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1 INTRODUCTION 

 

With the emergence of the Global Positioning System (GPS) Real-Time Kinematic (RTK) 

technology in the early 1990s, the use of GPS-RTK has become vital in various applications which 

require highly accurate positioning in real-time. However, the performance and accuracy of the 

traditional GPS-RTK are limited due to the distance between a reference station (also called base 

station or CORS), and a roving receiver (user device). The accuracy and reliability of the 

measurements degrade with the increase in baseline length (i.e., base-to-rover distance) due to 

distance-dependent errors such as ionospheric refraction, tropospheric refraction, and to some 

level, orbit errors. To achieve reliable and accurate results, specifically centimeter-level accuracy 

in positioning, from the GPS-RTK technique, it is required that the roving receiver (rover) is 

located within the restricted range (typically in the order of 10 km) of the reference station (1). To 

overcome the limitation of the baseline length of the traditional GPS-RTK technique and due to 

advancement in GNSS technology, GNSS Real-Time Network (RTN) concepts were introduced 

in the mid-1990s (2). GNSS-RTN is a satellite-based positioning system using a network of ground 

receivers (also called base stations, reference stations, or CORS). The network of reference stations 

extenuates and alleviates the spatially correlated atmospheric and satellite orbit biases (3) and 

improves the precision of geospatial positioning through real-time corrections sent from a central 

processing center to a rover. GNSS-RTN has been increasingly used in the U.S. and around the 

world for many benefits and applications where high-precision geospatial location data is needed. 

A GNSS-RTN benefits multiple public and private entities that utilize GPS survey and GIS 

mapping services. Geographic information system (GIS) mapping, survey-grade applications, 

precision agriculture, emergency management, construction engineering projects, infrastructure 

asset management, environmental studies, municipal infrastructure, and navigation are only some 

of the important applications of the GNSS-RTN system. As the accuracy and precision of 

positioning data continue to enhance with developments in technology and such data or services 

become more accessible to the users, more applications can utilize the positioning data that these 

methods and systems can produce. Geographical data are not only used in measuring ground 

distances and mapping topography (4), but they have become vital in various fields such as safety 

and sustainability with uses including structural health monitoring, natural disaster management 

and prevention (5), and precise localization and accurate navigation of autonomous vehicles (6). 
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These innovative and diverse applications drive the technological advancement towards precise 

and accurate measurements that the RTN system would produce. 

This report presents the results of the literature review project task which aims at screening the 

state of knowledge regarding the GNSS-RTN technology nationally and internationally. The report 

discusses various aspects regarding GNSS-RTN systems such as technology, technological 

improvements, applications, business models for implementation and operations, and system 

design. Those aspects are discussed in the following sections of this report.   

 

 

2 TECHNOLOGY 

 

With the evolution of technology and advancement in satellite systems, the use of GNSS-RTN 

technology for the correction of positioning data has developed into commercially viable systems 

available today. The advent of GNSS-RTN made it possible to achieve highly accurate positioning 

over a distance of 70-100 km (7) (reference station spacing should generally not exceed 70-100 

km) from the base station.  

Continuously operating reference stations (CORS) were long used as a source of differential GPS 

(DGPS) and RTK corrections, mainly for surveying and mapping applications. New applications 

for these reference stations have recently emerged; Utah’s TurnGPS and the North Carolina 

Geodetic Survey have considered CORS as a source for weather monitoring, while Japan and 

Washington have used CORS to study plate tectonics and provide early warning of earthquakes 

(8).  

Schrock acknowledged that, although the RTN technology was reasonably new, it had already had 

a significant impact on many fields and showed a tremendous increase in popularity. In the U.S., 

there were 18 systems at the beginning of 2005 and 40 in 2006 (9). RTN is a satellite-based 

positioning system that uses ground sensors such as CORS to improve the precision of corrections. 

One of the most significant issues with satellite-based positioning systems is calibration. Without 

ground sensors, signal ambiguities can sometimes deny satellite-based positioning systems a 

precise measurement. Ground sensors provide more reference stations to the system, allowing the 

system to overcome the ambiguities and generate corrections in real-time for any location and 

provide higher precision. The utilization of ground sensors will enable systems to have a range of 
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1 to 5 centimeters in accuracy, compared to a range of 1 to 10 meters when sensors are not utilized 

(9). 

The US Department of the Interior Bureau of Reclamation provided an overview of how data flows 

in an RTN (10). Data starts flowing when the rover connects to a virtual reference network (VRN) 

and sends a National Marine Electronics Association (NMEA) GGA string to a centralized server. 

The string has information about the location of the rover and the accuracy of the data being sent. 

The server uses nearby reference stations to compute corrections to send back to the rover. Finally, 

the rover receives the corrections and uses them in real-time as shown in Figure 1. The benefits 

and limitations of an RTN system were also discussed. Benefits included eliminating the need to 

establish a base station, integrity self-checking by the RTN, and a common reference coordinate 

system. Limitations included the high cost to establish and maintain such a system and accuracy 

being limited by the quality of the cellular phone connection (10). 

Rydlund and Densmore discussed the use of Global Navigation Satellite Systems (GNSS) 

technology by the U.S. Geological Survey in applications such as monitoring natural hazards, 

ensuring geospatial control for climate and land-use change, and gathering information necessary 

for investigative studies on water, the environment, energy, and ecosystems (11). The GNSS 

technology essentially provides three-dimensional positioning as a function of the North American 

Datum of 1983 ellipsoid. A GNSS survey is approachable in two different ways: post-processed 

positioning for static observations or real-time corrections. Field equipment can consist of one or 

multiple receivers that create a network. In the post-processed approach, the data is processed 

through the Online Positioning User Service (OPUS) – a universally accepted utility maintained 

by the National Geodetic Survey (NGS). The real-time approach can be described as a roving 

receiver augmented by a single-base station receiver, or a single-base real-time (RT) survey. The 

real-time network (RTN) method is more efficient: CORSs are used instead of a single-base 

receiver (11).  
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Figure 1. Data Flow in RTN and Configuration of a VRN  
Note: Image courtesy of Trimble 
 

Henning discussed reasons to use network RTK (N-RTK) (12). Reasons included not needing 

reconnaissance and recovery of passive control, no time lost setting up and breaking down a base 

station, reduced labor cost, regional inter-GIS compatibility, continual accuracy and integrity 

monitoring, and no distance correlated error. A description of NGS’s role in supporting network 

RTK is also presented, such as providing real-time uncorrected data streams (a process for 

officially recognizing RTNs as being compliant with the National Spatial Reference System 

(NSRS) within 2 centimeters horizontal and 4 centimeters vertical) and assessing site conditions 

for current or potential station sites to ensure optimal performance (12). 

In a recent article, Luccio provided an overview of the recent developments in the GNSS 

positioning systems (8). In search for a centimeter-level positioning, the automotive industry, 

smart consumer devices, and other forms of automation were behind the recent boom in correction 

services. Two established methods are analyzed: RTK and precise point positioning (PPP). In 

RTK, a receiver obtains correction data from a single base station or a reference network. In PPP, 
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the data is accessible worldwide, but initialization can take up to 30 minutes. Some PPP correction 

services only provide corrections for satellite clock and orbit errors, which lowers the accuracy in 

measurements. A third hybrid method is presented: combining PPP’s global access with the 

accuracy and quick initialization times of near-RTK. A network of reference stations, located 

within 150 kilometers of each other, collect data and calculate both satellite and atmospheric 

corrections. Results from the analysis of these methods are shown in Table 1 provided by GPS 

World magazine (8).  

