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1. Introduction

In order to achieve the sub-centimeter terrestrial position accuracy of which space geodetic techniques are capable, they require accurate knowledge of the locations of their space-based transmitters/reflectors.  In the case of VLBI, only the angular positions of the extragalactic radio sources need be determined, as they are sufficiently far from Earth that they may be treated as infinitely distant.  For techniques that rely on Earth-orbiting satellites, such as GPS, SLR, and DORIS, however, the three-dimensional positions of the satellites must be known.  In particular, the size of the orbits affects the overall scale of the terrestrial reference frame (TRF) defined by Earth-based observations of the satellites: the larger the orbital scale, the larger the terrestrial scale.

In recent years it has become recognized that there is a serious discrepancy between the scales of the TRF’s defined by GPS and VLBI, as revealed by position differences for sites with collocated GPS and VLBI systems.  This discrepancy became apparent when the GPS data were corrected for the elevation dependence of the receiving antenna phase patterns that have been measured in anechoic antenna test ranges (Rocken et al. 1996, Schupler et al. 1996), and in in situ measurements (Wübbena et al. 2000 – is there a reference other than the ION conference proceedings?).  With the corrections applied, the GPS and VLBI scales differ by ~15 ppb, whereas without the corrections, the difference is only 1-2 ppb (Springer 2000, Rothacher 2001).  A 15-ppb scale difference corresponds to a global height difference for all sites of 10 cm, which is far larger than the potential accuracy of either technique. 

A hint as to the origin of the discrepancy has been provided by special GPS data analyses.  The radius of the center-of-mass orbit for each satellite is normally determined in essence by measuring the orbital period and then applying Kepler’s third law.  The position of the transmitting antenna is then estimated by adjusting for the known offset between the satellite center of mass and the antenna phase center.  The accuracy with which the 3-dimensional position of the center of mass can be determined is believed to be ~5 cm (ref? – Is 5 cm correct?).  It is possible to locate the phase center more directly, however, by observing a satellite near zenith and at low elevation; the difference in pseudo-ranges, or time delays, to the satellite at the two positions can be used to calculate the offset location of the phase center relative to the position determined by the first method.  (See section 3.2 for details.)  The offsets found in this way are ~2 m for most satellites, in the sense that the antennas are closer than expected to the Earth, although for a few satellites the offsets are ~1 m (Springer 2000, Rothacher 2001).  If the satellite orbital radii are all reduced by 2 m in a global GPS solution, the difference between GPS and VLBI TRF scales essentially disappears (Springer 2000).

Cross-checks by independent, or nearly independent, techniques might be useful in trying to resolve the apparent discrepancy between the two determinations of GPS antenna locations.  SLR ranging to corner reflectors on a few satellites has been used to estimate the center-of-mass orbits.  While the SLR-determined orbits show apparently significant differences of ~5 cm from the standard GPS estimates (Zhu et al. 1997 – better reference?), these differences are small compared with 2 meters, and so may be viewed as confirming the GPS center-of-mass orbit estimates.  The SLR measurements do not involve the transmitters, of course, and so do not directly address the question of where the phase centers are.  On the other hand, VLBI could look at the GPS signals directly, and so could potentially yield information on the antenna locations.

Following discussions within the GPS community and a request made to the IVS, a joint working group (WG) with representatives from the IVS, IGS, and ILRS was established under the auspices of the IVS in 2000.  The objective of the WG was to investigate of the feasibility of using VLBI to “map” the GPS transmitter antennas and to determine the locations of their phase centers.  Also to be considered were the necessary resources to do the mapping, the length of time required, and the level of accuracy that could be expected.  The WG members, all of whom were either nominated by their respective services or who serve ex officio, are: Tom Herring and Tim Springer (IGS), Graham Appleby and Richard Biancale (ILRS), and Brian Corey, Ed Himwich, Nancy Vandenberg, Axel Nothnagel, and Wolfgang Schlüter (IVS).  In response to invitations extended to the members of the IGS, ILRS, and IVS services, the following IVS members also participated in the WG study: Wayne Cannon, Hayo Hase, Maria Rioja, Dave Shaffer, and Vincenza Tornatore. [Or should we instead list everyone in an author list at the beginning of the report?]

This paper is the final report of the working group.  The remainder of the report is organized as follows.  In section 2 some details about the GPS transmitter antennas are provided.  Section 3 treats the concept of antenna phase center and includes a hypothetical example of how the GPS phase center can be affected by antenna instrumental effects.  Section 4 describes briefly the technique, instrumentation, and analysis software that are the best candidates for the VLBI measurements.  In section 5 we consider the feasibility of locating the phase center via differential VLBI astrometric observations of a satellite and extragalactic radio sources.  In section 6 we discuss the prospects for mapping the satellite antennas, without regard to their location.  Our conclusions are in section 7.

