Results of Absolute Field Calibration
of GPS Antenna PCV

Falko Menge, Glnter Seeber, Christof Volksen
Institut fur Erdmessung, Universitat Hannover
D-30167 Hannover, Germany

Gerhard Wibbena, Martin Schmitz
Geo++, Gesellschaft fur satellitengestitzte geodétische und navigatorische Technologien mbH
D-30827 Garbsen, Germany

BIOGRAPHY Universitat Hannoveand now works forthe Geo++
company.

Dr. Ginter Seeber has been Professor at the Institut fiir

Erdmessung, Universitat Hannover since 1973, where ABSTRACT

he teaches satellitgeodesy, geodetic astronomy and

marine geodesy. Hehas specialized in satellite The electromagnetic behavior antennas is not
positioning techniques since 196@d haspublished homogeneousThe so-called phase center variations
several scientific paperand books in the field of (PCV) describehe signal reception dbPSantennas
satellite and marine geodesy. and have been ammportant field of interesfor the
GPS communityduring the lastyearsand still are. It
Falko Mengeand Christof Vdlksen receivedheir remains as a maigoal to improveantenna calibration
Dipl.-Ing. in Geodesyfrom the UniversitdHannover proceduresand toevaluatetheir accuracy.The paper
and arecurrently employed agesearch associates in presents some results of approach, which can
satellite positioning at the Institut fir Erdmessung. determine azimuthand elevation-dependent PCV of
GPS antennas in arabsolute senséhrough afield
Dr. Gerhard Wibbena receivais degrees irGeodesy calibration. The PCV for different antennatypes
from the Universitat Hannover. Heasworked in the derived from absolute field calibratiosse evaluated
field of GPS since 1983and developedthe program and remaining errasourcesarediscussedThe impact
system GEONAP. In990 he foundedhe company of absolute PCV on regional/global networks using
Geo++, which develops satellitenavigation and mixed or even identical antenna types is characterized.

positioning softwarend systemsDr. Martin Schmitz
also receivedhis degrees in Geodesy from the



INTRODUCTION

The determination dPCV for GPSantennas and the
introduction in the processing of operationfald
surveys is ammportant field of research thedays. In
order to reach the millimeteaccuracy level in
networks consisting of differentantenna types,
especially concerning the height component, the
application of PCV is inevitable.Beside these
engineeringsurveysthe processing of largeretworks

is also problematic due to the estimation of a
tropospheric scale factor, which is biased by the
uncorrected phase pattern resulting in height errors
(UNAVCO 1995, Rothacher el. 1995a). The PCV
effect ismisinterpreted as tropospheric refraction and
height. Furthermoreabsolute PCVare requisite for
large networkseven ifusing the samantennatype,
becausehe directions of the simultaneousigceived
signals are different onll sitesand thushave to be
corrected with different PCV value§his kind of
application needs further investigation since mest
often used PCV calibration sets (Rothachex 1996,
Mader 1998) are currently relative witkespect to a
reference antenna with a PCV pattern set to zero.

Beside these relative fieldalibrations, alsabsolute
calibrations argossible. Orthe onehand, there is the
calibration in anechoic chambers (e.g. Schupler 1994),
which is using simulate@PSsignals. On the other
hand, thereexists an absolute field calibration
technique. Thebasic ideasand functionality of this
procedure have already beesuccessfully proven,
showing thefeasibility of a direct absolute calibration
in the field and the treatment of multipath errors using
siderealday time differenced observation®ubbena

et al. 1997)Several aspects tfie procedurare still
evolving. Nonetheless, different absolute calibration
sets have been determined, whiclow will be
evaluated in an operational GPS application.

ABSOLUTE FIELD CALIBRATION -
SUMMARY

The absolute field calibration of GP&tennaPCV is

so far implemented in th&PS software package
GEONAP (Wibbena 1989)using undifferenced
observationsThe ideafor and thedevelopment of the
procedure was mainly caused by fact, that the
existing field surveysare relativeand areinfluenced

by multipath (Rothacher eal. 1995a), since no
observation site can be totally unaffected by this effect.

