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ABSTRACT

The paper introduces mew approach to determine
azimuth andelevation dependent phase cen@ses
through afield measurement in an absolute sense. It
takes special care of the multipafiects.The model,

the conditiongor the field procedureand preliminary
analysis of results are presented. Bhsoluteantenna
phase center calibration procedure is implemented in
the GPS processing package GEONAP.

Introduction

Antenna phase center variation hd®come an
important errorsource for precise GPS measurements.

! Presented at ION GPS-96, Kansas City, Missouri

Today it is beside tropospheand multipath errors the
mostlimiting factor to achieve a breakthrough to the
nextaccuracy levelThe main areas applications for
phase center corrections are engineesimyeys at the
millimeter accuracy level and precise GPS networks. In
the processing of large networks tropospheric errors
andphase center biaseannot besasily separated and
result in height errorUNAVCO 1995, Rothacher et
al. 1995a,1995b). In addition, absolute phase center
corrections are requiretbr long baselines even for
receivers and antennas of theame type,because
azimuth ancelevationare differentfor one satellite at
the remote sites (Schupler 1991). Phase center
corrections arehowever, generallymportantfor the
use of mixedantennadesigns to take into account the
different phase pattern of eacmtennatype. This
aspect gets increasing importance as permanent
reference networkare established on a regional and
worldwide basis. Examplesre the ,High Precise
Positioning Service* (HPPS) ofower Saxony, the
LSatellitenpositionierungsdienst der deutschen
Landesvermessung“ (SAPOS) in Germany or the
Jnternational GPS Service for Geodynamics” (IGS).

Thesehigh precise GPS applications demand for the
knowledge of phase center variationghet 1mme-level
to correct for this systematic error source.

Up to now, different approaches of the determination of
phase center variations have been discudRethtive
phase center variations atemmonly defined in field
procedures (Rothacher at. 1995a, MaderMacKay
1996) as absolute phase center variatians only
determined in anechoic chamber calibrations
(UNAVCO 1995, Schupler et al. 1995).

So far field calibrationonly can determine the
difference of phase center variations relative to one



particular antenngype. The impact of multipath is in
general notaiccessibleand may introduceerrors in the
phase center variation model.

Anechoic chambersare considered to be free of
multipath. However,there exist discrepancidgtween
chamber test antenna pattern in ananechoic
environment an@pplying these corrections for a field
environment including multipatfUNAVCO 1995,
Rothacher etal. 1995a). Thus, multipath must be
reduced or theeffect of multipath on the chamber
pattern must be better understood (UNAVCO 1995).

A combination of chambeand field calibration may
use an absolute chamber calibratettenna as the
referenceantenna in arelative field calibration to
enable indirectly an absolute calibration (Rothacher et
al. 1995a, 1995b, Mader, MacKay 1996).

Direct absolute calibration in field procedunas not
yet beenattempted. There argvo major problems for
absolute phase center calibration in a field procedure
(as well as for relative calibratiorfirst of all, there is
the necessity teliminate the phase center variations of
the reference antenna,because GPS is used in a
differential mode. Secondlynultipath errors must be
separated from the phase center variations. i@@&ver
can assume a multipath-free field environment.
Therefore, multipath effects must be especially
considered.

Characteristic of Phase Center Variation

Usually GPS users have only accessh® mechanical
center by the intersection of the rotation axis of the
antenna andpr examplethe top of the ground plane.
The antenna characteristidescribesthe difference
betweerthe mechanical centand theelectrical phase
center. This electrical phase center varies with the
direction of thereceivedsignal. Thereforeommonly a
phase center and a phase pattern is used.

Multiple definitions of a phase center apessible.
Generally a mearffset from a feasiblemechanical
point is determined from GPS observations, which,
however, depends dhe elevation mask (Schupler et
al. 1995). Azimuthand elevation dependent phase
center variations defindhe phase pattermue totheir

small magnitude azimuth dependent phase center

variations are generally neglected.