2. GPS satellite L-band antenna

The L-band antenna on each GPS satellite, which transmits the L1 (1575.42 MHz center frequency) and L2 (1227.60 MHz) signals, is actually a phased array composed of 12 helical elements.  Each helix has a diameter of 7 cm and a length between 51 and 62 cm, depending on the type of satellite (Block I, II/IIA, or IIR).  The helices are arranged in two concentric circular rings, with 4 equally spaced helices in the inner ring and 8 in the outer.  The diameter of the inner ring is 30-36 cm, again depending on the satellite type, and the diameter of the outer ring is 88-98 cm (Aparicio et al. 1996).  Figure 1 shows the phased array antenna on a GPS satellite.

An important design feature of the array is the relative phasing of the signals from the two rings.  Ideally, the transmitted power density would be the same at all points on the Earth’s surface visible from the satellite.  Because of the greater range toward the Earth’s limb than in the nadir direction, achieving uniform power density would require that the antenna power pattern be 2.1 dB stronger toward the limb.  A good approximation to such a power pattern is obtained by amplitude and phase adjustments to the signals transmitted by the helices.  The inner ring of helices transmits approximately 90% (depending on satellite type) of the total signal power, all with the same phase, while the outer ring transmits the remainder, all with the same phase but 180( out of phase relative to the inner ring.  Due to the large size of the outer ring, its far-field phase pattern changes sign between the nadir and Earth limb direction, whereas the pattern for the inner ring has the same phase in both directions.  As a result, the fields from the two rings interfere destructively toward nadir and constructively toward Earth limb, and the combined power pattern exhibits the desired dimple in the center and maximum toward the limb.

The satellite coordinate system used in this report to specify positions relative to the satellite center of mass is the so-called Earth-Probe-Sun Cartesian coordinate system.  The Z axis points toward the geocenter, the Y axis is perpendicular to the satellite-sun direction and the Z axis, and the X axis completes the right-handed triad.  The polar angle ( (which in this case is the angle relative to nadir) and azimuthal angle ( are the standard angles defined in a spherical coordinate system.

3. Antenna phase centers

3.1 Definition of phase center and phase pattern

The concept of the phase center of an antenna is more easily understood for a transmitting antenna, although it applies to a receiving antenna as well.  Roughly speaking, the phase center of a transmitting antenna is where the antenna appears to be, as determined from the signal phases measured over some range of solid angle about the transmitter.  More precisely, the phase center is at the center of the spherical surface that most closely matches the three-dimensional shape of a transmitted equiphase wavefront, as measured in the far field of the antenna (i.e., at a distance from the antenna that is >> (antenna size)2 / wavelength).

If the equiphase wavefront from the transmitter is perfectly spherical, then the phase center is at the center of the sphere, and the antenna can be considered to be located at that point.  In general, however, there are deviations from perfect sphericity, particularly when the antenna size is comparable to or larger than a wavelength.  These deviations, expressed as a function of angular position about the antenna, are called the “phase pattern.”  When the phase pattern is not isotropic, the phase center location will depend on the particular range of solid angle included in the analysis.

This last point is illustrated in Figure 2, which is a two-dimensional representation of two wavefronts.  The long-dash line is a perfect, semi-circular wavefront with center at the large solid dot, and the heavy solid line is a wavefront with small deviations from circularity.  If a circle is fit to the distorted wavefront over its full extent, the best-fit phase center would be found to be close to the dot. But if the wavefront is sampled only within 15( of the Z-axis direction, the best-fit circle is the dotted circle, and the corresponding best-fit phase center is at the upper cross. 

3.2 Application to GPS

The XYZ position of the satellite phase center can be estimated from the ranges, or pseudoranges, measured from the satellite to a set of receivers distributed over some nonzero solid angle about the satellite.  Consider the idealized situation shown in Figure 3, in which synchronized receivers at two widely separated stations on Earth observe the same satellite.  The sensitivities of the satellite-to-receiver range ( to the Cartesian components are: d(/dX = sin ( cos (, d(/dY = sin ( sin (, and d(/dZ = cos (.  The sensitivities of the differential range (( ( (1 – (2 between two stations follow trivially.  As an example relevant to the later discussion, restrict attention to estimating Z, and assume that X and Y are known.  The differential range varies with Z as d((/dZ = cos (1 ( cos (2.  The most sensitive measurement is obtained when the difference in nadir angles is maximized, which occurs when one receiver is directly underneath the satellite (( = 0() and the other is near the limb (( = 13.7(, which corresponds to an elevation angle at the receiver of 10().  In this case, d((/dZ = cos(0() ( cos(13.7() = 0.028, or dZ = 35 d((.  

