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ABSTRACT

The US Coast Guard is part of the team chartered by the Department of Transportation to implement the world’s largest ground-based Differential Global Positioning System (DGPS) service, Nationwide DGPS (NDGPS).  The NDGPS expansion effort, scheduled to have over 126 Broadcast Sites, is designed to provide double terrestrial DGPS coverage across the continental United States to meet most surface transportation navigation requirements.

Presently there are 80 remote transmitting sites broadcasting C/A code corrections to users in the United States.  These sites are a combination of the Maritime system (53 sites) and the Nationwide system (25 sites).  Initial implementation of the system provided DGPS coverage to harbors and harbor approaches in the U.S.  The Nationwide DGPS expansion continues with 4 new operational broadcast sites within the last 12 months increasing single terrestrial coverage to over 80% of the country.   Efforts are underway to improve the accuracy, availability, and reliability of this augmentation system.  The Nationwide Control Station, fielded in 2002, provides real-time monitoring and control of this extensive network.  
Implementation of the Nationwide DGPS system involves a highly collaborative inter-agency effort that minimizes cost and maximizes efficiency by facilitating a wide range of services provided by various state and federal government agencies.  These collaborative efforts mutually benefit participating agencies by sharing property, equipment and maintenance resources resulting in low-cost expansion of agency services to their respective user groups. 

This paper reviews the history of the Coast Guard’s Differential GPS program and how collaboration with state and federal partner agencies has resulted in significant expansion and improvement.  The paper discusses the current status of the NDGPS project, ongoing engineering initiatives and several exciting potential engineering initiatives to improve and increase capabilities.

The purpose of this paper is to propose new concepts and is not intended to reflect USCG direction or policy.  Use of company names, trademarks, or copywrited material is not an endorsement of any product or service.

INTRODUCTION
The Coast Guard Differential Global Positioning System (DGPS) service is a land-based augmentation system that receives and processes signals from orbiting Global Positioning System (GPS) satellites, calculates corrections from known positions and broadcasts these corrections via a Medium Frequency (MF) transmitter to DGPS users in the broadcast site’s coverage area [1].

As the DGPS concept was being developed in the late 1980’s, a variety of alternate methods to enhance the accuracy and integrity of GPS through augmentation were considered.  The driving requirements that guided development of the USCG DGPS service were  reutilization of  decommissioned radiobeacon sites installed throughout  the United States, availability of  radiobeacon  frequencies (285-325kHz) and  horizontal positional accuracy in harbor and harbor approaches of 10 meters or less in a Selective Availability (S/A) environment[2].   DGPS was engineered to broadcast applicable pseudorange corrections at 200 bits per second or less (due to legacy radiobeacon MF propagation restrictions) to reach the user receiver at a range to 450km.   These corrections are updated every six seconds [3] to counter the S/A dithering deliberately injected into the GPS signal.   The S/A dithering error was the greatest error to correct, dwarfing other errors such as atmospheric, multipath, algorithmic, and noise errors.  Correcting for  pseudorange errors allowed DGPS receivers to meet the 10 meter accuracy requirement for positioning aids to navigation (ATON) and for the 8-20 meter accuracy requirement for harbor and harbor approach (H/HA)[2]. 

On 2 May 2000, in accordance with a Presidential Decision [4], S/A was set to zero.  With GPS unencumbered by S/A, GPS receiver accuracy achieved dramatic improvements.  DGPS receivers also benefited by the removal of S/A by using algorithms to correct remaining GPS errors, achieving accuracies of 1-3 meters [2].   Coupled with the legacy integrity requirement of 6 second time to alarm (a report to the user of an unhealthy condition), this level of accuracy cements the USCG DGPS system as a vital radionavigation tool for both terrestrial and maritime users.

In the post-S/A GPS environment, potential for significant accuracy improvement has emerged.   S/A is no longer the most significant error source to correct.  Error sources that previously had a minimal contribution to the entire DGPS error budget are now more significant.   New technologies and techniques, as well as older ideas explored before S/A was activated, are now attractive considerations for research to determine the feasibility of enhancements to the present infrastructure without impacting legacy system requirements [5]. 

