satellite with New system ARchitecture for Observation) currently under development. We are also tackling research into bonding mirror segments to produce larger reflectors and into reducing the structure’s thickness to reduce weight further, aiming at differentiating our technologies as fundamental technologies unique to NEC.

  


  
    *5 This technology is based on a joint development project with the Power and Industrial Systems R&D Center, Toshiba Corporation Power Systems Company and Japan Fine Ceramics Co., Ltd.

  


  
    4. Large-scale Software Development


    4.1 Background


    The trends of diversification and increasing precision of mission requirements for spacecraft have promoted increases in the complexity and scale of software, which have led to problems such as the impossibility of taking enough time for software verification. The following subsections introduce the fundamental technologies we are tackling for the development of complicated, large-scale software programs.


    4.2 Fundamental Technologies for Large-scale Software Development


    Spacecraft on-board software is subject to severe quality requirements because of the restrictions that incorrect execution cannot be permitted in orbit and modification is not easy. The fundamental technologies targeting the development of large-scale software programs and their development processes are described as follows:


    (1) Use of RTOS


    
      Since the incorporation into computers of 16-bit MPUs, we have been using an RTOS (Real-Time Operating System) with the μITRON specification.


      Even today, as MPUs have advanced to use 64 bits, we still use an RTOS based on the TOPPERS and T-Engine kernels, in consideration of a smooth transition to the development of large-scale software.

    


    (2) Middleware


    
      64-bit MPUs are making processor handling more difficult than it was before. Since the main work of executing spacecraft missions is concentrated in application programs, we prepare the work for direct hardware control separately from the application programs and attempt to make it a common component. This concept has been in use for a long time, but it is still effective for expanding the use and range of application programs and for facilitating the development of large-scale software.

    


    (3) Development process


    
      As increases in the scale and complexity of software have been extending the time needed to obtain system requirements and to establish software requirement specifications, the traditional waterfall development model is not capable of reserving enough time for software development. To deal with this problem, we have adopted repetitive development, which handles the cycle from subsystem (or sensor system or component) requirement analysis to subsystem testing including software development process. This has made us able to deal with complicated requirements and the long time before they are established. We are also reviewing the development process so that it can reflect the results of repeated cycles (Fig. 4).
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          Fig. 4 Review of the development process.
        

      


      In the requirement analysis process, we are newly promoting examination of the operating scenario by incorporating the utilization requirements of the spacecraft system, sensor system, etc. Implementing each and every function required from the user’s point of view is expected to enable the development of high-quality software.

    


    4.3 Future perspectives


    With large-scale software development, we aim to develop high-quality software by utilizing already-developed software, freeing ourselves from consciousness of hardware (processors), reviewing the traditional development process and reviewing the upper process rather than following the traditional method of entrusting the entire process to a highly skilled expert. The small satellite currently under development is being developed based on these concepts.

  


  
    5. Image Processing Technology


    5.1 The Role of Image Processing


    The image data acquired by Earth observation satellites and other satellites is passed through several systems and finally delivered to data users. The important points for data users are as follows:


    (1) A sufficient amount of data should be provided.


    (2) High-quality data should be provided.


    (3) Data matching users’ needs should be provided.


    At NEC, we are striving to improve the satisfaction of data users by applying unique image processing technologies at various stages up to the point that data is delivered to the user. The following subsections will describe optical image compression, image correction (level 1 processing) and higher-level processing. For the processing of SAR images, please read the paper entitled “SAR Image Processing Technologies are Improving Remote Sensing Data.”


    5.2 Image Compression


    Before a satellite transmits the image data it has captured, it compresses the data in order to transmit a larger amount of data within a limited data transmission capacity. StarPixel is a NEC-original image compression method that is capable of quick compression thanks to fewer calculations than JPEG2000 while achieving a compression rate almost equivalent to that of JPEG2000. Its high processing speed allows it to be processed with software without developing a dedicated LSI as is required with JPEG2000. StarPixel has already been used in satellites, including the PLANET-C (AKATSUKI) Venus climate orbiter.


    5.3 Image Correction (Level 1 Processing)


    Image data captured by satellites is not easy to use as-is, due to noise (such as stripes due to sensitivity deviation between pixels) or geometric distortion. Image correction processing is applied to such images to reduce noise and to apply geometric correction so that the image can be superimposed on a map, etc. We have been in charge of image correction for several satellites, including the ADEOS (MIDORI) and ALOS (DAICHI), and have contributed to the generation of high-quality images thanks to high-precision correction. We at NEC have also been in charge of image correction for atmosphere sensors, such as one used by the GOSAT (IBUKI).


    5.4 Higher-level Image Processing


    It is not always simple images that data users need. They also sometimes need the data obtained through image processing (called higher-level data), and one of the types of higher-level data provided by us at NEC is 3D data. Fig. 5 shows an example of 3D topography produced from the PRISM images of the ALOS (DAICHI).1)3D data is particularly useful for users who want to produce maps.


    
      [image: e110126_06.jpg]

      
        Fig. 5 Example of higher-level data (3D topography).
      

    


    Fig. 6 shows a 3D model of Asteroid 25143 ITOKAWA developed from images captured by the asteroid probe MUSES-C (HAYABUSA).2)
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        Fig. 6 Example of higher-level data (3D model of Asteroid 25143 ITOKAWA).
      

    


    5.5 Future perspectives


    R&D into image processing technologies is conducted in various NEC departments, including the Central Research Laboratories. Based on collaborations between departments, we will offer users satisfactory image data by enhancing technological capabilities.

  


  
    6. Conclusion


    In the above, we introduced some of the broad range of fundamental technologies supporting NEC’s space technologies. We believe that the organic combination of these technologies, along with other fundamental technologies that we were not able to introduce herein due to the limited space, led projects such as the MUSES-C (HAYABUSA) mission to successful results. In the future, we are determined to advance development and innovation continually.
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    Abstract


    Trajectory design for lunar/planetary probes requires technologies different from those required by Earth-orbiting satellites. NEC has long been in charge of trajectory design for many lunar and planetary probes in cooperation with the Japan Aerospace Exploration Agency (JAXA) and its predecessor organization. This paper gives an outline of the main technology elements involved and the trajectory design characteristics of various projects based on them.
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    1. Introduction


    The return to Earth of the MUSES-C (HAYABUSA) asteroid probe on June 13, 2010 became a popular topic in Japan. The MUSES-C overcame a large number of incidents before its return, and it was necessary to review its trajectory design after every incident. What made these reviews of the trajectory design possible was our accumulation of experience and technology cultivated through more than two decades of trajectory design for lunar and planetary probes since the MUSES-A (HITEN) lunar probe launched in 1990.


    Trajectory design lasts from the probe concept study stage through to the completion of the mission after the launch and plays a critical role in any lunar/planetary probe project.

  


  
    2. Outline of Technology Elements


    (1) Launch window design


    
      Needless to say, the target of a lunar/planetary probe is a celestial body other than the Earth (Moon, Mars, etc.). Since the target celestial body is also in orbital motion, if the timing of the rendezvous with the target body in space is not correct, a period of a few months to a few years is necessary until a re-encounter for another try. Consequently, the design of the launch window (the date, time and direction of launch of the probe’s launch vehicle) should be calculated with high precision by considering the changes over time of the locations of the Earth and the target celestial body. Since both the time and direction of launch need to be different depending on the launch date, the design is much more complicated than it is for Earth-orbiting satellites.


      Fig. 1 shows a schematic of a trajectory to the Moon. The spacecraft temporarily enters an Earth orbit, called the parking orbit, after launch. It is difficult for the probe to reach the Moon if the Moon at the time of arrival is not located on the plane formed by the vector of the spacecraft’s velocity direction and the center of the Earth (the parking orbit plane). Fig. 1 shows a case in which the parking orbit plane has deviated from the location of the Moon at the time of arrival due to a too-early launch time. However, if the carrier rocket is launched slightly later, the parking orbit plane and the location of the Moon at the time of arrival will match, thanks to the Earth’s rotation, and the probe will be able to arrive atthe Moon (Fig. 2).
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          Fig. 1 The launch window concept (1).
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          Fig. 2 The launch window concept (2).
        

      


      In fact, since the lunar orbit is elliptical, it is also necessary to consider that a change in launch time results in a change in the time until arrival. As described above, the launch window should be designed with four-dimensional calculations, considering the time domain in 3D space.

    


    (2) Swing-by


    
      A swing-by (SWB) is a technique for changing the trajectory of a probe without using the propellant in the probe by utilizing the gravity and orbital motion of a celestial body. Executing a SWB several times, with repeated accelerations and decelerations, makes it possible to maintain a target orbit for a long time.


      In Fig. 3, an orbit with an apogee near the Moon (about a 14-day period) is converted by a SWB (acceleration) to an orbit with about a 40-day period, and when the probe returns to the lunar orbit in a few more than 30 days, the orbit is reconverted by a second SWB (deceleration) to an orbit with an apogee altitude similar to that of the initial orbit.
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          Fig. 3 Concept of a double lunar SWB.
        

      


      These two SWB maneuvers change the apogee direction as seen from the Earth by a few tens of degrees. When this is synchronized with the sunward motion caused by the Earth’s rotation, it is possible to place the probe’s apogee permanently on the night side of the Earth and to continue observations in that area for a long period. In addition, the apogee distance (altitude) can also be varied by changing the SWB conditions (minimum distance and angle). Meanwhile, when repeated SWB maneuvers are planned, it is necessary to design the conditions for the first SWB in order to make the second SWB possible.


      As seen typically with this example of SWB, correct orbit design calculations in deep space are no longer possible bysimply using Kepler’s laws, as the gravity of the Moon, Sun and other planets must be taken into consideration in addition to the gravity of the Earth. This is one of the most important characteristics of trajectory design for lunar/planetary probes.

    


    (3) Trajectory design using electrical propulsion


    
      Electrical propulsion produces a lower thrust force than does chemical propulsion, but its advantage is that it has about 10 times greater fuel efficiency.


      This means that, for instance, a maneuver that requires 100 kg of fuel with traditional chemical propulsion is possible with 10 kg of fuel using electrical propulsion. This is a great advantage of this method.


      On the other hand, a probe using chemical propulsion is able to change its orbit by exerting an impulse-type propellant force, but one with electrical propulsion requires a longer period of propellant force exertion for the same amount of orbit change, which complicates the calculations for electrical propulsion. Furthermore, electrical propulsion needs to obtain the optimum solution under multiple restrictions, including those on attitude and thrust force due to the need for communication with the ground and the use of electrical power.

    

  


  
    3. Outline of Projects


    Since the MUSES-A (HITEN) launched in 1990, NEC has been in charge of trajectory design for almost all the lunar/planetary probes developed in Japan (see Table). Although the GEOTAIL is not exactly a probe for exploration of the Moon or a planet, it is listed in the following table because it employs trajectory design technologies similar to those of other probes.


    
    
      Table Lunar/planetary probes with trajectory design developed by NEC.
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    (1) MUSES-A (HITEN)


    
      The MUSES-A (HITEN) was a probe whose mission was to acquire orbit control techniques indispensable for future lunar/planetary probes, including SWB.


      After its launch, the MUSES-A orbited the Earth five and half times, then performed a lunar SWB (Fig. 4) and inserted a subsatellite (named HAGOROMO) into a lunar orbit. As the subsatellite did not have an attitude control subsystem, the orbit insertion was designed so that its attitude at the time of separation from the MUSES-A coincided with the direction of acceleration for the orbit insertion.
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          Fig.4 Trajectory of the MUSES-A (from launch to SWB1) (Sun-Earth line fixed rotating coordinate system).
        

      


      After moving the apogee to the side opposite to the Sun, double lunar SWBs were executed continuously to acquire the SWB techniques to maintain the probe on the opposite side of the Sun for a long period. The resulting orbits feature an orbital diagram like flower petals in the inertial coordinate system (Fig. 5).
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          Fig. 5 Trajectory of the MUSES-A (Inertial coordinate system).
        

      


      After the above, an aerobraking experiment using the Earth’s atmosphere and entry to a Lagrange point orbit were conducted, and then the MUSES-A entered a lunar orbit and was finally put to a controlled hard landing on the Moon’s surface at a time in which it was visible from Japan on April 11, 1993.

    


    (2) GEOTAIL


    
      The GEOTAIL’s mission was to maintain a probe on the Earth’s magnetotail (in the direction opposite to the Sun) for a long period for observation by using the SWB techniques acquired with the MUSES-A. Fig. 6 shows the various orbits entered by its 14 planned and executed SWB maneuvers. Fig. 7 is an expression of the same orbits in the Sun-Earth line fixed rotating coordinate system, which is dependent on the motion of the Sun. It indicates that the apogees are always in the direction opposite to the Sun and that they cover a wide range, as far as 1.4 million km from the Earth.