Now suppose that a phase gradient is introduced into the satellite wavefront such that the phase in the nadir direction is increased by ( radian but is unchanged toward the limb, as illustrated in Figure 2.  The cause could be inherent distortion from the antenna or tropospheric delay variation, for example.  The corresponding shift in differential range (( is ((/2(.  By the result in the preceding paragraph, the estimated satellite Z position will then change by 35 ((/2(.

3.3 Toy model of GPS antenna phase center offset

In this section we demonstrate, via a toy model, how a slight perturbation in the excitation of the phased array can cause a large shift in the phase center.

The standard calculation of the GPS phase center location assumes a perfect 180( phase shift between the inner and outer rings of helices, and identical phases for each helix within a ring.  Under these and additional assumptions, the phase center is found to lie along the central symmetry axis of the array and at a location along that axis determined primarily by the phase pattern of an individual helix.

The key ingredient of the toy model is the assumption that the relative signal phase between the outer and inner rings is not exactly ( radians but is instead ( + ( radians.  In the nadir direction (( = 0(), the transmitted electric field from the outer ring is approximately half as strong as the field from the inner ring.  The phase error ( therefore causes a shift in the combined electric field from the two rings of approximately arg(1 +  ½ei((+()) ( (( for ( << 1.  Toward the limb of the Earth (( ( 13.7(), the two fields add constructively rather than destructively, and the phase shift for the combined field is nearly zero.  Between nadir and Earth limb, therefore, the phase error introduces a differential shift in the wavefront phase of approximately ( radians.  A more precise calculation yields results in agreement to within 10%.

From section 3.2, the estimate of Z will change by 35 ((/2( due to the phase error.  For a phase error of 5(, the shift in (( is 0.3 cm at L1 (( = 19 cm), and the change in estimated position is 9 cm.

The final ingredient in the model is the assumption that the phase errors are of equal magnitude but opposite sign at L1 and L2.  The ionosphere-free linear combination (LC) of ranges is 2.55((L1 – 1.55((L2.  The position shift estimated from the LC delays for a +5( phase error at L1 and (5( at L2 is then 41 cm.  Note how a shift of only ~0.3 cm in differential range has grown into a change in the estimated phase center location that is >100 times larger.  This large expansion factor can be traced primarily to the small angular range over which the phase pattern of the antenna can be measured by Earth-bound observers.

There is no evidence that phasing errors of this sort actually cause the observed 1-2 m offsets cited in the introduction.  It is noteworthy, however, that the tolerance on the phase variation over frequency is approximately (2( for the inner ring and (5( for the outer ring (C. Edgar, priv. comm.).  The parameters of the toy model lie within this range.  Deviations of the actual phase center from the nominal location can therefore be expected at the level of tens of centimeters due simply to non-ideality in the on-board hardware phase shifting networks.

4. Resources and VLBI observation strategy

The Very Long Baseline Array (VLBA) is clearly the best choice for the core network of VLBI stations to carry out any GPS observations.  For eight of the ten stations, the frequency range of the L-band receiver includes the L1 and L2 frequencies; at Fort Davis and Kitt Peak, L2 is not accessible.  The dual-circular polarization capability of the VLBA could be exploited to look for reflected signals from structures on the satellite.  The maximum baseline length within the VLBA, between Mauna Kea and St. Croix, is 8600 km.  The addition of a few stations within the European VLBI Network (EVN) would provide wider instantaneous geographical coverage and potentially better accuracy.  There are two antennas in the EVN with the requisite frequency coverage: the 25-meter antenna in Onsala, Sweden, and the Westerbork array in the Netherlands (although the Westerbork receivers support only linear polarization).  Pointing on the GPS satellites could probably be handled by regularly updating the pointing positions and tracking rates in either azimuth and elevation or right ascension and declination.

In order to achieve the desired accuracy, the primary observable has to be the phase delay.  The standard observational strategy in VLBI astrometry is to point the antennas cyclically at the target source and at one or more nearby reference sources, with a total cycle time of 2-5 minutes.  The position of the target is estimated from the phase delay differences between the target and reference sources.  Each reference source is an extragalactic radio source (EGRS) whose angular position on the sky is well determined.  Because of the wide range of baseline lengths available with the VLBA, a “snapshot” of the position from a single pointing cycle is generally precise and unambiguous enough to locate the target to a single “lobe” on the sky, i.e., without any 2( ambiguity within the angular fringe pattern.  Successive snapshots can be used to refine the position and to search for the presence of systematic errors.