Atmospheric errors from the effects of the ionosphere, as well as the wet and dry portions of the troposphere, are now the largest contributor of error to the GPS signal.  While DGPS pseudorange corrections effectively correct for these at the DGPS reference location, spatial decorrelation degrades these corrections in proportion to distance from the reference station.   Modeling techniques using real time monitoring show significant potential to achieve sub-meter accuracies by supplementing the pseudorange corrections with improved atmospheric models [6].    

Real Time Kinematic (RTK) techniques applied to this 200 baud system may not provide the accuracies of a traditional RTK application, but may show merit in achieving decimeter level accuracies at a limited range from the DGPS broadcast location.

Other errors may be corrected with a variety of potential techniques.  Errors from multipath and receiver noise may be improved through new correction algorithms, alternate antenna designs, and improved antenna positioning techniques.  The update rate for legacy RTCM type 9[5] pseudorange correction messages, used by the USCG may be reduced to allow for other message types to accomplish these new techniques without impact to the existing accuracy and integrity requirements.

 The United States Nationwide DGPS (NDGPS) system is in the process of constructing a nationwide network of DGPS broadcast sites to provide dual terrestrial coverage in the continental US.  Spatial decorrelation effects could be minimized by the utilization of these multiple reference stations.   New generation DGPS MF receivers may take advantage of this dense network to compare the signals of multiple broadcast sites to enhance positional accuracy.   Data from multiple locations can be transferred to other locations to rebroadcast or be combined at a central location and the result rebroadcast [7].  The USCG has recently completed an extensive Nationwide Control Station (NCS) monitoring system capable of performing such tasks through an extensive Frame Relay (FR) Wide Area Network (WAN) connecting each of the USCG DGPS broadcast sites.

Increasing the quality of the legacy NDGPS system may also be achieved through increased broadcast site density.    Once complete dual terrestrial coverage is achieved, signal availability increases from the single site availability of 99.7% to at least 99.9% availability with two or more signals available at any location in the continental US.  Sharing corrections with adjacent sites may allow users who are between sites to find the optimal mix of satellite corrections.

Partnerships with other radionavigation systems may be realized in the DGPS broadcast.   The US Wide Area Augmentation System (WAAS) geosynchronous satellites could feasibly be utilized to provide an additional pseudorange to be used in the reference station position solution enhancing the quality of the DGPS correction.   Broadcasting local corrections for the LORAN signal at DGPS stations could allow for enhanced accuracy of LORAN to meet H/HA requirements during GPS outages. 

Traditional users of the NDGPS system will continue to benefit from the legacy accuracy/integrity specifications of DGPS corrections while new users may gain the benefit of additional messages broadcasts.     Maritime users may achieve the necessary vertical accuracy to effectively monitor under-keel clearances in dredged waterways.   Intelligent transportation systems, positive train control and the marine dredging community may achieve sub-meter accuracies that would enhance performance of each mission and meet requirements previously unachievable in a nationwide navigation system.

These potential enhancements, coupled with engineering initiatives already proceeding within the US NDGPS network are explored in this paper to suggest possibilities and incite further investigation into each of these concepts.    

HISTORY OF NDGPS

In February 1997, the US Coast Guard Maritime DGPS system of 54 remote broadcast sites entered Initial Operational Capability (IOC).  The primary purpose of this DGPS network has been to provide position accuracy and signal integrity to meet vessel navigation requirements on inland rivers, harbors and harbor approach areas up to 20 nautical miles offshore of the continental US, Puerto Rico and selected portions of Alaska and Hawaii [2].

In 1996, the President assigned DOT as the responsible agency for all civilian GPS matters and to implement a national GPS augmentation system for terrestrial transportation [3].  The DGPS Executive Steering Group and Policy and Implementation Team (PIT) formed in 1997 to develop a nationwide differential GPS strategy.  After review of numerous options, it was decided to convert unused US Air Force Ground Wave Emergency Network (GWEN) sites into DGPS broadcast sites.  

NDGPS is required to provide dual coverage throughout the continental US and the transportation corridor in Alaska.  The rest of Alaska, Hawaii and Puerto Rico may have single coverage.  Each broadcast site is required to have automated integrity monitoring which provides the user an indication if either a GPS satellite or the DGPS reference station is out of tolerance.  

