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ABSTRACT

The paper introducesraew approach taletermine azimutland elevatiordependenphase center
biases through field measurement in absolute sense. It takes special carthefmultipath effects.
The model, the conditionfor the field procedure and preliminagnalysis of results angresented.
The absolute antenna phase center calibration procedimgplEmented in theGPS processing
package GEONAP.

INTRODUCTION

Antenna phase center variation has become an impatamt source formprecise GPS
measurements. Beside tropospheric and multigatbrs, it is the mostimiting factor in
achieving abreakthrough to the next accurdeyel. The nain areas of applications for phase
center corrections arengineering surveys dahe millimeter accuracylevel and precise GPS
networks. In the processing of large networks, troposplegrars and phase centdsiases
cannot be eslly separated and result in heightors [1-3]. Inaddition, absolute phase center
corrections are required for lorgaselines evefor receivers and antennas of ts&me type,
because azimuth and elevatemedifferentfor onesatellite athe remote sites [4]. Phase center
corrections are, howevegenerallyimportant for the use ohixed antenna designs takeinto
account thaifferent phasgattern ofeach antenna typ&his aspect getsicreasing importance
as permanent reference networks established on a regional and worldwide basis. Examples
are the,High Precision Positioning Service(HPPS) of LowerSaxony, the,Satelliten-
positionierungsdienstder deutschenLandesvermessung{(SAPOS) in Germany, or the
.international GPS Service for Geodynamics” (IGS).

Thesehigh precisionGPSapplications demanthe knowledge of phase center variations at
the 1 mm-level to correct for this systematic error source.



Up to now, different approaches tfe determination of phase center variatibage been
discussed. Relative phasenter variations areommonly defined in fielgprocedures [2][5] as
absolute phase center variations are only determined in anechoic chamber calibrations [1][6].

So farfield calibration has only determinede difference of phaseenter variationselative
to one particular antenna type. Tingpact of multipath is in generalot accessible and may
introduce errors in the phase center variation model.

Anechoic chambersare considered to be free of multipath. However, thexest
discrepancies between chambestantenna patterns in anechoic environment arapplying
these corrections for field environment including multipatfiL][2]. Thus, multipath must be
reduced or the effect of multipath on the chamber pattern must be better understood [1].

A combination of chamber anfield calibration may lead to an indirect absolutield
calibrationprocedure. An absolutghamber calibration is performéor one antenna. Then, the
result is introduced as a reference for the relative field calibration of a second antenna [2][3][5].

Direct absolute calibration ithe field hasnot yet beenattempted. There arevo major
problems for absolute phase centatibration in afield procedure (asvell asfor relative
calibration). First of allthere is thenecessity to eliminatéhe phase center variations of the
reference antenna, because GPS is usedliifeeential mode. Secondly, multipagrrorsmust
be separatefrom the phase center variations. One never @assume a multipath-frefeld
environment. Therefore, multipath effects must be especially considered.

CHARACTERISTIC OF PHASE CENTER VARIATION

Usually GPS user$iave onlyaccess to thenechanicatenter of the antenndefined by the
intersection of the rotatioaxis and, forexample,the top of the groundplane. The antenna
characteristic describdabe difference betweethe mechanicalkcenter and the elecal phase
center.This electrical phaseentervaries withthe direction of the receivesignal. Therefore
commonly a phase center and a phase pattern is used.

Multiple definitions of a phaseenter argossible. Generally a mean offset fronfieasible
mechanicalpoint is determined fronGPS observationsyhich, however, depends on the
elevation mask [6]. Azimuth and elevatidependent phase center variatioile$ine the phase
pattern. Due to theismall magnitude azimuth dependent phaseter variations argenerally
neglected.

The expected range of phase center variations can amount to 20 mm for some antenna types
considering observations at low elevations. The ionospheric fnearlicombination, here
nominated LO [7], amplifies any error in the phase by a factor of about 3.1 [1].

