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 geodatische und navigatorische Technologien mbH
D-30827 Garbsen, Germany

BIOGRAPHY

Dr. Giinter Seeber has been Professor at the Institut fr

ErdmessungUniversitatHannoversince 1973, where
he teachessatellite geodesy,geodeticastronomyand
marine geodesy. He has specialized in satellite
positioningtechniquessince 1969 and has published
several scientific papersand books in the field of
satellite and marine geodesy.

Falko Menge and Christof Vdlksen received their
Dipl.-Ing. in Geodesyfrom the Universitat Hannover
and are currently employedas researchassociatesn

satellite positioning at the Institut fir Erdmessung.

Dr. Gerhard Wilbbena receivai degreesn Geodesy
from the UniversitdtHannover.He hasworkedin the
field of GPSsince 1983 and developedthe program
systemGEONAP. In 1990 he foundedthe company
Geo++, which develops satellite navigation and
positioningsoftwareand systemsDr. Martin Schmitz

also received his degreesin Geodesy from the
Universitat Hannoverand now works for the Geo++
company.

ABSTRACT

The electromagneticbehavior of antennasis not
homogeneousThe so-calledphasecenter variations
(PCV) describethe signal receptionof GPSantennas
and have beenan importantfield of interestfor the
GPScommunityduring the last yearsand still are. It
remainsasa maingoalto improveantenneacalibration
proceduresandto evaluatetheir accuracy.The paper
presentssome results of an approach,which can
determineazimuth- and elevation-dependerCV of
GPS antennasin an absolutesensethrough a field
calibration. The PCV for different antennatypes
derivedfrom absolutefield calibrationsare evaluated
and remainingerror sourcesarediscussedTheimpact
of absolutePCV on regional/global networks using

mixed or even identical antenna types is characterized.

' Presented at ION GPS-98, Nashville, Tennessee, September 15-18 1998



INTRODUCTION

The determinationof PCV for GPSantennasaand the
introduction in the processingof operational field
surveysis animportantfield of researchthesedays.In
order to reach the millimeter accuracy level in
networks consisting of different antenna types,
especially concerning the height component, the
application of PCV is inevitable. Beside these
engineeringsurveysthe processingf larger networks
is also problematic due to the estimation of a
tropospheric scale factor, which is biased by the
uncorrectedphasepatternresulting in height errors
(UNAVCO 1995, Rothacheret al. 1995a).The PCV
effectis misinterpretedas troposphericrefractionand
height. Furthermore,absolutePCV are requisite for
large networks,evenif using the sameantennatype,
becausehe directionsof the simultaneouslyreceived
signalsare different on all sitesand thus haveto be
correctedwith different PCV values. This kind of
applicationneedsfurther investigationsincethe most
often used PCV calibration sets (Rothachexl 1996,
Mader 1998) are currently relative with respectto a
reference antenna with a PCV pattern set to zero.

Besidetheserelative field calibrations,also absolute
calibrationsarepossible Onthe onehand,thereis the
calibration in anechoichamberge.g.Schuplerl994),
which is using simulatedGPS signals.On the other
hand, there exists an absolute field calibration
technique.The basic ideas and functionality of this
procedure have already been successfully proven,
showingthe feasibility of a direct absolutecalibration
in the field and théreatmenif multipatherrorsusing
siderealday time differencedobservationdWibbena
etal. 1997). Severalaspectf the procedureare still

evolving. Nonethelessdifferent absolute calibration
sets have been determined, which now will be
evaluated in an operational GPS application.

ABSOLUTE FIELD CALIBRATION -
SUMMARY

The absolutefield calibrationof GPSantennaPCV is
so far implementedin the GPS software package
GEONAP (Wubbena 1989) using undifferenced
observationsThe ideafor andthe developmenbf the
procedurewas mainly causedby the fact, that the
existing field surveysare relative and are influenced
by multipath (Rothacheret al. 1995a), since no

observation site can be totally unaffected by this effect.