VLBI data tapes recorded on Mark IV or VLBA terminals could be correlated at the Mark IV correlator at the MIT Haystack Observatory.  Some modification of the current correlator software would be necessary to support the satellite processing, but the necessary effort is estimated to require no more than one person-month.  The correlator data could be fringe-fit with the standard Mark IV program ‘fourfit’ to produce the fringe amplitudes and total phase and delay quantities.

Analysis of the VLBI data to determine the phase centers could be done with either the SOLVE or VLBI3 analysis packages.  [Is this true?]  Also required is a set of model phases and delays and their partial derivatives.  These can be provided by the CALC program for the EGRS’s and, with some additional effort, by the GEODYN program for the GPS satellites.  GEODYN is able to produce high-accuracy range predictions for GPS satellites, but its ability to predict VLBI delays and phases has not been thoroughly tested as yet.  The amount of work needed to test it and upgrade it, as necessary, is unknown at present.  [What about JPL’s MODEST or other VLBI model programs?]
5. Measuring the phase center location

In this section we consider the prospects for measuring the phase center location, especially the  Z component, via differential VLBI observations between a satellite and a set of one or more EGRS’s.  

5.1 Required measurement accuracy
  The delay observable in VLBI is inherently a range difference for two receivers, so the treatment in section 3.2 applies.  In order to measure the Z-component of the phase center location to accuracy (Z, the differential range from satellite to ground between nadir and earth limb must be measured with accuracy ~(Z/35.

  A reasonable goal is to measure a 1-m Z offset to 5(, so we seek (Z ( 20 cm.  The required accuracy on the differential range between nadir and limb is then (20 cm)/35 = 6 mm, or 19 ps, or 11( phase at L1. 

  This accuracy requirement applies to the ionosphere-free LC used in estimating the 1-2 m offsets found in GPS analyses.  Because the phase patterns at L1 and L2 may differ not only in magnitude but also in sign, a 1-m offset seen in the ionosphere-free LC could actually originate in offsets that are ~4 times smaller at L1 and L2 individually, as demonstrated in the toy model of section 3.3.  In order to understand the origin of a 1-meter offset by estimating the offsets at L1 and L2 separately, it may be necessary to achieve accuracies of 1-2 mm, or ~3( phase, at the individual frequencies.

5.2 Satellite/reference source separations
  If differential VLBI observations of a GPS satellite and EGRS’s are used to locate the phase center, then the angular separation between satellite and reference should be small, of course, in order to minimize errors from propagation media effects and from uncertainties in the geometry (station positions, earth orientation, etc.).  The density of VLBI astrometric-quality sources with S/X positional uncertainties under 1 milli-arcsecond (mas) is such that, on average, a source will be found within <5( of a satellite at any instant.  Additional sources along the track of a satellite could be identified, and their positions measured, in dedicated astrometric experiments.

  Because the target source is in orbit about the Earth, however, there are additional constraints in the GPS case on how small the separation between satellite and reference can be.

1. With an orbital period of 12 hours, the satellites travel 1( every 2 minutes.  Even if a source lies right on the path of a satellite, it will be within 5( of a satellite for only 20 minutes, or a few nodding cycles between satellite and reference.  As the satellite moves across the sky, new reference sources will have to be incorporated into the observing schedule as old sources are dropped.

2. For two stations at nadir and limb, the parallax on the satellite between the two ends of the baseline is 14(.  If a reference source is directly in line with the satellite at one station, it will be 14( from the satellite at the other station.

An attractive alternative to employing stationary extragalactic sources as references would be to use a signal transmitted from the GPS satellites themselves, but from an antenna other than the L-band phased array.  A narrowband beacon transmitted from a compact antenna (not a phased array) that has an accurately known phase pattern and phase center location with respect to the satellite center of mass would be an ideal reference source.  Differential measurements between the beacon and L-band signals could be used to estimate the L-band phase center relative to the center of mass.  Unfortunately there are no such beacons (C. Edgar, priv. comm.).  There are downlinks in frequency bands other than L-band (e.g., S-band and UHF), but they are not narrowband.  In a VLBI experiment, these signals could be recorded along with the L-band signals for later cross-correlation and delay estimation.  Few, if any, VLBI antennas are equipped for simultaneous observation at L-band and a second frequency band, however.