ELIMINATION OF MULTIPATH

The main error source inabsolute and relative determination of antenna phase center
variations is multipath. An environment, which is completely unaffected by muliijzegth not
exist. Hence, the antenna phase pattern derived especially from field procedures are disturbed by
multipath andmay create incorrect phase center variationsorder to getundisturbed phase
center variations, multipath has to be eliminated or greatly reduced.

The following graphical examples and equatiarse doublalifferences todemonstrate the
basic concept for theelimination of multipath.However, the actualmplementation of the
approach in the GPS processing package GEONAP [7] uses undifferenced GPS observables.
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Fig.1- L1, L2 and LO double differences (DD) of PRNO7/PRNO9 on pillars msd6 and msd7 on Day 040,
including multipath (MP)



Figure 1 shows the double difference residuals of a short (10 m) baselinghtyadifliective
environmentfor L1, L2 and LO. The observations wemade withtwo ASHTECH Z12
receivers usingseodetic Il antennas. Thembiguitieswere resolved for L1 and L2, and as a
consequence faany possible linear combination. Table 1 givies noiselevel for the phase
measurements aftehe adjustment process with GEONA@learly systematic effects with
periods of several minutes up tme hour can beletected agypical multipath signals. As
expected, multipath signal and noise are amplified in the ionospheric free signal LO.

Multipath signalsare known to repeat apecific sites every mean sidereal dag, every day
the same systematics reptthemselves some minutes earlier. In Figutke2doubledifferences
of L1, L2 and LO oftwo successive daysere cross-correlated in thiene domain. Theross-
correlation function shows maximumaround aime lag of236 secondsThis clearly indicates
the periodical appearance of multipath after a mean sidereal day. This fact can be used to greatly
reduce the effect of multipath on the GPS signal.
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Fig.2- Cross-correlation function of double differences from Day 039 and Day 040

Respecting the &in 56 sdifference of measolar andnean sidereal dayhe undifferenced
GPSobservables ofwo successive days can babtracted As a consequeralkerrorswhich
repeat themselves after one sidereal day cancel out.

A simplified linearized notation athe phase observation equatiopsn meters containing
the design matrixsub-vectora, the receiver coordinate correctiaxnsthe receiver andatellite
clock error dt and dT scaled to meters by the speéghtfc,, theambiguity N scaled toneters
by thewavelengthA, the errorterms d for ionosphere (ION), troposphere (TRO®)ltipath
(MP), phase center variations (PCV) and the noise of the phesads

I(pij - aij X +¢, Eﬂdﬁ - de)_)‘ DNJ - qONij + drRon + q/IPij + gcwj tE,. (1)
The subscript i and superscript j stand for receivers and satellites, respeé&ivielyng a

mean sidereal day time differend®" eliminatesthe multipath, phase center variation and the
complete geometric information. THellowing observationequation doesiot contain any



informationabout geometrysincethe design elementa are almostdentical ontwo successive
days:

6SID|¢iJ =¢, masmdti _6SIDd-I-j) —~A[BSP Nj - s qON iJ' +§SP drRon +6S|D€¢_ (2)

The remainingterms comprise thmean sidereal time differencestbe componentsyhich
are small for a shortbaseline(i.e. atmospherierrors) and/or are correctiyjodeled in the
GEONAP package (i.e. clock errors). Theiselevel of the observable changed due ¢oror
propagation t@>"g,

A double difference agsed in the graphaliminatesclock and atmospheric terms ending up
with

0AS°°l,)) = -A DIAS PN/} +0A8 . (3)

To demonstrate the elimination of multipakie same baseline has beersetved on theays
038 and 040 with the antennas orientated tonihith. On bothdays the ambiguitieswere
resolved with the GEONAP software package. Thentiime differenced™® of the GPS
observables betwedhe two days has beenomputed. From these measurements,dihele
differences in Figure @ere generated.

Obviously,the multipath is greatly reduceapplying a time difference aine mean sidereal
day onthe doubledifferences. The noiséevel increases by dactor of V2 due to error
propagation. Nevertheless, the systematic multipath is dramatically reduced. The phase noise for
L1, L2 and LO decreases by a factorldd (refer toTablel). Hence, an approach &iminate
multipath has been found.