 

Table 1. Differences of Various Correction Methods 

  
Note: Adapted from GPS World Magazine, (8) 

 

Richter provided a brief introduction to the development of PPP (13). Compared to RTK and RTN, 

PPP allows for accurate geolocations from remote regions, dismissing the need for established 

reference stations and networks. This is different from RTK where users need to manage their own 

reference stations and stay within the radio range of control points. RTN, on the other hand, 

eliminates the need for individual reference stations and allows for larger coverage, but users are 

still limited to the extent of the network. PPP allows for much larger coverage with precision to 

the centimeter level, but the time to access the data is not favorable (13). 
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3 RECENT ADVANCEMENTS IN POSITION DATA CORRECTIONS 

 

Since the 1990s, positioning technology has vastly improved. Whether that be with new 

constellations, new methods, or better hardware, GNSS and RTN improvements mean that the 

technology can provide positions more accurately than they were 25 years ago. New constellations 

increase the number of available satellites at any given time (38), new methods can account for 

error correction to yield more reliable results, and better hardware can increase accessibility to the 

system by decreasing the cost of entry. 

Karaim discussed the most serious sources of errors affecting GNSS signals (14). These errors 

differ in many ways and are grouped based on their similarities. Clock errors are related to 

differences between the receiver and satellite clocks while signal propagation errors are related to 

the shift between the satellite and the receiver’s location caused by the rotation of the earth. 

Examples of signal propagation errors include the Sagnac effect (errors caused by the earth’s 

rotation during signal propagation time between the satellite and the receiver), ionospheric errors 

(errors caused by the propagation time delay when the signal passes through the ionosphere), 

tropospheric errors (errors caused by the signal passing through the dry gases and water vapor of 

the troposphere), and multipath errors (errors caused when the signal reaches the receiver’s 

antenna via more than one path). System errors are the result of the nature of the system: examples 

include satellite orbital errors and receiver noise. Errors that are imposed by the service provider 

are called intentional error sources. These include selective availability, signal jamming, and signal 

spoofing. While not a source of error, the dilution of precision (DOP) factor (a factor related to the 

geometry of visible satellites) can affect the accuracy of the final results (14).  

Allahyari et al. evaluated the accuracy of shorter-duration RTN observations by analyzing data 

collection from two National Geodetic Survey (NGS) surveys in South Carolina and Oregon. The 

study explored the horizontal and vertical accuracy of real-time observations as a function of 

observation duration, examined the influence of the inclusion of Globalnaya Navigazionnaya 

Sputnikovaya Sistema (GLONASS) observables, compared results from real-time kinematic 

(RTK) positioning using a single-base station versus a network of base stations, and assessed the 

effect of baseline length on accuracy (15). An observational study was conducted in thirty-eight 

passive marks using RTN over a varying observation time range of 5 – 15s. The study found the 

range of 180 – 300s to be the optimal real-time observation duration. The data from the network 
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of stations showed to be more accurate and precise. The inclusion of GLONASS observables was 

beneficial in obtaining more fixed solutions at longer baseline lengths (15). 

De Angelis et al. considered the issue of acquiring high-accuracy locations in urban canyon 

scenarios which suffer from several issues such as an inadequate number of visible satellites, 

propagation of radio signals, multipath interference, etc. The researchers proposed a hybrid scheme 

of using a mobile cellular network along with the GNSS to overcome the issues (16). The study 

suggested the combination of the time-difference-of-arrival (TDOA) technique measurements 

gathered from the cellular network with GNSS measurements. The data from the GNSS and a 

cellular network are integrated over the time axis using the extended Kalman filter algorithm. Real 

measurements were used to simulate the results. The study showed an increase in location accuracy 

when cellular network data was integrated with GNSS data in situations when the number of 

visible satellites was inadequate (16). 

NGS discussed efforts to build a tool – dubbed the “RTN Alignment Service” (RAS) – to provide 

checks to RTN users on how well the RTN is aligned to the National Spatial Reference System 

(NSRS) (17). Previously, RTN operators reported coordinates within the NSRS datums NAD 83 

or NAVD 88. However, there was no way offered by NGS to check if any biases existed between 

the NSRS and RTN-based data. Such a system would work in two parts: the first part would align 

RTN base stations to the NSRS, while the second part would align the rover to the NSRS. The 

second part requires further study, and thus such a system is still under development (17). 

Jackson et al. evaluated the use of low-cost GNSS receivers within an RTN to investigate claims 

of centimeter-level accuracy (18). The study was done to predict future demand on the Minnesota 

Continuously Operating Reference Station (MnCORS) RTN. Five low-cost receivers ($540 or 

lower) were tested in rural, suburban, and urban environments using static and dynamic 

applications. The study found that the receivers could perform well in static applications in rural 

areas depending on equipment expectations, but the receivers performed below expectations in the 

other environments and the dynamic applications. Multifrequency receivers were recommended 

for future study in dynamic applications as they have better continuity and availability for fixed-

integer solutions (18). 
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4 APPLICATIONS 

 

Besides the primary application of RTN to enable accurate positioning relative to the National 

Spatial Reference System (NSRS), RTN has played a pivotal role in advancing multidisciplinary 

investigations including in earth sciences and atmospheric sciences. The scope of applications of 

RTN is multifaceted and growing with time. The GNSS technology and RTN are increasingly 

being utilized for a wide range of applications such as transportation, agriculture, construction, 

and surveying, by providing users with instant and highly accurate position information over 

distances of several tens of kilometers. According to a report on the CORS network in Vermont 

by NOAA/NGS (19), the VECTOR (Vermont Enhanced CORS and Transmission Of Real-time 

corrections) network of Vermont is used by land surveyors, engineering firms, GIS professionals, 

foresters, state and non-state agencies such as the agency of Natural resources and department of 

agriculture, University of Vermont, Maine, and New Hampshire, Lyndon and Johnson State 

Colleges, army corps of engineers, National weather service and other federal and international 

agencies, etc. In addition, several COR stations along the western border of Vermont stream data 

to the New York Department of Transportation (NY DOT) which includes it in the New York 

CORS network NYSNET. The data of VECTOR is also streamed to a private RTN with correction 

and made available to users in Vermont for a subscription. Other vendors have also shown interest 

to acquire and include real-time VT data in their networks (19). 

In the following sections, a brief description is provided for some of the applications in major 

fields where RTN data is used. 

 
4.1 Transportation  

The application of RTN in transportation is perhaps one of the most obvious of all the major 

applications of GNSS-RTN. It can assist in accurate positioning of land transportation and provide 

accurate information to sea and aerial transportation for navigation.  

Specht et al. investigated the use of GNSS data to reproduce the trajectory of a railway geometric 

layout (20). The study used different methods of measurements in a comparative analysis. 

Measurements were made using tachometry, mobile satellite measurements, and satellite 

measurements using a measurement trolley (continuous RTK). An algorithm was used to enable 

the assessment of the compliance of satellite measurements with tachometer measurements. The 
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continuous RTK method presented a mean value of residuals at a 5mm level. The GNSS 

measurements were found to be an efficient alternative to tachometer measurements (20). 