      
        [image: e110127_07.jpg]

        
          Fig. 6 Trajectory of the GEOTAIL (Inertial coordinate system).
        

      


      
        [image: e110127_08.jpg]

        
          Fig. 7 Trajectory of the GEOTAIL (Sun-Earth line fixed rotating coordinate system).
        

      

    


    (3) PLANET-B (NOZOMI)


    
      With the PLANET-B (NOZOMI) Mars probe, a double lunar SWB was used in a way different from those of the MUSES-A and GEOTAIL (Fig. 8). Double lunar SWBs had previously used an acceleration SWB and a deceleration SWB as a set, but the PLANET-B’s double lunar SWB was designed to use acceleration SWBs in both maneuvers in order to reduce the amount of acceleration needed to travel from the Earth to Mars.
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          Fig. 8 Trajectory of the PLANET-B (Until escape from Earth’s gravitational sphere).
        

      


      To our regret, the PLANET-B failed to enter a Mars-bound trajectory due to engine trouble, but we re-established a plan to arrive at Mars in 2004 by performing two Earth SWBs (Fig. 9).
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          Fig. 9 Trajectory of the PLANET-B (Earth to Mars).
        

      

    


    (4) MUSES-C (HAYABUSA)


    
      The biggest feature of the trajectory design for the MUSES-C (HAYABUSA) asteroid probe was its use of an electrical propulsion system. On its outward flight toward Asteroid 25143 ITOKAWA, we succeeded in changing its trajectory drastically by means of an Earth SWB (Fig. 10).。
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          Fig. 10 Trajectory of the MUSES-C (Outward flight).
        

      


      On its return flight, we were able to pioneer a new trajectory design technique, which was pinpoint entry to the Earth (Australia).

    


    (5) SELENE (KAGUYA)


    
      The SELENE (KAGUYA) lunar orbit spacecraft featured insertion into a low-altitude lunar orbit and maintenance of orbit altitude. Its insertion into a lunar orbit at 100 km altitude was divided into six maneuvers for the sake of efficiency and the separation of subsatellites Rstar (OKINA) and Vstar (OUNA).


      Considering the non-uniform distribution of lunar gravity, we also established a plan to perform a maneuver every two months to correct the resulting deviation from the initial orbit (Fig. 11).
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          Fig. 11 Altitude change and orbit control of the SELENE.
        

      


      On June 11, 2009, a controlled hard landing of the SELENE on the lunar surface was performed at a time in which it was visible from Japan like the MUSES-A had been.

    


    (6) PLANET-C (AKATSUKI)


    
      Because the launch vehicle of the PLANET-C (AKATSUKI) Venus Climate Orbiter was intended to be injected directly into a Venus-bound orbit, what was important in its trajectory design was to strictly define the orbit into which the launch vehicle would be inserted. The actual launch was performed with almost no orbit insertion error, so that little orbital correction was required in-flight. Fig. 12 shows the Venus transfer orbit of the PLANET-C.
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          Fig. 12 Venus transfer orbit of the PLANET-C.
        

      

    

  


  
    4. Conclusion


    We have established the trajectory plans of a large number of lunar and planetary probes and have accumulated much expertise through orbit control operations. We are determined to design accurate, efficient trajectory plans for the lunar and planetary probes to be developed in the future.


    In closing this paper, we would like to express our deep gratitude toward the people of JAXA for their guidance.

  


  
    Author's Profiles


    
      TERADAHiroshi
    


    
      Manager

      Space Systems and Satellite Information Systems Division

      NEC Aerospace Systems, Ltd.
    


    
      MATSUOKAMasatoshi
    


    
      Manager

      Space Systems and Satellite Information Systems Division

      NEC Aerospace Systems, Ltd.
    


    
      TANAKAKimie
    


    
      Assistant Manager

      Space Systems and Satellite Information Systems Division

      NEC Aerospace Systems, Ltd.
    


    
      UKAIChiaki
    


    
      Space Systems and Satellite Information Systems Division

      NEC Aerospace Systems, Ltd.
    

  


  
    
      Special Issue on Space Systems
    


    
      Technologies/Products supporting roadmap implementation (Fundamental technologies)
    

  


  Development of a Radiation-Hardened POL DC/DC Converter for Space Applications


  
    YANOYoshiyuki, IKEDANaomi, SUZUKITakahiro, NAKAMURAMasao, YASHIROTomohisa, NAKAYANaoto
  


  
    Abstract


    The operating voltages of space grade MPUs and FPGAs are getting lower. Therefore, the operating voltage drop caused by interconnection resistance hinders the stable operation of these kinds of components. To solve this problem, the necessity of a POL (Point of Load) DC/DC converter, a power supply installed adjacent to the MPU or FPGA, is increasing more than ever. This paper reports on the development overview of the POL DC/DC converter and on the results of reliability and environmental testing.
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    1. Introduction


    Recently use of high-speed MPUs (Micro-Processing Units) and large-scale FPGAs (Field-Programmable Gate Arrays) have increased as space missions became more and more sophisticated. In Japan, the Japan Aerospace Exploration Agency (JAXA) has already developed a space grade MPU and is currently developing a space grade FPGA and ASIC (Application-Specific Integrated Circuit) using SOI (Silicon on Insulator) technology. As core voltages of these devices are getting lower, a low supply voltage, such as 1.8 or 1.5 V, is required for them. This means that, if these devices are powered by a conventional concentration power distribution system that supplies power from a power supply installed at a distance from the circuit board, the interconnection resistance of the long wiring from the power supply to the devices would cause a drop in voltage and hinder the stable operation of the devices. To avoid this problem, it is necessary to adopt a divided power distribution system in which a power supply is installed adjacent to the MPU and FPGA to reduce interconnection resistance through reduced wiring distance. In such a design, the POL (Point of Load) DC/DC converter is a power supply device installed adjacent to the load. Its necessity is increasing more than ever as the operating voltages are getting lower.


    We have developed a radiation-hardened POL with high performance and small size that are one of the world’s best for space applications under the auspices of JAXA. This paper reports on the development overview and on the results of reliability and environmental testing.

  


  
    2. Development Goals and Target Specifications


    First, we set its development goals and target specifications as described in the following sections. We performed structural design, circuit design and part selection so as to achieve these targets, and we performed reliability and environmental testing to confirm that it has met the targeted specifications.


    2.1 Development Goals


    Since the POL is installed adjacent to the MPU or FPGA, it is required to be compact, lightweight and low profile which is equal to or less than that of the devices around it. It is also required to have a high power conversion efficiency in order to utilize limited power effectively and to minimize self-heating. It is also necessary to meet all of the requirements for high reliability, environmental tolerance and radiation tolerance. We set the POL’s development goals as shown in Table 1.


    
    
      Table 1 POL development goals.
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    2.2 Target Specifications


    Table 2 shows the target specifications of the POL in terms of both electrical characteristics and environmental tolerance. The standard input voltage is 5 V and the maximum input voltage is 16 V. Five output voltages are specified, as shown in Table 2. The target efficiency of the POL is set to 90% or more (at 5 V input, 3.3 V output and 25°C), which is equivalent to that of consumer products and is one of the world's highest level for space applications. Reliability, environmental tolerance and radiation tolerance are set to the same class I level as that required for space grade hybrid ICs.


    
    
      Table 2 Target specifications.
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    3. Development Overview and Test Results


    3.1 Structure


    The POL is installed directly onto the side or back of an MPU or FPGA. This means that it should be implemented with a small size and a low profile that allows it to be mounted on both sides of the circuit board. It should also be lightweight so that it can be mounted on the circuit board. Therefore, we studied a structure that can achieve a small size, light weight and low profile.


    For our approach to miniaturization, we adopted a multi-chip structure, as shown in the picture on the left of Photo. In this structure, devices such as the PWM-IC and power MOSFET (Metal Oxide Semiconductor Field Effect Transistor) are bare chip mounted and hermetically sealed. Since a bare chip is smaller than a packaged discrete device, the use of a bare chip contributes greatly to miniaturization. Additionally, we adopted a both sides mounting and hermetic seal structure for further miniaturization, as shown in Fig. 1. This structure has made it possible to implement the POL in a size of 15 × 19 mm, which is one of the world's smallest level for space applications. The picture on the right of Photo shows an external view of the POL.


    
      [image: e110128_03.jpg]

      
        Photo Internal view (top side) and external view of the POL
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        Fig. 1 Cross sectional view of the POL assembly
      

    


    This both side mounting structure contributes to miniaturization but also tends to increase device thickness. To compensate for this disadvantage by minimizing thickness, low profile parts such as the bare chip and small capacitors are mounted on top side to keep its thickness as low as possible. .Meanwhile, as the inductor, which has a high profile, is mounted on the bottom side, it is necessary to reduce the profile of the inductor in order to reduce thickness on the bottom side of the device. Therefore, we decided not to use a wire-wound inductor, as shown in Fig. 2 (a), and instead adopted a planar inductor that uses a multilayer PWB, manufactured by ourselves, as shown in Fig. 2 (b). A planar inductor replaces wires with multilayer PWB. This structure is already in frequent use in consumer products and is the mainstream of current on-board power supplies. A planar inductor design contributes to device profile reduction because it can form a thinner inductor than wire-wound inductor. In addition, it can be regarded as the optimum structure for space applications, which are subject to high reliability requirements, because it can eliminate the reliability-degrading elements accompanying the use of wire-wound inductor (such as disconnection of wire at micro-soldering points, scratches of wire coating, etc.).
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        Fig. 2 Planar inductor schematic.
      

    


    In our approach to weight reduction, we adopted a multi-chip structure in which a multilayer ceramic substrate is employed in the package base onto which the electronic parts are mounted. This structure has made possible a weight of 7.2 grams (max.), which is one of the lightest in the world for space applications.


    3.2 Electrical Performance


    To achieve an efficiency of 90% or more, we selected a step-down switching regulator topology. As there had been no switching regulator PWM-IC applicable to space use in Japan, it was decided that JAXA would develop an exclusive PWM-IC for the POL. This PWM-IC employs a synchronous rectification system, which can contribute to the improvement of POL efficiency. At the same time, JAXA also developed a power MOSFET of the low on-resistance type, assuming combination with the PWM-IC. We were able to achieve an efficiency of 90% or more (at 5 V input, 3.3 V output), one of the highest in the world, by implementing these parts and optimizing the parts layout and pattern layout on a multilayer ceramic substrate.


    Fig. 3 is a graph showing the efficiency of the POL with respect to load current. It shows that its efficiency, when load current is 2 A at a temperature of 25°C, is around 93%, and that the target performance of 90% or more has therefore been achieved. It also shows that an efficiency close to 90% is maintained at the high temperatures at which efficiency tends to drop. Efficiency at low temperatures is almost identical to thatat room temperature.
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        Fig. 3 Efficiency vs. load characteristics (Vin = 5 V, Vout = 3.3 V).
      

    


    Efficiency is variable depending on output voltage, as shown in the characteristic graph in Fig. 4. This graph shows efficiency with respect to load current at 1.2 V, 1.5 V, 1.8 V, 2.5 V and 3.3 V. It indicates that efficiency tends to drop as output voltage decreases.


    As output voltage regulation with respect to load current is about 1%, and regulation with respect to temperature is about 2% at maximum, it can be concluded that the target specifications of ±2% (at 25°C) and ±4% (at extreme temperatures) are met sufficiently.
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        Fig. 4 Efficiency vs. load characteristics by output voltage.
      

    


    3.3 Reliability and Environmental Tolerance


    To confirm that the POL has the reliability and environmental tolerance required for space applications, we performed the reliability test (qualification test) specified in JAXA-QTS-2020B, the General Specification for the High Reliability of Hybrid Integrated Circuits for Space applications. The main details and results of this testing are shown in Table 3. All of the results were satisfactory. With these results, we succeeded in acquiring a JAXA QML certification.


    
    
      Table 3 Main reliability tests and their results.
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    In addition to reliability tests, we also conducted more stringent tests, shown in Table 4, and obtained favorable results with them as well. Based on the results of these tests, we believe that the developed POL has enough reliability and environmental tolerance for space applications.


    
    
      Table 4 Additional reliability tests and their results.
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    3.4 Radiation tolerance


    The POL components that are vulnerable to radiation are the PWM-IC and the power MOSFET. Both of these were developed by JAXA and designed to meet the target level of radiation tolerance. Those parts were subjected to the TID and SEE tests at JAXA and were proven to be free of problems.


