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   GNSS 
Solutions: 

What is a virtual 
reference station 
and how does it 
work?

T o reach centimeter-level — or 
even better — accuracy of posi-
tioning typically requires use of 
precise dual-frequency carrier 

phase observations. Furthermore, these 
observations are usually processed 
using a differential GNSS (DGNSS) 
algorithm, such as real time kinematic 
(RTK) or post-processing (PP). Regard-
less of the specific differential algo-
rithm, however, implicit in the process 
is an assumption that the quality of 
the reference station data is consistent 
with the desired level of positioning 
accuracy. 

The virtual reference station (VRS) 
concept can help to satisfy this require-
ment using a network of reference 
stations. As a quick review, a typical 
DGNSS setup consists of a single refer-
ence station from which the raw data 
(or corrections) are sent to the rover 
receiver (i.e., the user). The user then 
forms the carrier phase differences (or 
corrects their raw data) and performs 
the data processing using the differen-
tial corrections.

In contrast, GNSS network archi-
tectures often make use of multiple 
reference stations. This approach 
allows a more precise modeling of 
distance-dependent systematic errors 
principally caused by ionospheric 
and tropospheric refractions, and 
satellite orbit errors. More specifi-
cally, a GNSS network decreases the 
dependence of the error budget on 
the distance of nearest antenna. 

The general concept of network-

based processing is shown in Figure 1. 
The network of receivers is linked to a 
computation center, and each station 
contributes its raw data to help create 
network-wide models of the distance-
dependent errors. The computation of 
errors based on the full network’s car-
rier phase measurements involves, first 
of all, the resolution of carrier phase 
ambiguities and requires knowledge 
of the reference station positions. (The 
latter is usually determined as part of 
the network setup.) 

At the same time the rover cal-
culates its approximate position and 
transmits this information to the 
computation server, for example, 
via GSM or GPRS using a standard 
National Marine Electronics Associa-
tion (NMEA) format. The computation 
center generates in real time a virtual 
reference station at or near the initial 
rover position. This is done by geo-
metrically translating the pseudorange 
and carrier phase data from the closest 
reference station to the virtual location 
and then adding the interpolated errors 
from the network error models. 

This generated VRS data is then 
sent to the user through a wireless con-
nection, often using the Networked 
Transport of RTCM via Internet Proto-
col (NTRIP). Finally, just as if the VRS 
data had come from a physical refer-
ence station, the rover receiver uses 
standard single-baseline algorithms to 
determine the coordinates of the user’s 
receiver, in near-real-time kinematic or 
post-processed modes. 

The main purpose of a VRS sta-
tion is to reduce the baseline distance 
between the rover and the reference 
station in order to efficiently remove 
spatially correlated errors using dif-
ferential processing, and to incorporate 
error corrections obtained from the 
reference stations network. To this end, 
the position of the VRS plays a critical 
role. In particular, because the user 
receiver cannot, by design, distinguish 
a real reference station and a VRS, 
the distance of the VRS from the user 
must be commensurate with the level 
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of errors present in the VRS data. This 
is what allows the receiver to use its 
standard data processing algorithms, 
which vary as a function of the baseline 
length (i.e., distance) to the reference 
station. 

To illustrate, let’s consider a simple 
example. Assume the user receiver per-
forms L1-ony processing for baselines 
up to, say, 8 kilometers and wide-lane 
dual-frequency (L1/L2) combinations 
for longer baselines. (This is somewhat 
simplistic, but it serves our purpose 
here.) Now, imagine if the errors in the 
VRS data were similar to a 20-kilome-
ter baseline, but the VRS position was 
situated only 2 kilometers from the 
user. In this case, the user’s receiver 
would attempt to use L1-only process-
ing, but the level of errors in the data 
would almost certainly not allow reli-
able results using this approach.

From this example we can see that 
the VRS concept basically needs the 
resource of a physical GNSS network 
surrounding the measurement area 
of the rover, with a minimum of three 
reference stations to enable the model-
ing of errors. However, the estimation 
accuracy increases as more physical 
reference stations are added to the 
network, especially as the number of 
stations exceeds five, at which point 

the increased 
redundancy and 
improved network 
geometry provide 
more accurate error 
modeling. 

To conduct a 
survey employing 
a VRS network, the 
physical stations 
themselves must be 
installed over stable 
sites, preferably 
distributed homo-
geneously over the 
operational area. 
If possible, the 
antennas must be 
fixed in bedrock to 
ensure long term 

stability of the receiver’s position. 
As an example, Figure 2 shows the 

Swiss Automated GNSS Network for 

Switzerland (AGNES) established by 
the Federal Office of Topography (swis-
stopo), which contains 30 stations with 
dual-frequency GPS/GLONASS receiv-
ers covering the entire 41,290-square-
kilometer surface area of Switzerland. 
AGNES incorporates an additional 19 
foreign stations with the data from all 
49 sites processed together to generate 
VRS solutions for the whole of Switzer-
land. At any location an average length 
of 30 kilometers to the AGNES refer-
ence station is guaranteed across the 
country.

A difficulty in Switzerland is the 
height variation from the lowest point 
at 193 meters (above mean sea level) in 
Lake Maggiore to 4,634 meters on the 
peak of Monte Rosa. To best model the 
atmospheric errors, the stations should 
have similar altitudes because of the 
strong dependence of the troposphere 
error on receiver height. To this end, 

FIGURE 1  GNSS network concept Including VRS
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typically the Jungfrauhoch (JUJO) station is not integrated 
into the error modelling, because its elevation of 3,582 meters 
is too high in comparison with the other stations in the sur-
rounding area.

Although the VRS approach generally provides an overall 
improvement relative to single reference station systems, it 
poses some challenges. First is a dependence of the VRS ser-
vice on a communication system, such as the mobile phone 
network in the case of Switzerland (which is quite reliable). 
Moreover this technique requires a bi-directional communi-
cation link between the receiver and the computation center, 
because the rover has to send information about its current 
position and has to receive the VRS data. This telecommu-
nication link must provide high bandwidth communication 
between all the elements of system: the reference stations, the 
master control center, and the user receiver. 

A second challenge is that errors can be generated by dif-
ferent tropospheric and stratospheric models applied between 
the computation center and the rover. Because the initial 
position provided by the rover to generate the VRS data is not 
usually precise, especially in height, the troposphere error 
computed by the network will not be perfect, with every 
10 meters of initial height error yielding up to 0.2 millimeters 
of error from the troposphere model.  Fortunately, obtaining 
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FIGURE 2  The Automated GNSS Network for Switzerland (AGNES) as of 2011
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a 10-meter height error is quite reasonable in most applica-
tions involving carrier phase data, meaning the resulting 
troposphere modeling errors will usually be small.

Using the VRS technique, highly improved RTK position-
ing can be performed inside the network area. The precision 
of RTK positioning using VRS reaches two centimeters in the 
horizontal plane and four centimeters in the vertical direc-
tion (2σ). The VRS concept allows a less dense antenna net-
work without accuracy degradation because the multiple ref-
erence station network better models the spatially correlated 
GNSS errors over longer baselines. As a result the maximum 
distance between the rover and the nearest reference station 
can be extended in comparison with the typical 10 ~15 kilo-
meters without accuracy degradation of the single reference 
station case.

Another benefit of a VRS is that the reference data are 
free of site-specific errors such as multipath, because the VRS 
computation assumes that the virtual station is situated at 
an ideal location. On the rover side the principal gains from 
the VRS principle are the use of common double-difference 
algorithms and the simplicity of computation, because the 
user does not need to perform any complex error modelling 
because this is being done already within the network.
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