Liu et al. investigated problems with multisensory system integration implemented in land-vehicle 

navigation (LVN) and studied the use of new smoothing algorithms to integrate systems and 

improve the accuracy of LVN (21). The Kalman Filter (KF) is frequently used in LVN 

multisensory configuration as a base for the integration of the Inertial Navigation System and 

Global Positioning System (INS/GPS). The study presented a method to solve issues with GPS 

signal loss in urban centers and - when INS is used in a stand-alone mode - inertial navigation 

errors are amplified with rapid-time. This method involves the use of secondary smoothing 

algorithms such as the Rauch-Tung-Striebel (RTS) smoother as part of a two-filter smoothing 

(TFS) algorithm. The performance of the RTS smoother compared and the TFS algorithm was 

validated using two different LVN INS/GPS datasets (21).  

Toledo-Moreo et al. investigated challenges for navigation systems such as lane-level positioning 

and map matching (22). For more beneficial results, the study strives for a navigation system in 

which lane-level positioning is achievable and its quality can be monitored with integrity 

parameters. Measurements from a GNSS receiver, an odometer, and a gyroscope are combined in 

the proposed system. Data from enhanced digital maps, capable of storing road information, is also 

used. The feasibility of the proposed system was provided through a set of experiments that took 

place in France and Germany which showed good results in terms of positioning, map matching, 

and integrity (22). 

Maaref et al. investigated the use of LiDAR data combined with pseudoranges drawn from 

unknown cellular towers to overcome GNSS-challenged environments (23). The study considered 

a vehicle-mounted LiDAR sensor that enters an environment where GNSS signals are of no use. 

An extended Kalman filter is used to fuse the pseudoranges produced by the receiver equipped in 

the vehicle to cellular towers, aid the LiDAR odometry, and estimate the vehicle’s 3-D position. 

The errors are corrected simultaneously through the difference between the positions of the cellular 

towers and the vehicle. Simulated and experimental results found a 68% reduction in the 2-D root-

mean-square error over solely LiDAR odometry (23). 
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4.2 Agriculture 

Giannaros et al. introduced the assimilation of GNSS zenith tropospheric delay (ZTD), derived 

from more than 48 stations of the Hellenic GNSS network, into the operational numerical weather 

predictions (NWPs) of the National Observatory of Athens, Greece (24). The study used the 

Weather Research and Forecasting (WRF) model to collect data over the dry and wet season of 

2018; seven high-impact precipitation events occurred over that period. The use of ZTD along 

with the WRF model showed a positive impact. The results were more accurate especially during 

heavy rainfall events and improved the simulation of precipitation in the dry season (24).  

Due to the lack of a precipitable water vapor (PWV) dataset, Zhao et al. focused on generating an 

hourly PWV dataset for China using GNSS observations from the Crustal Movement Observations 

Networks of China (25). The study combined zenith total delay parameters (estimated by 

GAMIT/GLOBK software and validated with an average root-mean-square error of 4-5 

millimeters), the zenith hydrostatic delay, and a weighted average temperature of atmospheric 

water vapor (calculated at the GNSS stations using the improved global pressure and temperature 

2 wet (IGPT2w) model with an average root-mean-square error of 3.32 K). Between 2011 and 

2017, the average root-mean-square error values of the generated PWV dataset were found to be 

less than 3 millimeters in China, which was validated using the corresponding AERONET and 

radiosonde data at specific stations (25).  

Yan et al. investigated the feasibility of the usage of the Signal Strength Indicator (SSI) recorded 

using data from GNSS receivers to estimate soil moisture (26). The study compared the in-situ soil 

moisture and an estimated SSI phase. A relationship was determined and used to estimate 36 days 

of soil moisture data. A correlation coefficient of approximately 0.7 between the SSI phase and 

the in-situ soil moisture was found, and a root-mean-square estimation error of soil moisture lower 

than 9.9%. The results showed that the use of SSI data is feasible for estimating soil moisture (26). 

4.3 Construction 

Burak and Lysko studied the use of RTN technology to provide additional control over marking 

works and to develop practical recommendations to measure the axes of main buildings (27). 

Theoretical and experimental studies were performed to ensure accuracy. The studies measured 

the axes from two basis lines taken by the GNSS receiver in a way that coincides with the x- and 

y-axes of the object’s general plan. The investigation was made on the inherent basis, 10 kilometers 

from the permanent station, to minimize sporadic errors. The study found that the required 
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accuracy is provided when the main axes of construction netting coincide with the fixing baseline 

with a dual-frequency GNSS receiver (27). 

Another study by Burak and Lysko investigated the accuracy of measuring relatively short 

distances for performing survey, planning, and engineering geodesy work with dual-frequency 

GNSS receivers by performing seven experiments at varying locations (28). The investigation took 

place in the city of Ivano-Frankivsk, Ukraine, and was made on the inherent basis to minimize 

sporadic errors. The hypothesis claims the general dispersion of two normally distributed groups 

that receive an optimum quantity of necessary measurements when building lines are less than 200 

meters to be equal. The results showed a range of accuracy depending on the location of network 

points and defined the designation of building vectors to be more accurate with GNSS receivers 

under different conditions of observations (28).  

Chang et al. (29) laid out a plan for the implementation of intelligent compaction (IC). IC is a 

technology that uses vibratory rollers outfitted with RTK receivers, measurement systems, and 

feedback systems to compact aggregates more uniformly. In hot mix asphalt (HMA), nonuniform 

compaction can result in a shorter pavement life or premature pavement failure. IC technology can 

identify and correct for substandard patches of pavement, resulting in a long-lasting and more 

consistent pavement. RTK is required for IC technology and is recommended to have a fixed 

position that equates to a precision of 1-3 centimeters. An RTN can send corrections to a rover for 

use with IC (29). 

4.4 Surveying  

Krzyzek used RTN measurements, along with other methods, to determine the cartesian 

coordinates of buildings (30). During tests, the alternative of using RTN surveys to determine the 

location of a building was presented to surveying contractors. The HMM algorithm was used to 

harmonize various surveying methods used in the study. The study resulted in the determination 

of X, Y coordinates at the level of 0.03 meters, with the building corner’s mean location errors at 

the 0.02-meter level (30). 

Continuously operating reference stations (CORS) have long been used as a source of differential 

GPS (DGPS) and RTK corrections, mainly for surveying and mapping applications. New 

applications for these reference stations have recently emerged; Utah’s TurnGPS and the North 

Carolina Geodetic Survey have considered CORS as a source for weather monitoring, while Japan 
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and Washington have used CORS to study plate tectonics and provide early warning of 

earthquakes (8).  

U.S. Geological Survey used GNSS technology in various applications such as monitoring natural 

hazards, ensuring geospatial control for climate and land-use change, and gathering information 

necessary for investigative studies on water, the environment, energy, and ecosystems (11). 

Gabara and Sawicki investigated the accuracy of an unmanned aerial vehicle (UAV) for 

photogrammetry using an RTN (31). Eight hundred and fifty-one photos were used to generate a 

digital site model using a bundle block adjustment (BBA). The coordinates of control points noted 

during the flight were compared to coordinates generated from the BBA and error was calculated 

based on the differences between these coordinates and US and Polish technical accuracy 

requirements. Planimetric (XY) coordinates fell within the accepted 0.10-meter root mean squared 

(RMS), while vertical (Z) coordinates fell within the accepted 0.05-meter RMS (31). 

