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ABSTRACT 

The use of Global Navigation Satellite Systems (GNSS) for positioning has revolutionized the way location data is be- 
ing collected. The NAVigation System with Time And Ranging Global Positioning System (GPS), which is a principal 
component of the global navigation satellite system (GNSS); is a satellite-based radio navigation system that provides 
positions of points of interest and time information to users. GPS positional accuracy can be improved by using differ-
ential corrections obtained through a technique called Differential GPS (DGPS), which is known to provide the most 
accurate positioning results. Differential correction can be applied in real time at the data collection phase or in the of- 
fice, at the post-processing phase. DGPS is generally used for positioning purposes through static or kinematics GPS 
surveys. In static GPS surveys, one receiver is placed at a point whose coordinates are known and the other receiver is 
placed over a point whose coordinates are desired. In kinematic surveys, one receiver remains at one point (base station) 
normally with known coordinates, and the other receiver (rover) moves from point to point in the project area. Kine-
matic surveys in which points positions are computed on-the-fly (OTF) are known as real-time kinematic (RTK). RTK 
surveys provide real-time locations of points of interest needed in many applications. Positioning with wide-area GNSS 
networks is basically based on the DGPS and RTK concepts. Observables from a network of a finite number of GPS 
receivers over an area are processed by a server at a central location (network server) and made available to the users of 
the network later or in real-time through radio-based, satellite, or wireless communications. This article provides a re-
view of the concept and application of positioning with wide-area GNSS networks. 
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1. Introduction 

The 3D coordinates of the GPS receiver position and the 
receiver clock error can be estimated based on the trilat- 
eration concept provided that at least four GPS satellites 
are simultaneously tracked by the GPS receiver. Trilatera- 
tion is a geometric method used to determine the location 
of a point using the geometry of spheres based on distance 
measurements [1]. The position and velocity vectors of 
each satellite can be acquired from the broadcast ephe- 
merides. Much precise ephemerides can be obtained from 
the International GPS Services (IGS). The positioning 
accuracy can be improved with more observations either 
from other satellites that are simultaneously tracked or 
from the same set of satellites with longer observing time. 
The distance from a GPS receiver to a satellite (called 
range) can be obtained from two GPS observables: 1) 
pseudo ranges (from codes) and 2) phase ranges. The 
pseudo range observable is a measure of the distance be- 
tween the satellite and the receiver’s antenna, referring to 

the epoch of emission and reception of the codes [2]. The  
range can be determined by multiplying the speed of light 
and the total travel time, which is inferred from correlate- 
ing the identical pseudo-random noise (PRN) of the re- 
ceived codes to the receiver-generated replica. On the 
other hand, the range can also be expressed by the total 
number of waves, including the integer and the fractional 
parts, multiplied by the wavelength of the carrier wave [3]. 
The phase observable is the fractional part of the phase 
difference between the received wave and that of the in- 
ternal receiver oscillator. The integer part of the exact 
number of carrier waves from each satellite to the antenna, 
called the initial integer ambiguity, remains unknown and 
needs to be solved for. The correct ambiguity solution is a 
key to achieve higher accuracy in the kinematic GPS po- 
sitioning. It is common to use both code and phase ob- 
servations, provided that the receiver is equipped with 
such capabilities. A typical single commercial GPS re- 
ceiver (non-geodetic grade) can estimate the user’s posi- 
tion to within an average accuracy of about 12 meters, 
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which is not satisfactory for many applications. In fact, 
GPS can produce positions that are accurate to sub-centi- 
meter level. Many factors affect the accuracy of GPS pos- 
itioning including orbital errors, satellite and receiver 
clock errors, signal propagation errors, measurement noise, 
satellite geometry measures, tropospheric delay, ionosp- 
heric delay, multipath errors, ect..  