    We performed an additional TID test on the POL for reconfirmation. Total radiation dose was 1 kGy, assuming a geostationary orbit satellite. The radiation source used was cobalt-60 (γ-rays). The test indicated that output voltage decreased by about 1% after irradiation. This result is due to the characteristics of the PWM-IC and should be regarded as reasonable because a similar variation was also observed in the TID test conducted on the PWM-IC as a standalone unit. The results related to other electrical characteristics were favorable and free of problems. Based on the results of these tests, we believe that the developed POL has enough radiation tolerance for space applications.

  


  
    4. Conclusion


    We developed a radiation-hardened POL for MPUs and FPGAs with an efficiency and size in the top class in the world for space applications under the auspices of JAXA. We performed various tests and confirmed that it has the reliability and environmental tolerance required for space applications. In the future, the POL will be used as a JAXA-qualified part in a wide range of spacecraft.


    The development of the POL was performed in the framework of the JAXA-committed research entitled “Development of a POL DC/DC Converter for Space Applications.” We would like to express our deep gratitude toward JAXA for their kind guidance and encouragement, as well as for giving us the opportunity for such an interesting development project.
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    Abstract


    The requirements for the size and weight reduction of electronic devices should also be met by the printed wiring boards (PWBs) used for space development through the maintenance of high reliability in this special environment. To make this possible, Yamanashi Avionics, Co., Ltd. (YACL) is continuing production activities by applying evaluation testing based on the specifications for the acquisition of JAXA qualifications. This paper reports on the design specifications of NEC’s JAXA-qualified parts together with perspectives on their future deployment.
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    1. Introduction


    The recent trends of enhancing chip part integration and reducing the size of electronic devices, such as passive parts, are accelerating the density increase of PWBs and consequently increasing the packaging density of mounted parts. As a result, electronic equipment is decreasing in size and weight and improving in functionality and speed faster than ever. Against this background, PWBs for space use are also subject to development requirements for density/function improvement in the special environment in which they will be used.


    In particular, PWBs for space use can never be put to practical use until they pass severe evaluations on their heat cycle (which is negligible on the Earth), material behavior in a high vacuum, radiation resistance, etc.


    Following these requirements, we developed PWBs and acquired their qualification by the Japan Space Exploration Agency (JAXA). Examples are a high-density PWB with extended specifications and a high-heat-dissipation PWB using thick copper foil (105 μm) in 2007 and a low-thermal-expansion PWB developed in 2010. In this paper, we describe our JAXA qualification acquisition situation up to the present, as well as perspectives on the future of PWB development, which is expected to be subject to severer requirements in the future.

  


  
    2. Qualification Situation


    YACL boasts more than 20 years of history manufacturing high-reliability PWBs for space use and is the first Japanese company qualified by JAXA as a PWB manufacturer. Still, at present, we maintain a system capable of dealing with any PWB specifications that may be requested, including the specifications for the JAXA-qualified PWBs of which YACL is the sole manufacturer, such as the “flexible PWB”, “flex-rigid PWB” and “CIC- core PWB”. In this way, we play a part in space development by meeting various requests from spacecraft manufacturers.


    Fig. 1 shows the situation of our JAXA qualification acquisitions up to the present. It shows that the range of PWB types is expanding to meet various purposes.


    
      [image: e110129_01.jpg]

      
        Fig. 1 JAXA qualification acquisition situation.
      

    


    Our PWB development began in the 1980s with the initial qualification of a flexible PWB and spread in the 1990s to general PWBs based on requirements for high-density packaging and wiring. Since then, the efficiency of the mounting space has been improved, and more recent development aims at improving reliability further through heat generation countermeasures and linear expansion reduction.

  


  
    3. JAXA Qualification Specifications


    Fig. 2 shows the specification system for JAXA-qualified PWBs. In this system, the requirements of the Detailed Specifications are in general given the highest priority because they describe details of items that are not described in upper-level documents such as the General Specifications and the Appendices.


    
      [image: e110129_02.jpg]

      
        Fig. 2 Specification system for JAXA-Qualified Parts (PWB).
      

    


    The Application Data Sheets describe design specifications, qualification test results and cautions for use. They include the conditions for baking before packaging, and we use them as “guidelines for the specification selection, design and packaging” of PWBs.


    The JAXA qualification specifications for PWBs currently include six Appendices from A to F, and we at YACL have acquired qualifications for five of them.Table outlines the design specifications in Appendices B, D, E and F (The design specifications in Appendix A are included in Appendix B).


    
    
      Table JAXA-qualified PWB design specifications.
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    Appendices A and B specify the structure of a general multilayer PWB. This structure features the use of woven glass containing polyimide resin or epoxy resin in the base and is the structure most widely adopted by space-use PWBs.


    Appendix D gives the specifications for a flexible PWB using a polyimide resin base. This is developed for use in wiring between PWBs or wiring with a connector or connector part.


    The flex-rigid PWB specified in Appendix E is a device implementing a connection between PWBs in advance, built in to the structure of those PWBs. It makes the cable assemblies of multiple packaged PWBs unnecessary, and its flexibility allows it to be mounted into a narrow space in the equipment (See Photo for examples of these products).
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        Photo Flex-rigid PWBs for high-reliability applications.
      

    


    Appendix F, which was newly qualified in FY2009, specifies a PWB in which CIC (Copper-Invar-Copper) is sandwiched within the PWB. It was designed as a PWB with low linear expansion by making use of the properties of CIC. It was developed in order to meet the packaging reliability requirement and is backed by the use of a multi-pin design of electronic parts.


    As the actual measurement of its coefficient of expansion is no more than 13 ppm/C°, it is expected to be the design for a new line of PWBs for space use in the future.


    The specialized staff in the YACL departments in charge support this series of qualified PWBs by giving detailed explanations, from design specifications through to product implementation, and by answering questions, such as those on the application standards of each specification, etc. (As Appendix C specifies a discrete wiring board that is not handled by YACL, it is not discussed in the present paper).

  


  
    4. High Reliability Requirements for Space Development


    Needless to say, with PWBs for space use, even those evaluation items which are also used for general industrial and consumer products are tested under much severer conditions. In addition, more evaluation items are added to their testing to ensure high reliability. Specific reliability requirements for space use include long-term thermal shock resistance and long-term radiation resistance, as well as the control of outgassing, which is a common material behavior in a high vacuum.


    In developing the elemental technologies used in PWB manufacturing, satisfactory results must be obtained with every evaluation test. For this purpose, it is not only necessary to develop dedicated manufacturing systems but also to set processing condition targets so that the final product can manifest higher-than-requested characteristics.


    Outgassing testing is conducted according to ASTM595 in order to measure the total mass loss (TML) and collected volatile condensed material (CVCM). The evaluation criteria are defined by JAXA by referencing the NASA-recommended values (TML ≦ 1%, CVCM ≦ 0.1%). For instance, the measurement results of a flexible copper-clad laminate were TML = 0.450% and CVCM = 0.003%, which meet the requirements for a PWB for space use.


    Apart from the test items for qualification, we also conduct extended evaluations of other characteristics, such as high-temperature shelf testing, vibration testing and impact testing, so as to meet more advanced equipment requirements. The results of the qualification tests and additional characteristic tests are listed in the application data sheets for the convenience of users.

  


  
    5. Future Deployment


    The electronic parts mounted on space-use PWBs are expected to further improve their integration and functionality in the future, and wiring with higher density and higher heat radiation capability will be requested for them. On the other hand, as the use of surface-mounted components will increase in the future, it is expected that technical innovations such as optimization of the thermal expansion coefficient will be necessary for reliability.


    To meet these requirements, PWBs for space use should be equipped with higher reliability based on ultra-high multilayer and fine pattern technologies, which are presently more advanced in industry-oriented products.


    Currently, we set it as an immediate priority to advance the development of a flex-rigid PWB with high-density wiring beyond the currently applied JAXA qualification specifications in order to contribute to space-saving in spacecraft.


    In the future, we also believe that it will be indispensable to develop PWBs equipped with a structure capable of tracing the progress of packaging modes based on trends in pin increase and pitch decrease in surface mounting (the trend toward ball grid arrays or BGAs), such as high-definition built-up boards, part-incorporating boards, boards with special RF countermeasures, etc. (Fig. 3).
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        Fig. 3 Roadmap of mounted components.
      

    


    The trend of placing severe environmental restrictions on electronic products is expected to lead to a requirement for complete lead-free and consequently a problem of availability for various general parts. As the effects of this problem, expected on space-use equipment in the future, may also extend to PWBs, we should deal with this problem by assumingadditional problems, such as a surface finish to replace the traditional solder coating finish, as well as its reliability in mounting.

  


  
    6. Conclusion


    YACL has been engaged in many space development projects up to the present. For example, our PWBs were used in the MUSES-C (HAYABUSA) that recently returned to the Earth in 2010 after a seven-year mission. We have been highly acclaimed, receiving letters of appreciation from the Japanese Minister of State for Space Development and the Minister of Education, Culture, Sports, Science and Technology.


    We are proud that we have been contributing to space development as a JAXA-qualified parts manufacturer throughout the long history of the manufacture of high-reliability space-use PWBs. In the future, too, we are determined to promote the development of the PWBs required for space development. We endeavor to maintain and manage our large range of products so that they can assume their roles in space, while at the same time advancing reforms in MONOZUKURI (manufacturing).
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    Abstract


    The H-IIA/H-IIB are the main launch vehicles domestically developed in Japan. With 14 consecutive successful launches among a total of 20 attempts, they have now acquired international reliance and are improving their competitiveness. NEC is involved in this project with the guidance control computer (GCC). As part of development for dealing with component depletion, NEC is developing a new GCC featuring high speed, high performance, compact size and light weight by adopting a new MPU. This paper introduces the circumstances of the development of past computers for launch vehicle together with the features, functions and performance of the new GCC and the efforts NEC will make with regard to computer systems for launch vehicle in the future.
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    1. Introduction


    The GCC plays the role of the brain in the autonomous control of the launch vehicle. It inputs data from flight critical sensors and calculates navigation, guidance and control commands by using On-board software (OBS). The results are transmitted to the vehicle through individual control equipment so that the vehicle flies along the scheduled route to launch the payload, such as a satellite, accurately into the designated orbit. The GCC for launch vehicle is needed to achieve the critical mission: “uninterrupted, sure functioning without malfunctioning even under the vibrations, shock and temperature environment during launch as well as in the radiation environment in space.”


    At NEC, we are developing the new GCC for the H-IIA/H-IIB. It adopts a new MPU, maintains high reliability as defined above and features higher speed, more compact size and lighter weight than before. It adopts a modular structure compatible with a backplane compliant to the PCI standard to enable the flexible addition of modules for functional extension and redundancy in the future. In particular, the new MPU board is being developed as a common computer module to be used in all the launch vehicles to be developed in the near future. Its development testing is conducted under very stringent environmental conditions so that it can be used in equipment other than the GCC, such as the inertial sensor, as well as in the Epsilon launch vehicle.

  


  
    2. Circumstances of the Development of the GCC for Launch Vehicle


    2.1 The role of the GCC


    The H-IIA features autonomous flight without receiving guidance control commands from the ground equipment. Namely, it continues flight by detecting its own position, acceleration and attitude using the electronic equipment and software on board and performing auto-correction to advance the designated flight route correctly.


    Fig. 1 shows the configuration of the avionics of the H-IIA. The GCC is located at the center of this system and inputs the data from the inertial measurement unit (IMU), which incorporates gyros and accelerometers. Based on these input data, the GCC computes position, velocity and attitude using the on-board software (OBS), transmits the required control commands to the engine and gas jet systems according to guidance control algorithms and also outputs event commands such as the separation command. In addition, it also edits and encodes the telemetry data that is output for ground monitoring.


    As shown in Fig. 1, a GCC is mounted in each of the two stages of the launch vehicle. Each GCC is in charge of the control of its stage under the initiative of GCC2, mounted in the second stage. One of the major features of the guidance control system of the H-IIA is that the GCCs are interconnected through a data bus. This design contributes to improve-ments in control capability, assembly/maintenance/inspection efficiencies and the overall reliability of the launch vehicle thanks to the reduction of signals sent across stages.


    
      [image: e110130_01.jpg]

      
        Fig. 1 Configuration of the avionics system of the H-IIA launch vehicle.
      

    


    2.2 History, Functions and Performance of On-board Computers for Launch Vehicle


    The history of Japanese practical satellite launch vehicles began with the N-launch vehicles. However, most of the N-launch vehicles were manufactured by introducing technologies from the United States and their on-board computers were operated as complete black boxes made in the USA.


    It was in the 1970s that the long-cherished wish of Japanese engineers, the domestic development of practical satellite launch vehicles, was started based on the operation technologies cultivated with the N-launch vehicles, achieving a domestication ratio of 100% with the H-II, after the development of H-I. Engineers also succeeded in improving functions and reducing costs with the H-IIA developed after it.