Yu et al. compared the use of N-RTK to the use of RTK and an accelerometer for monitoring 

dynamic displacement in bridges (32). An experiment was conducted at a local bridge where three 

sensors were set up: an RTK receiver, N-RTK receiver, and accelerometer. The results showed 

that N-RTK is a valid alternative to RTK; N-RTK was able to provide millimeter-level accuracy 

and successfully identify the frequency of the bridge. Additionally, in general, N-RTK had a lower 

standard deviation and a higher correlation coefficient with the accelerometer than RTK did. 

Furthermore, it was observed that the N-RTK measurements generally had less noise. The authors 

noted that the use of N-RTK was also beneficial in reducing the cost of monitoring by 80 percent 

while still providing a high level of robustness and reliability (32). 

 

5 GNSS-RTN BUSINESS MODELS 

 

An RTN can be an excellent investment, but its success largely depends on the business plan to 

ensure implementation and sustainable system operation while meeting the needs of all users and 

stakeholders. In the following section, best practices for different aspects of a business plan are 

summarized. Overviews of existing business or operations plans of existing RTN are also 

highlighted. 
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Goodliss et al. performed a cost-benefit analysis on high-accuracy location (HALO) services (33). 

The analysis was performed by placing dollar values on various levels of injuries and predicting 

how many injuries could be prevented with the implementation of different technologies requiring 

HALO services such as curve speed warning, forward collision warning, and intersection collision 

warning. Certain mobility benefits were estimated as well. It was estimated that between $160 

billion and $320 billion in benefits could come from HALO services over a horizon time of 22 

years, with over 90 percent of those being safety benefits. These benefits were compared against 

the cost of infrastructure for an N-RTK system. By interviewing N-RTK operators, the authors 

were able to estimate a 22-year horizon cost per base station ranging between $220 thousand and 

$615 thousand ($570 thousand to $1.6 million with annual contingency costs included). Costs such 

as hardware, software, maintenance, and rent were included. If such a system were to cover the 

entire U.S., system implementation would cost between $1.6 billion and $4.4 billion (33).  

Hale et al. examined the development of a management model for CORS networks within 

Australia (34). A successful model will ensure national consistency among other CORS networks, 

consider professions beyond surveying, and remove legal barriers to using these networks for 

cadastral surveys. A potential model is shown in Figure 2. The data service providers and value-

added resellers would buy the raw data at wholesale rates and sell the data to users. Value is added 

either through providing access to many different networks under one roof or by building other 

services to be used with the data. Such a system would require a nationally consistent coordinate 

system. This model would also help navigate legal barriers by supporting legal certification of the 

National Measurement Act and providing guidance to cadastral surveyors on best practices. 

Additional benefits include streamlining agreements with site hosts and GNSS suppliers, 

managing human connections (which ensures system continuity), and accounting for IT systems 

(34). 
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Figure 2. GNSS CORS Network Management Model 

  Note: Adapted from “Validating a model for CORS network management”, (34) 
 

Rizos and Van Cranenbroeck considered a business model for an RTK provider that broadcasts 

full corrected coordinates to the user, not just corrections (35). The authors suggest that some 

providers do not charge for services because they cannot guarantee reliable coordinates. If 

providers can broadcast coordinates computed within the required reference frame, they can 

guarantee accurate results and justify charging a fee for services. If providers simply broadcast 

corrections and leave it to the user to compute the coordinates, they cannot justify a fee because 

the accuracy of the coordinates cannot be guaranteed by the provider. For this to work, the network 

needs not only geodesy specialists but also IT specialists. The added value could also be provided 

by a separate entity using raw data licensed for use by the provider. However, such a service 

requires bi-directional communications between the rover and central server (35).  

Martin undertook a review of six existing statewide RTN systems in areas including ownership, 

funding, system operations and maintenance, and system design (36). In most cases, the RTN was 

owned by the state department of transportation (DOT) with station ownership varying between 

the public and private sectors. Software is typically owned by the state while hardware ownership 

varies between private entities and the state. Most stations are located on public land. Most 
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operating costs are funded from the state, and while return on investment was not formally 

investigated in most states, Florida did calculate $964,360 in annual savings for its DOT. Most 

networks do not charge for access. System operations typically come from either the DOT or a 

separate state IT department, and generally required between 1.3 to 2 full-time equivalent (FTE) 

employees. Responsibility for station maintenance is typically that of the station owner, which 

varies between network partners and the state. Station construction standards are typically 

consistent with those set forth by NGS, although there is some variance. All networks surveyed 

are aligned with the NSRS and typically bring stations from other states into the network. For 

access to corrections, each network requires an internet connection as a basic requirement. Stations 

are connected to the network via either wired or wireless connection. No network engaged in a 

public-private partnership. Recommendations from states included seeking federal grants, 

partnering with local agencies that may have needed infrastructure, involving stakeholders in 

network implementation, and keeping the network separate from public sector IT. One network 

unique in terms of its ownership and system operations is the Washington State Reference Network 

(WSRN) (36). 

Washington State Reference Network (WSRN) outlined its ownership and operations structure on 

its website (37). The WSRN is a cooperative of about 80 different partners spanning the public 

and private sectors. The network is owned by the cooperative; joining the cooperative requires 

contributing a station to the network. Access to static files is free, while access to real-time 

corrections requires being either a partner or a subscriber, which requires an annual fee to help 

cover operations costs. Seattle Public Utilities hosts the central processing center for the network, 

provides stations to the network, and serves as a point of contact for WSRN matters. Central 

Washington University is also an important partner in providing infrastructure, expertise, and the 

backup central processing center (37). 

Weber et al. outlined a business plan for a potential geo-positioning cooperative between Idaho 

and Montana (38). Organizational structures, service priorities, and administrative needs, among 

other topics, were discussed. A mission of providing high-quality GNSS data to as broad of a user 

base as possible was established. An initial, informal partnership structure was proposed to be 

followed by a permanent structure that is legally and administratively simple and contains a 

dedicated management office. The most important service priority was determined to be the 

operation of a multi-state control point database, followed by RTN set-up and operations and 
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assisting the user community in using the system. Administratively, it was determined that 

manager, administrative support, and technical personnel roles would need to be filled, with 

potential options ranging from using host organization resources to student interns to volunteers. 

Tasks for RTN development and operations were also established; Table 2 below shows all the 

steps identified. Furthermore, preliminary budgets were also generated; over five fiscal years, 

$1,146,500 was estimated to be needed for the cooperative. Risk management tactics were also 

discussed; detailed work plans, effective project monitoring, competent personnel, being ready for 

delays, and formal commitments were identified as ways of reducing risk (38). 

 

Table 2. Identified Tasks for RTN Development and Operations 

  
 Note: Adapted from “Business Plan for Development of Regional Geopositioning Cooperative for Idaho and Montana”,(38) 

 

Ojigi discussed an implementation plan for a GNSS-CORS system in Nigeria to provide RTK 

corrections services (39). A central data processing facility is proposed in the capital with regional 

and backup servers in six other cities. Three reference stations are proposed for each of the 36 

states and capital territory to provide a total of 111 stations. The estimated cost for this system was 

₦740 billion (equivalent to $3.70 billion in 2015 dollars). Furthermore, two possibilities for 

revenue were investigated: charging a fee for access to the system or treating the system as a utility 
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and providing access for free. Charging a fee for access to the system would require client-server-

based corrections in order to provide value to the product. The value comes from the provider 

controlling the results, whereas simply delivering corrections to the user provides no added value 

to the services because hardware and software errors may be present in the results. The provider 

can also free the users from having to learn complicated techniques or software (39). 