GPS positional accuracy can be improved by using 
differential corrections obtained by using a technique 
called Differential GPS (DGPS), which has been known 
to provide the most accurate positioning results [4]. Dif- 
ferential correction can be applied in real time at the data 
collection phase or in the office, at the post-processing 
phase. The simple setting of the Differential GPS (DGPS) 
involves the cooperation of two receivers: one is referred 
to the base or reference station (whose coordinates are 
known with the associated variance and covariance); the 
other is referred to the rover (whose coordinates are to be 
determined while being either stationary or moving). 
With both receivers collecting data simultaneously, the 
common errors such as the clock synchronization errors 
and the atmospheric range delays can be eliminated by 
differencing the observations of both receivers with re- 
spect to the same set of satellites. DGPS provides the 
rover’s coordinates with respect to the reference station 
due to the differencing; that is, the 3D coordinate com- 
ponents of the relative position vector from the reference 
station to the rover’s position. In addition, as the baseline 
length between the reference station and the rover’s posi- 
tion increases, the number of satellites simultaneously 
tracked decreases, and therefore the atmospheric condi- 
tions at the ends of the baseline start to de-correlate [5]. 
As a result, the differencing can no longer eliminate as 
much atmospheric errors as it would in the case of sh- 
orter baseline. Hence, the rover’s position accuracy de- 
pends on that of the reference station’s coordinates as 
well as the baseline length. The length of the baseline 
between the base station and the location to be estimated 
affects the positioning accuracy as shown below:  

DGPS positioning accuracy = ±[0.5 cm + 1 ppm of the 
baseline length] 

This demonstrates that DGPS is largely dependent on 
the length of the baseline. This limitation can be resolved 
by using shorter baselines or by establishing a so-called 
virtual reference station (VRS). The concept of VRS will 
be covered later in the paper. Although DGPS reduces 
atmospheric, ephemeris, and satellite clock errors; it 
doesn’t reduce errors form satellite measurement geome- 
try, multipath, or the receiver. Nevertheless, networks of 
points based on DGPS concept are being established by 
governmental and nongovernmental organization around 
the world for positioning and navigation purposes. These 
DGPS networks whether used for positioning or naviga- 
tion, are commonly known as wide-area GNSS networks. 

A GPS receiver location within a wide-area GNSS netw- 
ork can be estimated based on network location’s server 
technology adopted to resolve the receiver’s location. This 
type of technology is being used to support the United 
States Federal Communication Commission’s Enhanced 
911 requirement for public safety location services, 
which is commonly known as E911. DGPS is generally 
used for positioning purposes through static or kinemat-
ics GPS surveys. In static GPS surveys, one receiver is 
placed at a point whose coordinates are known and the 
other receiver is placed over a point whose coordinates 
are desired. In kinematic surveys, one receiver remains at 
one point (base station) normally with known coordinates, 
and the other receiver (rover) moves from point to point 
in the project area. Kinematic surveys in which points 
positions are computed on-the-fly are known as real-time 
kinematic (RTK).  

Unlike static DGPS surveys, which is often used for 
precise control surveys, RTK surveys provide real-time 
locations of points of interest that are typically needed in 
many engineering applications such as setting up project 
control, construction layout, topographic mapping, as- 
built surveying, ect.. RTK surveying requires both the 
reference and remote receivers to simultaneously acquire 
dual-frequency (L1/L2) GPS observations and perform 
carrier phase integer ambiguity resolution. Specifically, a 
fixed solution is essential for RTK surveys for surveying 
and engineering projects. It is common to initiate RTK 
surveys at a known point although most of GPS systems 
adopt an On-The-Fly (OTF) initialization technology, 
which uses the L2 frequency. In this case, the rover can 
initialize and resolve integers without a period of static 
initialization. The advantage of the OTF ability is that if 
a loss of satellite lock occurs, initialization can occur 
while in motion and the integers can be resolved OTF at 
the rover within no more than 30-seconds. This is why a 
communication link is required between the two receiv- 
ers in order to obtain the real-time coordinates of the 
rover’s location [6]. This communication link is normally 
established through radio, cell phone, or satellite. Being a 
typical DGPS method, the problem with the common 
RTK is that errors especially atmospheric; increase with 
the increase of baseline length. This is a big issue in a 
traditional RTK network because a dense network of 
reference stations is required to maintain shorter baseline 
lengths. This is not an issue with wide-area GPS network 
since now the network GPS data is acquired at network 
server, which then processes the data, computes correc- 
tions, and sends the corrections to the rover, which can 
then estimates its position robustly. 