When the required coverage is met, DGPS users in the United States will enjoy signal availability of better than the required 99.9% (availability represents the percentage of time the DGPS signal is usable).  The USCG DGPS system provides users with broadcast messages as defined by the Radio Technical Commission for Maritime Services (RTCM) [8] and utilizes Reference Station Integrity Monitor (RSIM) [9] messages for intra-system communication.

Even as the Nationwide system began implementation, the Maritime system achieved full operational capability (FOC) on 15 March 1999.  The Maritime system uses two (2) Ashtech Reference Stations to calculate differential corrections and two (2) Trimble Integrity Monitors to meet monitor/integrity requirements. A Southern Avionics transmitter is used to amplify the reference station correction through MF antennas at the authorized maritime radiobeacon band of 285-325 kHz.  The unmanned broadcast sites are monitored continuously by one of two Control Stations over a WAN.  The USCG has nearly completed conversion of the WAN from X.25 protocol to frame relay. Each Control Station is capable of controlling all of the broadcast sites if there is a major failure of the other control station.

In 1999, the USAF transferred 50 GWEN sites and all GWEN spare parts to the USCG.  A major component of the NDGPS implementation plan, reuse of USAF GWEN facilities as DGPS Broadcast Sites significantly reduced the cost of implementing NDGPS coverage and saved the USAF extraneous decommissioning costs.  

At the end of September 2002, the expanded NDGPS project includes a total of 78 Maritime and Nationwide sites.   Recent additions to the ever growing list of operational sites include the conversion of the Medora, ND USAF GWEN site to an operational DGPS site, the construction of the Pahoa, HI Maritime DGPS site, and the relocation of the Galveston, TX site inland to Angleton, TX.  The NDGPS project continues into FY 2003 with aggressive plans to convert USAF GWEN facilities in Hackleburg, AL, Lincoln, CA, Bakersfield, CA, Austin, NV and Kensington, SC to operational NDGPS sites.   Signal coverage from the Lincoln and Kensington broadcast sites will be sufficient enough to allow deactivation of the Point Blunt, CA and Charleston, SC Maritime DGPS sites, respectively. These sites are presently operating on inefficient legacy radiobeacon antennas adjacent to historical lighthouses that will not allow the increase in antenna size needed to provide sufficient double terrestrial DGPS signal coverage in the region.   Several US Army Corps of Engineer and USCG DGPS sites will also be relocated to nearby GWEN facilities within the next several years for the same reason.   Figure 1 shows the NDGPS planned expansion with the remaining USAF GWEN sites and the proposed locations for sites requiring new construction.
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Figure 1

Figure 2 shows the estimated coverage for installed NDGPS sites as of September 2002.  Single coverage regions (gray areas) and regions where more than one signal is available (yellow areas) were identified using Millington’s method for determining ground wave signal strength.
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Figure 2 – Courtesy USCG NAVCEN

PRESENT NDGPS INITIATIVES

Nationwide Control System

Installation of the Nationwide DGPS Control Station (NCS) was completed in October 2002 at the USCG Navigation Center where 78 operational sites and five engineering/mockup sites are monitored/controlled by Coast Guard watchstanders.  With the capability to simultaneously monitor and control at least 200 DGPS broadcast sites, the deployment of NCS culminates a 4-year $2.1M development effort at USCG Command and Control Engineering Center (C2CEN).  In addition to porting all functionality of the previous Control Station system, NCS also includes site and system availability analysis and failure tracking reporting.  Engineered to be WAN independent, NCS has already demonstrated its versatility as USCG nears completion of NDGPS transition from an X.25 WAN to a Frame Relay WAN.  

NCS implements client-server architecture designed to minimize and eliminate single points of failure while providing fault tolerant data-storage.  The Server platform is comprised of dual Dell 6450 Power Edge 4-processor computers, each having a 12-drive array of 18-GB disk drives. Redundant power supplies and processors within each server, redundant SCSI buses, controllers and cables and Redundant Array of Inexpensive Disks (RAID) complete the Server suite. Server applications perform system monitoring including all network communications and data storage.  