5.3 Error sources in differential satellite/reference VLBI measurement of phase center locations
5.3.1. Ionosphere

Of major concern are spatial and temporal variations in the propagation delay through the ionosphere.  Past L-band astrometric VLBI measurements on pairs of sources separated by a few degrees have yielded typical angular uncertainties of a few mas when no correction is made for the differential ionospheric delay.  For a 6000-km transverse baseline, 3 mas corresponds to a differential delay of 300 ps, which is a factor of 15 larger than the total error budget.

Global models such as the Parameterized Ionospheric Model (PIM; Daniell et al. 1995) can be used to predict the ionospheric total electron content (TEC), which is the columnar electron density in a specified direction.  TEC is generally expressed in TEC units (TECU), where 1 TECU is 1016 e– m–2 and will cause a delay of 0.54 ns and a phase shift of 0.85 turn at L1.  For the VLBA network under mid-solar cycle conditions and for a range of local times (i.e., nighttime and daytime), the systematic differential TEC across a 5( field at moderate to high elevation angles is typically 1-3 TECU, according to PIM simulations (R.M. Campbell, priv. comm.).  This range is consistent with long-baseline L-band astrometric VLBI data acquired under similar conditions.  For comparison, 19 ps ionospheric delay (the full error budget) corresponds to 0.04 TECU.  Reliance simply on small separations between satellite and reference to make the ionospheric error negligible clearly will not suffice.

There are at least three approaches to modeling or measuring the differential ionospheric delay between satellite and EGRS.

Ion1: Calculate the delay from global TEC models generated by various analysis centers from GPS data obtained on a global network of GPS receivers.

Walker and Chatterjee (1999) compared model predictions from five analysis centers (JPL, CODE, EMRG, ESAG, and UPCG) against S/X-band VLBI estimates of the differential ionospheric delay between pairs of sources with typical separations of 5(.  They found systematic differences between models from different centers, and between the models and S-band delays, of 50-200 ps at 2.3 GHz, which corresponds to 0.2-0.8 TECU.  These differences are a factor of >5 larger than our error budget (0.04 TECU).  On average, they found that the TEC model corrections to the VLBI data reduced the phase offsets due to the ionosphere by a factor of 2-5, compared with making no correction.  While significant, this level of improvement is not sufficient for our purposes.

The sources Walker and Chatterjee observed were usually far from any GPS satellite.  Were a satellite close to the sources, as would be in the case in the scenario being investigated here, the corrections might have been better.  But the critical parameter in differential astrometry is the TEC gradient at a station, not the absolute TEC in one direction.  Without additional GPS satellites providing closer spacings between lines of sight through the ionosphere, the location of the satellites relative to the astrometric targets will probably have only a minor effect on the accuracy with which the gradient can be measured.

Some improvement in the TEC estimates, particularly along the local track of the target satellite, might be expected with the inclusion of input data from a GPS geodetic antenna collocated with each VLBI antenna, or from the VLBI antenna itself, when it is tracking the satellite.  But there is already a GPS receiver furnishing data to the TEC model generators within a few hundred km of each VLBA antenna.  Any improvement in gradient estimation would therefore probably be small, and it would be even less in the cross-track direction.

Improvements in the TEC models generated from GPS data are being actively pursued by several research groups under the guidance of the IGS, but it is doubtful the accuracy and the temporal and spatial resolution will improve sufficiently that the models can serve as the sole source of ionospheric information for the VLBI observations.  Changes as small as 0.03 TECU can be measured from the GPS data at a station (Davies and Hartmann 1997), so the modeling is not limited by the measurement precision.  Instead the density of GPS satellites and, to a lesser extent, of ground stations sets the limit on the potential for improvement.  [Is this true?]  (refs?)
Ion2: Using wideband L-band VLBI observations of a set of 3-4 sources, estimate the spatial variations of the ionospheric delay over a small region of the sky through which a satellite passes.

Brisken et al. (2000) achieved sub-mas L-band astrometry with the VLBA between a pulsar and an EGRS 3( away, by using the frequency dependence of the solved-for differential position on short baselines to estimate the ionosphere-free position and then bootstrapping to the longer baselines.  A similar approach might work in the GPS case to estimate the ionospheric delay at the position of the satellite when it is near the sources.  The size of the EGRS field would have to be 15-20(, in order to accommodate the large satellite parallax on the long baselines.  However, Brisken et al. reported that their technique, which uses the differential fringe phase between the two sources as the primary observable, did not work satisfactorily for a source separation of even 7(.  Generating a map of the TEC in a 15(-square field using sources with average separations of 3-5( would be problematic.

