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In an ongoing effort to improve the knowledge of the relative orientation (the

"frame tie") of the planetary ephemeris reference frame used in deep space navi-
gation and a second reference frame that is defined by the coordinates of a set of

extragalactic radio sources, VLBI observations of the Soviet Phobos-2 spacecraft

and nearby (in angle) radio sources were obtained at two epochs in 1989, shortly
after the spacecraft entered orbit about Mars. The frame tie is an important sys-

tematic error source affecting both interplanetary navigation and the process of

improving the theory of the Earth's orientation. The data from a single Phobos-2

VLBI session measure one component of the direction vector from Earth to Mars in

the frame of the extragalactic radio sources (the "radio frame"). The radio frame

has been shown to be stable and internally consistent with an accuracy of 5 nrad.

The planetary ephemeris reference frame has an internal consistency of approxi-

mately 15 nrad. The planetary and radio source reference frames were aligned prior

to 1989 with an accuracy of approximately 250 nrad, using Earth-based optical

data and measurements of oceultations of the radio source 3C273 by the Moon.

The Phobos-2 VLBI measurements provide improvement in the accuracy of two

of the three angles describing a general rotation between the planetary and radio

reference frames. A complete set of measurements is not available because data

acquisition was terminated prematurely by loss of the spacecraft The analysis of

the two Phobos-2 VLBI data sets indicates that, in the directions of the two rota-

tion components determined by these data, the JPL planetary ephemeris DE200 is

aligned with the radio frame as adopted by the International Earth Rotation Service

within an accuracy of 20-40 nrad, depending on direction. The limiting errors in the

solutions for these offsets are spacecraf_ trajectory (20 nrad), instrumental biases

(19 nrad), and dependence of quasar coordinates on observing frequency (24 nrad).

I. Introduction

Planetary approach navigation is crucial to the success of many interplanetary missions. Whether it

be for targeting a planetary flyby to carry out a gravity assist trajectory or for planning a maneuver

to enter into a closed orbit about a target planet, the planetary approach phase almost always imposes

key navigation requirements. Minimizing target-relative trajectory errors results in fuel savings that can
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extend mission lifetimes and enhance the total scientific return. Future missions may employ aerobrak-

ing and aerocapture maneuvers to provide more efficient orbit insertion. These techniques can impose

stringent constraints on navigation accuracy, as the spacecraft trajectory must pass through a narrow

atmospheric entry corridor.

Earth-based tracking of radio signals from interplanetary spacecraft provides essential information for

navigating deep space missions to their targets. The radio metric data types acquired by stations on the

Earth include range from the station to the spacecraft, range rate via the Doppler shift of the spacecraft

signal frequency received at the station, and interferometric delay and delay rate, in which very long

baseline interferometry (VLBI) is used to obtain the angular position and velocity of the spacecraft in a

reference frame of quasars (the "radio frame"). For many missions (e.g., Magellan, Ulysses), Earth-based

radio metric observations are the only data available for orbit determination.

Spacecraft-based optical observations of a target body against the stellar background can provide

information on the spacecraft-target relative position in the two directions orthogonal to the spacecraft-

target line of sight. Since the position accuracy scales directly with distance from the target body,

spacecraft imaging data are useful only during the latter stages of planetary approach. Also, the line-of-

sight component of relative position is typically not well determined by onboard optical data. Thus, even

for spacecraft equipped with onboard imaging systems, Earth-based radio data play an important role in

determining the full spacecraft target-relative state vector.

The concept of a reference frame is central to navigation. An inertial reference frame is assumed in

modeling the spacecraft trajectory and in the analysis of spacecraft position measurements. There are

two main reference frames involved in the interplanetary navigation process. One frame is defined by

the positions of distant radio sources; the other is defined in constructing the planetary ephemeris. The

ephemeris gives the positions of the gravitational bodies affecting the spacecraft trajectory as well as

the location of the target body. The radio reference frame is important in the reduction of spacecraft

position measurements because the rotational orientation of the Earth, which has random components,
is monitored and reported routinely in the radio reference frame. Thus, the inertial locations of Earth

tracking stations are implicitly referred to the radio frame. With range and Doppler observables, the radio

frame position of a spacecraft during interplanetary cruise can be determined with an accuracy of about

100-200 nrad. More precise spacecraft positions (5-10 nrad) can be obtained with differential spacecraft-
quasar VLBI observations that directly measure the angular position of the spacecraft relative to selected

quasars.I, 2,3 To most effectively exploit the accuracy of spacecraft interplanetary cruise trajectories given

by Earth-based radio metric tracking, it is necessary that the target body position also be accurately
determined in the radio frame.