Client workstations are dual-processor Dell Precision Workstation 530’s.  Client applications perform control and reporting functions, display system status and provide watchstanders an intuitive interface to respond to alarm conditions.  Watchstanders have the ability to modify site parameters and disable/enable remote site operation as circumstances warrant.  

True-Time NTS-200 Network Time Server captures UTC time and synchronizes clocks on all client and server computers.  

Redundant Cisco 3640 routers and a 2924XL switch provide network connectivity.

NCS is installed at two operational sites, USCG Navigation Center in Alexandria, Virginia, and USCG Navigation Center Detachment in Petaluma, California.  C2CEN also maintains engineering and support baselines at its Portsmouth, Virginia location.  Each suite has the capability to monitor and control the entire system.
Wide Area Network Transition

Transition of the NDGPS WAN from an X.25 Packet Switching Network to MCI WorldCom’s (WCOM) Frame Relay (FR) is nearing completion. All but 9 sites were completed by end of calendar year 2002 and USCG expects the remaining sites to be completed by the end of February 2003. The communication circuit for each broadcast site has been upgraded from a 9.6 Kbps X.25 data circuit to a 56-64 Kbps Frame Relay data circuit.  Each Control Station has redundant T-1 circuits to provide monitor/control capability of all remote broadcast sites.   

 The transition process included extensive coordination between operators at each Navigation Center, support personnel and engineers at C2CEN, CG field support units throughout CONUS, Alaska, Hawaii and Puerto Rico, Nationwide DGPS maintenance contractors, Local Exchange Carriers (LECs) and WCOM service engineers.  

In addition to RSIM message exchange between the broadcast sites and the Nationwide Control Stations, the WAN also provides connectivity between   reference station data ports at each Coast Guard NDGPS broadcast site and the National Geodetic Survey (NGS) Continuous Operating Reference Station (CORS) network.   This interface provides raw GPS observables to a central NGS facility at Silver Spring, Maryland.  This same circuit is also used to collect meteorological and GPS data that is analyzed and used in weather forecasting and climate monitoring via the GPS Surface Observing System (GSOS).  Currently, 56 NDGPS sites provide data to CORS and GSOS. 

The greatest challenge of the transition has been configuration of sites in Alaska including remote locations in Prince William Sound (Cape Hinchenbrook, Level Island and Potato Point) that depend on a microwave link between the FR cloud and the remote site.  The X.25 configuration provided the capability to install the Data Service Unit (DSU) at the broadcast site hut since the circuit and the microwave link were both 9.6 Kbps.  FR, on the other hand, has a minimum bandwidth of 56 Kbps, requiring a custom configuration for these sites.  C2CEN, WCOM and Global Communications, Inc. (GCI) engineers collaborated to design the solution where the DSU is installed at the microwave link facility and utilizes a modem to: 1) step-down the circuit from 56Kpbs to 9.6 Kbps and 2) provide connectivity for data transmission/reception over the microwave link.  A complement modem is interfaced to the link inside the site hut and connected to the NDGPS router, which in turn is connected to the GPS receivers and MF broadcast equipment.  This solution was successfully implemented at all 3 locations.

Frame Relay is a packet-switched network that enables end stations to dynamically share the network medium and available bandwidth.  Variable-length packets are used for efficient and flexible transfers.  Packets then are switched between various network segments until the destination is reached.  

Statistical multiplexing techniques manage   network access, increasing flexibility and more efficient use of bandwidth.  Frame Relay reduces overhead by eliminating dynamic error checking and correction, since it typically operates over WAN facilities offering highly reliable connection services and high degrees of reliability.
Frame Relay is strictly a Layer 2 protocol suite, enabling high performance, transmission efficiency and effortless WAN/LAN interconnection.  

