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Abstract 
 
To get accurate positions of GPS antennas, one should apply phase center variations (PCV) corrections in the data 
processing. Until recently, relative calibrations, originally proposed by National Geodetic Survey of United States, 
were the international standard. However, in late 2006, International GNSS Service will switch to absolute calibration 
methods. In this study, we compared the position differences caused by different PCV models, and their effects on the 
calculations of Precipitable Water Vapor (PWV) in the atmosphere. Data from ~40 permanent GPS stations in Korea 
were processed and we found that the vertical position differences reach up to 5 cm, depending on the model selected. 
Also the PWV values varied quite significantly: the maximum bias in the computed PWV values was ~4 mm. 
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1. Introduction 

 
Global Positioning System (GPS) has been widely accepted as 

an enabling technology in survey and geodesy, and the situation 
is similar in Korea. As the application areas of GPS expand, 
many of them require highly accurate positioning capability, 
sometimes in real-time. Especially, state-of-the-art technologies 
such as Real-Time Kinematic (RTK), Network RTK, and Virtual 
Reference System (VRS) allow one to get the centimeter-level 
precision in real-time surveys. To achieve this level of accuracy 
and precision, one has to consider all the sophisticated force and 
measurement models (Hatanaka et al., 2001). 

Phase center variations (PCV) can cause positioning errors of 
several centimeters in the vertical direction, and one cannot 
ignore these errors in RTK. The reason is because one has to fix 
the integer ambiguity at each epoch, and several centimeters of 
positioning error from PCV should make the fixing very difficult. 
In the case of GPS meteorology, an accuracy of a few 
millimeters is required in determining Precipitable Water Vapor 
(PWV). In PWV calculations, a vertical positioning error of 2 cm 
translates into ~3 mm PWV error (Bevis, et al., 1992).  

In late 2006, the new International Terrestrial Reference 
Frame (ITRF) 2005 will replace the ITRF 2000. Right after the 
new reference frame release, International GNSS Service (IGS) 
is planning to adapt an absolute PCV calibration model as the 
international standard (IGS Mail, 2006). Until now, the Korean 
geodetic community has been using relative PCV calibration 
models. Thus, one has to analyze the impact of implementing a 
new calibration model and take necessary steps to minimize the 
impact and confusion which might be caused by the change. 

In this paper, we introduce the theory and concept of PCV 
calibrations, and then analyze the position and PWV differences 
caused by implementing different PCV models in GPS data 
processing. 

 
 

2. Theory and Concept of PCV 
 

In this section, explanations about Antenna Reference Point 
(ARP) and PCV are given. In addition, international standards of 
PCV calibration methods are presented. 
 

2.1 ARP and PCV 
 

ARP is the reference point for a GPS antenna, and it is usually 
located in the bottom part of the antenna. The three-dimensional 
coordinates of a GPS antenna obtained through GPS data 
processing refer to the ARP. But the actual location where the 
antenna receives GPS signals is not the ARP, but a phase center. 
Usually they think the geometric center of the antenna is the 
phase center, but it is not true. Rather, the phase center varies 
depending on the direction (azimuth and elevation angles) of the 
line-of-sight between the antenna and the satellite. These 
variations of a phase center are called PCV and they are different 
for L1 and L2 signals. The mean values of the PCV are called 
phase center mean offsets. Figure 1 shows the locations of the 
ARP and L1/L2 mean offsets for the TRM29659.00 antenna.  

 
 

 
Figure 1. The ARP and L1/L2 phase center mean offsets for 
TRM29659.00. 
 
 

Figure 2 depicts the relative geometry of the ARP and phase 
center mean offsets. The location of the phase center mean offset 
is usually given in the north, east, and up (NEU) directions 
relative to the ARP. The PCV is a function of azimuth and 
elevation angles, but it varies more significantly with the 
elevation angle than the azimuth angle. Thus the calibration 
tables are generally given as a function of elevation angles.  
 



 

Figure 2. The ARP, phase center mean offset, and PCV (Mader 
and Czopek, 2002). 
 
 

In Korea, they have about 80 permanent GPS stations, being 
operated by several governmental agencies and research 
institutes. Several types of GPS antennas are being used at those 
sites, but most of them are TRM29659.00 and 
TRM33429.00+GP. In this study, we investigated only those two 
popular types used by National Geography Information Institute 
(NGII) and Ministry of Government Administration and Home 
Affairs (MOGAHA). NGII and MOGAHA are operating 14 and 
30 sites, respectively.  
 
2.2 PCV Calibration Methods 

 
GPS research groups have suggested several methods for PCV 

calibration, but there are only two methods that are 
internationally acknowledged. One is the relative calibration by 
National Geodetic Survey (NGS), which was adapted by IGS in 
1996. The other is an absolute calibration developed by 
University of Hannover and Geo++ in Germany. The absolute 
calibration will be announced as an international standard in late 
2006.  

