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THE REVOLUTION IN GLOBAL NAVIGATION SATELLITE SYSTEMS AND IMPLICATIONS FOR RURAL INDUSTRIES IN QUEENSLAND Matthew B Higgins and Darren Burns Department of Natural Resources and Water, Queensland and Cooperative Research Centre for Spatial Information (CRCSI) Abstract Global Navigation Satellite Systems (GNSS) refers to a system of systems delivering position, navigation and timing services world-wide. The best known sub-system is the Global Positioning System (GPS) from the USA with other sub-systems also being developed by Russia, Europe, China, India and Japan. The paper begins with an overview of latest GNSS developments. The paper then examines the implications for Queensland. High precision, high reliability positioning is moving from the spatial sciences into real time positioning of heavy machinery. So-called "machine guidance" is revolutionising key rural industries for Queensland, such as agriculture and mining, by improving financial return and environmental sustainability. Globally there are many networks of GNSS Reference Stations delivering real time positioning to machine guidance users. Most are in densely populated areas with excellent levels of infrastructure. However, the delivery of precise positioning services in rural Queensland is characterised by sparse user populations and low quality communications infrastructure. The paper will conclude with findings from a research project in the Cooperative Research Centre for Spatial Information (CRCSI), which is investigating the business and technical issues associated with extending real time positioning services like the Queensland Government's SunPOZ into regional areas of Queensland. Global Navigation Satellite Systems: A Systems of Systems Global Navigation Satellite Systems (GNSS) is an umbrella term that incorporates all satellite positioning systems including the United States’ Global Positioning System (GPS), which is currently the best known and most widely used GNSS. In 2004, a European Commission (EC) report found that the GNSS industry had a global turnover (in equipment and applications) of 30 billion Euros. It predicted that this would rise to 276 billion Euros by 2020, with North America, Europe and the Pacific Rim to become the dominant GNSS markets by 2010. Next generation GNSS that are currently being developed are fuelling new growth in the coming decade. Major sub-systems are the United States’ modernised GPS (called GPS III), the Russian Federation’s revitalised GLONASS and two new global sub-systems; Europe’s Galileo and China’s COMPASS system. Those sub-systems will have global coverage and will be further supplemented by regional sub-systems from India, Japan and perhaps South Korea. This paper gives a brief outline of the key features of each of these developing systems. More detailed information on worldwide activities and trends in GNSS can be found at the web site of the new United Nations mandated International Committee on Global Navigation Satellite Systems (ICG), of which one of the authors is a member. (See: www.unoosa.org/oosa/en/SAP/gnss/icg.html). The Current GPS The most widely used current system is the Global Positioning System (GPS). GPS has a full constellation of satellites that operate with high levels of reliability and there are many military and civilian applications. Key features of the current GPS include: • GPS broadcasts two signals in the so-called L1 and L2 bands: L1 at 1575.42MHz and L2 at 1227.60MHz. • GPS receivers can make pseudorange or carrier phase measurements, on the tracked L1 or L2 signals. Paper No. 0026
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Civilians using low-cost receivers currently only have direct access to the L1 signal and are unable to correct for the ionosphere, which is now the dominant cause of error for users. The US used to have a policy known as Selective Availability, whereby civilian users accessed the Standard Positioning Service (SPS) and military users accessed the Precise Positioning Service (PPS) with enhanced accuracy and availability. Selective Availability is now set to zero and would require a Presidential order to be reinstated.