In order to avoid correlationsof the estimatedPCV
with the calibration site, the basic idea of the
procedure is the use of the repeated satellite
constellationafter one mean siderealday. Thus, in

caseof unchangedmultipath conditionson the site,
the multipath effects repeatwith the same periods.
Forming the differencesof the observationshetween
two siderealdays, the multipath error term together

with the phasecenter variations and the geometric
information (since the design matrix is almost
identical)is eliminated.Investigationsconcerningthe
exact period of the geometryrepeatability(Seeberet
al. 1997) revealedslightly different values (24 h -
240...254s) for eachsatelliteinsteadof the generally
assumechumberof 24 h - 236s. A meanvaluefor a
calibration can be calculated from the actual
observations.Neverthelessthe calibration is rather
insensitiveto differencesof a few secondsAs already
mentioned, the interesting PCV are also removed
while forming the observationdifferences.But this
information is re-obtainedthroughrotationsand tilts
of the calibratedantennaon one of the two daysusing
a calibrated antenna mount. This procedure
additionally contributesto a good coverage with
satellite observations over the whole antenna’s
hemispherewithout a ‘northern hole’ and allows a
determination of PCV down to zero degree elevation.

The observationequationfor the mean siderealday
time difference & vyields (multipath and geometric
information eliminated; different dpcy for the two
days; remaining differenceson a short baselineare
very small for atmosphericerrors don/drrop OF are
correctly modeled; clock errors dt/dT):
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Obviously, the differencebetweenthe PCV valuesof

two days now leads to a value unequal zero. Hence, the

observabldor the estimationof the absolutePCV is a
difference of two antenna orientations’ PGNowever,
it is still an absoluteapproach,becausePCV for a
single antennaare calculatedindependentlyfrom a
reference antenna. A spherical harmonic function
serves for the determination of elevation (and
azimuth) dependentPCV (P,, are the normalized
associated Legendre functions):

Nmax N

doo (@,2) = Z Z (A,,cosma + B, sinma)P, (cos2).

n=0m=0

Thus, the PCV are estimatedin one adjustment
without separatingphaseoffset and phasepatternand
referto that point of the antennawhich is adjustecdto
the point of intersectionof the rotation axis of the
antennamountduring the calibration procedure.The
low order coefficients representthe offset to that
reference point. Generally, an antenna is only
completelydescribedoy the combinationof offsets(or
referencepoint) and associatedPCV referring exactly
to that point. Only in this case one can avoid
systematicerrors,becausen offsetrepresents mean
valuederivedfrom a specialgeometry(elevationmask
dependent)More detaileddescriptionsof the absolute



approachand the calibration procedurecan be found
in Wibbenaet al. (1996, 1997). Several different
antennaypeshavebeencalibrated(AshtechGeodetic
[, 1l, lll, Marine and Choke Ring Dome; Trimble
4000STL1/2 Geodand ChokeRing), but so far there
are only several calibration sets for the Ashtech
Geodetic Il model.

APPLICATION IN MIXED BASELINES-
EVALUATION

Some tests for the evaluation of several absolute
calibratedantennatypeswere carried out on the roof
of the GeodeticInstitute at the Universitat Hannover
ontwo days(210,211)in 1998.Five Ashtechantenna
typeswere mountedon pillars (Table 1) with baseline
lengths between 5 and 8 m.

Table 1 - Used antenna types
Pillar no. | Antennatype (ASHTECH)
Geodetic Ill, 700718.B
Geodetic Il, 700228.D Rev. B
Geodetic |, 700228.A
Choke Ring Radome, 700936.1
Marine, 700700.B

OO0

All ambiguitieswere fixed during the processingof

thetwo 24 h datasets.Severakinds of coordinatesets
for different signals (original L1, L2, ionospheric
correctedLO, Narrow-LaneLN) were generatedising

mean offsets, relative PCV (Mader 1998) and our

absolutePCV. Additionally, solutionswith different

references(fixed coordinates)and 1 h and 0.5h

solutionswere generatedAs expectedthe horizontal
positionsare not problematic,thereforethe presented
resultswill focus on the height component.In this

way, the quality of the PCV correctionscan be best
evaluated.The results of a preciseleveling for the

pillar heights served as a reference.