The expectedrange of phase center variations can
amount for some antennatypes up to 20 mm
considering observations atow elevations. The
ionospheric freesignal LO (Wibbena 1989) amplifies
any error in the phase by factor of about 3.1
(UNAVCO 1995).

Elimination of Multipath

The main error source in absoluteand relative
determination of antenna phase center variations is
multipath. An environment, which iscompletely
unaffected bymultipath does not exist. Hence, the

antenna phase pattewterived especially from field
proceduresare disturbed by multipatand may create
incorrect phase center variations. To get undisturbed
phase center variations multipath has to be eliminated
or greatly reduced.

The following graphical examplesnd equations use
double differences to demonstréie basic concept for
the elimination of multipath.However, the actual
implementation of the approachses undifferenced
GPS observables.

W

-,

] 2=} LA

=

Fig.1: L1, L2 and LO Double Differences of
PRNO7/PRNQ9 on Day 040



Fig.1 showsthe double difference residuals ofshort
baseline in a highly reflective environment for L1, L2
and LO. The observations were mad&ith two
ASHTECH Z12 receiversising Geodetic Ilantennas.
The ambiguitiesvere resolved for Lhnd L2 and as a
consequence for any possiblenear combination.
Tab. 1 gives the noise level for the phase measurements
after the adjustmenprocess with GEONAP. Clearly
systematic effectwith periods of several minutes up to
one hourcan bedetected as typicahultipath signals.
As expectedmultipath signal anchoiseare amplified
in the ionospheric free signal LO.

Multipath signals are known to repeatspiecific sites
every mean siderealday, i.e. every daythe same
systematics repeat themsehsmsneminutes earlier. In
Fig.2 thedouble differences of L1, Land LO of two
successive days were cross-correlatdthe cross-
correlation function shows a maximum around 286.
This clearly indicatesthe periodical appearance of
multipath after a mean sidereddy. This fact can be
used to greatly reducthe effect of multipath on the
GPS signal.

I

Fig.2: Cross-correlation function &fouble Differences
from Day 039 and Day 040

The undifferencedSPS observable of two successive
days can be subtracted respecting then®h 56 sec
difference ofmean solamnd mearsidereal day. As a
consequencall errors which repeathemselves after
one siderealday cancelout, and in addition the
complete geometric information.

A simplified linearized notation of the phase
observation equationg In meter containing the design
matrix sub-vector athe receiver coordinate corrections

X, the receiver and satellite clock error dt and dT scaled
to meter by thespeed oflight c,, the ambiguity N
scaled to meter bthe wavelengtf\, the error terms d
for ionosphere, tropospherejultipath, phase center
variations and the noise of the phageeads

) =8!0+ G, [{dt ~ dT) = A ON = ) + Ghon

i i
+dMPi +d +£m'

PCVi

The subscript i and superscript j stdodreceivers and
satellites. Building a mean siderekly time difference
5°® eliminates the multipath, phase center variation
and the complete geometric information. Tokowing
observation equatiodoesnot contain any information
about geometry, sindbe design elementsare almost
identical on two successive days:

51, =c, [18°°dt —5°°dT') ~AB*° N -3°° d,,/

+ 6SIDdTROHj +6SID€®.

The remaining termsomprise the mean sidereal time
differences ofthe components, which are sméir a
short baseline (i.e. atmospheric errors) and/or are
correctly modeled irthe GEONAP package (i.elock
errors). The noiséevel of the observablechanged due

to error propagation 8¢,

A double difference as used the graphs eliminates
clock and atmospheric terms ending up with

0A8°1,/, = A AS*°N/ +0A*¢ .
To demonstrate the elimination of multipath geme

baselinehas been observed on two daysith both

antennas orientated to the north. ®oth days the
ambiguities were resolvedith the GEONAP software
package.Then the timedifference 8° of the GPS
observables betwedhe two dayshasbeen computed.
From these measurements, ttleuble differences in
Fig. 3 were generated.
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Fig. 3: L1, L2 and LO Double Differences of
PRNO7/PRNO9 for Dap40, 5°° applied for identical
antenna orientation