For the spatial industry, applications can best be classified according to the achievable accuracy: • Single Point Positioning (SPP) is the technique for which GPS was originally designed and typically delivers a horizontal positioning accuracy less than 10m. However, it should be noted that with Selective Availability now set to zero the officially stated standard is that the signals will deliver horizontal positions better than or equal to 22m at the 95% confidence level. The equivalent value in height is 77m. • Differential GPS (DGPS) can overcome some of the limitations of GPS by applying corrections to the basic pseudorange measurements, based on a receiver making measurements at a known point (a reference station). The accuracy achievable from DGPS can range from a few metres down to few decimetres, depending on the quality of the user receiver and the DGPS technique used. • Precise Positioning also works differentially but can achieve centimetre accuracy using a special measurement technique. For the purposes of this paper, the term “precise positioning” is defined as positioning at better than 5 centimetres horizontally at 95% confidence. A typical receiver, for both SPP and DGPS, measures the ranges to the satellites by timing how long the signal takes to come from the satellite. However, receivers used for precise positioning, in applications like surveying and geodesy, measure the phase of the underlying carrier signal (the so-called carrier phase). For baselines between points separated by more than (say) 20km, it is important that such receivers can also correct for delays to the signals as they pass through the ionosphere. This is done by also measuring the phase of L2 signal. For most of the current GPS signals, civilian users only have access to the code on L1 and accessing the phase of the L2 signal requires sophisticated signal processing techniques. This sophistication is a major reason why precise positioning receivers are more expensive than receivers used for SPP and DGPS. GPS Modernisation The USA has embarked on a program of GPS Modernisation to provide better accuracy and more powerful and secure signals from future GPS satellites. While there are various improvements planned, the important issues for spatial users revolve around extra signals to be broadcast by future GPS satellites: • A new code on the L2 frequency (L2C) is being introduced to enable civilian receivers to better account for ionospheric error and be more immune to interference and multipath. The first Block IIR-M satellite to broadcast L2C was launched in late 2005. Full operational capability for L2C will not be until all 24 satellites are broadcasting the new signal. Under currently published plans, that is not expected to occur until 2013 or beyond. • The radio spectrum for the L2 signal is not fully protected through the International Telecommunications Union. This means that L2C cannot be relied upon for safety-of-life applications such as in civil aviation and emergency services. Therefore, a third civil frequency at 1176.45MHz (called L5) is planned for launch on future GPS satellites. Full operational capability for L5 is expected around 2015. • GPS-III will incorporate the extra L2 and L5 signals and have additional features that will further improve performance for users. To preserve ‘backward compatibility’ with legacy user equipment, all current signals will also be broadcast. The plan is to launch 30 GPS-III satellites between 2013 and 2018. • It is also important to note that the US Government recently announced that future satellites will be built without the capability to produce signals that reintroduce Selective Availability. Perhaps the single most important shortcoming of GPS is also its most obvious; there are some places where GPS simply does not work due to a lack of available satellites. Therefore, while GPS Modernisation will have a significant impact, a major influence in the future will be systems offering additional satellites to those offered by GPS alone.
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GLONASS from Russia The Soviet Union originally developed GLONASS as a response to GPS. The design of GLONASS is very similar to GPS and can provide a different level of service to Military users compared to Civilian users. Today GLONASS is owned by the government of the Russian Federation and is operated by the Russian Space Agency ROSCOSMOS. The first GLONASS satellite was launched in 1982, and the constellation claimed Full Operational Capability (FOC) in 1995. In the late 1990s, funding cuts led to the system falling into disrepair. However, Russia is now committed to revitalising GLONASS: • Current activity centres on launching GLONASS-M satellites with an improved 7-year design lifetime, which will broadcast in the L1 and L2 bands. • The current constellation has 15 operational satellites with 2 launches (each with 3 satellites) planned in 2008, to take the constellation to 21. • Availability of 18 satellites (planned in September 2008) will allow continuous navigation coverage over Russia and surrounding territories. • Currently, all GLONASS satellites broadcast the same code but each satellite broadcasts its own frequency. This signal scheme is known as Frequency Division Multiple Access or FDMA. In recent months the Russian Federation has announced a commitment to eventually move to Code Division Multiple Access (CDMA). This will make GLONASS signals more compatible with future GPS and Galileo signals allowing simplified architecture for user receivers using signals from multiple GNSS. • There has also been improvement in the quality of the GLONASS satellites over time, with the ranging quality from recently launched satellites becoming comparable to the ranging quality from GPS signals. • A next generation satellite known as GLONASS-KM is under development, promising further performance improvements and the capability to transmit a third civil signal (L3). • The intention is to achieve a full 24-satellite constellation transmitting two civil signals by the end of 2009. • The full constellation is planned to be broadcasting three sets of civil signals by 2012. For spatial users, precise positioning receivers capable of tracking both GPS and GLONASS have been available for some time. These combined receivers have demonstrated a marked improvement in reliability and availability in areas where satellite signals can be obstructed, such as in urban areas, under tree canopies or in open-cut mines. Galileo from the European Union Perhaps the most exciting impact on the future of GNSS is the decision by the European Union to launch its Galileo project. There has been considerable controversy and speculation about the future of the system since the failure of original plans to use a Public Private Partnership (PPP) to develop Galileo. However, the European Parliament has now passed the Galileo regulation putting in place the legal framework allowing Galileo to proceed. Also, 3.4 billion Euros have now been allocated to procure Galileo in six work packages: satellites, launches, ground mission, ground control, operations and systems support. The new approach to the development of Galileo means that the European Space Agency (ESA) will build the system from InOrbit Validation (IOV) through Deployment Phase (commencing in 2009) until Full Operational Capability (FOC) is reached in 2013. It is still possible that at that time a private partner will be found to operate the system. Some key technical aspects of Galileo include: • The design calls for a constellation of 30 satellites in a similar orbital configuration to GPS, but at an increased altitude enabling better signal availability at high latitudes. • While the Galileo design aims for a level of interoperability with GPS, some aspects are not compatible. • Galileo satellites will broadcast signals compatible with the L1 and L5 GPS signals. Those Galileo signals are designated as L1, E5a and E5b. Galileo will also broadcast in a third frequency band at E6; which is not at the same frequency as L2/L2C GPS. • The Galileo ground segment has elements similar to the global network of tracking stations and the master control station used by GPS. • The civilian nature of Galileo means that it has a more open architecture than GPS and GLONASS, which evolved from military systems. Galileo will allow augmentations to be brought ‘inside’ the system Paper No. 0026
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through a provision for regional elements and local elements. The Galileo system architecture allows for regional Up-Link Stations to facilitate those improved services tailored to local applications in certain parts of the globe. Galileo has moved out of its development phase and into the In Orbit Validation (IOV) phase. The 4 satellites in the IOV constellation will be launched between 2008 and 2010. The first of the 30 satellites of the operational constellation will be launched around 2011 with full operational capability planned for 2013.



The services to be offered by Galileo are subject to change but the current plan is to offer 5 distinct services: • The Open Service offers the basic signals free-to-air to the public with performance similar to GPS and GLONASS. • The Safety of Life Service allows similar accuracy as the Open Service but with increased guarantees of service, including improved integrity monitoring to warn users of any problems. • The Public Regulated Service is aimed at public authorities providing civil protection and security (eg police), with encrypted access for users requiring a high level of performance and protection against interference or jamming. • The Search and Rescue Service is designed to enhance current space-based services (such as COSPAS/SARSAT) by improving the positional accuracy and response time to alerts from distress beacons. • The Commercial Service allows for tailored solutions for specific applications based on supplying better accuracy, improved service guarantees and higher data rates. China’s COMPASS China is building its own GNSS known as COMPASS. The system is also sometimes referred to as Beidou, the Chinese word for compass. Like GPS and GLONASS, COMPASS has been originally devised for military use, though there will be a civilian element. Some key aspects of COMPASS are: • The proposed constellation will have 35 satellites, 30 in medium earth orbit (30 MEOs) similar to GPS and 5 in geostationary orbits (5 GEOs). • COMPASS already has several satellites in geostationary orbit (GEOs). • The first medium earth orbit (MEO) COMPASS satellite was launched in April 2007. The MEO orbit is similar in configuration to GPS, GLONASS and Galileo. • The MEO satellite also represented the start of the IOV phase and also helped to secure China’s frequency filings in the