Only some representativeresults from the multiple
comparisonsvill beshown.First of all, in Figures1-3
the differences between leveled heights and GPS
derived heights are presentedfor the signals L1

(original signal, 3.0 mm noise),LN (combinationof

L1/L2, 2.4 mm lowest noise) and LO (ionospheric
correctedsignal, 10.0 mm high noise) for both days
with reference pillar 8 (Ashtech Geodeticlll),

elevationmask15°. Thesethreesignalsrepresenthe
resultsfor both frequenciesand furthermoredifferent
areasof applications,e.g. LN for small engineering
networksand LO for largernetworks.Only the results
concerningthe introducedrelative and absolutePCV
are shown(remarksto offsetswill follow laterin this
paragraph).

Thefiguresof L1 andLN show,thatwith theselowest
noise signalsone can reachaccuracies< 5 mm with
both used PCV sets.
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Fig. 3 - Height difference GPS-leveling, LO

Except for pillar 7, both PCV sets are at the same
accuracylevel. Consideringthe observationnoise of
the signals (2...3mm), the significance of the



differencesis hardly to evaluate.The plot of the LO
results demonstratesthat also both PCV sets allow
precisesolutionsfor a small networkin the < 10mm
range.For theseand the following resultsone hasto
keepin mind, that all solutionsare a function of the
fixed referenceantennaand its associatedPCV. A
different referenceantennale.qg. pillar 7 fixed instead
of pillar 8) produced a slightly different result
depending on the quality of the PCV.

As an extensionto the prior results,the LO solutions
for the relative and absolute PCV correctionswith

additionally estimated tropospheric parametersare
depictedin Figure4 (day 211, referencepillar 8). The
plots show, that both PCV setscan alreadydescribe
the real phase pattern quite well, valid for short
baselines An existenceof remaining PCV errors is

indicated by the degradedsolutions with estimated
trophospheriparametersHowever,theseerrorsof up

to severalcm also can be attributed to remaining
multipath effects. Earlier investigations of the
multipath environmentat the testsite revealeda high

influence.
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As an examplefor short time observations,1 h and
also 0.5h L1 results for one antenna(Geodeticl,

reference pilla#, Choke Ring) are presentedrigure
5 and 6. Also an 'offset only' correctionusing values
from Mader (1998) is shownin orderto explain the
problemwith just an offset correctionin general.The
precision of short time observationsis a very
important issue for economaperationalGPSsurveys.
For theseapplicationsthere is scarcelyno averaging
effect over the time - the PCV must be precisely
known. Due to the multipath influence, no shodata
sets were selected for this example.

The 1 h resultsare almostin the samerangethanthe
previouslong 24 h observationsThe variationsof the
0.5 h observatiorblocksarea little higher,but still on
a sufficientlevel. Theresultsshowa systematiceffect,

if only offsets are used.This is especiallyvalid for

shorttime measurementst alsoholdstrue for longer
observatiomperiods,because meanphasecentercan
never representexactly the actually needed phase
pattern for a satellite constellation.
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Fig. 6 - 0.5 h results Ashtech Geodetic | antenna, L1

Thelastplot for the mixed baselinecalculationdeads
to a short discussionof remaining effects within the
procedureof absolutefield calibration.In Figure7 the
L1-24 h-results (day 210, reference pillar 7) with
different PCV correctionsand offsets introducedare
shown. There seemsto be a problemwith the offset
and not with the PCV corrections,derived from the
absolute field calibration, especially on pillar 8
(Geodeticlll). An assessmenivas carried out using
calibration sets athe Geodeticll antennaThis typeis
the only model we calibrated4 times up to now.
Therefore we checked the different offset results.
Again, inconsistenciesn the range of severalmm
show up. The reasonfor this problemis due to the
used model for the offset estimation within the
spherical harmonic function. Since we work in an