The orientation offset between the planetary and radio reference frames, which may be parameterized

as three small rotation angles collectively referred to as the "frame tie," was known to an accuracy

of 100-200 nrad at the time the observations described herein were planned. This uncertainty greatly

exceeds the accuracy attainable with Earth-based radio tracking techniques and is a limiting error for

planetary approach navigation. As a result, several efforts have been initiated in recent years to improve

the tie between the planetary and radio frames. Observations of the millisecond pulsar PSR 1937+21

[1] and comparisons of VLBI and lunar laser ranging (LLR) observations [2] have provided tentative

1 j. S. Border, "Analysis of ADOR and ADOD Measurement Errors for Mars Observer Using the DSN Narrow Channel

Bandwidth VLBI System," JPL Interoffice Memorandum 335.I-90-026 (internal document), Jet Propulsion Laboratory,

Pasadena, California, May 15, 1990.

2 W. M. Folkner, P. M. Kroger, and C. Hildebrand, "Preliminary Results From VLBI Measurement of Venus on September

12, 1990," JPL Interoffice Memorandum 335.1-92-25 (internal document), Jet Propulsion Laboratory, Pasadena, California,

October 1992.

3 W. M. Folkner, P. M. Kroger, and B. A. Iijima, "Results From VLBI Measurement of Venus on March 29, 1992," JPL

Interoffice Memorandum 335.1-93-22 (internal document), Jet Propulsion Laboratory, Pasadena, California, July 1993.
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measurements of the frame tie to an accuracy of 25-50 nrad. Several other, earlier determinations are

discussed in [3].

Differential VLBI observations of a spacecraft in orbit about a planet provide a direct means of

measuring the frame tie, as depicted in Fig. 1.._Conventional Doppler tracking of a planetary orbiter

typically can provide planet-relative spacecraft positions with kilometer- or sub-kilometer-level accuracy.

With VLBI time delay measurements, differenced between the spacecraft and angularly nearby quasars to

cancel common measurement errors, the spacecraft angular position (and thus the planet angular position

as well) can be precisely determined in the quasar reference frame. The positions of the remaining bodies

of the solar system are then also tied to the quasar frame to the accuracy of the relative angular position

errors of the ephemerides. Newhall et al. [4] and Niell et al. [3] used a similar technique to estimate

corrections to Mars' and Venus' right ascensions and declinations with data from the Viking and Pioneer

Venus orbiters. These data were not VLBI time delays, but rather phase delay rates. Differential delay

measurements from the Soviet Venus-Halley (VEGA) spacecraft as they flew past Venus were analyzed

in [5].

In 1988, the Soviet Union launched two spacecraft, Phobos-1 and -2, to explore Mars and its moon

Phobos. One of the scientific goals of the mission was a 5-nrad frame tie using VLBI measurements from
a lander on the moon's surface. 4 Although both spacecraft were lost before completing their missions,

Doppler and VLBI tracking data acquired from Phobos-2 in orbit about Mars have provided for an

improved frame-tie determination. This article describes the analysis of the Phobos Mission (PHOBOS)

frame-tie VLBI data and presents the resulting estimates of two components of the rotational offset

between the frame of JPL planetary ephemeris DE200 [6,7] and the radio frame adopted and maintained

by the International Earth Rotation Service (IERS) [8].

The following section contains a more detailed description of the radio and planetary reference frames

within which the data presented here were analyzed. The PHOBOS VLBI observations are summarized

in Section III. Section IV contains the analysis of measurement information content and error sources.

The strategy for estimating the frame-tie parameters is given in Section V, and a reference solution is

obtained. Consistency of solutions with variations of data set and fitting strategy is also examined. The

PHOBOS result is compared with a frame tie derived from lunar laser ranging data and VLBI observations
of natural sources. Section VI gives a brief discussion of further opportunities to improve the frame tie.