ITU. • The COMPASS frequencies are: • B1 at 1561.098 MHz • B1-2 at 1589.742 MHz • B2 at 1207.14 MHz • B3 at 1268.52 MHz • The “B” designator comes from Beidou, the Chinese word for compass. By way of comparison, those frequencies are close to Galileo’s E2, E1, E5b and E6 respectively. • It is also planned that the satellites will carry retro-reflectors allowing use for Satellite Laser Ranging. • Two services are planned: the “Open Service” and the “Authorized Service”. • Coverage of China and neighbouring countries is planned during 2008. • No firm date has yet been announced for global coverage but it is reasonable to expect Full Operational Capability in approximately 5 years; similar to Galileo. Indian Regional Navigation Satellite System (IRNSS) India is developing the Indian Regional Navigation Satellite System (IRNSS). It is important to note that IRNSS is not planned to have global coverage. IRNSS is a constellation of three geostationary and four medium earth orbiting satellites, which India expects to be completed in 2011 to 2012. India is also developing the GAGAN augmentation system. GAGAN is scheduled for completion in 2009 and has been designed primarily for civil aviation over India, similar to WAAS over the USA and EGNOS over Europe. Paper No. 0026
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Like WAAS and EGNOS, GAGAN will be interoperable with GPS and provide greater reliability than GPS alone. Japanese Regional Advanced Navigation Satellite (JRANS) Japan is planning a regional navigation satellite system called the Japanese Regional Advanced Navigation Satellite (JRANS). The JRANS satellite signals are designed to be compatible with GPS signals. JRANS is not designed for global coverage but the orbital configuration is such that the satellites will also pass over parts of the Asia-Pacific region. That will effectively increase the number of satellites available to suitably equipped GPS users in the region. The intention is to deploy the JRANS concept in two stages. The first stage includes three satellites orbiting in a figure eight pattern called the Quasi-Zenith Satellite System (QZSS). The figure eight orbital pattern of the QZSS satellites is oriented north south, which means that they will also give coverage over Australia. The second stage adds a further three satellites into the QZSS configuration, and a complementary geostationary satellite. Australia Can “See” All Six Systems It is important to note that Australia will be one of the few countries on earth with the ability to receive signals from all of the six (four global and two regional) GNSS sub-systems. That puts Australia in a unique situation in terms of the provision of ground station infrastructure and for research and development. The Growing Importance of GNSS Precise Positioning for the Queensland Economy For the purposes of this paper, the term “precise positioning” is as defined earlier in this paper, that is positioning at better than 5 centimetres horizontally at 95% confidence. The greatest challenges to the implementation of GNSS and Spatial Information products and services are in regional and remote parts of Australia. In these areas, the agricultural, utilities, mining, tourism, transport, defence and environmental protection industries will all benefit from improved positioning services. A study recently commissioned by the Queensland Government and undertaken by Position One Consulting estimated the Australian market for precise positioning to be over $120 million per year and on the cusp of rapid growth. The Position One Consulting report gives examples from Queensland of the economic benefits that can accrue to various industries from precise positioning, including: • The mining industry reports productivity increases of as much as 30% by adopting GNSS technology. GNSS is used for a variety of tasks including surveying, grading, dozing, drilling and fleet management; • GNSS machine control in the form of auto-steer is widely used in the grain, cotton, sugar and horticultural sectors of Queensland agriculture. An estimated 15% of grain growers in Australia use GNSS for machine guidance and 9% for auto-steer. Using auto-steer for control traffic farming can reduce input costs of fuel, seed, fertilizer, herbicide and time by 10-20%; • In civil engineering, by using GNSS machine control and other innovative techniques the Port of Brisbane Motorway was completed six months ahead of schedule (30% reduction in time required), with a 10% reduction in total project costs, 10% reduction in traffic management costs and 40% reduction in lost time injuries; • By introducing GNSS pilotage systems and improved channel tolerances, 4 fewer buoys were required at the Hay Point Terminal with a cost saving for the Department of Transport of approximately A$4 Million; • In the spatial market, surveyors using the Department of Natural Resources and Water’s SunPOZ precise positioning service, report productivity improvements of 30-50% (Cislowski and Higgins, 2006); • Photogrammetric surveys in regional Queensland by Main Roads have been decreased from 4 months to 1 week through the use of GNSS; • Rail track survey costs for Queensland Rail have been reduced by 80% through the introduction of GNSS based automated track surveys, and; • The time taken for mapping and reporting fire fronts has been reduced from 6-7 hours to 1-2 hours by the Department of Emergency Services. Paper No. 0026