In order to avoid correlations @he estimated PCV
with the calibration site, thebasic idea of the
procedure is theuse of the repeated satellite
constellation after one mean siderefly. Thus, in
case ofunchanged multipath conditions on the site,
the multipath effects repeat with the same periods.
Forming thedifferences ofthe observations between
two sidereal daysthe multipath error term together

with the phase center variatiomsd the geometric
information (since the design matrix ialmost
identical) is eliminated. Investigations concerning the
exact period of thggeometry repeatability (Seeber et
al. 1997) revealed slightly different values (24 h -
240...254 s) for each satellite insteadited generally
assumed number of 24 h - 236 s. A mealue for a
calibration can be calculatedrom the actual
observations. Neverthelest)e calibration israther
insensitive to differences offaw seconds. As already
mentioned, the interestinfCV are also removed
while forming theobservation differences. Buhis
information is re-obtained through rotatioasd tilts

of the calibratecntenna ormne of thetwo daysusing

a calibrated antenna mount. This procedure
additionally contributes to agood coveragewith
satellite observations ovethe whole antenna’s
hemisphere without a ‘northern holand allows a
determination of PCV down to zero degree elevation.

The observation equation fahe mean sidereal day
time differenced>® yields (multipath andgeometric
information eliminated; different pdy for the two
days; remaining differences on ahort baseline are
very small for atmospheric errors ,g/drrop Or are
correctly modeled; clock errors dt/dT):
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Obviously, the difference betweethe PCV values of

two days now leads to a value unequal zero. Hence, the
observable fothe estimation of thabsolute PCV is a
difference of two antenna orientations’ PGNowever,

it is still an absolute approactecause PCV for a
single antenna arealculated independently from a
reference antenna. A spherical harmoniunction
serves for the determination of elevationand
azimuth) dependenPCV (R, are the normalized
associated Legendre functions):

Mmax N

dpey (0,2 = zz(Amcosmx + B, sinm )P (cos2).

n=0m=0

Thus, the PCV are estimated inone adjustment
without separating phasdfsetand phase pattern and
refer tothat point of the antennayhich is adjusted to
the point of intersection of the rotation axis of the
antenna mount during the calibratiprocedure. The
low order coefficients represent theoffset to that
reference point. Generally, amntenna is only
completely described Iihe combination obffsets (or
reference pointand associated PCV referringxactly

to that point. Only in this case onecan avoid
systematicerrors,because an offseépresents a mean
value derived from a special geometry (elevation mask
dependent). More detailed descriptiongtef absolute



approach and thealibration procedurean befound
in Wibbena etal. (1996, 1997).Several different
antennaypeshave been calibrated (AshteGeodetic
[, 1l, 1ll, Marine and Choke Ring Dome; Trimble
4000ST L1/2Geodand Choke Ring), but so far there
are only several calibration sets forthe Ashtech
Geodetic Il model.

APPLICATION IN MIXED BASELINES -
EVALUATION

Some tests forthe evaluation ofseveral absolute
calibratedantennatypes werecarried out on theoof
of the Geodeticlnstitute at the Universitatannover
on two dayq210, 211) in 1998Five Ashtechantenna
types weremounted on pillars (Table 1) withaseline
lengths between 5 and 8 m.

Table 1 - Used antenna types
Pillar no. | Antenna type (ASHTECH)
Geodetic Ill, 700718.B
Geodetic 1l, 700228.D Rev. B
Geodetic |, 700228.A
Choke Ring Radome, 700936.
Marine, 700700.B

AlO1O|(|0O

All ambiguities were fixed during the processing of
thetwo 24 hdata setsSeveral kinds of coordinasets
for different signals(original L1, L2, ionospheric
corrected LO, Narrow-Lane LN) were generatesihg
mean offsets, relative PCV (Mader 1998and our
absolute PCV. Additionally, solutions with different
references (fixed coordinatesnd 1 h and 0.5h
solutions werggenerated. As expectethe horizontal
positionsare not problematic, therefore the presented
results will focus onthe height component. In this
way, the quality of thePCV correctionscan bebest
evaluated. The results of precise leveling for the
pillar heights served as a reference.