absolutesense the adjustmentmodel > Wppasell min
is not the exact representatiorfor the pure offset
estimation (degreem and order n = 1). A model
> Wpey 0O min of the absolutePCV shouldimprovethe
offset results in the future.
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The other factors with remaining impacts on the
absolute PCV approachare generally known and
currently evaluated. The used antenna mounsbae
disadvantages)yamelyshadingeffectswithin the axis
for the tilts (90°, 270°), the stability, the precisiamd
the complicatedcalibration for the mount. A second

group of possible factors are concerned with remaining

differential effectsof the multipathand antennagain.
Changesof multipath effectsdue to the rotationsttilts
and to different weather conditions (humidity of
reflectors) are currently investigated.

An example for the repeatability of absolute PCV
determinationis shown in Figure8. The Ashtech
Geodeticll antennawas calibratedtwo times (days
63/64 and 65/66 in 1997) under almost equal
conditions (consistentweather conditions etc.). The
differencesare in the rangeof +/- 2 mm, whereashe
absolute range is approximatelg.
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Fig. 8 - Repeatability Geodetic Il calibration (Litn]

A great step forward will be an automationof the
procedurewith a robot. Currently, the use of a robot
and the resulting benefits are investigated in a
researchproject (concerningthe antennacalibration
and the multipath issue).

ADVANTAGES OF ABSOLUTE PCV -
DISCUSSION

At his point, the question of tredvantagesf absolute
PCV comparedto relative PCV arise, becauseof the
considerable efforts for the absolute approach.

In brief, the advantagesf an absolutefield calibration
are the following ones:

« calibrationof a singleantennajndependenfrom a
reference antenna

¢ multipath elimination/reduction,independentof
site

* no reference coordinates necessary

e calculated PCV refer to a well known antenna
reference point, offset incorporated, no pre-
determination of an offset necessary

e antennacoveredwell with correctionvaluesdueto
the rotationsttilts, possibly down to elevation zero
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Fig. 9 - Directions of simultaneously received signals

The importance of the absoluteness itshatfuldnot be
underestimateds the effectsin large networks will
show. Since relative calibrations only representthe
difference of PCV to a referenceantennawith a



patternset to zero (Rothacher,Mader 1996, Mader
1998), the referenceantennais not corrected.The

relative PCV correctionswith the widest distribution

refer to the Dorne Margolin T choke ring antenna
(DM-T), e.g.the mostly usedtype in the permanent
network of the International GPS Service for

GeodynamicglGS). Besidethe zero correctionof this

type,alsothe relative PCV for the otherantennaypes
‘lack’ in that particular absolute PCV range. The

consequencesan be explainedwith the help of the

sketchesn Figure 9. The satellite signalsin a small

network will be received under almost identical

elevation and azimuth angles. Therefore a ‘no

correction’for the sameantennatype doesnot effect

the coordinateestimation becauset is the sameerror

on eachstation. The direction of the simultaneously
receivedsignalswill differ more and more with an

increasingbaselinelength. Thus, the effect of the not

consideredPCV is also different on eachstationand

does not cancel out. The effect increaseswhile

estimating tropospheric parameters.

USING IDENTICAL ANTENNAS -
EXPERIMENTSWITH ABSOLUTE PCV

In orderto evaluateheinfluenceof absolutePCVin a
network consisting of the same antennatype, the
following experiments have been carried out:

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

Only DM-T antennagarticipatedin thesetests.This

antenna washosenpecausét is the mainly usedtype

within the permanentnetwork of the IGS and also
servesasthe referencemodel (patternsetto zero)in

various relative calibrations.Since a DM-T antenna
washot accessibldor an absolutefield calibration,we

used the absolutePCV of an Ashtech Choke Ring

antenna,which has a very similar phase pattern
(Mader 1998).
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The absolutePCV were transformedto the generally
used offset for the DM-T (L1 and L2 [n,e,h}, =

0.0,0.0,0.110/ 0.0,0.0,0.128). A total uniformitythe
real DM-T phasepatternis not important for the
experimentssince all antennasare correctedequally
with the samevalues.The usedabsolutePCV for L1

areshownin Figure10. Therearealmostno azimuth
dependencies.The variations span a range of

approximatelyl.5 cm and are quite similar to other
absolutechambercalibrations(Schupler1994, 1995,
UNAVCO 1995).Thevariationrangefor L2 is alittle

bit smaller.