2. Wide-Area GNSS Network Concept 

Positioning with wide-area GNSS networks is basically 
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based on the DGPS and RTK concepts. Observables from 
a network of a finite number of GPS receivers over an 
area are processed by a server at a central location (net- 
work server) and made available to the users of the net- 
work later or in real-time through radio-based, satellite, or 
wireless communications. If the GPS corrections are com- 
municated to the user in real-time, then the wide-area 
network is known at real-time network (RTN). The cen- 
tral server computes orbital, clock, and atmospheric errors 
over the GPS network and broadcasts the corrections to 
the users through one of the means mentioned above in 
real- or delayed-time. Radio-based communication between 
the master station and the network receivers requires a 
clear line-of-sight and short baseline distance, which 
cannot be practically guaranteed in every survey [7]. This 
problem with radio-based communication inspired the 
relatively new wireless-based communication. Depending 
of the length of baseline, positional accuracy of target 
points within a wide-area network is in the range 5 - 10 
centimetres horizontally and is in the range 15 - 20 centi-
metres vertically for real-time positioning. The main ob-
jective of a RTN is to provide positioning and/or navi- 
gation service continuously with a quality level that meets 
users requirements. The quality of the user’s position es- 
timated within the RTN is a function of many variables 
including the stations spacing (related to length of base- 
line(s)), network server configuration, error model, re- 
dundancy of communication between rover and master 
station server, broadcast format (RTCM1.0, 2.3, 3.1, 
CMR+, ect.), and network logistics (software, hardware, 
power sources, backup capability, ect.).  

In this section, the concept of wide-area GNSS network 
will be illustrated and a few positioning networks will be 
presented. Currently, many wide-area GNSS networks 
exist around the world, including over a hundred net- 
works in the US alone; ranging from publically to pri- 
vately developed and operated. Some of these networks 
are GNSS and some are GPS only networks. Example of 
a wide-area system that is only DGPS (non-real-time) is 
the National Geodetic Survey’s (NGS) Continuously Op- 
erating Reference Stations (CORS). The concept and the 
typical architecture of a private real-time GNSS network 
is presented in this article along with the virtual reference 
station (VRS) concept, which is being used largely in 
private networks. Not presented in this paper are the 
wide-area systems that are used solely for navigation 
purpose. Example of such a network system is the US 
Federal Aviation Administration’s (FAA) Wide Area 
Augmentation System (WAAS) [8]. 

2.1. Continuously Operating Reference Stations  
(CORS) 

Many CORS networks have been developed by a number 
of governmental, private, and academic organizations to 

provide support for precise positioning and navigation 
for applications ranging from ordinary engineering work, 
to robust target location identification, and scientific re- 
search. For illustration purposes, this section presents the 
National Geodetic Survey (NGS) CORS network, which 
covers the United States. CORS is an active wide-area 
GNSS network managed by the National Geodetic Sur- 
vey (NGS) in cooperation with the United States Coast 
Guard, Federal Aviation Administration, and US Army 
Corps of Engineers, and it offers DGPS service to the 
public free of charge. The development of CORS was 
motivated by the accuracy requirements for many active- 
ties in surveying, mapping, engineering and related fields. 
In CORS network, there are always two sets of stations: 
1) network stations, which are precisely known locations 
within the network, which continuously collect GPS data, 
and 2) user stations; fixed or mobile, which are unk- 
nown or approximate locations. The data collected at the 
network stations are used to compute GPS corrections for 
the network including the user stations within the net- 
work area. The user commonly receives these corrections 
after sending the GPS data file to NGS.  