Only some representative results frahre multiple
comparisons will be shown. First afi, in Figures 1-3
the differences between leveledeights and GPS
derived heightsare presentedor the signals L1
(original signal, 3.0 mm noise), LN (combination of
L1/L2, 2.4 mm lowest noise)and LO (ionospheric
correctedsignal, 10.0 mmhigh noise) for bothdays
with reference pillar 8 (Ashtech Geodetidll),
elevation mask 15°. These three signals represent the
results for both frequenciesnd furthermore different
areas of applications, e.g. LN femall engineering
networksand LOfor larger networksOnly the results
concerning the introduced relatiead absolute PCV
areshown (remarks toffsetswill follow later in this
paragraph).

The figures of Lland LNshow,that withtheselowest
noise signals onean reachaccuracies <5 mm with
both used PCV sets.
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Fig. 1 - Height difference GPS-leveling, L1
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Fig. 2 - Height difference GPS-leveling, LN

LO - 24 hour solutions (Ref. 8)
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Fig. 3 - Height difference GPS-leveling, LO

Except for pillar 7, both PCV setsare at thesame
accuracy level. Considerintpe observation noise of
the signals (2..3 mm), the significance of the



differences is hardly to evaluat€he plot of the LO
results demonstratethat also both PCV sets allow
precise solutions for amall network in the <10 mm
range. For thesand thefollowing results onéhas to
keep inmind, that allsolutionsare a function of the
fixed referenceantenna and itassociated PCV. A
different referencantenna (e.g. pillar fixed instead
of pillar 8) produced a slightly different result
depending on the quality of the PCV.

As an extension to the prior results, the dddutions

for the relativeand absolute PCV corrections with
additionally estimated tropospheric parameters are
depicted in Figure 4 (da®11, referenceillar 8). The
plots show,that both PCV setxan alreadydescribe
the real phase pattern quitgell, valid for short
baselines. An existence oémaining PCV errors is
indicated by the degraded solutions with estimated
trophospheric parametetdowever,these errors of up

to several cm als@wan be attributed to remaining
multipath effects. Earlier investigations of the
multipath environment at the test sievealed ehigh
influence.
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Fig. 4 - Height difference GPS-leveling, LO, +trop

As an example foshort time observations, 1 h and
also 0.5h L1 results for onantenna(Geodetic I,
reference pillar 4, Choke Ring) are presented in Figure
5 and 6.Also an 'offset only' correctionsing values
from Mader (1998) is shown in order to explain the
problem with just aroffsetcorrection in general. The
precision of short timeobservations is avery
important issue for economic operational GiBreys.
For these applications there $sarcely no averaging
effect overthe time - thePCV must beprecisely
known. Due to the multipath influence, no shorter data
sets were selected for this example.

The 1 h results are almost in the same rahge the
previous long 24 h observationghe variations of the
0.5 h observation blockare a little higherbut still on
a sufficient levelThe resultsshow a systematic effect,

if only offsetsare used.This is especially valid for
short time measurements. It also holds fardonger
observation periods, becausenaan phase center can
never represent exactlthe actually needed phase
pattern for a satellite constellation.
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Fig. 5 - 1 h results Ashtech Geodetic | antenna, L1
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Fig. 6 - 0.5 h results Ashtech Geodetic | antenna, L1

The last plotfor the mixed baseline calculatiofeads
to a short discussion wEmainingeffectswithin the
procedure of absolute field calibration. In Figure 7 the
L1-24 h-results (day 210, referencepillar 7) with
different PCV correctiongnd offsets introduced are
shown. Thereseems to be a problem withe offset
and not with thePCV corrections, derived from the
absolute field calibration,especially on pillar 8
(Geodeticlll). An assessmenivas carried out using
calibration sets of th&eodetic llantenna. Thisype is
the only model we calibrated 4 times up to now.
Therefore we checkedhe different offset results.
Again, inconsistencies in theange ofseveral mm
show up. The reasoffior this problem is due to the
used model forthe offset estimation within the
spherical harmonic function. Since werk in an



absolute senséhe adjustmentodel Y Wynasell min

is not the exact representatidar the pure offset
estimation (degree nand order n = 1). Amodel
> Wpey O min of theabsolute PCV should improve the
offset results in the future.
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Fig. 7 - Height difference GPS-leveling, LO, Offsets