A better approach, which is currently being investigated by Brisken and is showing great promise, is to estimate the differential ionospheric delay between two sources directly by fitting two terms, an inverse-frequency ionospheric term and a linear-frequency geometric term, to the difference phases over a wide bandwidth.  Observations could be carried out at selected frequencies over 1.3-1.7 GHz at the VLBA.  For two scans each with an SNR of 50, the standard error in the mid-band ionospheric delay estimated from the phase differences over such a band is ~20 ps.  The ability to fit for the differential ionospheric delay should not be affected by the size of the field.  The primary uncertainty in this method is how well the interpolation to the satellite position will work in the presence of TEC gradients on scales comparable to or smaller than the field size.  [This last paragraph will in all likelihood be extensively revised in version 2.  I am in the midst of discussions about this method with Ed Fomalont, and we plan to continue at the IVS general meeting in early Feb.  As this appears to be the best (only?) hope for handling the ionosphere, more details, numbers, and results should be included.]
Ion3: Use differential satellite-reference observations to estimate the differential ionospheric delay.

This approach is similar to Ion2, but now the VLBI data from the satellite are included as a source of information about the ionosphere.  

If the ionospheric delay on the satellite is estimated from the L1-L2 phase difference, independent solutions for the L1 and L2 phase center locations cannot be made reliably, because any differences in the L1 and L2 phase patterns would corrupt the estimates.  An alternative is to estimate the ionospheric delay toward the satellite from the difference in the two group delays measured across the 20 MHz bandwidth of the L1 and L2 P-code signals.  When observing with large antennas like the VLBA, the formal error on the group delay difference for a 1-second integration is ~10 ps, which is satisfyingly small.  Systematic errors in measuring phase cal phases or in the correlator hardware may make the realistic error larger by an order of magnitude or more.
As a general rule, one must be cautious when mixing results from two different types of ionospheric measurements.  A satellite and an EGRS have very different spectra, and unanticipated instrumental effects could introduce a significant offset in the ionospheric delays estimated from satellite and EGRS data.  It may be that the delays estimated from L1 and L2 would best be used as a check on the interpolated delays from the Ion2 method.

For any of the ionospheric estimation methods, the best indicator of their quality will be the repeatability of the GPS phase center estimates from one reference field to the next, and from one day to the next.

5.3.2. Reference source positions

For a 6000-km transverse baseline, the fringe spacing on the sky at L1 is (/D = 7 mas.  To achieve a differential range error on the satellite of <11( phase on such a baseline, the EGRS position error must be < (7 mas) x (11/360) = 0.2 mas.  This is slightly smaller than the ~0.25 mas systematic error in the International Celestial Reference Frame (ICRF) positions (Ma et al. 1998).  Furthermore, there will be systematic differences for most sources between the L-band position and the ICRF S/X-band position, which is essentially the X-band (8 GHz) position adjusted by ~1/13 times the S-band (2 GHz) offset.  Most EGRS’s have a compact “core” with a relatively flat spectrum and some extended structure (the “jet”) with a steep spectrum, i.e., it is stronger at lower frequency.  The position of the emission centroid therefore is generally frequency dependent.  Even the position of the core can vary with frequency due to frequency-dependent opacity effects.  In addition, because the VLBI angular resolution differs by a factor of ~5 between L- and X-band, extended emission detected at L-band may be “resolved out” and not detected at X-band, thereby biasing the measured centroid position.

It is difficult to be quantitative about the typical size of the L-S/X position offsets because of a dearth of studies.  For the most compact sources the offset will probably be no more than a few tenths of a mas, while for some ICRF sources it may be >1 mas.  Fey and Charlot (1997) present S- and X-band maps of 133 EGRS’s for which S/X astrometric positions have been determined.  Significant structure is present on scales up to 10-20 mas at S and 2-5 mas at X in many sources, some of which are ICRF sources.  Uncertainties of order 0.5-2 mas in the offsets between S and X centroids would appear to be common.  This level of uncertainty is consistent with that found in detailed astrometric studies of individual source pairs (e.g., Guirado et al. 1995).  The L-X offset uncertainties will be even larger than the S-X.

The best hope for tying the L-band positions into the S/X-band ICRF is to carry out L-band astrometry on a set of potential L-band reference sources and compare the resulting position differences against the ICRF values.  In order to achieve the best accuracy, it may be necessary to make source structure corrections to the L-band positions based on L-band VLBI images of the sources.  To the extent the L-band and S/X-band position differences agree, one can have confidence that the two celestial frames are consistent, since a global rotation of one frame relative to the other is improbable.