 
Relative Calibration 

 
The relative calibration is conducted at the NGS Corbin 

Facility (refer to Figure 3). Two concrete pillars of 1.5 meters 
height are separated by ~5 meters. The ground is grass and the 
nearest building is a one-story building about 21 meters away 
(Mader, 1999). This environment of a grassy ground and no-
nearby-buildings is one of the best ones for multipath reduction. 
On one of the two pillars is located the AOAD/M_T antenna, 
which is considered to be free from PCV errors. The antenna to 
be calibrated will be installed at the other pillar. The positions of 
the pillars are known very accurately from other surveys. Then, 
the positions of the two antennas are estimated from L1 and L2 
observations and the residuals from the known coordinates are 
regarded as the effects of PCV. A fourth-order polynomial is 
fitted to the residuals to produce the PCV calibration table as a 
function of elevation angles. The tropospheric and ionospheric 
errors are assumed negligible because the distance between the 
two antennas is only 5 meters.  

The problem with relative calibration arises from the fact that 
it assumes that the reference antenna AOAD/M_T is free from 
PCV. The neglected PCV of the reference antenna will propagate 
into the test antenna’s PCV. In addition, relative calibrations do 
not provide the calibration values under the elevation angle of 10 
degrees. Also, the facility’s environment is not perfectly free 
from multipath errors. For these reasons the idea of absolute 
calibration came along. 

 

 

Figure 3. The relative calibration test at the NGS Corbin Facility 
(Mader, 1999). 
 
 
Absolute Calibration 
 

The absolute calibration methods were developed by the 
University of Hannover and Geo++ in the late 1990’s (Wübbena 
et al., 2000). Absolute calibrations are produced using the robot 
arm, the test antenna being attached at the end of the arm (refer 
to Figure 4). The robot arm tilts and rotates the antenna and 
collect measurements in every possible combination of azimuth 
and elevation angles. The multipath effects are eliminated by the 
formula in Seeber et al. (1998). 

 
 

 

Figure 4. The robot arm for absolute calibration. 
 

The major advantage of absolute calibration is the fact that it 
can compute calibration values even for elevation angles under 
10° and that it catches the small variations in the azimuth angles. 
As in the relative calibration, absolute calibration provides 
calibration tables for L1 and L2 signals separately. 

 



 
3. Comparison of PCV Calibrations 
 

 As described earlier, most of the permanent GPS stations in 
Korea are equipped with TRM29659.00 and TRM33429.00+GP. 
The position differences caused by different PCV calibration 
models were evaluated through GPS data processing. The GPS 
data were processed using GIPSY-OASIS II developed by Jet 
Propulsion Laboratory (Webb and Zumberge, 1997). The 
standard precise point positioning techniques were employed 
(Zumberge et al., 1997). All the processing procedures and 
parameters were unchanged except for PCV models. Thus the 
choice of PCV models should be the only cause of the resulting 
position and PWV differences. In this comparison, the relative 
model chosen is the NGS one (Mader, 1999) and the absolute 
model is igs05_1365.atx (IGS Mail, 2006). 

Four different test cases were designed as in Table 1. T1 and 
T2 cases consider the phase center mean offset only, so the 
variations are ignored. T3 and T4 consider both the mean offsets 
and variations. Currently either T1 or T3 calibration is the 
standard procedure in the Korean geodetic community. 

The data from 14 NGII and 30 MOGAHA sites were used in 
the analysis. The data spans 10 days; July 19 through 28, 2003. 
The data sampling was 30 seconds and 24-hour data were 
processed to get daily coordinates. The daily three-dimensional 
positions were obtained in the ITRF2000, and then transformed 
into the local NEU (North-East-Up) frame. 

 
 
 

Table 1. PCV calibration methods 
Test Scheme Mean Offset PCV 

T1 Relative × 

T2 Absolute × 

T3 Relative Relative 

T4 Absolute Absolute 
 
 
4. Results and Discussion 
 

Figure 5 shows the histogram of the position differences due 
to different PCV models for 14 NGII sites, and Figure 6 for 30 
MOGAHA sites. T1-T3 and T2-T4 depict the cases where the 
only difference is the presence/absence of the PCV calibration. 
T3-T4 is for the absolute calibration and therefore the change of 
the coordinates is due to the PCV. T1-T4 is the difference 
between the most fundamental relative calibration method 
considering only relative mean offsets and the most advanced 
absolute calibration considering both the mean offsets and the 
PCV. Because the Korean geodetic community employs either 
T1 or T3 methods, T1-T4 and T3-T4 in Figures 5-6 should be of 
primary interest when the community switches to T4 in late 2006. 

The average values of position differences in Figures 5 and 6 
are listed in Table 2. The mean values are slightly different for 
NGII and MOGAHA sites, and the reason is because their 
antenna types are not the same. 

 
 
 

 
 

Figure 5. The histogram of position differences (NGII).