    In this process, the challenge of the domestic production of the on-board computer for launch vehicle was started in 1977, aiming at mounting in the H-I. In this history, we at NEC have been in charge of all of the Japanese on-board computers for launch vehicle from the first N-I to the present.


    Table shows outlines of functions and performance specifications of on-board computers used with H-I, H-II and H-IIA.


    
    
      Table Functions and performance of on-board computers for launch vehicle
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    The current GCC (in the current H-IIA/H-IIB) has improved its functions and performance specifications drastically from the IGC used with H-I and H-II. Its significant features are the addition of various interface functions and the enrichment of the self-diagnostic function. Its computing function block uses the space-spec version of V70 as its microprocessor. The V70 is a 32-bit MPU by NEC and belongs to the same generation as the Intel 80386. Although simple comparison is not possible due to differences in computing specifications, it can be said that the processing performance of the current GCC is more than six times better than that of the IGC of the H-II.


    The new GCC to succeed the current GCC will adopt the HR5000, the latest 64-bit space-use microprocessor developed by JAXA. Its processing performance is more than ten times better than that of the current GCC.

  


  
    3. Technical Features of the New GCC


    The new GCC for the H-IIA/H-IIB uses the same external interface specifications as the current GCC but incorporates the following new features:


    1) Development of a common computer module adopting the latest space-use MPU (HR5000)


    2) Adoption of a modular structure compliant to the PCI standard


    3.1 Development of the Common Computer Module


    We have developed the common computer module by setting as many universal specifications as possible so that they can be applied commonly to the processors of electronic equipment for launch vehicle in the future. In particular, we set very stringent specifications on the thermomechanical environment and EMC conditions.


    Photo 1 shows an external view of the common computer module. It is a very compact board with a size meeting the 3U cPCI standard. In consideration for its use in high-reliability avionics systems in the future, we are also examining extending the board to improve reliability by providing redundancy.
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        Photo 1 External view of the common computer module (EM).
      

    


    3.2 Adoption of a Modular Structure Compliant to the PCI Standard


    The new GCC must respond flexibly to system changes such as the addition/modification of interfaces. As the first step toward implementing the next generation launch vehicle avionics equipment, the new GCC uses a backplane that is compliant to the PCI standard so that modules can be added or changed as required. Modules are connected to the backplane when they are inserted into the module slots on the front of the GCC. Photo 2 shows an external view of the new GCC.
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        Photo 2 External view of the new GCC (EM).
      

    


    Function modules available for the new GCC include telemetry editing, analog input/output, discrete signal input/output and data bus interface function modules. These modules can be combined in multiple variations according to system requirements so that the GCC is compatible with launch vehicles other than the H-IIA/H-IIB, such as the Epsilon. Even when a new interface function is requested in the future, the new GCC can handle it flexibly by additionally developing a corresponding function module.

  


  
    4. On-board Software


    We have also modified and developed the on-board software of the GCC following the development of the new GCC.


    Fig. 2 shows the configuration of the on-board software of the new GCC. The on-board software of the H-IIA is composed of system module, navigation/guidance module and control/management module.
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        Fig. 2 Configuration of the on-board software of the new GCC.
      

    


    The system module, of which NEC is in charge, acts as an intermediary between GCC hardware and application programs so that application programs do not have to access GCC hardware directly.


    The system module consists of a real-time OS, I/O drivers corresponding to the GCC’s interfaces and a test program (BIT: Built-In Test) for detecting GCC hardware failures. The OS is TOPPERS/HRP (High Reliable Profile), a high-reliability real-time OS of the μITRON specification developed by JAXA for the HR5000 space-use MPU.


    On-board software is verified first through individual verifications of software functions, then through on-board verification with GCC hardware and finally through system testing combining all guidance control hardware and software. Off-nominal cases that cannot be produced in actual hardware are verified in full-software simulation testing simulating the hardware with software.


    It is planned that the system module will be extended with new functions, such as redundancy management and network control functions, for use in launch vehicle avionics systems with higher reliability to be developed in the future.

  


  
    5. Conclusion


    In the above, we described the history of on-board computers for launch vehicle and introduced a new GCC and common computer module under development.


    The new GCC will complete development by the beginning of FY2011 and will then be put to use as the successor to the current GCC. The new GCC is also planned to be used as the base for the GCC for the Epsilon, with the modification of some interface specifications. The common computer module will be incorporated in the IMU (Inertial Measurement Unit) as well as in the GCC.


    In the future, Japanese development of key technologies for launch vehicle will be advanced toward the next generation, featuring higher reliability.


    At NEC, we are determined to continue the development of new technologies aiming at implementing higher-reliability avionics systems for the next major launch vehicle, based on our expertise in the development of on-board equipment up to the present, as well as on the upcoming results of the development of the common computer module and the new GCC.

  


  
    * TRON is an abbreviation of “The Real-time Operating system Nucleus.”


    * ITRON is an abbreviation of “Industrial TRON.”
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    Abstract


    The MUSES-C (HAYABUSA) is the first asteroid probe to have landed on a celestial body beyond the earth’s atmosphere that is further out than the Moon and to have brought samples back to Earth. NEC coordinated the MUSES-C project, and it was in overall charge of the design, manufacture, testing and operations of the entire system as well as of much of the payload equipment, including the bus components and the ion powered navigation engines.


    This paper provides details of the design and operation of the MUSES-C project. It also discusses the results achieved from its development and operation and the prospects for future commercial ventures.
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    1. Introduction


    The MUSES-C (HAYABUSA) asteroid probe (Fig. 1) was launched using the M-V No. 5 carrier rocket on May 9th, 2003 (JST: All of the dates and times of day cited hereafter are those of Japan Standard Time.) MUSES-C was the world’s first asteroid sample return technology, demonstration spacecraft. NEC acted as the systems coordinator of the MUSES-C probe and we were in charge of the design, manufacture, testing and operations of the entire system as well as of much of the payload equipment such as the bus components and ion engines.


    
      [image: e110131_01.jpg]

      
        Fig. 1 External view of MUSES-C.
      

    


    The MUSES-C was as signed four engineering demonstration missions including; 1) demonstration of the ion engine asthe main engine for interplanetary navigation, 2) demonstration of autonomous guidance control by means of optical navigation, 3) demonstration of sampling technology under trace gravity conditions and, 4) demonstration of the technology for the collection capsule to reenter from interplanetary orbit. Although each of these challenging issues was of extreme difficulty, we were able to complete all of them successfully with the return of the capsule on June 13, 2010.


    This has also led to a ground-breaking achievement in obtaining an asteroid sample for the first time. This advance is expected to contribute significantly to the study of the origin of the solar system.


    The results obtained by the flight of the MUSES-C demonstrate not only the main engineering missions and other scientific results, but also include knowledge of the operations and system technologies. This was thanks to the experience gained from touchdown on an unknown asteroid and the overcoming of several difficulties encountered during the return cruise. Such knowledge will provide an excellent foundation for the solar system exploration technologies of the future.


    The story of the MUSES-C’s journey extended over 6 billion km and 7 years and the video of the return of the capsule was widely reported by the media. It not only helped deepen the national understanding of space development issues but also demonstrated the vigor of the challenging spirit, organizational power and human commitment of Japan as a technology-oriented nation. The very large numbers of enterprises that engaged in the MUSES-C project were able to celebrate the success with considerable satisfaction.


    This paper gives an outline of the MUSES-C project, introduces the results achieved and discusses the prospects for future commercial ventures.

  


  
    2. Mission Outline


    Fig. 2 shows an outline of the mission sequence of the MUSES-C. The objectives of the MUSES-C were to touch down on the asteroid 25143 ITOKAWA, collect a sample and bring it back to Earth. Such a sequence of operations was a highly difficult one, because the missions would be terminated immediately unless there was a continuous series of successes, just like drawing a picture without lifting the brush from the paper.


    
      [image: e110131_02.jpg]

      
        Fig. 2 Mission sequence outline.
      

    

  


  
    3. System Design Outline


    3.1 Overall Design


    The MUSES-C probe has a box-shaped body of 1m × 1.5m × 1.1m on which exterior equipment including a fixed high-gain antenna and fixed solar array paddles are installed. Its overall weight is 510kg (including 142kg of propellants). Attitude control is performed using reaction wheels (RWs). However, at the time of touchdown on the asteroid, 12 thrusters of 20 N thrust force each of the RCS (Reaction Control Subsystem) of the propulsion subsystem (chemical fuel) are used in addition to the RWs for attitude/positioning control with six degrees of freedom.


    Table 1 shows the main specifications of the typical MUSES-C system.


    
    
      Table.1 Main system specifications.
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    Issues of the MUSES-C system design can be grouped into the three topics of; 1) adaptation to environmental conditions that vary significantly depending on the distance to the Sun and the asteroid, 2) possession of advanced automation/autonomous control functions and, 3) use of system configuration and technology elements that can offer light weight and high reliability.


    To solve these issues of the MUSES-C, we almost totally reviewed the bus modules used by previous scientific satellites.Table 2 shows the design outline of the bus subsystems that were considered in dealing with the bus design issues.


    
    
      Table.2 Design outline of bus subsystems.
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      (1) Power subsystem - Bus voltage control method


      Since the on-orbit environment of the MUSES-C is one in which the distance to the Sun varies greatly, the bus power is controlled with a regulator system called the SSR-CV that is capable of obtaining the maximum possible power according to the solar light intensity at each point (Fig. 3).
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        Fig. 3 SSR-CV power control.
      

    


    
      (2) Power subsystem - Battery


      To meet the severe weight reduction requirement imposed on the MUSES-C, the previously used NiMH (Nickel Metal Hydride) battery was replaced with a Li-ion battery (13.2 Ah). This was the first battery of this type to be developed for use by spacecraft.

    


    
      (3) Communication and data process retaining subsystems


      Deep-space communication subsystems until the PLANET-B (NOZOMI) Mars-orbiting probe used the S-band uplink and X-/S-band downlink system configurations, we newly adopted X-band uplink and X-band downlink (X-band transmitter/X-band receiver) systems.


      This has reduced the weight of the communication subsystem and has reduced the Solar corona interference on the uplink. This makes it possible to decrease the communication interference period produced during the conjunction in which the Sun is located between the MUSES-C and Earth, immediately before the rendezvous with ITOKAWA.


      To utilize the communication capability limited by the resource at maximum, we adopted the multi-bit rate method that selects the downlink bit rate in 2-n steps in order to hold communications with the maximum available bit rate.

    


    
      (4) Data processing subsystem - Telemetry/commands


      The housekeeping data temporarily stored in the data recorder can be down linked by freely selecting the data from the sampling data of every 2 seconds to that of every 1,024 second.


      This makes it possible to downlink only the necessary data, even in conditions allowing communication only at low speeds, by specifying the type and sequence of the data to be down linked in priority, according to the operation time and circuit situations. If data obtained in the course of time intervals or data skipped in the time domain is down linked and the result of a status check using it indicates the presence of an event that requires more detailed checking, it is possible to downlink the detailed data obtained in fine time intervals by specifying the required time zone.


      Whenever the probe performs an autonomous operation based on its on-board judgment or if an irregularity occurs, a few bytes of code indicating the occurrence time and content of the event is formed into a very small packet called the report packet and is down linked in priority over other data. This makes it possible to check the most important information first, even when the available circuit capacity is small, and this function actually helped us to identify current situations with minimal delay in cases of irregularity.

    


    
      (5) Data processing subsystem - Automation/autonomy


      The data processing subsystem has various means of controlling the command sequences registered in the probe including; a macro function that encapsulates multiple commands, a timeline function that plans and controls the command issues based on absolute time designation, an autonomous function that monitors the telemetry data on the probe and issues commands autonomously, a request function that allows the payload equipment to request the subsystem to begin special autonomous control and the timer function that possesses a watchdog timer (WDT) and shifts to the backup mode autonomously in case the timer times out.


      By utilizing these functions at maximum, we executed the processing for allowing the probe to switch the standby mode autonomously and the communication for switching the telemetry circuit ON/OFF by the downlink carrier when the telemetry circuit is not established (1-bit communication).

    


    
      (6) Thermal control subsystem


      To supply all of the power generated by the solar array paddles to the ion engines, the thermal control subsystem incorporates the software-controlled HCE (Heater Control Electronics), which adjusts the ON/OFF timings of the 128 channels of the independent heaters to smooth the power consumption while reducing the peak power.


      When the distance to the Sun is large, the probe supplies the maximum generated power to the ion engines. Consequently, if the On timings of the heaters of the multiple channels are overlapped and the power consumption rises instantaneously, exceeding the consumed power over the generated power will lead to the dangerous lockup mode, in which the operation voltage from the solar array paddles drops instantaneously to the BAT voltage and the BAT continues to discharge even after the overload is solved. To prevent this and to supply the maximum possible power to the ion engines, we newly developed a function for suppressing the heater peak power and incorporated it in this subsystem.