In the case of the antenna Z component, careful consideration in selecting the ground array of antennas can make the estimated position insensitive to the EGRS position errors.  Consider three antennas on the equator observing a single satellite: #1 is at nadir, #2 is on the limb, and #3 is on the opposite limb (i.e., 180( away in azimuth from #2, as viewed from the satellite).  An EGRS position error of 1 mas in right ascension will introduce a 1-m error into the Z estimate from either baseline 2-1 or baseline 3-1, but the Z error will have the opposite sign for the two baselines.  When the data from the two baselines are analyzed together, the two errors will therefore cancel each other.

As the above example illustrates, the sensitivity of the Z component to source position error is zero if the geographical distribution of receivers is symmetrical in X and Y.  In general, of course, the distribution will not be symmetrical, the Z estimate will be sensitive to position error, and there will be correlations among the estimates X, Y, and Z.  Nevertheless, the Z sensitivity can be greatly reduced by observing with an antenna array that is as symmetrical as possible about the satellite.  This is best done with a wide geographical distribution of antennas that provides instantaneous coverage from limb to limb.  A less desirable alternative is to employ a smaller ground array and rely on earth rotation and orbital motion to provide more symmetrical coverage averaged on time.  This latter approach suffers from the fact that different reference fields must be used at different times.  Because the position errors will not be the same in different fields, there will still be some coupling between the Z estimate and position errors.

For completeness, we mention that a 1 mas position error causes an error in XY position of ~3 cm for a baseline extending from nadir to limb.

5.3.3. Station positions

For astrometric observations in which the separation between target and reference is no more than a few degrees, the estimated angular separation is relatively insensitive to the assumed locations of the observing stations if the latter are known to <1 cm.  But with satellite-EGRS separations of order one quarter radian, systematic errors in the station positions or in the tie between the TRF and CRF (i.e., UT1, X and Y wobble, and nutation) may enter into the error budget reduced by only a factor of ~4.  (Should be more specific here.  Which global parameters might be the biggest contributors?  Positions for the limb stations – Mauna Kea, St. Croix, Hancock, and the EVN antennas if they’re used – would be the most significant of the local parameters, I would think.)  If the antennas are symmetrically distributed about the satellite nadir, the sensitivity of the Z estimate to global position errors should be greatly reduced, as for the EGRS positions.

5.3.4. Troposphere

     The zenith tropospheric delay can be estimated either from geodetic VLBI observations interspersed in the astrometry schedule or from GPS measurements with collocated GPS receivers.  The zenith path delay error from GPS measurements is typically ~1 cm (A.E. Niell, priv. comm. – should get a journal reference if possible – suggestions?).  For a 5( separation between satellite and EGRS at 30( elevation, the differential range error due to the error in the estimated zenith delay is then ~3 mm.  There will also be stochastic variations of order 5 mm due to unmodeled gradients in the wet component.

5.3.5. Instrumentation

For a VLBA antenna, the average antenna temperature over 20 MHz when pointing at a satellite is ~20,000 K.  The VLBA receivers have built-in switchable attenuators that can be inserted to maintain the signal level within the linear regime of the receiver.  In addition the VLBA IF distributors have 20-dB attenuators that can be switched in to prevent amplifier saturation and distortion in the baseband converters.  If either set of attenuators is used with the satellite but not with the EGRS’s, their effect on the signal phase must be accounted for.  The phase calibration system can measure such instrumental phase changes with a precision of <1(.

6. Mapping the satellite phased array

As a step toward understanding the origin of the observed 1-2 m offsets in the phase center Z-component (see Section 1), a “map” of the aperture field of the phased array could be illuminating.  Such a map might reveal deviations from the expected signal amplitudes and relative phases for the 12 helical elements.

Maps of the intensity and polarization of naturally occurring radio sources such as Galactic masers, galaxies, and quasars are routinely produced from VLBI fringe amplitude and phase data sets.  The theoretical basis for this mapping technique is the van Cittert-Zernike theorem, which states that the intensity distribution of the source is the Fourier transform of the complex visibility, which is the set of calibrated fringe amplitudes and phases (see, e.g., Thompson, Moran, and Swenson 2001).  Crucial to the derivation of this theorem is the assumption that the source is spatially incoherent, i.e., the radiation from different points on the source is statistically independent.  For a phased array such as the GPS L-band transmitter, however, the signals from the different elements are fully coherent, and the Fourier transform relation between visibility and intensity does not hold.