Every analysisvascarriedout with GEONAP.First of
all, a shortbaseling(length 65 m) was processedWe
used a 24 h data set from Weettzell 1995calibration
campaign(Rothacheret al. 1995b),with a baselineof
two DM-T antennasThe height componentsof four
different baseline solutions (always elevation mask
15°, ionospheric corrected linear combination LO)
were compared (see Table 2).

Table 2 - Short DM-T baseline comparisons
Options A Options B A dh
Point 1 | Point2 | Point1 | Point 2 [cm]
-pcv -pcv +pcv +pcv 0.0
-pcv+t -pcv+t | +pcv+t | +pcv+t 0.0
+pcv +pcv +pcv+t | +pcv+t 1.2

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

The comparisonshowthe expectedesultsfor a short
baseline with always identical conditions for both

points (atmosphere multipath, satellite directions).
Thereis no differencebetweenthe coordinatesolution
without and with absolutePCV introduced.Thereis

also no difference betweenthesetwo solutionswhen
tropospherigparametersireestimated Theseexpected

results verify the later results in the large network. The

difference betweenthe estimatedcoordinateswithout
and with tropospheric parameters results from
multipath effects, which are misinterpretedby the
tropospherigparametersstroposphericchangege.g.
UNAVCO 1995).

The next experiment was the processing sifiaulated
zero-baselineThe goalwasto ‘extract’ the total effect
of the absolutePCV when the ionosphericcorrected
signal LO is used and troposphericparametersare
estimatedThereforethe observatiorfile of onestation
of the previoustestdatawas duplicated.Only onefile
was updated with absolute PCV. Afterwards the
solution for the zero-baselinevas calculated,hence,
the deviationsfrom zero showthe absoluteeffect due
to thesePCV correctionswvhile usingL0 andadjusting
a troposphericscalefactor. An effect appearsalmost
only for the heightcomponentasexpectedbecausef
the dominantelevationdependentorrectionsand the
horizontal satellite symmetry for 24 h observations.
The heightcomponenffor the zero-baselings 8.1cm
(2.2cm without troposphericestimation). The exact



values are of course only valid for this special
observatiordataandthe usedPCV, but givesa good
impressionaboutthe total effect of absolutePCV for
this kind of coordinate estimation.

But the starting point for the testswas the possible
influence of absolutePCV in a large network with
identical antennas, where the directions of the
simultaneoustracked satellites differ. The general
assumptionis ‘no correction’ of absolutePCV for an
identical antennatype. Thereforethe dataof one day
of several IGS stationswith DM-T antennaswere
selected (Figure 11), namely the stations WTZR,
MADR, MATE, ANKR, ZWEN with baselinelengths
between1000and 2000 km. Additionally stationsfor
an even more extendedDM-T network were taken,
REYK, ALGO, KOUR, ASC1, resultingin distances
of more than 8600 km. The experimentwas quite
simple.Only the differencebetweentwo solutionswas
compared. Thus, there are no dependenciesto
reference coordinates (and the@culation)andto the
quality of the processedhetwork. The first coordinate
setwas derivedfrom a LO-solution with tropospheric
parametersestimated, an elevation mask of 10°,
precise ephemeris (IGS combined orbits), the
coordinatesof one fixed point (WTZR) and no PCV
correctionsintroduced- a normal procedurefor the
processingof a large network. The secondcoordinate
set was calculateelxactlythe sameway (identicaldata
and options), exceptfor the correctionof all stations
with the sameabsolutePCV. The comparisonof the
two solutions revealedamazing differences. Within
the smaller,regionalnetwork WTZR, ANKR, MATE,
ZWEN, elevation and azimuth of simultaneously
receivedsatellitescandiffer morethan 20°, individual
componentshow differencesup to 3.5cm. Thereare
differencesin the horizontaland vertical components,
mainly becauseof the fixing of the base-coordinate
(WTZR). Therefore, the residual vectors wi¢hin the
direction of the baselinefrom this fixed point. The
comparison ofhetwo solutionsfor the global network
show even larger differences,e.g. up to more than
7 cm for one individual component (Figure 11).