Jenssen et al. presented an overview of CORSnet-NSW, an RTN owned by the Government of 

New South Wales in Australia (40). At the time of writing, 75% of the state was within the 

maximum range of a base station. CORSnet-NSW also engages in data-sharing agreements with 

neighboring states to provide adequate coverage. The Government owns the equipment and 

conducts all the maintenance and operations. Three FTE staff work on the network within the 

surveying unit while other staff within the surveying unit provide 1.5 FTE for surveying, research, 

and management. Raw data is sold to three companies, while CORSnet-NSW subscriptions are 

sold through 16 authorized providers. Raw data is also made available to various positioning 

efforts including the Asia-Pacific Reference Frame (40). 

Bakici et al. (41) reviewed the business plan for the Turkish National Permanent GNSS Network 

– Active (CORS-TR). The CORS-TR system consists of 146 stations spread around Turkey and 

Northern Cyprus. The system is jointly operated by the General Directorate of Land Registry and 

Cadastre (GDLRC) and General Command Mapping (GCM); the terms of their partnership are 

outlined in a formal agreement and an executive board was established to make technical and 

administrative decisions. The executive board holds the power to determine access fees; principles 

of access for educational institutions; principles of maintaining and marketing the system; and 

plans for investment, research, and development. System setup costs $6.6 million, while operating 

costs can vary. Operating costs are covered by service fees; Table 3 shows a schedule of these 

fees. In 2016, revenue totaled $1.5 million, while operating costs totaled $270,000. Most users 

(63.96% of the 8455 total users as of February 2017) are from the private sector (41). 
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Table 3. Schedule of CORS-TR Service Fees 

TYPE OF SERVICE DATA TYPE FEES EXPLANATION 

Registration Fee - $42.00 One-Off 

RTK Fees Web-RTK $28.00 Monthly 

RTK Fees Web-RTK $210.00 Annual 

RTK Fees Web-DGPS $14.00 Monthly 

RTK Fees Web-DGPS $105.00 Annual 

Static Data RINEX 1 sec. $0.14 Station/Hour 

Static Data RINEX 30 sec. Free Station/Day 
Note: Adapted from “Business Model of CORS-TR (TUSAGA-AKTIF)”, (41) 

 

The North Carolina Geodetic Survey (NCGS) gave an overview of the economic benefits of the 

North Carolina Continuously Operating Reference Stations (NC CORS) network compared to its 

costs (42). Using data on industry spending patterns from IMPLAN in 2015, NCGS estimated that 

the system provided $360 million in annual economic benefits to North Carolina. This is compared 

to the annual operating cost of $625,000 per year. Furthermore, using data from the North Carolina 

Office of State Budget and Management, NCGS estimated the system to generate $3.5 million in 

state taxes annually, making the system self-sustaining in a sense. Access to the real-time network 

requires $500 for the first two ports followed by $250 for each additional port (42).  

Laaksonen (43) undertook a design of a business model for the FinnRef system operated by the 

National Land Survey of Finland (NLS). At the time of the study, there were two companies 

operating positioning services in Finland. The study considered the effects of NLS allowing the 

public to access data from its CORS facilities. The study concluded that allowing access to the 

data for a fee and access to an NLS-operated positioning service for free would provide the greatest 

value by making the barrier of entry for other positioning services lower while increasing 

competition in that sector. The proliferation of new positioning services would serve to drive down 

the costs of such services, thereby benefiting the consumer (43). 
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6 SYSTEM DESIGN 

 

The RTN system design is just as important as the business plan. The system design will ultimately 

dictate system establishment and operating costs, operating principles, and quality of service 

provided. While the best way to design the system is to get potential stakeholders involved early 

in the process, there are common practices that can be referenced. This section provides an 

overview of these practices as well as summaries of designs of existing networks.  

Henning et al. (44) detailed guidelines for the design of a GNSS real-time network (RTN). Topics 

covered included station construction and system planning and design. Stations should be 

constructed with an uninterruptible power supply and with physical disturbances such as high 

winds in mind. When mounted on buildings, antenna placement should be prioritized over receiver 

placement. Ground mounts are generally more expensive but more flexible with location. When 

designing the system, it is important to identify goals by involving stakeholders in the design 

process. With spacing, general guidelines call for 50-70 kilometer baselines, although this can 

change based on cost or usage. Some stations should be submitted for acceptance into the national 

CORS program; this ensures that the system is consistent with the NSRS. If using existing 

infrastructure, priorities of the station owner should be identified to make sure they line up with 

the goals and priorities of the network. Stations should be designed with multiple forms of 

communication to provide redundancy. When designing the central processing center (CPC), it is 

important to get IT involved as they will ultimately set policies regarding security and system 

access. It is also important to establish a mirror CPC to ensure service and to possibly offset load 

from the main CPC. The integrity of the RTN needs to be monitored to ensure proper precision 

and accuracy of corrections (44).  

Denys et al. (45) examined certain aspects of an N-RTK system that must be considered during 

system design. One critical aspect is communications services; available methods include wired 

and wireless connections. Wired connections are typically used to connect stations to the central 

server and are preferred over wireless connections. Wireless connections, such as through mobile 

networks, are typically used to connect users to stations. However, cell coverage may be limited 

or nonexistent in certain areas, and increased latency can lead to decreased solution accuracy. 

Stations should be placed between 50 and 70 kilometers away from each other. The network should 

be aiming for a precision much greater than that required by the user to reduce error propagation. 
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Furthermore, current day coordinates should be used rather than a set reference frame to account 

for regional motion differences. The goal is to provide corrections or a spatial model in near-real-

time with biases modeled (45).  

Schrock (46) went over best practices for real-time GNSS networks. Communications from the 

station to the central processing center (CPC) should have low latency (less than 2-second latency), 

the bandwidth to handle multiple data streams, the ability to handle remote operation and 

maintenance, and the ability to receive static observations after outages. Communication methods 

should be contracted under guaranteed service agreements. The number of stations communicating 

via satellite should be limited due to latency issues. The CPC should consist of quality hardware 

and software capable of accepting station observations, processing observations in real-time and 

statically, tracking system health and accuracy, and administering accounts for system access. 

Access to the network from rovers should be provided through Standard for Networked Transport 

of RTCM via Internet Protocol (NTRIP) casters which can serve hundreds of users at a time while 

maintaining system security. RTNs should, at a minimum, be able to provide corrections via the 

Virtual Reference Station (VRS) method in either RTCM Version 3 or CMR+ formats, single-base 

corrections, network integrity monitoring, NTRIP casters and account management for system 

access, ionospheric condition monitoring, tropospheric condition monitoring, field results 

monitoring, static-post files for postprocessing, a static file request system, and a web portal. The 

network should provide corrections based on the official national or global reference frame but 

have the capability to provide corrections in other reference frames. Receivers should be 

specifically designed for CORS use and antennas should be labeled as geodetic-grade (46).  