The otherfactors with remaining impacts on the
absolute PCV approaclre generally known and
currently evaluated. The used antenna mounsbas
disadvantages, nameshadingeffectswithin the axis
for the tilts (90°, 270°), the stability, the precision, and
the complicated calibration fothe mount. Asecond
group of possible factors are concerned with remaining
differential effects ofthe multipath and antenna gain.
Changes of multipatleffectsdue to the rotationsttilts
and to different weather conditions (humidity of
reflectors) are currently investigated.

An example forthe repeatability ofabsolute PCV
determination is shown in Figure 8. The Ashtech
Geodetic Il antennawas calibratedwo times (days
63/64 and 65/66 in 1997) under almost equal
conditions (consistent weather conditions etc.). The
differencesare in the range of +/- 2 mmyhereas the
absolute range is approximately 2 cm.
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Fig. 8 - Repeatability Geodetic Il calibration (Lifjn]

A great step forward will be an automation of the
procedure with a robot. Currentlthe use of a robot
and the resultingbenefits are investigated in a
research project (concernirtbe antenna calibration
and the multipath issue).

ADVANTAGES OF ABSOLUTE PCV -
DISCUSSION

At his point, the question of the advantages of absolute
PCV compared to relative PCV arideecause of the
considerable efforts for the absolute approach.

In brief, the advantages of absolute field calibration
are the following ones:

» calibration of a single antenna, independesn a
reference antenna

* multipath elimination/reduction, independent of
site

» no reference coordinates necessary

o calculated PCV refer to a well knowantenna
reference point, offset incorporated, no pre-
determination of an offset necessary

» antennacovered wellwith correction values due to
the rotationsttilts, possibly down to elevation zero
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Fig. 9 - Directions of simultaneously received signals

The importance of the absoluteness itself should not be
underestimated as theffects inlarge networks will
show. Since relative calibrations ontgpresent the
difference of PCV to a referencantenna with a



patternset to zero (Rothacher, Mader 1996, Mader
1998), thereferenceantenna is notcorrected. The
relative PCV corrections witlthe widest distribution
refer to the Dorne Margolin Thoke ring antenna
(DM-T), e.g. themostly used type irthe permanent
network of the International GPS Service for
Geodynamics (IGS). Besidbe zero correction of this
type, alsahe relativePCV forthe other antennigpes
‘lack’ in that particularabsolute PCVrange. The
consequencesan be explained with the help of the
sketches in Figure 9The satellite signals in a small
network will be receivedunder almost identical
elevation and azimuth anglesTherefore a ‘no
correction’ forthe sameantennatype doesnot effect
the coordinate estimatiobgcause it ishe same error
on each station. The direction of teanultaneously
receivedsignals will differ moreand more with an
increasing baseline length. Thus, #féect ofthe not
considered PCV is also different on each station and
does not cancel out. Theeffect increases while
estimating tropospheric parameters.

USING IDENTICAL ANTENNAS -
EXPERIMENTS WITH ABSOLUTE PCV

In order to evaluate the influenceaifsolute PCV in a
network consisting of the sama&ntennatype, the
following experiments have been carried out:

» processing of a short baseline
» processing of a simulated zero-baseline
» processing of a large network

Only DM-T antennas patrticipated in these tests. This
antenna was chosepecause it ishe mainlyusedtype
within the permanent network of the IG&d also
serves ashe reference mode(pattern set to zero) in
various relative calibrations. Since a DMahtenna
wasnot accessible for an absolute fieddlibration, we
usedthe absolute PCV of an Ashtech Choke Ring
antenna, which has aery similar phase pattern
(Mader 1998).
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Fig. 10 - Phase pattern (qualitative) L1 Choke Ring

The absolute PCV were transformed ttee generally
used offset forthe DM-T (L1 and L2 [n,eh} =
0.0,0.0,0.110/0.0,0.0,0.128). A total uniformity to the
real DM-T phase pattern is not importafur the
experiments, sincall antennas areorrected equally
with the same values. Thesed absolute PCV for L1
areshown in Figure 10. Therare almost no azimuth
dependencies. The variations span range of
approximately 1.5 cmand arequite similar to other
absolute chamber calibrations (Schupler 1994, 1995,
UNAVCO 1995). The variation rander L2 is a little

bit smaller.