Obviously,the multipath is greatly reduced applying a
time difference of onenean siderealay onthe double
differencesThe noisdevel increases by a factor 92

due to error propagatiomNeverthelessthe systematic
multipath is dramatically reduced. The phase noise for
L1, L2 and LO decreases by a factor of 1.5 (ref. Tab. 1).
Hence, an approach tliminate multipath had¥een
found.

Access to the Phase Center Variation Signal

The sidereal time difference clearly eliminates
multipath, but also the phase center variationsgdio
information on the antenna phase center variation a
change in the antenrsetup at one day iequired. A
simple example is given in the next section. For this
casethereference station will be kept fixed ftre first
and secondlay. Onthe other station a change in the
horizontal orientation of the antenna by 1&@m one
day to the otherproduces asignal, which includes
phase center variation caused thg rotation of this
particular antenna.

The linearized observation equation fothe time
differenced”® of the rotated antenna is

6SID|®ij :CO |165IDC“,1 _6SIDde) _)\ mSID Nj _6SID qONij

+§°5°d J'+do J'_dlsoi +6SID£®

TROPi PCVi PCVi

or for the double difference

0A3°°l,), ==-AMAS°N/! +0Ad%’ " +0AS %,

®ik PCV

Compared with the firstcase (no rotation of the
antenna between the days) this double difference
equation contains the additional termlAdpcy,
representing the PCV of only one antenna.

Fig. 4 showsthe double difference residuals after the
antenna habeenturned on the secorthy. Compared
with Fig. 3, a signal is present, whiplrely represents
the phase center variations caused by the rotation of the
antenna. Another indicatiorfor the phase center
variations is given by the increase of the phase noise of
the observabled 1, L2 and LO. But still multipath is
eliminated since the noise is much smallezampared

with undifferenced observations (Tab. 1).

[m] L1 L2 LO
P 0.0030| 0.0031] 0.009%
5" 0.0020| 0.0020| 0.0056
5P+ (d°, —d® ) | 0.0024| 0.0024f 0.0071

Tab. 1: Phase noise of different observables in meter
after processing with GEONAP

It is worth to note,that the phase center variation
signal represents errors, which are introduced by
neglecting the orientation divo antennas.Today's
precise real-time GPS applicationare therefore
affected bysuch errors, which reach a magnitude up to
1 cm (Fig. 4).
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Fig. 4: L1, L2 and LO Double Differences of
PRNO7/PRNO9 on Day040, 5°° applied, antenna
orientation of msd7 changed by 180°

Modeling the Phase Center Variations

As demonstrated, allsystematic errorscan be
eliminated, including daily repeating errors, or are
modeled correctly (e.gclock errors) in the GPS
processing. Changes in the orientation of antenna
create phase differences, whichre completely
independent from the antenunsed athereference site
of the baseline. The phadéferences, which originate

from theantenna catherefore be used to model phase
center variations.

In the following, we focus onthe antenna to be
calibrated. For simplification, it is assum#tht during

a full rotation of theantenna the azimuth and the
elevation of the satellite is constant. The actuatel
takes the motion of the satellitproperly into account.
Thereferenceantenna has the identical orientation and
environment on both observatiatays and does not
contribute any information of interest to the phase
pattern.

Considering one particulaBPS satellite as a sensor,
the antenna pattern is turned underneathsttellite
signal while performing a change o&antenna
orientation. Thalifference inthe phase measurements
between twodifferent antennapositions Adecy t0 an
identical satellite is thebservable for modeling phase
center variations (here and j denote a different
orientation):

Ad.. (@, Z,00,42 = d, @, D~ & @, D,
with

Ao =a, -0, Az=27~-7

defined in a coordinate system of the antenna.