A typical CORS network master control facility col- 
lects, stores, and processes GPS data acquired for the 
stations within the network. The GPS coordinates of un- 
known (new) points are then estimated based on data 
collected at a CORS station and processed by the master 
CORS facility based on the relative positioning concept 
[9]. Besides being utilized for relative positioning, some 
reference stations within CORS network depending on its 
location and other specific characteristics may be used by 
NGS and other governmental agencies in the US for 
clock correction, precise ephemerides, crustal motion 
monitoring and atmospheric and earth rotation studies [10]. 
NGS provides the coordinates of CORS stations in both 
of North American Datum of 1983 (NAD83-2002_epoch) 
and The International Reference Frame of 2000 (ITRF00), 
which has the same ellipsoid’s scale and shape parame-
ters of the well-known World Geodetic System of 1984 
(WGS84).  

GPS data collected for a time period of up to a full- 
observation-day is transferred from a CORS site to the 
master station. Once the GPS data from the CORS sta- 
tion is received by the master station, it gets processed to 
generate files of same format that are sent back to the 
user and sometimes archived for further processing. NGS 
also makes precise ephemeris data available to the GPS 
user community as it computes precise orbits based on 
orbital data acquired at the six GPS master stations. Each 
orbit covers a one-day period at a 0.25-hour epoch in- 
cluding satellite clock offsets. Currently CORS data is 
not available in real-time streaming mode, but NGS is 
planning to broadcast data from some CORS stations in 
the near future. NGS is now supporting international and 
federal agencies through near real-time GPS data steam- 
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ing through the International Global Navigation Satellite 
Systems (GNSS) Service known as IGS [11]. 

There are many requirements need to be met before a 
given site can be chosen as a CORS station. These include: 
location, availability of basic utilities such as power so- 
urce and backup, continuous network connection, ease of 
mounting the GPS receiver and peripheral equipment, 
adequate sky visibility from the CORS antenna location, 
availability of cable and/or telephone line, climate control 
capability, and security and ease of access. In wide-area 
networks, the GPS receiver type, model, software, data 
acquisition rate, ect.; is the backbone of the positioning or 
navigation process. An ideal CORS receiver should be 
able efficiently collect the pseudo-ranges and the two 
carrier phases of the P- and CA-codes [12].  

The major benefit of CORS network is the ability of 
the GPS user to acquire his/her unknown position within 
the CORS network by performing relative positioning 
with no need for a base station. At a CORS station, NGS 
provides the GPS coordinates based on L1 phase center as 
well as the Antenna Reference Point (ARP). The ARP- 
based coordinates are those estimated based on the bot- 
tom mount of the GPS antenna from which the phase 
center offsets are computed. For precise positioning using 
CORS network, the post-processed orbital GPS data can 
be obtained through the internet or wireless connections 
from NGS. One major issue with CORS-based position- 
ing is quality control in the context of the utilized CORS 
station. These issues are mainly related to multi-path errors, 
receiver errors, cycle slip errors, issues with the positional 
stability of the GPS antenna, ect.. Although monitoring of 
the positional stability of the GPS antenna can be carried 
out by repeated inter-station baseline calculations, it is 
rarely considered a serious issue by the users. All of these 
issues have to be addressed by the GPS user locally; oth-
erwise the estimated GPS coordinates will have low qual-
ity. 