Janssen (47) compared two different N-RTK methods and their required bandwidths. In the VRS 

concept, the rover sends its position to the server, which treats the coordinates as a virtual base 

station. The server then calculates corrections and sends them to the rover. The baseline between 

the rover and the virtual base station is short, so the rover can use the corrections and apply single-

base RTK algorithms to obtain a position. This method has the advantage of requiring less 

bandwidth because the server models atmospheric effects but has the downsides of requiring two-

way communication and issues with legal traceability (47). There is also the Master Auxiliary 

Concept (MAC) - as Leica Geosystems (2005) explains, a reference station acts as a master station 

that sends its corrections and coordinates to the rover, while auxiliary stations transmit corrections 

and coordinate differences based on the master station (48). From there, the rover can perform 
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calculations to get a final position. The MAC allows for one-way communication and legal 

traceability but has the downside of offloading calculations to the rover. Janssen went on to 

measure the bandwidth required of each concept. While the MAC required more bandwidth, 

common radios can support the bandwidth requirements. Janssen concludes by recommending the 

MAC from the perspective of a CORS operator since the user is supplied with raw data and surveys 

can be legally traced back to a physical reference station (48).  

Prescott et al. (49) outlined an operations plan for a network of GPS reference stations to study 

earthquake hazards. The stations were designed to operate continuously and with high precision. 

As part of the operations plan, guidelines for site selection and station construction were drafted. 

Sites should have an adequate view of the sky; be secure from theft or vandalism; be on firm, 

natural ground; and have sufficient power and communications equipment available nearby. An 

adequate view of the sky is one where there are no obstructions above 45-degree elevation, nothing 

above the expected antenna location that is within 3 meters of the expected antenna location, no 

power lines within 100 meters, and away from flat, reflective surfaces that may serve as sources 

of multipath. Five years of tree growth should be accounted for when considering unacceptable 

obstructions. At each site, the contractor was to install a metal box with 2 110-volt AC outlets and 

a plug for radio link and metal conduit containing power, phone, and cable from the antenna to the 

receiver (49).  

Lapine and Wellslager (50) discussed part of the process that went into designing the real-time 

network for the South Carolina Geodetic Survey (SCGS). GNSS receivers can receive data from 

both GPS and GLONASS satellites. Station spacing was desired to be 70 kilometers to provide 

centimeter-level accuracy on a 24-hour basis even if other stations in the network were offline. 

Antenna mounts are generally built to NGS standards. Additionally, mounts near the coast were 

designed to withstand category 3 hurricanes. Sites for stations were based on Internet access, 

building construction materials, and backup power access. For these reasons, most stations ended 

up on South Carolina Department of Transportation property. Where building construction 

materials were not to NGS standards, special steel towers were constructed to mount the stations 

to (50).  

Yildirim et al. (51) discussed the planning and infrastructure for the TUSAGA-Aktif (CORS-TR) 

network. An initial prototype system covering an area of 300 x 150 kilometers was set up to test 

different techniques, hardware, and software. From the test, system planners determined that 
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optimal station locations would be in city centers, on stable ground, easily accessible, close to the 

energy and communications sources, and less than 100 kilometers apart from each other. Stations 

mounted on roofs were set on galvanized steel, while stations mounted on the ground were set on 

concrete pillars. The master control station carries out functions such as computing reference 

station coordinates, modeling errors, storing data, and providing Web services. See Figure 3 for a 

schematic setup of the master control station. The system can broadcast corrections using either 

the VRS, MAC, or Flächen-Korrektur Parameter (FKP) methods. Reference stations are connected 

to the control stations via a duplex ADSL connection along with a GPRS/EDGE connection. Each 

reference station sends about 700 bytes of data per second to the control stations (51).  

 
Figure 3. Schematic Diagram of the Master Control Station 

Note: Adapted from “The Turkish CORS Network (TUSAGA-Aktif)”, (51) 
 

Wisconsin Department of Transportation (WisDOT) provided an overview of the design and 

technology of the Wisconsin Continuously Operating Reference Stations (WISCORS) Network 

(52). A hundred stations are set approximately 50 kilometers apart from each other. Most stations 

are capable of utilizing the GPS, GLONASS, and Galileo constellations. Along with providing 

real-time corrections, station data is collected, stored, and made available via a web server for post-

processing. Access to the webserver is password-protected, but users can register through the 
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webserver. Each station consists of a mounting system (concrete pillar or building mount), GNSS 

receiver and antenna, coaxial cable, lightning suppressor, plastic conduit to carry the coaxial cable 

from the antenna to the lightning suppressor, enclosure for equipment, and backup battery (52).  

 

7 SUMMARY 

 

This report presented the results from the literature review project task. The review offered a brief 

overview of the technology behind a GNSS-RTN and how users may utilize the system. While the 

main focus of the review was examining methods for implementing a business plan; other aspects 

of the systems in relation to technology, applications, and system design were also considered in 

this review.  

The review is divided into five parts: technology, recent advancements in GNSS data corrections, 

applications, GNSS-RTN business plans, and system design. Technology, advancement in GNSS 

data correction, and applications are briefly discussed to provide familiarity with the system and 

its potential uses. GNSS-RTN business plans are summarized, and best practices and guidelines 

are presented. Finally, system design considerations are reviewed by examining characteristics of 

existing systems and reviewing available guidance.  

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

8 REFERENCES 

 

1. Wanninger L. Virtual reference stations (VRS). GPS Solutions [Internet]. 2003 Aug 1 
[cited 2021 Mar 23];7(2):143–4. Available from: http://www.swisstopo.ch/de/geo/ 

2. Rizos C. Making sense of the GPS techniques. In: Chapter 11 in Manual of Geospatial 
Science and Technology, J Bossler, J Jenson, R McMaster & C Rizos (eds), Taylor & 
Francis Inc, ISBN 0-7484-0924-6, 146-161. 2002. p. 146–61. 

3. Rizos C, Satirapod C. Contribution of GNSS CORS infrastructure to the mission of 
modern geodesy and status of GNSS CORS in Thailand. Engineering Journal [Internet]. 
2011 Dec 18 [cited 2021 Mar 21];15(1):25–42. Available from: http://www.iers.org/ 

4.  R. L. Clark, R. Lee. DEVELOPMENT OF TOPOGRAPHIC MAPS FOR PRECISION 
FARMING WITH KINEMATIC GPS. Transactions of the ASAE [Internet]. 1998 Jul 
[cited 2021 Mar 23];41(4):909–16. Available from: 
http://elibrary.asabe.org/abstract.asp??JID=3&AID=17247&CID=t1998&v=41&i=4&T
=1 

5. Nordin Z, Akib W, Amin Z, Yahya M. Investigation on VRS-RTK accuracy and 
integrity for survey application. In: International Symposium and Exhibition on 
Geoinformation [Internet]. 2009 [cited 2021 Mar 23]. Available from: 
http://eprints.utm.my/15338/ 

6. Jo K, Chu K, Sunwoo M. GPS-bias correction for precise localization of autonomous 
vehicles. In: IEEE Intelligent Vehicles Symposium, Proceedings. 2013. p. 636–41. 

7. Feng Y, Li B. A benefit of multiple carrier GNSS signals: Regional scale network-based 
RTK with doubled inter-station distances. Journal of Spatial Science. 2008;53(2):135–
47. 