High Accuracy Nationwide DGPS (HANDGPS)


 The Coast Guard has joined in an effort with the Federal Highway Administration and other government bodies to engineer and deliver centimeter-enabling GPS base station data to a broad range of users by means of a low-cost enhancement to existing and planned NDGPS beacons [10].  The prototype system utilizes a reference station data link that transmits compacted data at 455 kHz. This link is robust enough to transmit sufficient data to users so they can produce cm level float and integer solutions at repetition rates as low as one second.  The HANDGPS concept is in a prototype phase at the NDGPS site in Hagerstown, MD.  Initial testing has been extremely promising, achieving excellent data link performance out to 45 km and acceptable performance out to 245 km [10].  During testing, decimeter level accuracy was achieved in several minutes, centimeter level accuracy results were achieved in an hour, and sub-centimeter results were achieved in several hours [10].  These results were comparable to what would be expected in a post mission processing application.  The message format includes a number of enhancements including the ability to compact a full suite of dual code and carrier measurements into less than 1000 data bits to be transmitted to users [10].  The primary advantages of HANDGPS position solutions are:

1) The process virtually eliminates most components of the error budget.

2) The position solutions are not significantly impacted by spatial de-correlation.  

With the HANDGPS system it is conceivable that the user would be able to reliably achieve 10-30 cm accuracy on the fringe of a typical beacon site’s coverage area.
POTENTIAL NDGPS ENHANCEMENTS

As each of the segments that make up the standard positioning system continue to improve and access to additional codes become available to the civil user on L2 and L5, the future usefulness of GPS augmentation systems may hinge on their ability to provide superior integrity and accuracy to the user. The Coast Guard has initiated several efforts to identify ways of improving the system's positioning accuracy.  Following are areas being considered by the Coast Guard for future enhancements.

Low Baud RTK
The United States Coast Guard C2CEN is exploring potential benefits offered by a low baud rate, high accuracy message format that may allow users to reliably enjoy increased positioning accuracy when using the Coast Guard’s NDGPS beacon network.  The fundamental goal of this approach to increase NDGPS system accuracy is to provide superior positioning data to users while working primarily within the constraints of the existing NDGPS system architecture.  Options include a streamlined or “condensed” message format based on RTCM SC-104 version 3.0 currently under development[11] or a “compacted” data format encapsulated inside an RTCM message that would be encoded and decoded by a third party engine[10].

Using this approach is smart government since it provides differential signals to legacy system users, while at the same time offering increased NDGPS system accuracy to users that may not have benefited from 10-meter accuracy.  In addition, working within the current system architecture translates to a minimal increase in recapitalization costs, a minimal increase in support and training costs, and a minimal increase in system complexity – exemplifying stewardship of taxpayer dollars.  The user will be able to use a relatively low-cost receiver with minimal modifications since the RF front end will accommodate both new and legacy messages.
The current 283 KHz to 325 KHz, 200 baud signal specification would remain unchanged allowing for continued use of the Coast Guard single medium frequency beacon transmitter, coupler and antenna differential broadcast system [11].  The existing DGPS reference stations could be configured to generate RTCM message formats 18 and 19.  These messages provide users with the raw observables that include uncorrected pseudorange and carrier phase data.  This information would be used by the user’s receiver to produce GPS position fixes that could potentially offer accuracies as low as 10cm to 30cm.  A complete set of correction information for the purpose of double differencing would ideally be available to the user every 90 seconds.  RTCM messages required to implement this approach currently exist in the standard and are readily available for use by manufacturers.

Two major limitations exist concerning this concept:

1) Passing GPS observables over the existing NDGPS 200 baud DGPS data link for integer ambiguity resolution on all but extremely short baselines is extremely difficult due throughput limitations[12][13].  Time constants would be long, suggesting that a user's receiver may need to remain on station and not moved for up to 30 minutes to reliably resolve carrier phase ambiguities.  After resolution, movement of the rover antenna would be acceptable.  As a possible mitigation for the long delay between double differenced position solutions, the user’s receiver could possibly be designed to locally generate a high quality differential solution.  This local differential solution could then be used to produce highly accurate position solutions until the next double differenced position solution becomes available.  The differential portion of the user’s receiver would likely be capable of producing 1-second solutions while the receiver is in motion using this local algorithm.

2) As currently defined, the RTCM 18 and 19 messages used to drive low baud RTK would be lengthy making them vulnerable to the lightning strike problem that previously plagued the RTCM Type 1 differential correction messages.  The problem was severe enough that the Coast Guard was forced to employ the much shorter RTCM 9-3 differential message format for correction delivery.  Format of the RTCM Type 18 and 19 messages may require restructuring [8].