      This function makes it possible to obtain power at the highest limit of the generation capability and to supply it to the ion engines.


      Fig. 4 shows an example of the operations achieved with this function.
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          Fig. 4 Example of operation achieved with peak power-suppression heater control.
        

      


      To perform robust temperature control, we provided smart functions with which the priority is set for each heater channel so that, in case the set heater power is insufficient, the temperature is maintained by putting priority on the propulsion system and BAT that should not be frozen, and that the control of the channel indicating abnormal thermometer values is switched autonomously to the open-loop duty control.


      In addition, we recently developed and mounted an SRD (Smart Radiation Device) with variable thermal emittance as the heat radiation material for locations where the heat generation varies depending on the operation mode (Fig. 5). As shown in Fig. 5, the IR emittance of this material varies greatly depending on the temperature.
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          Fig. 5 Mounting of smart radiation device, its temperature characteristic.
        

      


      This characteristic increases the heat radiation capability at high temperatures and makes it more difficult at low temperatures, thereby enabling a reduction of the heater power required for temperature maintenance.

    


    
      (7) Ion engine subsystem


      The probe system is designed so that the +Z plane is pointed permanently to the Sun. Since the orbit control of a Sun-orbiting probe is efficient when the thrust force is exerted in the direction at right angle to the sun, the four ion-engine thrusters are mounted via a location that has a biaxial gimbal mechanism on the +X plane facing the right-angle direction to the Sun. Each thruster is mounted to point toward the center of gravity of the probe, and the deviation of the thrust force vector from the center of gravity is corrected by controlling the gimbal angle. The gimbal control can generate a torque for canceling external disturbance during operation of the ion engines so this function helps minimize the accumulated disturbance cancelation that would otherwise use the valuable chemical-fuel thrusters.


      Photo 1 shows the mounting condition of the ion thrusters on the probe.
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          Photo 1 Ion thrusters mounted on the probe.
        

      

    


    Since the ion engines are components for converting electrical power into the thrust force, they need a large amount of power. However, the power available from the solar array paddles varies greatly depending on the distance to the Sun from the orbit position of the MUSES-C during flight. Therefore, the ion engine subsystem is designed to be capable of switching the number of operated thrusters from the minimum of a single-thruster operation to the maximum of a simultaneous three-thruster operation according to the change in the power generated by the solar array paddles. In addition, the power supply design makes the thrust force of each thruster variable (by throttling) so that maximum power can always be invested at the limit as the ion engine propulsion force. The orbit design is also performed presupposing the use of this power supply design.


    3.2 Mission Payload Design


    Since the MUSES-C is used to perform observation of an asteroid, sampling and return of the sample, it carries payloads that are not found with ordinary satellites and are specific to its missions. The design strategies of these payloads are described in the following.


    
      (1) Rendezvous/observation/touchdown-related equipment


      During the rendezvous of the MUSES-C with ITOKAWA, the asteroid seen from the Earth is located on the other side of the Sun (superior conjunction location), and the Earth, Sun and ITOKAWA are positioned almost in a line. Because of the necessity of observing the bright side of ITOKAWA, we performed the position control (home-position keeping) so that the MUSES-C remains in a position (above ITOKAWA) on a line connecting the Earth, Sun, MUSES-C and ITOKAWA in this order.


      At this time, the Sun and the Earth are located facing the +Z plane of the MUSES-C and ITOKAWA is facing the -Z plane. Therefore, we installed the solar array paddles and high-gain antenna so that they point in the +Z direction and the equipment for use in rendezvous with the asteroid in the -Z plane. Fig. 6 shows the detailed installation situations of the equipment mounted on the -Z plane for use during the stay above the asteroid.


      
        [image: e110131_09.jpg]

        
          Fig. 6 Equipment mounting on the -Z plane of the probe.
        

      


      Specifically, the rendezvous equipment installed on the -Z plane includes the LIDAR (Light Detection And Ranging) using laser beam (Photo 2- Left), the ONC-T telescopic camera for detailed observation of the asteroid’s surface topography (Photo 2 - Right) and the ONC-W1 wide-view camera for obtaining the information required for position maintenance above the asteroid (Photo 2 - Center).


      
        [image: e110131_10.jpg]

        
          Photo 2 LIDAR (Left), ONC-W1 (Center) and ONC-T (Right).
        

      


      In addition to the ONC-T described above, other asteroid observation equipment installed on the -Z plane includes the NIRS (Near-InfraRed Spectrometer) and XRS (X-Ray fluorescence Spectrometer) for observing the composition of the asteroid.


      Similarly, all of the equipment for use in the touchdown is also installed on the -Z plane except for the fan beam sensor (FBS) that detects obstacles.


      In the phase of approach to the asteroid, the camera for use in the rendezvous and the ranging equipment described above are the items that are mainly used. The target markers (TMs, Photo 3) for use as the landmarks on the asteroid surface and the flash lamps (FLAs) for illuminating them are used for guidance during the close approach to the asteroid surface at altitudes below 100 meters.


      
        [image: e110131_11.jpg]

        
          Photo 3 Target Markers (TMs).
        

      


      Photo 4 shows the TMs illuminated by the FLAs.
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          Photo 4 TMs lit with FLAs.
        

      


      The camera used in detecting the TMs is the ONC-W1 mentioned above. The laser range finder (LRF-S1, Photo 5- Left) that measures the inclination angle and distance of ITOKAWA with respect to the local surface by measuring the distances between four points on the surface is also installed on the -Z plane.
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          Photo 5 LRF-S1 (Left) and S2 (Right).
        

      


      The sampler (SMP) used in sampling during touchdown has a cylindrical shape with a length of 1 meter extended from the -Z plane of the satellite body toward the -Z direction. As it is the first part of the probe that comes in contact withthe asteroid, it is given a coil spring structure for avoiding direct transmission of impact to the probe body. Another laser range finder (LRF-S2, Photo 5 - Right) for permanent monitoring of deformation of the distal end of the SMP via a laser is also installed on the -Z plane. The output of the LRF-S2 determines the timing of firing the projectiles for crushing the asteroid surface and that of the timing the probe ascends.


      The FBS that detects harmful obstacles that may damage the probe during touchdown is installed on the ±Y plane to cover the bottom surfaces of the solar array paddles.

    


    (2) Reentry capsule (CPSL)


    
      To facilitate the transport of the sample collected with the SMP during touchdown to the reentry capsule and its storage in the container inside the capsule, the capsule is installed on the -X plane, in a position in close proximity to the SMP installation location and without any obstructions in the capsule release direction.

    

  


  
    4. Operations and Results Achieved with MUSES-C


    The framework of the MUSES-C missions consists of a series of operations from the ion-engine navigation in the outward flight to the rendezvous with the asteroid, its observation, the touchdown and sample collection, return flight and reentry. The outlines and results of these operations are reported in the following.


    
      (1) Ion engine-powered flight and swing-by

      For the main engines for the interplanetary-orbit flight of the MUSES-C, we developed newly designed microwave discharge ion engine that features a 10X higher fuel mass efficiency than the traditional propulsion subsystem using chemical fuel. As the output power of each ion engine is as low as 8 mN, it is required to continue the operation for a long period in order to change the trajectory gradually. Actually, after being inserted into a solar orbit almost identical to that of the Earth, the MUSES-C continued acceleration with the ion engines for a year.


      When MUSES-C again approached the Earth and passed near to it, its orbit was bent significantly by the gravitation of the Earth and, at the same time, the orbit energy accumulated in a year of acceleration was converted effectively. This resulted in a successful transition to the orbit with an aphelion of about 1.4AU, which was almost identical to the orbit of ITOKAWA.


      This maneuver is a kind of Earth swing-by called EDVEGA (Electric Delta-V Earth Gravity Assist). It was an effective orbit transfer method for an interplanetary flight by using ion engines that need sustained acceleration due to the low thrust propulsion forces. The MUSES-C became the first probe ever to have demonstrated and used this method.


      This operation allowed us to acquire a promising deep-space exploration technology for performing large orbit transfer of a lightweight probe.

    


    
      (2) Optical navigation demonstration and rendezvous

      To perform the rendezvous of the MUSES-C with ITOKAWA, it is extremely difficult to obtain the required orbit determination information if only radio waves are used. Therefore, we performed the orbit determination technique called optical hybrid navigation, which utilizes both the results of radio wave measurement and the image information of ITOKAWA captured by the installed cameras.


      This technique allowed us to determine the position of the probe with respect to ITOKAWA and the velocity with extremely high precision and to let the probe keep relatively stationary at an altitude of 20 km above the ITOKAWA’s surface by means of precise control for guidance toward the asteroid. Fig. 7 shows examples of camera images used as the optical navigation information.

    


    
      [image: e110131_14.jpg]

      
        Fig. 7 Image information of mounted cameras for optical navigation to Asteroid 25143 ITOKAWA.
      

    


    
      (3) Observation of the asteroid ITOKAWA

      The MUSES-C stayed at a position at 20 km from ITOKAWA’s surface (gate position) and another position at 7 km (home position) and acquired a large number of detailed surface images from all of the directions perpendicular to the asteroid’s rotation axis using the mounted camera. Fig. 8 shows examples of the images captured at different longitudes.
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          Fig. 8 Images of ITOKAWA per longitude
        

      


      Using this large number of images, we succeeded in modeling ITOKAWA’s shape into a 3D model for use as a reference for selection of the points where touchdown would be possible and in studying the touchdown scenario. The 3Dmodel was also used in the analysis for determining the density of ITOKAWA.


      In addition, we also performed the composition analysis of the ITOKAWA’s surface by means of remote sensing using the NIRS (Near-InfraRed Spectrometer) and XRS (X-Ray fluorescence Spectrometer) and obtained valuable results.


      During the observations for the period of rendezvous, scientists and engineers cooperated together for observations and analyses. The achieved results were published as seven papers in the “MUSES-C” feature pages of the Science Magazine. Although this is a magazine specializing in science, seven engineers of the NEC Group had the honor of contributing to these papers as coauthors.

    


    
      (4) Touchdown and sampling

      Prior to the touchdown with ITOKAWA, the MUSES-C performed three approach/descent rehearsals, on November 4, 9 and 12, 2005. The first rehearsal made clear the following two important issues.


      1) Two of the three reaction wheels failed one after the other before and after the rendezvous with ITOKAWA. As this made it necessary to use the RCS (Reaction Control Subsystem) for the attitude control, the thrusting for the attitude control interfered with the guidance for touchdown as a major disturbance factor.


      2) ITOKAWA has an irregular shape, which had not been expected in advance, and its surface was like an agglomeration of stones. As a result, events that exceeded the control capability of the guidance control camera occurred, for example splitting of the asteroid image into two due to the shade or the appearance of more than the expected number of luminous dots.


      Nevertheless, we were able to solve these problems by adding guidance from the ground during the descent to the 500-meter altitude above the landing point, by using tools that were quickly developed during the rehearsal period. These were a tool for position determination from the ground using the ITOKAWA images and one for guidance and control command generation from the ground.


      On November 20 and 26, we performed landing/takeoff twice by using the new guidance and control methods as well as applying completely autonomous guidance and control in the proximity of the asteroid surface. With the touchdown on November 20, the guidance was performed very precisely by overcoming the above mentioned issues. However an FBS obstacle sensor output an obstacle detection signal immediately before the touchdown, which led to confusion of the autonomous attitude control and an unexpected landing causing the probe to stay on the asteroid for more than 30 minutes. Although we were able to let the probe take off by sending an instruction from the ground, we decided to cancel the autonomous operation based on the FBS obstacle sensor at the next touchdown. With the second touchdown on November 26, all of the guidance, landing and takeoff functions were performed almost exactly as expected. Fig. 9 shows the planned and achieved paths of the guidance in the second touchdown.
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          Fig. 9 Planned and achieved guidance paths for the second touchdown.
        

      


      Although we failed to fire the projectile for use in sample collection, we succeeded in collecting for the first time ever, fine particles from the asteroid surface that had been stirred up by the sampler on impact of touchdown.


      This was the first direct sampling of the surface of an asteroid that retains primitive characteristics of the shape of thesolar system, and which was expected to make a significant contribution to research into the evolution of the solar system.

    


    
      (5) Issues of the return cruise and recoveries

      After takeoff from ITOKAWA, a loss of communication was produced due to a fuel leak from the RCS, but the probe succeeded in recovering communication by transferring to a safe attitude and re-stabilizing by the attitude control using the Xe gas from the neutralizations of the ion engines developed by NEC. However, on December 9, 2005, an important fuel leak occurred again, causing an altitude change and another loss of communication.