Every analysis wasarried out with GEONAP. First of
all, a shortbaseline (length 65 myas processed. We
used a 24 h data set from the Wettzell 1995 calibration
campaign (Rothacher at. 1995b), with a baseline of
two DM-T antennas. The heigltomponents of four
different baseline solutions (always elevation mask
15°, ionospheric correctetinear combination LO)
were compared (see Table 2).

Table 2 - Short DM-T baseline comparisons
Options A Options B A dh
Point1 | Point2| Pointl] Point 2 [cm]
-pcv -pcv +pcv +pcv 0.0
-pcv+t -pcv+t +pcv+t | +pcv+ 0.0
+pcv +pcv +pcv+t | +pcv+t 1.2

(-/+ pcv = no PCV/absolute PCV, +t = trop. parameter estimated)

The comparisonshowthe expected results for short
baseline withalways identical conditions for both
points (atmosphere, multipath, satellite directions).
There is ndifference betweethe coordinate solution
without and with absolute PCV introduced:here is
also no difference between thes® solutions when
tropospheric parameters are estimated. Th&pected
results verify the later results in the large network. The
difference betweeithe estimated coordinates without
and with tropospheric parameters results from
multipath effects, which are misinterpreted by the
tropospheric parameters as tropospheric changes (e.g.
UNAVCO 1995).

The next experiment was the processing of a simulated
zero-baseline. The gowadas to ‘extractthe totaleffect

of the absolute PCV whethe ionosphericcorrected
signal LO is used and tropospheric parameters are
estimated. Therefore tlubservation file of one station
of the previous testlatawas duplicated. Only one file
was updatedwith absolute PCV. Afterwards the
solution forthe zero-baselinevas calculated, hence,
the deviations from zershowthe absolute effect due
to these PCV corrections while using &0dadjusting

a tropospheric scale factor. Aeffect appears almost
only for the height component, agpected, because of
the dominant elevation dependent correctiand the
horizontal satellitesymmetry for 24 h observations.
The height componerior the zero-baseline is 8.1 cm
(2.2 cm without tropospheric estimation). Tle&act



values are of course only valid forthis special
observatiordata and theised PCV, but gives good
impression abouthe totaleffect of absolute PCV for
this kind of coordinate estimation.

But the starting poinfor the testswas the possible
influence of absolute PCV in krge network with
identical antennas,where the directions of the
simultaneous tracked satellites differ. The general
assumption is ‘no correction’ of absolute PCV for an
identical antennaype. Thereforghe data of one day
of several IGS stations with DM-Bntennaswere
selected (Figurell), namely the stationSWTZR,
MADR, MATE, ANKR, ZWEN with baselindengths
between1000and 2000 km.Additionally stations for
an even more extended DM-T network weéadken,
REYK, ALGO, KOUR, ASC1,resulting in distances
of more than 8600 km. The experimenvas quite
simple. Onlythe difference between twsolutions was
compared. Thus, there are ndependencies to
reference coordinates (and their calculati@amjl to the
quality of theprocessed network he first coordinate
set was derived from a LO-solutiamth tropospheric
parameters estimated, an elevation mask of 10°,
precise ephemeris (IGS combined orbits), the
coordinates of one fixed poiftWTZR) and no PCV
corrections introduced - a normptocedure for the
processing of a large network. The second coordinate
set was calculated exactlye samavay (identical data
and options), except fothe correction ofll stations
with the sameabsolute PCVThe comparison of the
two solutions revealechmazing differences. Within

the smaller, regional netwolWTZR, ANKR, MATE,
ZWEN, elevation and azimuth of simultaneously
received satellitesandiffer morethan20°, individual
components show differences up to &%. There are
differences inthe horizontal andertical components,
mainly because othe fixing of the base-coordinate
(WTZR). Therefore, the residual vectors are within the
direction of the baseline frorthis fixed point. The
comparison othe two solutions forthe global network
show evenlarger differences, e.g. up to morthan

7 cm for one individual component (Figure 11).