ACCESS TO THE PHASE CENTER VARIATION SIGNAL

The sidereal time differenagearly eliminates multipathgut also the phase centariations.
To gain information orthe antenna phase center variation a change in the astmpaior one
of the days is required. A simple example is givethénext section. Fdhis casahe reference
station wll be kept fixed for the first and second day. Ate other station, ahange in the
horizontal orientation of the antenna by 180 ffegh oneday tothe other produces agsial,
which includes phase center variation caused by the rotation of this particular antenna.

The linearized observation equation for the time differ@i€ef the rotated antenna is

53|D|¢ij =C, Eﬂés'Ddti —5S|Dde) -AB°P Nj -3°P don ij +3°P deOHj

o J _ 4180 SID
+dPCVi dPCVi +077¢e,,.

(4)

Here, the termsl., and di%, represent the phase center variations forutietated and
the rotated antenna, respectively. The double difference then reads

PCV

DA6 S|D|¢ijyyli - _)\ DDA6 SlDNinl,! + DAd 0,180 ijyi + DA6 S|D€¢. (5)
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Fig. 3-5°"° of double differences for identical antenna orientation on days 038 and 040, multipath eliminated
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Fig. 4-5°'° of double differences for rotated antenna on days 039 and 040, multipath eliminated, phase center
variations (PCV) introduced



Compared with equation 8o rotation of theantenna between the dayi)is double
difference equation containthe additional term [Adecy, representing the phase center
variations (PCV) of only one antenna.

Figure 4 showghe doubledifference residualgfter the antenn&as been turned on the
second day. Compared with Figure 3, gnal is pesent,which purelyrepresents th@hase
center variations caused by tte#ation of the antenna. Anothidicationfor the phase center
variations is given byheincrease othe phaseoise ofthe observables 1, L2 and LO.But still
multipath is eliminated sincéhe noise is much smaller itompared withundifferenced
observations (see Table 1).

Table 1- Phase noise of different observables in meters after processing with GEONAP

[m] L1 L2 LO
P 0.0030| 0.0031 0.0095
5P 0.0020| 0.0020 0.0056
P+ (d,, -d®) | 0.0024| 0.0024 0.0071

It is worth noting that the phase center variation signal represemtss, which are
introduced bynot consideringthe orientation ofwo antennas. Today's precise real-time GPS
applicationsare therefore affected by suahirors, which reach a magnitude up to 1 cm
(Figure 4).

MODELING THE PHASE CENTER VARIATIONS

As demonstratedll systematieerrorscan be eliminated, includingdgily repeating errors, or
they areincluded inthe adjustmeninodel ofthe GPS processing softwaf@g. clock errors).
Changes inthe orientation of one antenna create phdifferences, whichare completely
independent fronthe antenna used at the reference site ob#éiselineThe phase differences,
which originate from the antenna can therefore be used to model phase center variations.

In the following, the focus is on the antenna to be calibr&edsimplification, it is assumed
that during a full rotation of the antenna #@muth andhe elevation ofthe satellite is constant
(see Figureb). The actual modeiakes the motion of theatellites properly int@ccount. The
reference antenna h#se identical orientation and environment dyoth observatiordays and
does not contribute any information of interest to the phase pattern.

Consideringone particular GPSatellite as a sensarhile performing achange of antenna
orientation, the antenr@attern is rotatedinderneath thsatellite signalThe difference in the
phase measurements betwaao different antenna position8decy t0 an identical satellite is
the observable for modeling phase center variations (here i and j denote a different orientation):

Adpey (0, Z,00,A2) = ey (@, 2)- dey @, 2), (6)

with Aa =a; —a;, Az= z — z defined in a coordinate system of the antenna.



Figure 5 showdghe phase pattern itwo orientations, different by an anglsa and the
observablé\dscy for the horizontal case.