8. Luccio M. New players offering GNSS correction services [Internet]. GPS World. 2020 
[cited 2021 Mar 18]. Available from: https://www.gpsworld.com/new-players-offering-
gnss-correction-services/ 

9. Schrock GM. On-Grid goal: Seeking Support for High-Precision Networks. GPS World, 
17(10). 2006;34–40. 

10. Huff LC. Best Practices in Hydrographic Surveys [Internet]. Recommendations for best 
practices in data acquisition methods for natural and cultural heritage management of 
Moroccan coastal wetlands. 2019. Available from: 
https://www.usbr.gov/tsc/techreferences/mands/mands-
pdfs/BestPracticesInHydrographicSurveying_09-
2019_Final508(WithAddedAppendices).pdf 

11. Rydlund PH, Densmore BK. Methods of practice and guidelines for using survey-grade 
global navigation satellite systems (GNSS) to establish vertical datum in the United 
States Geological Survey [Internet]. U.S. Geological Survey Techniques and Methods, 
book 11, chap. D1. 2012 [cited 2021 Mar 17]. Available from: 
https://pubs.usgs.gov/tm/11d1/tm11-D1.pdf 



25 
 

12. Henning B. Real-Time Positioning and the Role of the National Geodetic Survey 
[Internet]. 2007 [cited 2021 Mar 28]. Available from: 
https://geodesy.noaa.gov/CORS/Presentations/CORSForum2007/Henning2007.pdf 

13. RICHTER M. Raising the Bar on Precise Positioning - The American Surveyor 
[Internet]. 2019 [cited 2021 Mar 18]. Available from: 
https://amerisurv.com/2019/03/09/raising-the-bar-on-precise-positioning/ 

14. Karaim M, Elsheikh M, Noureldin A. GNSS Error Sources. In: Multifunctional 
Operation and Application of GPS. InTech; 2018. 

15. Allahyari M, Olsen MJ, Gillins DT, Dennis ML. Tale of Two RTNs: Rigorous 
Evaluation of Real-Time Network GNSS Observations. Journal of Surveying 
Engineering [Internet]. 2018 May 1 [cited 2021 Mar 23];144(2):05018001. Available 
from: http://ascelibrary.org/doi/10.1061/%28ASCE%29SU.1943-5428.0000249 

16. De Angelis G, Baruffa G, Cacopardi S. GNSS/cellular hybrid positioning system for 
mobile users in Urban scenarios. IEEE Transactions on Intelligent Transportation 
Systems. 2013;14(1):313–21. 

17. National Oceanic and Atmospheric Administration NGS. NOAA Technical Report NOS 
NGS 67, Blueprint for 2022, Part 3: Working in the Modernized NSRS. 2019;(April):1–
77. Available from: https://www.ngs.noaa.gov/web/about_ngs/history/Zilkoski4.pdf 

18. Gebre-Egziabher D, Jackson J, Saborio R, Ghazanfar SA, Davis B. Evaluation of low-
cost, centimeter-level accuracy OEM GNSS receivers [Internet]. Minnesota Department 
of Transportation. Minnesota Department of Transportation; 2018 [cited 2021 Mar 18]. 
Available from: http://conservancy.umn.edu/handle/11299/197453 

19. Martin DJ, Gov DM. Developing a Continuously Operating GPS Reference Station 
(CORS) network in Vermont 2010 Network Status and Benefit Analysis 
NOAA/National Geodetic Survey Vermont State Geodetic Advisor Developing a 
Continuously Operating GPS Reference Station (CORS) network in Vermont 
Background. 2011. 

20. Specht C, Wilk A, Koc W, Karwowski K, Dabrowski P, Specht M, et al. Verification of 
GNSS measurements of the railway track using standard techniques for determining 
coordinates. Remote Sensing. 2020 Sep 4;12(18):1–23. 

21. Liu H, Nassar S, El-Sheimy N. Two-filter smoothing for accurate INS/GPS land-vehicle 
navigation in urban centers. IEEE Transactions on Vehicular Technology. 2010 
Nov;59(9):4256–67. 

22. Toledo-Moreo R, Bétaille D, Peyret F. Lane-level integrity provision for navigation and 
map matching with GNSS, dead reckoning, and enhanced maps. IEEE Transactions on 
Intelligent Transportation Systems. 2010 Mar;11(1):100–12. 

23. Maaref M, Khalife J, Kassas ZM. Lane-Level Localization and Mapping in GNSS-
Challenged Environments by Fusing Lidar Data and Cellular Pseudoranges. IEEE 
Transactions on Intelligent Vehicles. 2019 Mar 1;4(1):73–89. 

24. Giannaros C, Kotroni V, Lagouvardos K, Giannaros TM, Pikridas C. Assessing the 
impact of GNSS ZTD Data assimilation into the WRF modeling system during high-



26 
 

impact rainfall events over Greece. Remote Sensing [Internet]. 2020 Jan 25 [cited 2021 
Mar 18];12(3):383. Available from: https://www.mdpi.com/2072-4292/12/3/383 

25. Zhao Q, Yang P, Yao W, Yao Y. Hourly PWV dataset derived from GNSS observations 
in China. Sensors (Switzerland) [Internet]. 2020 Dec 31 [cited 2021 Mar 18];20(1):231. 
Available from: https://www.mdpi.com/1424-8220/20/1/231 

26. Yan SH, Zhang N, Chen NC, Gong JY. Feasibility of using signal strength indicator data 
to estimate soil moisture based on GNSS interference signal analysis. Remote Sensing 
Letters [Internet]. 2018 Jan 2 [cited 2021 Mar 18];9(1):61–70. Available from: 
https://www.tandfonline.com/doi/full/10.1080/2150704X.2017.1384587 

27. Burak K, Lysko B. The Possible Uses of RTN-Solutions for Markup Works on 
Construction. Геодезія, Картографія І Аерофотознімання: Міжвідомчий Науково-
Технічний Збірник. 2018;16–20. 

28. Burak K, Lysko B. Exploring the accuracy of lengths constructions when solving the 
engineering geodesy issues with RTN method. Geodesy, cartography and aerial 
photography [Internet]. 2017 [cited 2021 Mar 18];(85):5–12. Available from: 
http://www.irbis-nbuv.gov.ua/cgi-
bin/irbis_nbuv/cgiirbis_64.exe?I21DBN=LINK&P21DBN=UJRN&Z21ID=&S21REF=
10&S21CNR=20&S21STN=1&S21FMT=ASP_meta&C21COM=S&2_S21P03=FILA=
&2_S21STR=Geodez_2017_85_3 

29. Chang G, Xu Q, Rutledge J, Horan B, Michael L, White D, et al. Accelerated 
implementation of intelligent compaction technology for embankment subgrade soils, 
aggregate base, and asphalt pavement materials: final report. 2011 Jul.  