2.2. Private Wide-Area Real-Time GNSS  
Networks 

The demand for precise GPS data in the surveying, engi- 
neering, mapping, and related professions is continuously 
increasing to meet the need for spatial data for lots of ap- 
plications especially in areas that have witnessed a boom 
in real estate businesses. Traditionally, radio-based RTK 
has been known to provide the most accurate positioning 
as it corrects the inherent errors of the satellite system at 
the location of a roving GPS receiver. Issues with radio- 
communication that relate to clear line-of-sight between 
the locations of the base station and the rover as well as 
short baselines inspired the development of more reliable 
communication mechanism. The latest communication 
techniques utilize wireless communication through ultra- 
high-frequency “UHF” radio, satellite, or cellular phone 

modems. This section presents the concept and the appli- 
cations of privately operated wide-area GNSS network; 
specifically a wireless-based network. 

2.2.1. Working Principle of Private Wide-Area  
Real-Time GNSS 

GPS observation data from a set of fixed reference sta- 
tions is continuously transmitted to a central server. The 
network processor performs integrity checks on all GPS 
observables, carries out quality checks on the data, and 
correct for cycle slips. The network processor resolves 
the network ambiguities and computes atmospheric cor- 
rections based on double-differencing concept after GPS 
data integrity has been checked. Figure 1 below shows 
an example of the general architecture of the wireless- 
based RTK network. 

2.2.2. Wireless-Based Private Wide-Area Real-Time  
GNSS Network 

Wireless-based GNSS network is a wide-area, real-time 
integrated GPS positioning system, consisting of GPS 
hardware, software and wireless communication links. 
The communication links such as ultra-high-frequency 
“UHF” radio, satellite, or cellular phone are utilized by 
the network to provide communication between the net- 
work server and the reference stations to model errors 
throughout the coverage area. This model is used; for 
example, to create virtual reference stations (VRS) near 
the user’s location which then provide a localized set of 
standard format correction messages to the rover. To 
enable the GPS modeling, the rover provides its appr- 
oximate position to the central server via a cellular mod- 
em. The central server processes double-differenced data, 
generates errors, creates a VRS, and interpolates and ap- 
plies corrections for the rover. The central server then pr- 
oduces corrections as if they were coming from the VRS 
and transmits them back to the receiver through the com- 
munication links. This type of a wide-area network is  
 

GPS base station

VRS GPS Rover

Central server

GPS base station

GPS base station

 

Figure 1. Example of the general architecture of a wireless- 
based wide-area GNSS network. 
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managed by software packages available from; for ex- 
ample Trimble® Navigation, including GPS BASE, GPS 
NET, and RTK NET. GPS BASE provides continuous, 
fully automatic operation of a single base station for post 
processing of RTK or DGPS corrections within a local 
area. GPS NET is designed to connect multiple base sta- 
tions. RTK NET uses real-time data from the GPS NET 
software to generate corrections for high accuracy [13], 
real-time Kinematic (RTK) corrections throughout the 
network. RTK NET is the software that provides the 
Virtual Reference Station (VRS) broadcast corrections.  

The VRS is the oldest and one of five RTK wide-area 
GNSS network correction methods including the Flächen- 
Korrektur Parameter (FKP), the Individualized MAC 
(i-MAC), the Master Auxiliary Corrections (MAC), and 
the Networked Reference System (NRS). Conceptually, 
the VRS and i-MAC methods are not different, but the 
i-MAC method generates corrections for a real station and 
doesn’t create a VRS. Unlike the VRS and i-MAC, the 
FKP method creates corrections in terms of simple planes 
for a finite area around the closest reference station to the 
rover. Also, the FKP method does not require the rover to 
send its approximate position; instead, the server sends 
the GPS data along with a distance-based error model of 
the reference station to the rover [14]. The corrections 
estimated by the server at the rover’s position in this 
method are based on the assumption that the distance- 
based errors between the references stations change line- 
arly, which can result in low quality position estimates. In 
the MAC method, the server transmits the GPS data and 
network information to the rover, which can then calcu- 
late the corrections based on single- or multiple-baselines. 
The advantage of this method is that the rover can re- 
calculate its position OTF with the RTK solution, but the 
disadvantage is that the corrections are computed by the 
rover at the user end; therefore the type, brand and quality 
of the receiver becomes an issue. Networked Reference 
System (NRS), is the newest RTK method and it uses a 
sub-set of the network reference stations within a finite 
area around the rover location to generate the error model 
and it computes corrections for long baselines (up to 200 
kilometres). 