Fig. 5 showsthe phase pattern itwo orientations,
different by an anglda and theobservableAdpcy for
the horizontal case.

For theobservable it isessentialthat the antenna is
rotated stepwise, tooverthe full antennaContinuous
observations without changirthe orientationgive no
additional information required fothe modeling of
phase center variations. After one full rotation of the
antenna the trackeshtellite describethe shape of the
phase pattern in horizontal directidias the particular
elevation of the satellite. To connect the horizontal
distributed pattern informatiofitom different satellites

in different elevations, atilt of the antenna is
necessary. Fig. shows alsdhe vertical case, when the
axis labelednorth isdirected towardshe zenith. The
tilts of the antenna result in phase center variation
differences in vertical direction othe sphere. The
combination of tiltedand rotated differences finally
defines the shape of the antenna’s phase center
variations.
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Fig. 5: Phase center variation differentsépc, from
5°° observable after rotating the antenna pattern
(dotted line) horizontally by an angia (solid line
pattern)

As already pointed out, relative phase center variation
observablesare used to generatéhe absolute phase
pattern. As relativeobservablesare used,only the
topology ofthe pattern can beescribedThe absolute
size is not knownHowever, itacts like a constant
clock error or a hardwardelay onthe GPS evaluation
(circle with radius d in Fig. 5). Therefore it will be
absorbedhrough the estimation of theceiver clock
error.

The termabsoluteantenna calibratiorhowever, isstill
valid for the approach,becausethe phase center
variations are determined independentffom a
reference antenna.

The modeling of the phase center variations is based on
three conditions. First, the radiust dcannot be
estimated, but is not explicitly requirdokcause it will

be treated as a&lock eror. The second and third
condition require a continuownd periodical function

in horizontal andvertical directions forthe actual
phase center variation moddlecause only relative
observablesare used. Therefore a spherical harmonic
function as proposed by Rothacheratt (1995a) is
used to describeazimuth andelevation dependent
phase center variations.

The coefficients Aand B areestimated for a specific
maximum degreehy andorder Myax < Nmax Of & series
of spherical harmonic functions ttescribethe phase
center variations:

Mmax n

doo,(a,2) = Z (A, cosmu + B sinm )P (cosz).

P.m are normalized Legendrassociated functions.
Azimuth a and zenith angle efer to the position of a
particular satellite in the antenna coordinate system.

Determination of Absolute Phase Center Variations

To enable horizontal rotatiorend vertical tilts of the
GPSantenna an antenna mount Hasen used. The
mount is constructed from synthetic materiateéduce

any effect onthe antenna phase pattetne to changes

in the electrical field. Iallows a stepwiseest of 10° in

the horizontal plane and stepwiserest of 2.5° for
vertical tilts. To minimize errors of thentenna mount
due to temperature changes (e.g. direct sunlight) the
observations have been performed after sunset.

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

The observations were performed @to successive
dayswith an ASHTECH Geodetic llantenna. On the
first day oneantennawas rotated horizontally dhree
different inclinations (z=80°, 90°, 100°) with a
stepwidth of 20°. In addition thantennawas tilted
+/- 22.5° in three differenazimuth positions ¢=0°,
90°, 270°) with a stepwidth of 2.5°. kwvery position

2 minutes of datavere recordedusing no elevation
mask. The recording intervatas adjusted tsuit the
mean sidereal time difference.

The distributions of th@bservedsatellite tracks on a
sphere are given in Fig. 6. Tkeverage othe sphere

is greatly improved by the rotatiorend tilts of the
antennacompared to continuous passeshdf satellites
during the sameobservation window.The collected
observationsare also not disturbed by thaorthern
hole. The northerimole depends on the latitude of the
observation sitand is the areayhere no satellites are
visible. Other approaches can therefore estimate no
correction for thesgarts of the spherand 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 hégen calibratedsing the Wild
Theodolite Measuringystem (TMS)comprising two
Wild T3000. Correction fothe horizontal andertical
steps were computednd introduced into the phase
center variation determinatio®@ffsets ofthe antenna
reference point due to misalignments tbé vertical
and horizontal axiswill be incorporated in future
software implementation. However, first evaluations
detected only rather small errors.