II. Reference Frames

A. IERS Reference Frames and Earth Orientation Parameters

The radio reference frame is based on the observed positions of extragalactic radio sources. The source

positions are measured using VLBI, as shown in Fig. 2. Two widely separated radio antennas record the
signal from the radio source. The recorded signals are processed to find the time delay, T, which is the

difference in arrival times at two stations. The time delay is approximately given by

C

where B is the vector pointing from (the inertial location of) station 1 to station 2 and S is a unit vector

in the direction of the source. The observation of a single source thus gives the angle between the baseline

vector and the direction to the source. By observing a number of sources widely scattered over the sky,

the relative positions of the sources can be inferred along with the length and direction of the baseline
vector.

a R. A. Preston, personal communication, Tracking Systems and Applications Section, Jet Propulsion Laboratory, Pasadena,
California, 1991.
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Fig. 1. Spacecraft-quasar differential VLBI geometry.
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Fig. 2. VLBI geometry.

A

CT=BoS

STATION 2

49



: :if

_i_ , _:"

!(,

•/iii

Since angles are measured only between the baseline vector and radio source directions, there is some

arbitrariness in the definition of the direction of the coordinate axes. The celestial axes are traditionally

defined in terms of the normal to the Earth's equator and the intersection of the equator and the ecliptic

at some reference epoch (such as J2000). Because the Earth's rotation changes the baseline orientation

with a diurnal signature, the VLBI data are sensitive to the equator of date. But these VLBI data are

not sensitive to the position of the ecliptic. Before 1984, the orientation of the radio frame catalog about

the equatorial pole was set by assigning a value to the right ascension of the source 3C273B based on

observations of the occultation of this source by the Moon [9]. This choice of reference frame definition

was found to be inadequate at the 5-nrad level of accuracy typical of modern VLBI measurements for

two reasons: (1) The extrapolation of the equator of date to the equator of the reference epoch proved

to be problematical, in that the standard theory for the motion of the equatorial pole is not accurate at

the 5-nrad level, and (2) the source 3C273B has an apparent radio position that changes with time due
to variations in source structure.

To avoid problems with changes in radio frame definition caused by variations in the model for motion

of the Earth's pole and in the defined right ascension, the IERS in 1984 established a celestial reference

frame by adopting coordinates for more than 20 commonly observed quasars with relative positions

consistent at the 5-nrad level [10]. This celestial reference frame has been stable to better than 5 nrad

since 1984 and is in approximate agreement with the Earth's equator and equinox of J2000 [8].

Given this definition of the celestial frame, it is necessary to define the zero point of baseline orientation.

The IERS has specified positions (in terms of overall orientation) of a network of Earth tracking stations
that define an "Earth-fixed" or terrestrial frame. This network includes VLBI antennas as well as sites

for other techniques that can measure Earth orientation, including satellite laser ranging, lunar laser

ranging, and Global Positioning System sites [11]. The network positions are continually updated as

relative position information is improved. However, the overall orientation of the network is fixed so that

the orientation of the Earth can be routinely monitored and reported in terms of the angles between the
defined terrestrial network and the defined celestial frame.

B. Planetary Ephemeris Reference Frames

Range observations to planetary orbiters and landers, and radar ranges to the planetary surfaces,

have provided a wealth of data on the motions of the planets in the solar system. Relative positions of

Earth and Mars during the Viking lander ranging data arc (1976-1982) were known to an accuracy of

a few nanoradians. Since then, the errors in relative longitudes have increased with time at a rate on

the order of 1 nrad/yr [12]. The positions of Mercury and Venus relative to Earth have been determined
to an accuracy of tens of nanoradians from planetary ranging data. Outer planets are known to lesser

accuracy, based on spacecraft radio metric data during encounters, optical observations, and limited
interferometric observations. For example, Jupiter's position is currently known to an accuracy of about

200 km, or 250 nrad, relative to Earth's orbit.