NOAA Atmospheric Correction
The National Oceanographic and Atmospheric Administration (NOAA) has approached the Coast Guard with a proposal to develop an extremely high quality atmospheric correction that leverages weather data collected at NDGPS sites and sent to NOAA’s Forecast Systems Laboratory in Boulder, CO for use in predictions models[14].  NOAA proposes to extract highly localized, but extremely accurate atmospheric corrections from their prediction models.  These atmospheric corrections will improve on existing dual frequency ionospheric data collected by traditional CG Reference Stations by incorporating wet and dry tropospheric data collected by NOAA’s weather monitoring equipment currently deployed on all NDGPS sites nationwide [14].  In addition, NOAA’s weather model will interpolate a tropospheric weather predication quality factor into the atmospheric corrections that will retard degradation of their usefulness for up to 30 minutes.  Potentially, NOAA’s extremely high quality atmospheric corrections may be able to produce positions with accuracy that may approach 10cm at the center of coverage and potentially de-correlate to less than 30cm accuracy at the fringe of beacon coverage (450km).
The primary advantage of this type of system over a low baud rate carrier phase RTK positioning approach is that accuracy is not dependent upon the very difficult process of integer ambiguity resolution to achieve the higher accuracies for the user. Additionally, it will operate seamlessly with the legacy NDGPS differential corrections having no discernable impact on current system users.  It requires minimal increase in recapitalization costs, minimal increases in support and training costs, and little increase in system complexity.  Sites will continue to operate as traditional Coast Guard DGPS broadcast sites, while offering higher accuracy to users able to process the additional correction information.
The network will send unprocessed data back to NOAA’s Forecast Systems Laboratory in Boulder, CO for assimilation into NOAA’s global weather predictions models1[14].  A software application will be developed to extract the highly accurate atmospheric correction predictions and transmit them back to the NDGPS over the existing frame relay based Wide Area Network.  These corrections could be valid for up to 30 minutes when used to produce positions that are corrected to less than 30cm 2 DRMS error.  The NOAA atmospheric corrections are unique and an ideal application for the NDGPS beacon system, because they include the highly dynamic wet component of the atmosphere that is impossible to predict on a nationwide scale and must be managed for a localized coverage area [15].  As the atmospheric corrections are generated, they will be tagged with a correction quality indicator to convey a level of confidence in the prediction based on the NOAA’s assessment of the quality of raw data from the site and current stability of the weather systems impacting it.  The RTCM version 2.3 standard requires a minor modification of only one field to accommodate this scheme of operation.  The existing RTCM type 15 messages will require the addition of two data bits in order to pass the quality indicator to the user’s receiver [8].

Another application of the highly accurate Atmospheric correction may be to use them as an aide to carrier-phase ambiguity resolution on base lines over 100km.  Real-time Kinematic position solutions may be achievable with the availability of an extremely high quality atmospheric correction for use by the user’s receiver [15].
Limitations are minor.

1) There are no accommodations for currently fielded CG reference stations to accept and utilize an external input when formatting an RTCM 15 for transmission.  This may be addressed by installing an external RTCM message formatter/modulator that would be capable of receiving data from several different sources, buffering it, then modulating it for transmission over the datalink.  Such a device may eventually make it also possible to transmit data in support of other systems such as enhanced LORAN.  Subject to hardware limitations, development of a firmware patch that allows for external RTCM 15 data to be accepted by the RS and formatted for transmission may be another potential solution [8].

2) Currently NOAA weather data passes in one direction (simplex) from the site.  A network path to allow input to a message formatter/modulator located at the radiobeacon site will be required.

3) Atmospheric prediction quality may be adversely impacted by highly dynamic weather systems.  The quality indicator will mitigate this potential limitation.