Transformationsbetweenthe two solutions for the
smaller and the larger network always comprise a
scalefactorof morethan1.2 10%, avaluethatalready
appeared in connection with comparisons with
absolute PCV fronthambercalibrations(Rothacheset
al. 1995a).But in our example the absolutePCV are
evaluated (see other paragraphs)referring to an
exactlyknown referenceandthus, the greatinfluence
is simply dueto the correctinclusionof absolutePCV.
The bias can be clearly seenin the increaseof all
baselinelengthsfor the caseof introducedabsolute
PCV. A meanbiasfor the baselinewas calculatedto
0.0138 ppm (Figure 12). The ‘no correction’ of
absolute PCV in large networks leads to a great
systematicerror, mainly to a scalein the baseline
length, becausdhe tropospherigparameterslso mis-

modelthe uncorrectedhasepatterndifferently for all
stationsdueto the different satellitedirections.This is
underlined by the result of a comparisonof two
solutions without troposphereestimation, where the
differencesare much smaller. Still, the effect of ‘no
correction’of absolutePCV clearly showsup, evenfor
identical antennas.
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One conclusionof this experimentis the necessityof
absolutePCV in orderto reachan accuracylevel of
1 cm/1000km for the absolute positioning aisdaleof
a networkand avoid this systematicerror. Again, the
exactvaluesof the effect are only valid for the data
and options of this special experiment,but clearly
show a great effect and should encouragethe GPS
communityto be awareof this influence on network
processing.

SUMMARY AND CONCLUSIONS
The resultsfrom field calibrationsof absolutephase

centervariationsfor severalantennatypeshavebeen
evaluatedn differentoperationalGPSapplications A



network of 5 antennatypes was processedusing
absolutePCV valuesand comparedwith groundtruth
heights derived from a highly preciseleveling. The
absolutePCV show their effectivenessGood results
canbeachievedalsoin comparisorwith other setsof
PCV calibrations(relative PCV). With a combination
of differentantennatypes,accuraciepelow5 mm for

the estimated height component in a small engineering

networkare possible.Nonethelessthe estimationof a
troposphericscalefactor leadsto heighterrorsin the
cm-range.This emphasizeghe fact, that a serious
problemis the impact of multipath, which will be a
more and more important field ofsearcHor the GPS
community, especially concerningthe operation of
permanent reference stations.

Still, the efforts for a more precisedeterminationof

antennaPCV and their application in GPS field

measurementlave not reachedthe 1 mm borderfor

mixed baselines, which thePScommunityis striving

for. Remainingfactorsto be investigatedmore deeply
for our approachof absolutefield calibrationare the
currently usedantennamount (precision, calibration,
shadingeffects) and remainingdifferential multipath
effectscausedby the rotationst/tiltsof the mountand
changingweatherconditions.The limiting factorsin

using the absolute PCV approach for operational
calibrations are the technical constraints and the
considerable efforts during the field procedure.
Therefore,a future goal is an automation.Currently,
the use of a robot is in an initial stage.

The advantage®f the absoluteapproach(hamelythe
possibility to calibrate a single antenna, the
independencérom a referenceantennaand reference
coordinates, the multipatieduction)arepredominant.
Moreover, relative calibration values give only the
difference of PCV to a referenceantenna.ln an
experiment, 'no correction' compared to 'absolute
correction'of this particularreferenceantennaype in
a large network showsa relevantinfluence.Thus, for
the network scalé is necessaryo correctthe absolute
PCV within regionalandglobal networks,evenif they
usethe sameantennaype. Otherwise,mainly caused
by the estimation of tropospheric parameters,
systematicerrorscan reachup to severalcm or bias
the baseline length in some parts of 1I@spectively.
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