Preliminary Results

The new approach for field calibration aibsolute
phase center variations is implemented in the GPS
processing package GEONAP, which is based on
undifferenced GPS observablesspherical harmonics
development of degree 1&nd order 5 was used in
initial investigations tanodel ASHTECH Geodetic |
antenna’s absolute phase center variations.

The phase center variations are estimated in one
adjustment without separating phaséset and phase
pattern. Furthermore, it is notecessary to estimate
station coordinates beforehand or to introduce apriori
phaseoffsets. The lower degreeand order coefficients
describe the phase center offset. Neverthetbssset of
phase center variatiorcoefficients together with
spherical harmonic functionglescribesthe antenna
phase center variations in total without the explicit
knowledge of the offset. The observation procedure also
allows the determination of phase center variations
even at elevation zero.

Two independent dataets were used tgenerate L1
phase center variations. The data sets differ in time and
sites and therefore in multipath conditionsaedl as in
GPS satellite constellation.

Fig. 8 showsthe highly correlated phase patterns in a
two dimensional representationHowever, some
systematic differencesare present, whichmay be
contributed to theantenna mount (neorrection of
misalignments of verticadnd horizontal axis haseen

applied yet). Additionally, shading effects at low
elevations or changes ithe multipath due to the
antenna mount may affect the result.

The range of the phase center variations is
approximately 10 mm (Fig. 9). There are mutages
due to thenorthern hole. An azimutldependency is
clearly present, which recommeniti® use ofazimuth
and elevation dependent phase center variations.

Discussion and Summary

The fact of repeated GPS satellite geometry after one
mean sidereallay hasbeen used to greatly reduce the
influence of multipath on the determination of phase
center variations. At the same time tlependency of a
referenceantennacould be eliminated allowing the
absolute determination of phase center variations in a
field procedure.The approachdoes alsonot rely on
apriori coordinate estimationaffected by multipath
and phase center variations. The phase center
variations consisting of a mean phase ceaotiset and

a phase pattern are estimated ame rigorous
adjustment.

The observation procedure avoidgeas without any
observations (northern hole) by using rotatiand tilts

of the antenna, thus thestimated phase corrections
will be independent from the calibration site.
Otherwise errors from multipathnd nonhomogenous
coverage ofthe antenna sphersay be introduced
while applying such phase center corrections. The
corrections from thenew approachare worldwide
rigorously applicable at any site.

The technical constraintior the new approach are
rather high(adequateantenna mount)however, the
benefits of being able to eliminateultipath and to get
absolute phase center corrections from a field
procedure clearly succeed.

For the future, further investigations amecessary in
the refinements of theause of sphericalharmonic
functions forthe modeling of phase center variations.
More insight must be gained in the interaction of
multipath and weather condition. The antenna’s
rotationsand inclinationshave to be precisely known.
Therefore, thaisedantenna mount must tsalibrated
and the corrections properly considered in the
processing. Analyses ehadingeffects orinfluences of
the mount on multipath are pending.

First experiments with cross-correlations of the
different data sets indicated, that the satellite
constellationdoes not repeatexactly after onemean
sidereal day. Differences of &w seconds were
detected analyzinthe orbiting times ofcPS satellites
from ephemeris. The influence @ome seconds is
consideredather smallNevertheless, an examination
is requisite.

Detailed comparisons with other dasats (chamber
and relative phase center calibrations) arecessary



and theverification of the phase center corrections
while applying in operational GPS evaluations.

The preliminary results arevery promising. A
procedure forthe determination ofabsolute phase
center variation halseen defined, whickolves several
major limiting error sources in a field calibration.
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