      Assuming that there would be a timing in which the MUSES-C entered an attitude in which the solar light irradiated again on the solar array paddles, we created a tool that continues to send commands by encompassing all of the predictable case scenarios and tried to start the MUSES-C by sending commands every day so that they reached the MUSES-C without the power supply timing being recovered.


      As a result, we were able to catch the MUSES-C again by receiving a signal from it on January 23, 2006. Subsequently, we tried to identify the probe status by means of the 1-bit communication that contained information of ON/OFF of the communication carrier, it was clarified that the RCS was unusable and that the batteries had also failed.


      We then gradually changed the attitude to one suitable for communications by means of the Xe gas attitude control and succeeded in recovering the 32 bps communication via the medium-gain antenna on March 2006. We later succeeded in reigniting the ion engines so that we were able to perform orbit control into the return trajectory using these engines in 2007 and 2009.


      For the attitude control during the return trajectory, we developed a new attitude control program that executes passive solar tracking using the pressure of solar light in order to reduce the Xe gas consumption, succeeding both in saving the fuel for the return and in maintaining the attitude.


      In November 2009, immediately before the return, one of the ion engines stopped, which made us consider temporarily that the return to Earth might not be possible. However, we managed to combine the neutralizer of the ion engine thruster A with the ion generator of ion engine thruster B and succeeded in obtaining a thrust force corresponding to one thruster. This made it possible for the MUSES-C to re-enter the return trajectory toward the Earth (Fig. 10).
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          Fig. 10 Scheme of cross-operations of ion engines.
        

      

    


    
      (6) Return and reentry

      The completion of the guidance to the Earth return target position for the return path marked the end of the flight powered by the ion engines. Subsequently, the MUSES-C repeated the four trajectory correction maneuvers for precise guidance to the landing point, called TCM 0 -4, and the orbit determinations before and after each TCM. The guidance operation to the WPA (Woomera Prohibited Area) in the Woomera Desert, South Australia, was then completed successfully on June 9, 2010.


      On June 13, 2010 at 19:51 the reentry capsule was released from the MUSES-C. This was the last function of guiding the capsule of the MUSES-C after a long journey of seven years.


      At 22:51, the reentry capsule and the probe re-entered the atmosphere, in which the probe broke up and incinerated as a large fireball. But, due to the thermal protection of the ablator, the capsule succeeded in deploying its parachute, sending the beacon signal, and landed successfully for recovery.

    

  


  
    5. The Results Obtained from the MUSES-C Missions


    Because of the multiplicity and high difficulty of the newly developed demonstration items, all of the persons concerned in the MUSES-C project share the recognition of their challenging achievement.


    To make this highly complex probe possible, it was necessary to advance from the standpoint of local optimization in which each subsystem is concerned only with what is allocated to it. We were only able to achieve the weight reduction target based on applying cooperation between subsystems, in which a failure to reduce weight in one subsystem was compensated for by the weight reduction of another subsystem.


    This strategy was enabled only because we shared the final target with a very high level of commitment and maintained high motivation towards its achievement. It was because we were able to maintain the high motivation and teamwork that crossed company and organization barriers from the early stages of development to completion, that the missions were completed seamlessly in the eventual return of the probe.


    As the success of the probe was widely acknowledged by the general public, the recognition and understanding of MUSES-C and space projects in general was raised inside as well as outside the corporation. Our experience in this project has taught us that our unswerving commitment has been the key to our success.


    One of the new technologies developed for and demonstrated in MUSES-C, namely the microwave-discharge ion engine, is under preparation for commercialization. This is typical of the achievements of this project that are bearing fruit and leading to the expansion of our space business.


    With the NEXTAR compact satellite bus being developed by us as a standard satellite bus, the exploration automation/autonomy program, demonstrated by the MUSES-C, is being integrated in order to improve the operational reliability and robustness as well as to reduce the labor input. In addition, the on-demand telemetry method that has demonstrated impressive information transfer efficiency for MUSES-C is being adapted for and packaged in the new SpaceWire high-speed satellite networking system.


    Following its demonstration over the seven years of a demanding flight schedule that was full of hardships, the variety of technologies that were ambitiously developed for the MUSES-C are going to be steadily utilized as the foundations of the projected satellite technologies of the future.


    Deep-space exploration is one of the main pillars of the Science/Technology Demonstration SBU. We believe firmly that the development of more technologies in support of deep-space exploration will make a significant contribution to the expansion of the future space development business.


    In closing, we would like to express our gratitude to the Japan Aerospace Exploration Agency (JAXA), the Institute of Space and Astronautical Science (ISAS) and all of the persons concerned from the participating universities for their generous guidance and support. We also thank the many enterprises engaged in this project for their enthusiastic cooperation in dealing with our sometimes seemingly impossible requests and by sharing in our final objectives.
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  2010 C&C Prizes Ceremony


  
    NEC C&C Foundation (President Hajime Sasaki, Executive Advisor of NEC Corporation) was established as a nonprofit organization by funding of NEC Corporation in March 1985. The objective of the foundation is to foster further growth in the electronics industry by encouraging and supporting research and development activities and by pioneering works related to the integration of computers and communications (C&C) technologies and ultimately to contribute to the world economy and the enrichment of human life.


    The activities deployed by the foundation in order to achieve this objective include; 1) Awards (C&C Prizes and Outstanding Paper Award for Young C&C Researchers) and; 2) Grants (grants for Japanese researchers to attend international conferences overseas and grants for non-Japanese researchers in Japan, etc.).


    The 2010 C&C Prizes and 25th Anniversary Memorial Award Ceremony was held at the ANA Intercontinental Hotel Tokyo on Wednesday November 24, 2010.


    In the welcoming speech, President Hajime Sasaki introduced the NEC C&C Foundation and reported that the number of C&C Prize recipients had totaled 85 by 2010, that the 25th Anniversary Memorial Award is established to commemorate the 25th anniversary of the foundation. He also reported that the foundation is expected to be authorized as a public interest incorporated foundation by the Cabinet Office of Japan.


    At the ceremony, the C&C Prizes were presented to three recipients of two groups, while the 25th Anniversary Award was given to two researchers.


    The C&C Prize for Group A was presented to Drs. Hiroyuki Sakaki and Yasuhiko Arakawa (Photo 1) for their “pioneering and leading contributions to the research, development and progress of quantum wire and quantum dot semiconductor devices.” The two doctors made pioneering theoretical proposals on applying ultra-small semiconductor structures, namely, quantum wires and quantum dots, to advanced devices such as field-effect transistors (FETs) and semiconductor lasers, and predictedthat their performances and characteristics would be dramatically improved. These proposals resulted in quantum wire FETs and quantum dot lasers due to subsequent advances in nano-fabrication technology. In particular, quantum dot lasers have reached the level of practical use and commercialization, and are expected to enjoy significant growth. Moreover, their works on quantum dots and wires led to the births of a set of devices having new functions and higher performance, such as those based on the control and use of a single-electron or a single-photon.


    
      [image: e0601_news_01.jpg]

      
        Photo 1 President Sasaki, Dr. Sakaki and Dr. Arakawa (From Left to Right).
      

    


    The recipient of the C&C Prize for Group B was Dr. Linus Torvalds (Photo 2), who received the prize for the “creation of the Linux kernel and the promotion of open-source operating system development.” In 1991 Dr. Torvalds developed Linux as an operating system (OS) having functions interchangeable with those of UNIX, which had been in use for years. Linux was released to the public as open-source software, becoming a new type of software development platform available for anyone to utilize freely. Owing to this open-source approach to software, Linux was not only used as an OS for personal computers but also widely adopted for information technology devices ranging from built-in equipment such as for cellular phones and consumer electronics to mainframes and supercomputers. Therefore, it greatly contributed to the development and progress of today's information technology devices.
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        Photo 2 Dr. Linus Torvalds (Right).
      

    


    After the award presentation, Dr. Sakaki gave an acceptance speech entitled “Quantum confinement of electrons using nanostructured thin films, wires, and dots and the search for their applications in advanced devices.” This was followed by an acceptance speech entitled “30 Years of Quantum Dot Research” delivered by Dr. Arakawa. The speech made by Dr. Torvalds in Group B included details of the circumstances that led him to be interested in the world of programming. Recently he is spending most of his time in “the development of tools for communications across the boundaries between organizations and engineers that are globally dispersed.”
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  NEC C&C Foundation 25th Anniversary Memorial Award


  
    The NEC C&C Foundation 25th Anniversary Memorial Award was presented following the 2010 C&C Prizes.


    The 25th Anniversary Memorial Award was given to Drs. Kuninori Uesugi (Photo 1) and Jun’ichiro Kawaguchi (Photo 2) for the development of systems technologies for “HAYABUSA” comprising communications and control technologies as their core, enabling the unmanned craft to land and take off from an extraterrestrial object (the asteroid Itokawa) and return to earth for the first time in history.
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        Photo 1 Dr. Kuninori Uesugi (Right) with President Hajime Sasaki.
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        Photo 2 Dr. Jun'ichiro Kawaguchi (Right) with President Hajime Sasaki.
      

    


    In their acceptance speeches (refer to Fig.1 and Fig.2 ), the doctors reported that the MUSES-C project accomplished the perfect score marks of 500 points for the five series of critical missions. Such inspiring results are made possible by applying “system autonomy,” that would not have been possible without the powerful aid of Computers & Communications.” They also added that their achievement was thanks to “the sustained activity of turning luck into skill and confirming its effectiveness.” Before closing their speeches they emphasized the importance of “handing down proven technologies to an increasing number of young researchers and the need to sustain investments, even if the risk is high.”
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        Fig.1 Part of the lecture material used by Dr. Uesugi.
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        Fig.2 Part of the lecture material used by Dr. Kawaguchi.
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| iy 2003 Scientific sensors:
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Launch year,
External view

ASNARO

2012(Scheduled)

WorldView-

Developing country Japan USA. USA.
Orbit 504km 770km 684km
L Sun synchronous Sun synchronous Sun synchronous
Mission Life 3years 7.25years Tyears
Satellite mass <500kg 2,800 kg 2,000 kg
Ground sampling distance <0.5m(Pa) 0.46m(Pa) 0.41m(Pa)
<2m(Mu) 1.84m (Mu) 1.65m (Mu)
Swath 10km 15.8km 14.4km
Data rate 832Mbps 800Mbps 740Mbps

* Pa: Panchromatic (monochrome image) / Mu: Multiband (color image)






OEBPS/Images/e110122_15.jpg
Radiator panel





OEBPS/Images/e110110_05.jpg
North pole direction in ecliptic plane

Solar array paddle

Medium RCS thruster RCS thruster
antenna for attitude for attitude
control control

Low-gain
antenna

maneuverin
Observation RLSA type engine "
devices high-gain {OME)

(infrared camera, etc.) flat antenna
Solar array
paddle

JAXA

South pole direction in ecliptic plane

-





OEBPS/Images/e110121_05.jpg





OEBPS/Images/e110123_04.jpg





OEBPS/Images/e110127_04.jpg
Launch Date

N . .
ame (Vekicle) Target Trajectory Properties
MUSES-A (HITEN) Jan. 24, 1990 Double lunar swing-by,
(M-3SII) aerobraking,
Lagrange point orbiting,
lunar orbit insertion,
controlled hard landing on the Moon
GEOTAIL July 24, 1992 Double lunar swing-by
(Delta IT)
PLANET-B (NOZOMI) July 4, 1998 Lunar/Earth swing-by
M-V) Mars orbit insertion
MUSES-C May 9, 2003 Electrical propulsion,
(HAYABUSA) M-V) Earth swing-by,
approach to Asteroid 25143
ITOKAWA,
pinpoint landing,
return to Earth
SELENE (KAGUYA) Sep. 14, 2007 Lunar orbit insertion/maintenance,
(H-ITA) controlled hard landing on the Moon
PLANET-C May 21, 2010 Venus orbit insertion
(AKATSUKI) (H-ITA)
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4.5 to 16 V (Standard: 5 V)
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Target Performance

Output voltage/current (ratings) 12V/3A,1.5V/3A,1.8V/3A,25V/2.6A,33V2A

Output voltage regulation

>90% (@ 5 V input, 3.3 V output, 25°C)

Efficiency

Switching frequency

Integrated Circuits, Hybrid, High Reliability,
General Specification for (JAXA-QTS-2020B)
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Operating temperature range

+2% (25°C), +4% (125°C, -55°C)
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Vibration
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ASNARO (Advanced Satellite with New system ARchitecture for

Observation) Project
Project objectives:

.Realize satellite developmental technologies through new development,
manufacturing, operational methodologies and systems that will enable development
of a low-cost satellite bus that can be fabricated in a short time.

.Realize an earth observation satellite with sub-meter class resolution within 3 years.