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Even with the promise of such significant benefits, widespread adoption is constrained by the lack of necessary infrastructure to deliver the precise positioning services. In this context it is important to note that there are basically three approaches to real-time precise positioning: • Single reference station approach; • Clustered reference station approach, and; • Networked reference station approach Higgins (2007) examines those different approaches in some detail, which will not be repeated here. For the purposes of this paper it is important to note that there has been a proliferation of local single station solutions as private systems to cover individual business operations. It is estimated for example that over 1000 cropping farms have purchased GNSS reference stations and private radio solutions over the last 5 years. The total expenditure has been approximately A$20M and this is expected to grow to A$40M over the next 5 years. Many of these private systems overlap with each other and provide no access to other users working nearby. By utilizing all available infrastructures (government and private) in a networked approach, a unified precise positioning service could be delivered to regional areas with less duplication of proprietary infrastructures and less need for additional investment. Such a networked reference station infrastructure would greatly improve performance and efficiency for existing users but more importantly it would enable accelerated take up across major sectors of the economy. The CRCSI Project on Precise Positioning in Regional Areas On July 1 2007, the Cooperative Research Centre for Spatial Information (CRCSI) commenced a new research project to investigate the issues associated with extending GNSS precise positioning services into regional areas. The project is divided into two parts, one part dealing with the business issues and the other part dealing with the technical issues. The business issues addressed in CRCSI Project 1.04 have been divided into three major tasks: • Task 1 User Market and Requirement Studies; • Task 2 Evaluation of Commercial Real Timer Kinematic (RTK) Network Solutions in Regional Areas; • Task 3 Business Model and Partnership Studies. The technical issues addressed in the project have also been divided into three major tasks: • Task 4 Network Architecture Studies; • Task 5 Communication Enablers; • Task 6 Development of Server-Based RTK Positioning Service Prototypes. Task 1 User Market and Requirement Studies At the time of writing, interviews with representatives from key user groups had been completed. A report on the user market and on user requirements has also been drafted. The draft report documents some very useful statistics on the size of the precise positioning market in the study area (Queensland and New South Wales). The study also found that the largest markets for precise positioning services are engineering construction and agriculture followed by mining and spatial data capture. An important finding in relation to precise positioning reference station infrastructure is that several interviewees expressed concern at the duplication which has occurred to date and the lack of interoperability offered by some of the current suppliers. The report also highlights some differences in requirements across different user groups, which will be useful in informing work in other parts of the CRCSI Project 1.04, especially research work examining how infrastructure and services might be tailored for different application areas. Task 2 Evaluation of Commercial RTK Network Solutions in Regional Areas This task will begin during the second half of 2008 in the form of a RTK test network of reference stations in a rural area of Queensland, ideally covering an area with agriculture and mining activity. Paper No. 0026
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Task 3 Business Model and Partnership Studies The purpose of this task in the project is to develop appropriate business models (including pricing) and partnership models for delivering various precise positioning services to users in regional areas; including new opportunities enabled by different architectures being developed in other tasks of the project. The main achievement to date under this task is the preparation of a paper to be published later this year (Higgins, 2008). A key feature of the paper is a proposed model to identify and discuss the roles played by organisations delivering precise positioning services. The paper specifically outlines how such a model might be applied to understand the differing organisational roles required for the development and operation of a unified GNSS reference station network for Australia. Task 4 Network Architecture Studies Task 4 is to develop the technical framework for examining various architectures for the precise positioning network, with particular emphasis on the problems of regional areas. In existing RTK positioning operations, the reference station or the network transmits corrections to users within the service coverage and the users’ receiver computes its 3D RTK position in real time. This requires users to be equipped with RTK software and user equipment that is quite sophisticated. This task will investigate how computing the rover’s position at a central server might enable a wider variety of services