Dual Beacon Receivers / Enhanced Almanac
At the request of the International Association of Marine Aids to Navigation and Lighthouse Authorities (IALA), RTCM SC-104 is currently developing an RTCM Type 27 message.  The RTCM 27 is an enhanced beacon almanac message that contains enough information to enable a user’s receiver to intelligently choose from which available beacon it will accept differential corrections.  The RTCM 27 concept has been embraced by DGPS receiver manufacturers and expanded [17].  It is expected that most receiver implementations will include a dual frequency MSK receiver that is capable of “sniffing” for the next best available site on a continuous basis in the event of signal interruption or as the user travels from one beacon’s coverage area to the next.

Sky wave is a significant problem for DGPS receivers, particularly at night when the ionosphere is extremely effective at reflecting medium frequency MF sky wave back to earth[16][18].  The MF sky wave problem manifests itself in areas where the MF ground wave from the intended “closest” beacon site may be diminished or masked by terrain.  In this case, the nearest beacon transmitter, particularly at night, will not be the strongest signal the user receives.  It is entirely possible and even likely that another beacon site operating many hundreds of miles away may provide the strongest signal available. Since DGPS differential corrections de-correlate at a rate of approximately 1 meter per 150 kilometers distance from the CG reference station, receiving corrections from a beacon site 1000 to 2000 kilometers away is unacceptable based on positioning requirements in harbor / harbor approach environment as mandated by Federal Radionavigation Systems (FRS).
The RTCM type 27, enhanced almanac message, under development by RTCM SC-104 will be updateable by the service provider and utilized by the user’s receiver to update the receiver’s internal almanac table.  Use of the information contained in the RTCM 27 will enable the user’s receiver to reliably identify the nearest beacon site by frequency, signal specification and location, rather than simply by locking onto the strongest available signal[8][17][18].  This enhanced mode of operation is expected to virtually eliminate the current sky wave interference problem.  

An extension of the above concept would apply in coverage areas served by two or more sites where users may benefit from using corrections received from several nearby CG NDGPS broadcast sites to generate DGPS corrected position solutions.  This feature would be particularly useful to users at the fringe of the NDGPS broadcast range who find that the constellation is partially masked in the direction of the original beacon site they were tracking and are unable to see the required minimum of four satellites that the beacon site is correcting.  Being able to see and obtain at least one or two satellites and their corrections from adjacent broadcast site(s) will result in a significantly more robust system.  In addition, development of dual frequency beacon receivers may allow service providers, such as the Coast Guard, to pass additional data from an adjacent site to the user’s receiver, effectively doubling the capacity of the data link.  This may aid service providers in implementing data formats that increase positioning accuracy and availability [17].

No significant limitations have been identified.  RTCM type 27 compatible dual frequency DGPS receivers are a solid step forward for this technology.

Network Synergy
C2CEN is investigating the potential improvement in NDGPS system robustness gained by “sharing” correction information between adjacent sites.  As the continental grid of beacon transmitters begins to fill and dual coverage becomes the norm, it is apparent that offering correction data generated by adjacent sites has the potential to allow users to significantly mitigate local masking issues and temporary beacon signal loss periods.  It is a way of ensuring that the user will always be able to obtain an adequate number of corrections to produce a DGPS corrected position solution.

A limitation of the current NDGPS system architecture is that each beacon site operates independently from other broadcast sites [1].  Integrity monitoring is accomplished in a real time loop at the beacon site with immediate Coast Guard watchstander notification as problems arise.  The system is extremely robust inside a beacon’s coverage area -- that is assuming the user’s receiver and the CG reference station both see the same constellation.  DGPS corrected position fixes require that the user and the beacon site observe at least four of the same satellites.  If the Coast Guard leverages its data network by centrally gathering and “sharing” correction information between adjacent beacon sites, the system will be much more resistant to the type of service interruptions a user may experience due to local terrain masking or loss of a particular beacon signal. Maximum user benefit requires that the user have a dual frequency receiver capable of harvesting correction data from more than one MF beacon at a time.  Once the NDGPS system has established the ability to distribute correction data from a central location, the Coast Guard will potentially be able to participate with other service providers in distribution of their system’s correction data.  Two such initiatives currently being explored in this regard are:

1) The potential of using NDGPS beacon sites for delivery of Addition Secondary Factor (ASF) information required for successful operation of Enhanced LORAN currently being developed as a redundant system to GPS.