(DEstablish an advanced space system development

methodology
® New space systems realized in a short period of
time at low cost.
(@Develop a standard bus for small-scale satellites
© Realize high-performance standard bus system i
the 300 kg-weight class for the global market
@Develop high-performance satellite-mounted mission
equipment and devices
® Develop optical sensors with sub-meter-class
ground resolution (global top class resolution)

Overseas cutting " Issues related to
edge/small-scale small-scale satellite

satellite tre o limitations
tegic demands/™
demonstration of J
business.

[Project Status]

Project commenced in 2008, Proto-Flight
Model (PFM) is currently in production.
Launch is planned for 2012.
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SAR
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Highest resolution
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Both side looking available
>800 Mbps

Data transmission frequency band
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Satellite weight

500 kg class
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No | Implementations Details

1 Reliability Software that has been proven in the past is incorporated as modules.
Such proven software may also be used by subsequent satellites.

2 Scalability Computers for processing can be configured in a scalable manner
according to the amount of processing required for the satellite data.
Varying the file settings is only necessary for subsequent satellites.

3 Operability In normal operation, processing that emphasizes throughput (multiple
data is processed in a day) is executed.
In an emergency, turnaround time-emphasized processing (each data is
processed in a shorter period) is executed.

4 Cost reduction Employing COTS and open source software extensively.

Software that is already developed or proven can be used in subsequent

satellites.
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ASTER (VNIR) Multi spectralimager (VNIR)
Spatial resolution : 15m Spatial resolution : 5m
Observation width: 60km Observation width: 90km

Number of bands : 3bands Number of bands : %aergg'% e

wavelength(um) : 0.53~0.86 wavelength(um) : 0.45~0.90

ASTER (VNIR/SWIR) Hyper spectral imager(VNIR/SWIR)

Spatial resolution : 30m
_ Observation width: 30km
Number of bands : 185bands
wavelength(um) : 0.4~25
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'VNR Main Specifications

Unpolarized observation system 11 bands between 380 and 8,698 nm (UV to near IR),

resolution 250 m, scanning width 1,150 km

Polarized observation system 2 bands including 673.5 and 868.5 nm, 3 polarization

directions, resolution 1 km, scanning width 1,150 km
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Item Goals
Size <20 x 20 mm
Thickness <6 mm
Weight < 10 grams
Efficiency >90% (@ 3.3 V output)
Reliability Reliability required for space applications (JAXA-qualified)

Radiation tolerance Tolerance required for space applications (see Table 2)
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Item

Detail

Mission
- Optical sensor

- Data storage

- Data transmission

Panchromatic/multi-spectrum sensor.
Resolution: <0.5 meter (Pan, altitude 504 km)
Swath: 10 km

>120 GB

X-band, 16-phase QAM, approx. 800 Mbps

Image capturing range Inside the cone in +45° from nadir.

Agility 45°/45 sec. (Ave. 1°/sec.)

Launch FY2012 (scheduled).
Compatible with major launch vehicles including the Epsilon
rocket and H-IIA of Japan as well as foreign commercial rocket,
such as Dnepr and Rockot.

Orbit Sun-synchronous sub-recurrent orbit (Altitude 504 km).

Ground stations

Orbit inclination angle: 97.4°

Local sun time at descending node: 11:00

Commercial ground stations and mobile stations in Japan, plus

overseas stations

Operating period >3 years (Target 5 years)

Weight ® Bus: 250 kg (excl. propellant)
m Mission: 200 kg (max. weight)
m Propellant: 45 kg (max. weight)
<TOTAL>: 495 kg

Power Generated power: 1,300 W (3 years after)

Mission supply power: 400 W
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1| (World's highest level for satellite use)

Panel assembly/inspection/test
(Installation of about 2,200 CICs with adhesive)

Strings manufacture/inspection

(14-series CIC connection by welding) Solar Array Panel ( SAP )

Production necessitates both the repetition of detailed
work on fragile solar cells and the handling of large panels
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Antennas
Type

Reflector diameters
Drive performance

Cassegrain reflectors, triaxial mount (AZ, EL,
Cross-EL)

7.6 m, 11 m, 13 m (other diameters made to order)
AZ: +£270°, EL: 0 to 180°, satellite altitude 400 km,
all-sky tracking

S-band TTC transmission/reception
Command transmission
Transmission power
Frequency
Modulation methods
Bitrates

Baseband processing

Error correction coding

Transmission method
Telemetry reception

Frequency

Modulation methods

Bitrates

BER deterioration

Acquisition frequency range

Baseband processing

Error correction decoding

Transmission methods
Ranging

Measurement methods

Max. measurement range

Measurement resolution

Measuring signal frequencies

Acquisition time

Measurement precision
Range rate measurement

Measurement method

Measurement range

Measurement phase resolution

Measurement precision

X-band data reception

Frequency

Modulation methods

Bitrates

BER deterioration
Acquisition frequency range
Baseband processing

Error correction decoding
Data transmission methods
Data storage capacity
Transmission protocols

* Optional

200 W (other wattages made to order)
2,025 to 2,120 MHz

PM, PSK-PM, BPSK, QPSK

PM, PSK-PM, BPSK: 100 bps to 1.2 Mbps

QPSK: 10 kbps to 2.048 Mbps

CCSDS-compliant
Convolution (K =7, R = 1/2), RS (255, 223), CRC
CLTU

2,200 to 2,300 MHz

PM, PSK-PM, BPSK, QPSK

PM, PSK, BPSK: 100 bps to 1.2 Mbps
QPSK: 1 kbps to 2.048 Mbps
<2.0dB (1 dB typical)

>+200 kHz

CCSDS-compliant

Viterbi decoding, RS decoding
VCDU, ASD*

PN code method, sidetone method

> 75,000 km equivalent

1 ns equivalent

500 kHz, 100 kHz

<10 sec. (PN code), < 15 sec. (sidetone)

<1 mpyss (500 kHz measurement, S/No: 38.8 dBHz)

Integrated Doppler measurement

> 15 km/s

>360°/4096

< 1 cm/sec. (S-band reception, C/No: 40 dBHz

8,025 to 8,400 MHz
BPSK, QPSK, OQPSK, 16QAM
BPSK: 1 to 250 Mbps

QPSK, OQPSK: 2 to 500 Mbps

16QAM: 400 to 850 Mbps
<2.0dB (1 dB typical)

>+1 MHz

CCSDS-compliant

Viterbi decoding, RS decoding
RAW, VCDU

2 TB (extension available)
FTP, socket transmission*
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Crustal Changes Following the 2008 Sichuan Earthquake —
Composition of SAR Interferometric Images

106°
ChoOTHEIRE. BREWEENTY—THIREERITVES.

Wil L—ZOHRIZUTOL Y
Densmore, A. L., M. A Eli, Y. Li, R Zhou, G. S. Hanoock, and N. Richardson (2007),
Active tectoncs ofthe Beichuan and Pengguan fauls at the easter marginof the Tietan Plteau, Tectoics, 26, TCA0OS, doi10.102972006TCO01987

The interferometric image makes it possible to determine the approximate locations
of the two extremities of the quake source fault (indicated by white broken lines).

The length of the quake source fault may be about 285 +5 km.
The zone in which crustal changes are concentrated extends along the Longmenshan

fault zone.
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Item Value Conditions
Generated power >480 @ 1.0781 AU
>700 @ 0.7 AU
Weight at launch 517.6 WET
Data rate >2 @ Earth distance 1.7 AU
DR capacity 1,020 MB Reproduce/recording area
2 GB Backup flash memory
Attitude determination precision (L 30, steady state
Attitude stability 0.01° 30, steady state
Design service life 4.5

Launch vehicle

H-TIA carrier rocket Type 202, 4S fairing

Item
Attitude system
BAT

Description
Triaxial control with low angular momentum, RW 4 skews

Li-ion secondary batteries, 23.5 Ah x 2

SAP InGaP/GaAs/Ge, 1,430 x 810 mm (% 1 paddle)
Noninal bus voltage 50V

C&DH bus RS485, PIM bus

Command method CCSDS telecommand

Telemetry method CCSDS AOS

Up-/down-link band X-band

Structure

Propulsion system

Propellant on board

Rectangular parallelepipe shape, thrust tubes, Al honeycomb
3N class monopropellant RCS (N2H4) x 1,
23N class monopropellant RCS (N2H4) x 8,
500N class bipropellant RCS (N2H4,NTO) x 1
RCS propellant: 196.3 kg
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Helix-type slow-wave circuit
The slow-wave circuit is
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Multistage depressed collector  the electron beam for
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Structure : PPM (Periodic
Permanent Magnet)

Focus the electron beam
emitted from the electron gun
all over the slow-wave circuit.





OEBPS/Images/e110125_07.jpg
jows Internet Explorer

S BYE LA

I_I_I_I_I_FWV_MMI—/





OEBPS/Text/toc.xhtml


  

    

      		Cover





      		Table of Contents





      		Paper Abstracts





      		Special Issue on Space Systems



        

          		Special Contribution Article: Space Solutions for a Better Society





          		Remarks for Special Issue on Space Systems





          		General Explanation of Special Issue: The Business of Space: Our Vision and Roadmap





          		General Explanation of Special Issue: NEC Tackles the Global Business of Space Solutions





          		Progress with the implementation of NEC’s Roadmap



            

              		Fusion of Space Technologies and IT/Network Technologies





              		Strategies aimed at the Entry of Space Systems Business Enterprise to the Global Market





              		Promotion of Service Oriented Businesses for Space Utilization





              		Development of the ASNARO, an Advanced Space System



            



          





          		Technologies/Products supporting roadmap implementation (Satellites/Space station)



            

              		Development of the Japanese Experiment Module (JEM), KIBO for the International Space Station





              		Development of the Venus Climate Orbiter PLANET-C (AKATSUKI)





              		Development of Small Solar Power Sail Demonstrator IKAROS





              		Development of the KAGUYA (SELENE), a Lunar Orbital Spacecraft





              		Development of the Earth Observation Satellite “DAICHI” (ALOS)





              		Development of the Wideband InterNetworking Satellite WINDS (KIZUNA)





              		Small SAR Satellite Technology Promotes Dissemination of a Comprehensive Space Utilization System



            



          





          		Technologies/Products supporting roadmap implementation (Satellite ground system)



            

              		Ground Systems Supporting Satellite Operations





              		Data Processing System for Advance of Earth Observation Data



            



          





          		Technologies/Products supporting roadmap implementation (Satellite Bus)



            

              		NEXTAR Standard Platform for Quick Startup of Remote Sensing Operations





              		Standard Components of Satellite-borne Equipment



            



          





          		Technologies/Products supporting roadmap implementation (Communication)



            

              		Communications Technologies Supporting Satellite Communications





              		Satellite Transponder Equipment in Active Worldwide Use



            



          





          		Technologies/Products supporting roadmap implementation (Observation sensors)



            

              		Optical Sensor Technology Supporting the Greenhouse Gases Observing Satellite (GOSAT, or IBUKI)





              		Radio Frequency Sensor Technology for Global Rain and Cloud Observation





              		SAR Image Processing Technologies are Improving Remote Sensing Data





              		An Industrial Waste Monitoring System Based On the Use of Satellite Images



            



          





          		Technologies/Products supporting roadmap implementation (Fundamental technologies)



            

              		Fundamental Space-Supporting Technologies and Their Development Process





              		Element Technologies for Trajectory Design for Lunar/Planetary Exploration





              		Development of a Radiation-Hardened POL DC/DC Converter for Space Applications





              		Qualification Situation and Future Deployment of PWBs for Space Development Use



            



          





          		Technologies/Products supporting roadmap implementation (Guidance control computer)



            

              		Guidance Control Computer for Launch Vehicle



            



          





          		Asteroid probe MUSES-C (HAYABUSA)



            

              		Results Achieved from the Development and Operation of the Asteroid Probe MUSES-C (HAYABUSA)



            



          



        



      





      		List of Abbreviations Used in This Issue





      		NEC Information



        

          		NEWS



            

              		2010 C&C Prizes Ceremony





              		NEC C&C Foundation 25th Anniversary Memorial Award



            



          



        



      





      		publication data



    



  



OEBPS/Images/e110131_01.jpg
ENRTFT

Low-Gain Antenna

Yy
Sun-Sensor

ABVASAY
lon Thruster

/ High-gain Antenna
i v

BAR7YT

YUTERRE
Samoler

© JAXA





OEBPS/Images/e110114_03.jpg





OEBPS/Images/e110118_03.jpg
SAP

Solar Array Paddles
(2 paddles)
Triple-junction cells
Output =1,300W

L%

APR

Array Power Regulator (1 unit)
Step-down Regulation

Output =1,200W

PCU

Power Control Unit (1 unit)
Command/telemetry processing
Charge/discharge control
Power distribution/fault isolation
Actuator drive