The VRS concept is mainly based on the elimination 
of the residual double differenced errors for long-range 
baselines between known and unknown stations, and an 
optimum set of GPS data is selected from a combined 
observations from several reference stations. Accordi- 
ngly, the methods for short-range baseline kinematic data 
processing can be used to determine the position of a 
long-range rover based on the VRS data. In order to cre- 
ate a VRS near the receiver, approximate position must 
be resolved at first from the observations of multiple sta- 
tions in the network. Then, the corrections for the rover 

location can be generated from the residuals in carrier- 
phase measurements, and accordingly corrections are co- 
mputed for the rover approximate position. 

2.2.3. Benefits of a Private Wide-Area Real-Time  
GNSS 

A private wide-area real-time GNSS network makes the 
determination of coordinates more accurate, much easier, 
and more efficient compared to traditional methods. Such 
capability enables for real-time, efficient GPS data col- 
lection and accurate positioning needed in many applica- 
tions including surveying, GIS, utility mapping, natural 
resources, environmental monitoring, transportation en- 
gineering, ect. [15]. Another emerging mapping method 
that uses a continuously operating GPS network to imp- 
rove mapping accuracy is mobile mapping where the 
mapping equipment is connected to a roving GPS unit. A 
new mobile mapping application in transportation engi- 
neering utilizes mobile data terminals installed in emer- 
gency vehicles, public local transportation and transit 
systems based on a GPS tracking system. If such a tra- 
cking system uses a wide-area real-time GNSS network, 
the efficiency of positioning and public safety will be 
improved. In summary, wide-area real-time GNSS net- 
work increases the positioning productivity, simplify data 
acquisition process, increase the accuracy, and allow for 
rapid and easy GPS equipment set-ups. 

3. Concluding Remarks 

Evidently there are many advantages of a wide-area 
GNSS network that include, but not limited to no need 
for a user base station, orbital and atmospheric errors are 
estimated at the user’s location based on a network 
model, and ease of GPS equipment set-ups that would 
result in higher productivity. In the case of a RTN how- 
ever, the communication links between the network 
server and the rover remain an issue when wireless or 
radio broadcasts are lost. For example, this is not unusual 
scenario with wireless connections, which would not be 
available in some remote areas, or radio broadcast which 
basically depends on the length of the baseline and the 
clarity of the line of sight. This later scenario becomes 
obvious when positioning is sought outside the RTN en- 
velope resulting in coordinate estimates with lower qual- 
ity. Another issue that applies not only to the RTN, but to 
all GNSS products is related to interference and jamming 
of the GPS signal, especially interference which can take 
place due to increased solar activity or bad weather. An- 
other issue that worth mentioning is related to the quality 
of positions estimated based on these wide-area GNSS 
networks. This is the lack of standards, which applies not 
only to wide-area GNSS networks positions, but to every 
spatial data product. Technically, spatial data standards 
do exist, however there are only used as guidelines be- 
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cause the enforcement of the standards in this case is not 
practically feasible. In an effort to provide standards for 
NGSS networks-based positioning, NGS has recently 
released guidelines for RTN networks; specifying the 
requirements from the GPS survey planning phase, to the 
establishment and the operation phases. The development 
of these guidelines was motivated in part by the need for 
general standards for a rapidly growing nationwide infra- 
structure of more than a hundred wide-area GNSS net- 
works. The release of the guidelines is also essential be- 
cause coordinates estimated within these networks are 
commonly based on US national datums, which need to 
be in harmony with the National Spatial Reference Sys- 
tem (NSRS). 
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