 
Figure 6. The histogram of position differences (MOGAHA).

 
Table 2. Average values of position differences. 

NGII MOGAHA 
 ∆N 

(mm) 
∆E 

(mm) 
∆U 

(mm)
∆N 

(mm) 
∆E 

(mm) 
∆U 

(mm)
T1-T3 0.0 0.0 -0.2 -1.7 1.2 51.0
T2-T4 -0.9 1.0 46.4 1.6 0.8 25.3
T3-T4 -2.0 -1.9 12.8 4.5 -3.2 -24.2
T1-T4 -2.0 -1.9 12.6 2.8 -2.0 26.7
 
 

To analyze the impact of PCV models on the calculated PWV 
values, we did choose one site each from the NGII and 
MOGAHA GPS network. SEOS is the NGII site located in 
Seosan, and the YANP is the MOGAHA station in Yangpyeong. 
We processed only one day of data (July 19, 2003) and evaluated 
T1-T4 and T3-T4 cases. Figure 7 shows the differences in PWV; 
the blue solid line is for T3-T4 and the red dotted line for T1-T4. 
For visual comparison, the scales on the y-axis in the two figures 
were set to be equal. 

SEOS shows very similar trends for the two cases and the 
RMS values are 2.6 mm for both T1-T4 and T3-T4. However, 
the differences for YANP are quite dissimilar: the RMS values 
for T3-T4 and T1-T4 are 4.0 and 0.8 mm, respectively. As noted 
earlier, the accuracy of PWV computation required for GPS 
meteorology is about 1-2 mm. Thus, for accurate determination 
of the PWV, a thorough analysis for the observed discrepancy is 
required.  

One of the reasons for the rather large differences observed in 
the position and PWV estimates can be attributed to in-correct 
GPS satellite phase center models (Mader and Czopek, 2002). 
IGS recommends using GPS satellites phase center models along 
with the ground receiver phase center models (IGS Mail, 2006). 
Without implementing the appropriate satellite phase center 
models, the scale of the terrestrial reference frame can suffer 
from significant biases. However this study did not consider 
satellite phase center models yet, which we are planning to do in 
the near future.  

 

 
Figure 7. PWV differences for T1-T3 and T1-T4 cases. 

 
 

Acknowledgement  
 

This work was funded by the Korea Meteorological 
Administration Research and Development Program under Grant 
CATER-2006-3105.  
 



Reference 
 

1. M. Bevis, S. Businger, T. A. Herring, C. Rocken, R. A. 
Anthes, and R. H. Ware, GPS Meteorology: Remote 
Sensing of Atmospheric Water Vapor Using the Global 
Positioning System, Journal of Geophysical Research, Vol. 
97, No. D14, 1992, pp. 15,787-15,801 

2. Y. Hatanaka, M. Sawada, A. Horita, and M. Kusaka, 
Calibration of antenna-radome and monument-multipath 
effect of GEONET --- Part I: Measurement of phase 
characteristics, Earth, Planets and Space, Vol. 53, No. 1, 
2001, pp. 13-21 

3. IGS Mail, IGS Mail 5318, 2006,  
http://igscb.jpl.nasa.gov/mail/igsmail/2006/msg00041.html 

4. G. L. Mader, GPS Antenna Calibration at the National 
Geodetic Survey, GPS Solutions, Vol. 3, No. 1, 1999, pp. 
50-58. 

5. G. L. Mader and F. M. Czopek, The Block IIA Satellites - 
Calibrating Antenna Phase Centers, GPS World, Vol. 13, 
No. 5, 2002, pp. 40-46. 

6. G. Seeber, F. Menge, C. Völksen, G. Wübbena, and M. 
Schmitz, Precise GPS Positioning Improvements by 
Reducing Antenna and Site Dependent Effects. In: Brunner 
(Ed.). Advances in Positioning and Reference Frames, IAG 
Symposia, Vol. 118, Rio de Janeiro, Brazil, September 3-9, 
1997, Springer Verlag, pp.237-244. 

7. F. H. Webb and J. F. Zumberge, An introduction to the 
GIPSY/OASIS-II,     JPL Publ., D-11088, Pasadena, Calif., 
1993 

8. G. Wübbena, M. Schmitz, F. Menge, V. Boder, and G. 
Seeber, Automated Absolute Field Calibration of GPS 
Antennas in Real-Time, In: Proceedings of the 13th. 
International Technical Meeting of the Satellite Division of 
the Institute of Navigation ION GPS 2000, September 19-
22, 2000, Salt Lake City, UT. 

9. J. F. Zumberge, M. B. Heflin, D. C. Jefferson, M. M. 
Watkins, and F. H. Webb, Precise point positioning for the 
efficient and robust analysis of GPS data from large 
networks, Journal of Geophysical Research, Vol. 102, No. 
B3, 1997, pp. 5005-5017. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