@ : E> Satellite onboard equipments

BAT

Battery (1 unit)

Power storage/discharge
Lithium-ion

50Ah x11 cells
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Main functions - Computing function - Computing function - Computing function - Computing function
- Interface function among digital - Interface function among digital - Interface function among digital - Interface function among digital
equipment equipment equipment equipment
- Interface function with vehicle - Interface function with vehicle
equipment equipment
- Measurement communication control - Measurement communication control
function function
Microprocessor Bit-slice type microprocessor Bit-slice type microprocessor 32-bit microprocessor V70 64-bit microprocessor HR5000
Word length 16 bits 16 bits 32 bits 64 bits

Operation speed

0.26 MIPS (H-I usage mix)

0.34 MIPS (H-II usage mix)

29 MIPS (Dhrystone)

Arithmetic
Operating System
Memory capacity

Interface function
(excluding power source

interface)

Size
Weight
Power consum ption

(Nominal)

Fix-point
None

RAM: 32 Kbyte

- 4 types (Digital circuits)

- Provided only among units

300 x 450 x 180 (mm)
16 kg
60 W

Fix-point

None

- 3 types (Digital circuits)

- Provided only among units

14 kg

45W

2 MIPS (Dhrystone)
Floatmg -point

Real-Time OS (RX616)

RAM: 64 Kbyte RAM: 2 Mbyte
ROM: 128 Kbyte

- 11 types (Analog and discrete circuits)
- Interface function among equipment

- Interface function with vehicle

equipment

296 x 370 x 205 (mm) 270 x 360 x 220 (mm)

21 kg

52W

Floating-point

Real-Time OS (TOPPERS/HRP)
RAM: 4 Mbyte

ROM: 2 Mbyte

- 11 types (Analog and discrete circuits)
- Interface function among equipment

- Interface function with vehicle
equipment

230 x 343 x 273 (mm)

14 kg

50 W
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Item Details, Conditions, Samples Result

GrA Electrical parameter test: 45 samples Good
=55°Q, +25°C, £1258€C

Gr.B DPA, etc. : 3 samples Good
Bond strength, die shear, solderability, lead integrity, resistance to solvents, etc.

Gr.Cl Reliability test : 22 samples Good
Steady-state life (125°C, 1,000 hours)
Environmental test: 5 samples

o (2659 +150°

Gr.C2 Temperature cycling (-65°C & +150°C, 100 cycles) Good
Shock(1,500 G, 6 directions)
Vibration (20 G, 3 axes), etc.
Environmental test: 5 samples
Thermal shock(-55°C & +125°C, 15 cycles)

Gr.D | Shock(1,500 G 6 directions) Good

Vibration (20 G, 3 axes)

Moisture resistance, Salt atmosphere, etc.
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name
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81

AVcl: Orbit insertion error correction maneuver
AVal: Orbit maneuver error correction maneuver
AVpl: Period adjustment 1 maneuver

AVc2: Period error correction maneuver

AVp2: Period adjustment 2 maneuver

AVp2 -0.01
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Appendix B Appendix D Appendix E Appendix F
High-density wiring Thick copper foil structure
Specifications (copper foil thickness (copper foil thickness: Flexible PWB Inner type Outer type CIC-core
>35um) all layers 105 pm)
Rigid material:
Polyimide film woven glass, =

Insulation material

Max. number of layers / board

thickness (mm)

‘Woven glass base,

unmodified polyimide resin

16/2.4 12/32

unmodified polyimide resin

Reinforced board: . :
Flexible material:
woven glass base, -
N . X polyimide film
unmodified polyimide resin

2 / not specified 8 (4 flex layers) / 1.6

Not specified Not specified

‘Woven glass base,

unmodified polyimide resin
o

10 (1 flex layer) / 1.6 12 /2 (incl. 2 CIC layers)

Not specified SVH, 4 layers / 0.33

SVH
IVH
Min. conductor width (mm)

Min. conductor interval (mm)

Min. drill diameter (mm)

Through hole
IVH

$0.20 —
-

Not specified

03 Rigid/flex: 0.25/0.30
03 Rigid/flex: 0.25/0.25

Not specified

¢0.60

Not specified Not specified

Not specified

$0.70

Not specified

Not specified Not specified
Rigid/flex: 0.13/0.30 0.13
Rigid/flex: 0.18/0.20 0.18

$0.35 $0.30

Not specified ¢ 0.15

Min. land diameter (mm)

Through hole
Via holes, SVH, IVH

Solder resist diameter (mm)

Through hole

(Finish dia. + 0.5) =
(Drill dia. +0.4) =

Land dia. + 0.2

=Land dia.

(Finish dia. + 0.6) (Finish dia. + 0.6)
Not specified Not specified

Coverlay: according to

. Land dia. + 0.2
manufacturer's drawing

Not specified Not specified

Not specified Not specified

(Finish dia. + 0.5) (Finish dia. +0.5)
(Drill dia. +0.4)

-

= Land dia.

(Drill dia. +0.4)

dia. +0.2

=Land dia.

Via holes
SVH

Surface finish

CIC specifications

Thickness (mm)
Number of CIC layers

Min. connection through hole

diameter (mm)

Thermal expansion coefficient

Covered by Solder resist

Solder coating (note 1)

Not specified Not specified

Solder coating, .
) Solder coating (note 1)
electrolytic solder

Note 1: Electro-nickel or electro-gold plating is partially permitted (for edge connectors).

Not specified

Covered by Solder resist

0.15

<2

$0.6

<13 ppm/°C





OEBPS/Images/e110109_04.jpg





OEBPS/Images/e110105_04.jpg
In the security assurance markef
#intelligenceservices In the communication infrastructure market:
- Services for defense purposes

- High-speed telecommunications network
construction via communication and
So@ons Solg internet satellites

- Devising systems to provide medical
treatment and education in remote areas

For the agricultural market:

- Quantification of production from Q
crop acreages, vegetation amount
and growing conditions.

System to provide solutions

¥, > 1
Sol@)ns Solte
In the resource exploitation marke

- Countermeasures to prevent the spread of - Greatly simplifying surveys before mining by
disastrous environmental conditions such as water - Hazard map creation to indicate dangerous collecting deep sub-surface information

For the Environmental market:

pollution, air pollution, etc. areas such as land slips, (geological data utilization for field surveys etc.)
- Understanding vegetation changes as a result of embankment/wall/dike/ collapse, etc. - Providing a system to estimate the life
environmental changes. - Monitoring systems to indicate water levels in ~ expectancy of major oil wells worldwide - a

- Understanding water resource availability. the risk zones. Macroscopic view

- Monitoring the illegal disposal of industrial waste.
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General specification

Appendices

Detailed Specifications

Application Data Sheets

APPNDIX A —

JAXA-QTS-2140 A101B

— JAXA-ADS-2140/A101A

APPENDIX A:PRINTED WIRING BOARDS, GLASS BASE WOVEN POLYIMIDE RESIN OR

GLASS BASE WOVEN EPOXY RESIN BASE MATERIAL

APPNDIX B —

JAXA-QTS-2140 B102C

— JAXA-ADS-2140/B102B

APPENDIX B: FINE PITCH PRINTED WIRING BOARDS, GLASS BASE WOVEN POLYIMIDE
RESIN OR GLASS BASE WOVEN EPOXY RESIN BASE MATERIAL

APPNDIX C =

No qualified

1 No qualified

JAXA-QTS-2140C

APPENDIX C: DISCRETE WIRING BOARDS, GLASS BASE WOVEN EPOXY RESIN

MATERIAL

PRINTED WIRING BOARDS,
HIGH RELIABILITY,

SPACE USE,

GENERAL SPECIFICATION FOR

APPNDIX D p—

JAXA-QTS-2140 D103
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APPNDIX E —
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— JAXA-ADS-2140 E104

APPENDIX E: RIGID-FLEX PRINTED WIRING BOARDS

APPNDIX F =

JAXA-QTS-2140 F105A

— JAXA-ADS-2140 F105

APPENDIX F: PRINTED WIRING BOARDS, CIC CONTROLLED THERMAL EXPANSION,
GLASS BASE WOVEN POLYIMIDE RESIN BASE MATERIAL
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Item USB SSA QPSK/BPSK

Receive fi (MH2) Specified in the range of 2,025 MHz to 2,110 MHz
eceive frequen z
SR (TX/RX frequency ratio: 221:240)

Noise figure (dB) =23
Modulation method PSK/PM UQPSK QPSK/BPSK

' 125 bps to 300 kb
Reception 500 bps to 4 kbps bR i 512 kbps (QPSK),

Transmission rate (bps) . 2 rates specified from
Specified from (500 x 2™) (125 x 21) 256 kbps (BPSK)

-134 dBm (at 125 bps;
depends on transmission -90 dBm to -40 dBm
rate) to -40 dBm

Transmit frequency (MHz) Specified in the range of 2,220 MHz to 2,290 MHz
Modulation method PSK/PM,PM SQPN,SQPSK QPSK

500 bps to 30 kbps (PSK/PM),
Transmission Transmission rate (bps) 8.19 kbps to 65.54 kbps (PM) 100 bps to 300 kbps 1 Mbps or 2 Mbps
(with convolution)

-100 dBm to -40 dBm

Receive dynamic range (dBm) i
(command signal)

CDMA

UQPSK

500 bps to 32 kbps
2 rates specified from
(500 x 21)

-110 dBm to -40 dBm

UQPSK

1 kbps to 150 kbps

2 levels specified in the range Specified in the range of
of +10 dBm to +37 dBm +10 dBm to +37 dBm

Transmit power

Specified in the range of
+10 dBm to +37 dBm

PN code
=2
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Category Item Specifications
Single launch using H-ITA
Launch vehicle Fairing: 4S type
PAF: 2360SA
Main orbiter: 1,791 g
Overall | Mass Relay satellite: 57 kg
system VRAD satellite: 57 kg
2
Main orbiter Solar angle, best: 23,260 W
Generated Solar angle, worst: 21,831 W
power Relay satellite | Generated power: 269.5 W
VRAD satellite | Generated power: 266.0 W
Orbit altitude: 100 km +30 km
Observation orbit Orbital inclination: 90° circular lunar orbit
. Orbital period: Approx. 118 min.
Main
. Lunar orbital - X
orbiter ) Lunar center-pointing three-axis
orbit | Attituds sbieneaton attitude control
ttude 1 o innde
control

Yaw around Yaw around maneuver at f = 0°
maneuver (max. twice an year)
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Launch date/time

January 24, 2006, 10:33 (JST)

Launch vehicle H-IIA No. 8

Satellite body size Approx. 6.2 m X 3.5 m x 4.0 m
Solar array paddle Approx. 3.1m x22.2m

PALSAR antenna Approx. 8.9 m x 3.1 m

Lift off weight Approx. 4 tons

Generated power >7,000 W (at the end of life)
Attitude control 3 axis attitude control

Orbit Sun-synchronous, sub-recurrent orbit
Orbit altitude 691.65 km

Recurrence period 46 days

Design life

>3 years, target 5 years
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SpaceWire interface
UART interface
Size(mm)

Weight

Power consumption

8ch(nominal)

2ch

T1(W) x 220.5(D) x 175.5(H)
1.9kg(nominal)
14W(nominal)
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Dimensions:

287 mm x 195 mm x 110 mm
Weight:

3.4 kg
Power consumption:

37 W (during 5 W transmission)
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Mission Achievement Score of the MUSES-C Project

(Scoring out of 100 points)

Electrical propulsion engines — Startup and operation ("." A world
first 3-engine operation)

Electrical propulsion engines — Operation for more than the
specified period (1000 hrs.)

Earth swing-by ("."World-first swing-by using electrical
propulsion engines.

Rendezvous with asteroid 1998SF36, ITOKAWA (employing
autonomous navigation)

Scientific observation of an asteroid
Touchdown with asteroid and sample collection
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Orbit maneuver Thnisters teed Firing time Acceleration
name achieved [sec.] |achieved [m/sec.]| error [m/sec.]
Lot 036
LOD2 500N 469 030
LOI3 500N 670 151.51 -0.09
LOl4 500N 656 0.26
LOISa 20N 253 6848 0.18
LOI5b 20N 1,013 0.12
LOI5c 20N 983 0.13
LOI6 20N 497 0.1
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IRS Main Specifications

Shortwave IR system | 4 bands between 1.05 and 2.21 pm, resolution 1 km (250 m for land and coastal
areas with the SW3 band), scanning width 1,400 km

Thermal IR system 2 bands including 10.8 and 12.0 pm, resolution 500 m, scanning width 1,400 km
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Item Conditions, Samples Result

Steady-state life 125°C, 3,000 hours: 3 samples Good

Random vibration 43.92 Grms, 3 axes: 3 samples Good
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