30. Krzyżek R. Determining locations of corners of building structures in real-time using 
harmonization of various surveying methods–case study. Survey Review [Internet]. 2020 
Oct 19 [cited 2021 Mar 18];1–11. Available from: 
https://www.tandfonline.com/doi/full/10.1080/00396265.2020.1832398 

31. Gabara G, Sawicki P. Multi-variant accuracy evaluation of UAV imaging surveys: A 
case study on investment area. Sensors (Switzerland) [Internet]. 2019 Nov 28 [cited 
2021 Mar 18];19(23):5229. Available from: https://www.mdpi.com/1424-
8220/19/23/5229 

32. Yu J, Yan B, Meng X, Shao X, Ye H. Measurement of Bridge Dynamic Responses 
Using Network-Based Real-Time Kinematic GNSS Technique. Journal of Surveying 
Engineering [Internet]. 2016 Aug 5 [cited 2021 Mar 28];142(3):04015013. Available 
from: http://ascelibrary.org/doi/10.1061/%28ASCE%29SU.1943-5428.0000167 

33. Goodliss A, Manasseh C, Ekambaram V. N, Sengupta R, Ramchandran K. Cooperative 
High-Accuracy Location (C-HALO) Service for Intelligent Transportation Systems: A 
Cost Benefit Study. In: Proceedings of the 24th International Technical Meeting of the 
Satellite Division of The Institute of Navigation (ION GNSS 2011) [Internet]. Portland 
Oregon; 2011 [cited 2021 Mar 28]. p. 2220–32. Available from: 
http://www.ion.org/publications/abstract.cfm?jp=p&articleID=9775 

34. Hale MJ, Collier PA, Kealy AN, Ramm PJ, Millner JC, Hale M. Validating a model for 
CORS network management. In International Global Navigation Satellite Systems 



27 
 

Society, IGNSS Symposium [Internet]. 2006 [cited 2021 Mar 18]. Available from: 
https://pdfs.semanticscholar.org/c839/6efa3ef013cd241b46263ee6a0e49fa4e435.pdf 

35. Rizos C, J. van C. Making GNSS-RTK Services Pay. In: 23 FIG Congress [Internet]. 
fig.net; 2006 [cited 2021 Mar 18]. Available from: 
http://www.fig.net/pub/fig2006/ppt/ts13/ts13_01_rizos_van-cranenbroeck_ppt_0298.pdf 

36. Martin S, Associates C and. Statewide Real-Time Global Positioning System or Global 
Navigation Satellite System Network Implementation [Internet]. 2015. Available from: 
https://dot.ca.gov/-/media/dot-media/programs/research-innovation-system-
information/documents/preliminary-investigations/real-time-gps-networks-pi-a11y.pdf 

37. WSRN. Washington State Reference Network WSRN A Statewide Cooperative GNSS 
Network - Primary Site [Internet]. [cited 2021 Mar 28]. Available from: 
http://www.wsrn3.org/About.aspx 

38. Weber KT, Croswell P. Business Plan for Development of Regional Geopositioning 
Cooperative for Idaho and Montana [Internet]. Vol. 40601. 2012. Available from: 
https://giscenter.isu.edu/Research/Techpg/capGC/pdf/GeoCoopBP-FINAL.pdf 

39. Ojigi LM. Leveraging On GNSS Continuously Operating Reference Stations (CORS) 
Infrastructure For Network Real-Time Kinematic Services In Nigeria. African Journal of 
Applied Research (AJAR) Journal [Internet]. 2015 [cited 2021 Mar 18];1(1):1–16. 
Available from: www.ajaroniline.com 

40. Janssen V, Haasdyk J, Mcelroy S. CORSnet-NSW: A Success Story. In New South 
Wales: Proceedings of the 21st Association of Public Authority Surveyors Conference 
(APAS2016) Leura, New South Wales, Australia; 2016. p. 4–6. Available from: 
https://www.spatial.nsw.gov.au/__data/assets/pdf_file/0009/209484/2016_Janssen_etal_
APAS2016_CORSnet-NSW.pdf 

41. Bakici S, Salgin O, Kara T, Erguner S, Kulaksiz E, Ilbey A. Business Model of CORS-
TR (TUSAGA-AKTIF). In Surveying the world of tomorrow - From digitalisation to 
augmented reality. Helsinki, Finland, May 29–June 2, 2017: FIG Working Week 2017; 
2017. 

42. Survey NCG. 2018 Economic Benefits of the NC CORS [Internet]. 2018. Available 
from: https://ncgs.state.nc.us/docs/Economic-Benefits-of-the-NC-CORS-Network-
2018_draft.pdf 

43. Laaksonen A. Designing Business Model for Precise GNSS Positioning Correction 
service FINPOS Case: National Land Survey of Finland [Internet]. 2019 [cited 2021 Mar 
18]. Available from: https://www.theseus.fi/handle/10024/263463 

44. Henning W, Martin D, Schrock G, Thompson G, Snay R. National Geodetic Survey 
Guidelines for Real Time GNSS Networks [Internet]. 2011 Mar [cited 2021 Mar 28]. 
Available from: https://www.ngs.noaa.gov/PUBS_LIB/NGS.RTN.Public.v2.0.pdf 

45. Denys P, Liggett A, Odolinski R, Pearson C, Stewart D, Winefield R. Network RTK – 
New Zealand A summary of the concepts, methods, limitations, and services in New 
Zealand Contributors: 2017 



28 
 

46. Schrock G. Best practices for the development and operation of real-time GNSS 
networks. Surveying and Land Information Science [Internet]. 2017 Nov 1 [cited 2021 
Mar 28];76(2):119–30. Available from: 
https://www.ingentaconnect.com/content/aags/salis/2017/00000076/00000002/art00006 

47. Janssen V. A comparison of the VRS and MAC principles for network RTK. In 
International Global Navigation Satellite Systems Society IGNSS Symposium [Internet]. 
2009 [cited 2021 Mar 24]. Available from: https://eprints.utas.edu.au/9530/ 

48. Geosystems Leica. Leica Geosystems Networked Reference Stations Take it to the 
MAX! [Internet]. 2005 [cited 2021 Mar 28]. Available from: 
https://www.smartnetna.com/documents/Leica_GPS_SpiderNET-
Take_it_to_the_MAX_June2005_en.pdf 

49. William Prescott, Yehuda Bock, Kenneth W. Hudnut, Mike M. Watkins, Duncan C. 
Agnew, Andrea Donnellan, et al. Operations Plan for the Southern California Integrated 
GPS Network, Fiscal Year, 1996 [Internet]. USA: U.S. Geological Survey.; 1996 [cited 
2021 Mar 28]. Available from: https://www.scec.org/publication/362 

50. Lapine LA, Wellslager MJ. A GPS + GLONASS for Precision, South Carolina’s GNSS 
Virtual Reference Station Network. Inside GNSS Magazine [Internet]. 2007; Available 
from: https://insidegnss.com/gps-glonass-for-precision/ 

51. Yildirim O, Salgin O, Bakici S. The Turkish CORS Network (TUSAGA-Aktif). In: FIG 
Working Week 2011 Bridging the Gap between Cultures [Internet]. Marrakech, 
Morocco; 2011. p. 18–22. Available from: 
http://fig.net/resources/proceedings/fig_proceedings/fig2011/papers/ts03g/ts03g_yildiri
m_algin_et_al_5244.pdf 

52. Wisconsin Department of Transportation WisDOT. WISCORS (Wisconsin Continuously 
Operating Reference Station) Network [Internet]. [cited 2021 Mar 28]. Available from: 
https://wisconsindot.gov/Pages/doing-bus/eng-consultants/cnslt-
rsrces/tools/wiscors/default.aspx 

 


	LIST OF FIGURES
	LIST OF TABLES
	ACRONYMS AND ABBREVIATIONS
	1 INTRODUCTION
	2 TECHNOLOGY
	3 RECENT ADVANCEMENTS IN POSITION DATA CORRECTIONS
	4 APPLICATIONS
	4.1 Transportation
	4.2 Agriculture
	4.3 Construction
	4.4 Surveying

	5 GNSS-RTN BUSINESS MODELS
	6 SYSTEM DESIGN
	7 SUMMARY
	8 REFERENCES