For theobservable it is essential, thiite antenna isotated stepwise, to cover thaull
antennagpattern. Continuous observations withebingingthe orientationgive no additional
information requiredor the nodeling of phaseenter variations. After orfell rotation of the
antenna the trackesatellite describethe shape of the phase pattern in horizontal directions for
the particular elevation of the satellite. To connect the horizontal distripatissninformation
from different satellites at different elevations, a tiltloé antenna is necessafygure 5 shows
also thevertical case, whethe axis labelechorth is directed towards tteenith. The tilt of the
antenna results in phase center variatifi@erences irthe vertical direction orthe sphere. The
combination of tilted andotateddifferencesfinally definesthe shape of the antenngibase
center variations.

Adpcy

satellite

east

6S|D

Fig. 5- Phase center variation differenfiépcy from observable after rotating the antenna pattern (dotted
line) horizontally by an anglAa (solid line pattern)

As already pointed out, relative phasenter variation observablese used to generate the
absolute phase pattern. As relative observabiesisedonly the topology of the patterran be
described. The absolute sizenist known. However, it acts like a constant clomkor or a
hardwaredelay onthe GPSevaluation (circle with radiustdin Figure5). Therefore it Wil be
absorbed through the estimation of the receiver clock error.

The term absolute antenna calibration, howevestillsvalid for the approach, because the
phase center variations are determined independently from a reference antenna.

The nodeling ofthe phase center variations is based on three conditions. First, the madius d
cannot be estimated, butnst explicitly required, because itilbe treated as a cloc&rror.
The second and third condition require a continuous and periodical functibae horizontal
and vertical directions fothe actual phase center variation model, becaundg relative
observablesire used. Therefore spherical harmonic function asgmosed by [2] is used to
describe azimuth and elevation dependent phase center variations.



The coefficients A and Bare estimated for apecific maximumdegree Ra.x and order
Mmax< Nmax Of & series of spherical harmonic functions to describe the phase center variations:

Mmax N

Apey (0, 2) = ZZ(AlmCOSI’m + B, sinm )R, (cosz). (7)

n=0 m=0

P.m arenormalized Legendre associated functiokamuth a and zenith angle z refer to the
position of a particular satellite in the antenna coordinate system.

DETERMINATION OF ABSOLUTE PHASE CENTER VARIATIONS

To enable horizontatotations andvertical tilts of the GPSantenna an antenna mount
(Figure 7) has beeammsed. The mount is constructiedm synthetic material toeduceany effect
on the antenna phase pattern due to changes in the electrical field. It allows a stepwise rest of 10
deg in the horizontal plane and a stepwise rest of 2.5 degffocal tilts. Tominimizeerrors of
the antenna mount due to temperature chaeggsdirectsunlight)the observations should be
performed after sunset.

Fig. 6- Sky-Plot of the observed satellite tracks

Each absolute antenna calibration consists of measureméwis sticcessive days. One day
serves as a reference withrotated antenna. On tbéherdayone antenna isotatedand tilted
following a certain schedule. lour test theantenna wasotatedhorizontally atthreedifferent
inclinations(z=80 deg, 90 deg, 100 degjth a stepwidth of 2@eg. In addition the@ntenna
was tilted +/- 22.5 deg in thrabfferent azimuth positionsaEO deg, 90 deg, 270 deglth a
stepwidth of 2.5 deg. lavery position 2nin of data were recorded at a rate of 4 secasiisy
no elevation mask.

The distribution of the observeshtellite tracks on a sphere aggven in Figure 6. The
coverage of the sphere is greathproved bythe rotations and tilts of the antenna compared to
continuous passes of theatellites duringthe same observation window. The collected
observations are alsoot disturbed by the northern hole. The northeole depends on the
latitude of the observation site and is the area, whersatallitesare visible. Alternative
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approaches withowufficientorientation changes can therefore estimate no correction for these
parts of the sphere and create a dependency of phase corrections on the calibration site.