Transformationsbetweenthe two solutions for the
smaller and the largenetwork always comprise a
scale factor of morthan 1.2108, a valuethatalready
appeared in connection with comparisons with
absolute PCV from chamber calibrations (Rothacher et
al. 1995a)But in our examplethe absolute PCV are
evaluated (seeother paragraphs) referring to an
exactly known referencand thus, the greamnfluence

is simply due tdhe correct inclusion adbsolute PCV.
The biascan beclearly seen inthe increase of all
baseline lengthdor the case of introduced absolute
PCV. A mean biagor the baselinavas calculated to
0.0138 ppm (Figure 12). The ‘no correction’ of
absolute PCV inlarge networks leads to a great
systematic error, mainly to a scale ihe baseline
length, becausdahe tropospheric parameters also mis-

modelthe uncorrected phase patteaifferently for all
stations due to the different satellite directioniis is
underlined by the result of a comparison of two
solutions without troposphere estimation, where the
differencesare much smaller. Still, theffect of ‘no
correction’ of absolute PCV clearly shows, even for
identical antennas.
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One conclusion ofthis experiment is theecessity of
absolute PCV in order teeach anaccuracy level of

1 ¢cm/1000 km for the absolute positioning and scale of
a networkand avoid this systematic errorAgain, the
exact values ofhe effect are only valid for the data
and options of this special experiment, but clearly
show agreat effect and should encourage the GPS
community to be aware dhis influence ometwork
processing.

SUMMARY AND CONCLUSIONS
The results fronfield calibrations of absolute phase

center variations for severahtennatypeshave been
evaluated in different operational GPS applications. A



network of 5 antennatypes was processedsing
absolute PCV valueand compared with grounttuth
heights derived from a highly precise leveling. The
absolute PCV shovtheir effectiveness. Goodesults
can beachieved, also in comparison with other sets of
PCYV calibrations (relative PCVith a combination

of differentantennatypes, accuracielselow 5 mm for
the estimated height component in a small engineering
network arepossible. Nonethelesthe estimation of a
tropospheric scale factor leadsheight errors in the
cm-range. This emphasizes tfect, that a serious
problem isthe impact of multipath, which will be a
more and more important field of researchtfer GPS
community, especiallyconcerning the operation of
permanent reference stations.

Still, the efforts for a more precisdetermination of
antennaPCV and their application in GPS field
measurements have not reached the 1 mm border for
mixed baselines, which the GPS community is striving
for. Remaining factors to be investigated mdeeply

for our approach of absolute field calibratiare the
currently usedantenna moungprecision, calibration,
shadingeffects)and remainingdifferential multipath
effects caused bthe rotationstftilts of the mount and
changing weather conditions. The limitifigctors in
using the absolute PCV approach for operational
calibrations are the technical constrairdsd the
considerable effortsduring the field procedure.
Therefore, a future goal is an automation. Currently,
the use of a robot is in an initial stage.

The advantages of thebsolute approach (namely the
possibility to calibrate a single antenna, the
independence from a refereng@etenna andeference
coordinates, the multipath reduction) are predominant.
Moreover, relative calibration values givanly the
difference of PCV to a referencantenna. In an
experiment, 'no correction' compared tabsolute
correction' of this particulareferenceantennaype in

a large networkshows arelevant influence. Thus, for
the network scale it is necessary to corteetabsolute
PCV within regional andjlobal networks, even they
usethe sameantennatype. Otherwise, mainly caused
by the estimation of tropospheric parameters,
systematic errorsan reach up tseveral cm or bias
the baseline length in some parts of I&spectively.
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