2) The likely benefits of co-locating reference stations and possibly distributing the WAAS correction message over DGPS beacon sites in Alaska where the northern latitudes do not have unobstructed or optimal sky view of INMARSAT satellites currently used to distribute WAAS corrections.

The recent transition of the NDGPS system’s communication backbone to a frame relay architecture has a collateral benefit of increasing bandwidth of the networks that link the Nationwide Control Station to each site from 9.6Kbps to 64Kbps.  A two-way RSIM message will need to be developed to allow transmission of the differential correction data back to the control station where it will be compiled for a specific site and returned to the beacon for transmission.  The integrity of the corrections will continue to be managed locally on the beacon site at which the corrections are generated.  A logical extension of correction sharing and central processing is interpolation to mitigate spatial de-correlation along baselines between adjacent sites.  Eventually the user equipment may become unaware of which Reference Station actually generated the correction for a specific satellite’s pseudorange, but will have the benefit of being able to correct all satellites in view as the rover receiver moves from one beacon site to the next with minimal decorrelation.

Potential limitations include:

1) Network latency may be an issue in meeting the NDGPS system’s time-to-alarm requirement.

2) There is no provision in the RTCM SC-104 standard for transmitting correction data to a central location and then receiving a network type correction back for transmission.  This will require development.

3) There are no accommodations for the currently fielded CG reference stations to accept an external input when formatting RTCM 9-3s for transmission.  This may be addressed by employing an external modulator.  A firmware patch may be another potential solution.

Receiver Enhancements

The Coast Guard plans to determine whether compromises made during initial NDGPS system design to mitigate the impact of Selective Availability (S/A) can be revisited now that we live in a post-S/A environment to produce higher quality differential corrections [19].  During the project, the added benefit afforded to DGPS users by having a differential correction available that will allow the WAAS pseudorange to be used in DGPS position solutions will be evaluated and quantified.  

Cursory inquiry into the satellite tracking algorithms developed by the Coast Guard Research and Development Center in New London, Connecticut reveal that DGPS reference stations and integrity monitors evolved through development stages that included moderate levels of algorithm dampening intended to help mitigate the impact of selective availability on the GPS receivers.  C2CEN will revisit this engineering effort in an attempt to determine if higher quality differential corrections are now possible in the post-S/A environment.  As the Coast Guard attempts improvements to NDGPS system performance, it will eventually reach a decision point requiring commitment to providing observables to users that drive a double differenced RTK style solution or committing resources to an intensified effort that will continue to refine the differential C/A code correction methods.  

As an extension of this project, C2CEN intends to explore the possibility of providing differential corrections for the WAAS pseudo-range. The implications of being able to offer correction data for the WAAS satellite are intriguing. The geosynchronous nature of its orbit translates to DGPS radiobeacon sites and system users nearly always having at least one and in a few cases two additional satellites in view over and above what the system and users typically see now.  The vast majority of HDOP alarm events, which are monitored and tracked by the NDGPS system, are a result of losing a geometrically critical satellite during space-based equipment casualties and/or scheduled satellite maintenance.  Having a geosynchronous, DGPS corrected satellite continuously directly over the United States should significantly mitigate the impact of these events on DGPS system operation and will almost certainly result in more robust user receiver performance.
C2CEN is in the process of obtaining the original system engineering research information from the Coast Guard Research and Development Center and hopes to re-establish their test.  C2CEN’s stated goal is to analyze any compromises made in receiver tracking loops and algorithms in an attempt to determine if present day DGPS system operation in the post-S/A environment lends itself to generating significantly higher accuracy differential corrections.
Conclusion

DGPS is a stable, robust augmentation system capable of correcting the GPS position to within 1 to 3 meters of true position.  Cooperation with other agencies has allowed this system to expand and improve bringing the Nationwide System ever closer to the goal of double terrestrial coverage in the United States and the accompanying 99.9% signal availability.  Improvements such as the WAN transition from X.25 to Frame Relay and the implementation of the new Nationwide Control Station have opened the doors to consideration of several engineering possibilities that could bring DGPS to decimeter level accuracy.  Providing this level of accuracy would attract whole new groups of users that require greater precision, as well as offering better service for the current users. 
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