Fig. 7- ASHTECH antenna Geodetic Il in a tilted position on the antenna mount

The antenna mount has been calibrated usiagMld Theodolite Measuring System (TMS)
comprisingtwo Wild T3000 theodolites. Corrections for the horizontal sedical steps were
computed and introduced into the phase center variation determir@tisets ofthe antenna
reference point due tmisalignments othe vertical and horizontahxis will be incorporated in
future software implementation. However, first evaluations detected only rather small errors.

PRELIMINARY RESULTS

The new approach fdield calibration of absolute phasenter variations isnplemented in
the GPS processing package GEONMRich is based on undifferenc&PS observables. A
spherical harmonics developmentdsfgree 10 andrder 5 was used imitial investigations to
model ASHTECH Geodetic Il antenna’s absolute phase center variations.

The phase center variations are estimated in one adjustment without separating phase offset
and phase pattern. Furthermore, it is not necessary to estimate station coordinates beforehand or
to introduce a priori phase offsets. The lower degreeoader coefficients describéhe phase
center offset. Nevertheless, thet ofphase center variatiaoefficientstogethemwith spherical
harmonic functions describése antenna phase center variationsotal without theexplicit
knowledge of the offset. The observation procedure allsws the determination ophase
center variations even at elevation zero.

In order toverify the calibrationproceduretwo independent experimenigere performed at
thedays219/220 and 221/222espectively. Thelata setgliffer in time oftheday and sites and
therefore in GPS satellite constellation as well as in multipath conditions.

Figure 8 and Figure 9 shothe L1 phase patterns of bo#xperiments irthree and two
dimensionalrepresentations. The results dmghly correlated. However, somsystematic
differencesare presentwhich may becontributed to the antenna moufmo correction of
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misalignments of verticalnd horizontal axis has been applyed). Additionally, shading effects

at low elevations or changes in the multipath due to the antenna mount may affect the result.
There are no outages due to the nortHesle or to elevation cut-offs. The range of the

phase center variations &proximately 10 mm. An azimuth dependency is cleprgsent,

which recommends the use of azimuth and elevation dependent phase center variations.

DISCUSSION AND SUMMARY

The fact of repeated GPsatellite geometry aftesne mean sidereal day has begsed to
greatly reduce thmfluence of multipath otthe determination of phase center variations. At the
same timethe dependency of a reference antenna coulelimeinated allowingthe absolute
determination of phase center variations in a field procedure. The approach does also not rely on
a priori coordinate estimations affected by multipath and phase center variations. The phase
center variations consisting ofnaean phaseenter offset and a phase pattern are estimated in
one rigorous adjustment.

The observation proceduexoids areas withowtny observations (northern hole) loging
rotations and tilts of the antenna, thus the estimated phase corredlitvesindependent from
the calibration site. Otherwiserrors from multipath and non-homogenous coverage of the
antenna sphere may be introduced while applying such phase center corrections. The corrections
from the new approach are worldwide rigorously applicable at any site.

The technical constrainfer the new approach are rath@gh (adequate antenna mount),
however, thebenefits of being able to eliminate multipathd to get absolute phase center
corrections from a field procedure clearly succeeded.

For the future, furtheinvestigationsare necessary ithe refinements othe use ofpherical
harmonic function$or the nodeling of phaseenter variationsMore insight must be gained in
the interaction of multipath and weather condition. The antenna’s rotatiomschnations have
to be preciselyknown. Therefore, the antenna mount must be calibrated and the corrections
properly considered in the processiAgalyses of shading effects or influencesred mount on
multipath are pending.

First experiments with cross-correlationstiod differentdata setsndicated, that theatellite
constellation doesot repeaexactlyafter onemean sidereal day. Differences of a few seconds
were detectednalyzingthe orbitingtimes of GPSsatellites from ephemeris. Th#luence of a
few seconds is considered rather small. Nevertheless, an examination is requisite.

The preliminary results arevery promising. Aprocedure for theletermination of absolute
phase center variation hasen defined, which solves several mdijoiting error sources in a
field calibration.

Detailed comparisons witbther data setéchamber and relative phase centalibrations,

e.g.[8]) and the application in operational GPS will finally verify the approach.
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