There is a second Fourier transform relation that does apply in the GPS case, however, and it could be used in principle as the basis for mapping the phased arrays.  The aperture field (electric field amplitude and phase) spatial distribution of an antenna is the Fourier transform of the far-field amplitude and phase patterns.  The microwave holography technique that is used, for example, to measure imperfections in the shape of large paraboloid reflecting antennas is founded on this transform relationship (see, e.g., Kesteven 1994).  The GPS situation is in fact holography, but with a twist.  In the standard method, the far-field pattern of the antenna is determined by measuring the amplitude and phase of the signal received by the antenna from a distant source as the antenna is scanned in angle around the source.  In the GPS case, however, the antenna is transmitting, not receiving, and it is not scanned; instead there is an array of receiving antennas on the Earth that sample the far-field transmission pattern.  The details are different from the conventional case, but the basic idea is the same.

There is one slight complication if VLBI is used to sample the far-field pattern.  VLBI measures the fringe amplitude and phase between a pair of stations, which in this case is equivalent to a pair of directions from the satellite.  But the desired far-field pattern is a function of direction, not pairs of directions.  If one station were always directly underneath the satellite, the far-field pattern could be determined simply from the fringe amplitudes and phases on the baselines involving the nadir station.  Absent such a magical station, the far-field amplitude and phase patterns can each be modeled as a contour sheet with a small number of parameters.  The parameters can be estimated by fitting the model to the fringe amplitudes and phases, and the resultant model can then be Fourier transformed to produce the aperture field.

The linear resolution with which the aperture field can conventionally be mapped is approximately ( / ((, where (( is the angular range over which the far-field pattern is measured.  For Earth-based GPS receivers, the maximum value of (( is 28(, and the corresponding resolution is ~40 cm at L1 and ~50 cm at L2.  This resolution is slightly larger than the diameter of the inner ring of the phased array, and is about half the diameter of the outer.  Thus the map would give only a very blurry look at the aperture field, with no possibility of distinguishing the fields from individual elements.

The resolution at the satellite could be improved if the far-field pattern could be measured over a larger solid angle than that subtended by the Earth, either by moving the receivers into space or by wobbling the GPS satellite.  However, there are no VLBI antennas in space with the appropriate frequency coverage, and the orientation of the GPS satellites is always maintained such that the symmetry axis of the phased array points within 0.15( (99% probability) of the geocenter (Aparicio et al. 1996).
Super-resolution techniques can sometimes be employed to improve the effective resolution by a factor of two or so (refs?), but they typically require very precise phase and amplitude measurements, as well as some a priori knowledge of the aperture field under investigation.  In particular, being able to model the field with a few adjustable parameters makes the job easier.  But we have little a priori knowledge of how the field might deviate from nominal, other than that it should be confined to an area no larger than the physical size of the satellite, with the bulk of the field lying within an area less than 1 m across.

The limited accuracy with which the far-field phase pattern can be measured sets limits on how well the aperture field can be measured.  As an illustration, consider two perturbations to the nominal phased array excitation in which the phase of one element (1) in the inner ring is increased by 5(, or (2) in the outer ring is decreased by 10(.  For nadir angles |(| < 14(, the far-field phase and amplitude patterns for these two variants agree to within (0.4( and (2%, respectively.  Differences this small cannot be detected reliably with VLBI.

In the end, attempting to map the aperture field is unlikely to be a fruitful approach. Ultimately it is the far-field phase pattern that matters most, as the phase center location can be calculated from it.  A map generated from the transformed far-field pattern could potentially reveal unexpected, gross distortions in the aperture field, related conceivably to the presence of the other external hardware on the satellite (e.g., solar panels).  But the information available on the field within the physical area of the phased array will be seriously limited by the coarse resolution available and systematic errors in measuring the far-field pattern. 

7. Summary and concluding remarks
Still to be written – let’s see how the rest of the text ends up.  Mention, as a possible next step (by someone else!), studies to simulate how well the VLBA can do phase center measurement, including using different sets of reference sources as satellite moves, and ionospheric effects?
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Figure 1.  GPS satellite with 12-element L-band phased array.

This image is from http://www.colorado.edu/geography/gcraft/notes/gps/gif/sv3.gif.  I don’t know what Block series this one is.  Does anyone know of an image that would show the array more clearly?  Also I’m concerned about the propriety of using this image without permission.

[image: image2.wmf]
Figure 2.  Phase centers for a hemispherical and a distorted wavefront.  This is just a first cut – it needs improvement.  Suggestions are encouraged.  Make the wavefront distortion larger in amplitude (and the best-fit circle to it smaller)?  Incidentally, the printed version of this figure is better than the screen version.

Figure 3.  I haven’t attempted to draw this figure, but what I would like to show, roughly to scale, is the Earth, a satellite in orbit, and two Earth-bound GPS antennas, one at satellite nadir and one at the limb.  Also label some of the relevant angles and distances.  Does anyone have a suitable figure available?  Or does anyone have the means to produce such a figure?  I don’t!
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