to be delivered to broader range of sophistication in the user equipment. In work to date some initial investigation has been done into of the concepts (Lim and Rizos, 2007) and most recently an overall framework for the research software platform has been developed. This Task in the project also address challenges, impacts and benefits of next generation GNSS such as GPSIII and Galileo. Progress to date on this activity has concentrated on algorithms for real time processing of precise positioning data once GNSS are broadcasting more than two carrier signals (Feng, Rizos and Higgins, 2007). Task 5 Communication Enablers A significant challenge for delivering precise positioning services in regional areas of Australia is the need for an appropriate communications infrastructure for both reference stations and the users’ rover receivers. This Task in the project will do a comprehensive analysis of the communications technologies and infrastructures available or proposed for regional areas. To date a draft report on the communication enablers has been developed and will be finalised during 2008. That will be following field tests of the most promising communications technologies using the test network mentioned earlier under Task 2. Other work in this task has also developed server-side and client-side Java applications to communicate corrections over the internet using the NTRIP protocol. This is required for the research software platform and will enable provision of flexible user-defined configurations for real-time applications. Task 6 Development of Server-Based RTK Positioning Service Prototypes A server-based RTK system consists of two major components: one is called RTK Network, which is a network-level software engine to generate all types of GNSS corrections using data from a regional network of reference stations and receivers. The second component is called RTK User, which can use the corrections and user data to produce precise positioning solutions in real time. While this work relies on the overall software platform architecture being developed in Task 4, some of the modules required are already under development for both RTK Network side and the RTK User side. Conclusion This paper has described a Global Navigation Satellite Systems system of systems for delivering position, navigation and timing services world-wide. It has outlined the latest developments with the USA’s GPS, Russia’s GLONASS, Europe’s Gaileo, China’s COMPASS, India’s IRNSS and Japan’s JRANS sub-systems. The paper also examined the implications for Queensland and concentrated on how high precision, high reliability positioning is moving from the spatial sciences into real time positioning of heavy machinery. The Paper No. 0026
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paper gave examples of how so-called "machine guidance" is revolutionising key rural industries for Queensland, such as agriculture and mining, by improving financial return and environmental sustainability. The paper concluded with a description of the achievements to date from a new research project in the Cooperative Research Centre for Spatial Information (CRCSI), which is investigating the business and technical issues associated with extending RTK positioning services into regional areas of Australia. That research project is making good progress on developing new approaches to the delivery of precise positioning services in places like rural Queensland, which is characterised by sparse user populations and low quality communications infrastructure. Acknowledgements Parts of this paper are based on the Proposal document to the CRCSI for the establishment of Project 1.04, which includes contributions by many participants in the project. The authors especially acknowledge contributions made by the project co-leader Yanming Feng (QUT), by Chris Rizos and Samsung Lim (UNSW), Graeme Kernich (CRCSI) and Rob Lorimer (Position One Consulting). The authors also acknowledge the Queensland Department of Natural Resources and Water for supporting their participation in the CRCSI. This paper has also benefited from discussions with Departmental colleagues (particularly Garry Cislowski, SunPOZ Manager) and with fellow members of the Geodesy Technical Sub-Committee of the Inter Governmental Committee on Surveying and Mapping. References Cislowski G. and Higgins M., (2006), SunPOZ: Enabling Centimetre Accuracy GNSS Applications in Queensland, Paper 100, Proceedings of IGNSS 2006 Symposium on GPS/GNSS, July, Gold Coast. Australia. Feng Y. Rizos C. and Higgins M.,(2007), Multiple Carrier Ambiguity Resolution and Performance Benefits for RTK and PPP Positioning Services in Regional Areas, Presented at ION GNSS 2007, 25-28 September 2007, Fort Worth, Texas, USA. Higgins M.,(2007), Delivering Precise Positioning Services in Regional Areas, Proceedings of IGNSS 2007 Symposium on GPS/GNSS, December, Sydney. Australia. Higgins M.,(2008), An Organisational Model for a Unified GNSS Reference Station Network for Australia, Submitted for publication in the Australian Journal of Spatial Science, Special Feature on GNSS, expected December 2008. Lim, S., & Rizos, C. (2007), A New Framework for Server-Based and Thin-Client Real-Time Kinematic Services, International Global Navigation Satellite Systems Society (IGNSS) Symposium 2007, Sydney, Australia, 4-6 December.
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