Beginning with JPL ephemeris DE200, the origin of right ascension for the planetary frame has been

the dynamical equinox as determined from lunar laser ranging (LLR) data. LLR data are sensitive to the

Earth's equator through the diurnal signature due to Earth rotation, and to the ecliptic through the effect

of the luni-solar precession on the Earth-Moon distance. The LLR data determine the dynamical equinox

at a mean data epoch of 1980 with an accuracy of approximately 5 nrad [12]. The ecliptic longitude of

the Earth is determined to 15 nrad. The distributed ephemerides, however, are referred to the epoch

J2000 rather than 1980. The uncertainty in predicting the difference in the equator of J2000 and the

equator of 1980 is approximately 50 nrad. In general, each successive distributed ephemeris uses a longer
arc of LLR data, which changes the estimate of the equator of J2000, so that the reference frames of two

ephemerides are slightly different.

The distributed ephemerides do not contain information on the model for the motion of the Earth's

pole that was used in defining the frame. Thus, angular offsets between different ephemerides cannot be
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ascertained by comparing the orientations of the equator and equinox of date, but only by examining the

tabulated positions of the planets. The relative positions of Earth and Mars are known to approximately

15 nrad, which is at least a factor of five better than the relative position accuracy of any other pair of

bodies from the planetary ephemerides. Consequently, frame-tie comparisons between ephemerides, or

between an ephemeris and the radio frame, have the most consistency and accuracy when based on the

relative orientation of the orbit of the Earth and/or Mars in the two frames.

III. Data Acquisition

A. Observation Summary

The PHOBOS frame-tie data consist of two passes of VLBI observations of the Phobos-2 spacecraft

and angularly nearby quasars. The PHOBOS data were recorded with the DSN wide-channel bandwidth

(WCB) VLBI system, which is the DSN realization of the Mark III system developed for radio astronomy
applications. Angular accuracy in the range of 1-5 nrad has been achieved with WCB observations of

quasars [13,14]. The PHOBOS frame-tie data are the first interplanetary spacecraft-quasar differential
VLBI measurements obtained with the WCB system.

The observing time in both passes was 1 hr. During the first pass on February 17, 1989, data were
acquired by the DSN stations at Goldstone and Madrid and by the 76-m Lovell telescope at Jodrell

Bank in England. Although the addition of Lovell improved the baseline geometry somewhat, the main

reason for its inclusion was to enhance reliability. The second pass occurred on March 25, 1989, on

the Goldstone-Canberra baseline. The DSN 70-m antennas were used for both passes, as they were the

only DSN stations equipped to receive at the Phobos-2 spacecraft transmit frequency of approximately
1.7 GHz.

The Phobos-2 spacecraft and three extragalactic radio sources (see Fig. 3 for source geometry) were

observed sequentially, not simultaneously, during each pass, according to the schedule in Fig. 4. Since

uncalibrated path delay changes due to variations in solar plasma, troposphere, or ionosphere between

spacecraft and radio source observations can degrade the accuracy of the measured differential delay, the

observation sequences provided for sampling the temporal variation of measurement errors via multiple

observations of a given source. Similarly, observations of quasars at various separation angles from the
spacecraft were included to yield some indication of the spatial variation of media delays. An additional

factor affecting the PHOBOS observation sequences was that the quasars with the smallest angular

separations from Mars were relatively weak. Observations of well-known sources with high correlated flux

density were included to provide a margin of reliability in case these weak sources could not be detected.

B, PHOBOS Frame-Tie Radio Sources

Of the six sources selected for the PHOBOS frame-tie experiments, the position of only one (0235+164)

was known to an accuracy of 10 nrad or less. The positions of the remaining sources were determined with

data from four DSN WCB VLBI passes in July and September of 1989--three passes on the Goldstone-

Madrid baseline and one on the Goldstone-Canberra baseline. All data were acquired at 34-m stations.

During the astrometric passes, the PHOBOS sources and several quasars whose positions were precisely

known were observed repeatedly over periods of about 8 hr. Data were acquired at both S-band (2.3 GHz)

and X-band (8.4 GHz) so that signal delays due to charged particles of the ionosphere and the solar plasma
could be calibrated. These observations were then combined with other DSN VLBI astrometric data. The

entire data set was processed through the ¥LBI parameter estimation program, MODEST [15], to provide

a quasar catalog, as well as Earth orientation parameters for each VLBI pass [16]. These results were
then incorporated into the radio source catalog RSC(IERS) 91 C 01 of the International Earth Rotation

Service. The 1-a rss error in the estimated angular positions of the PHOBOS sources is about 15v/2 nrad

(see Table 1 and the discussion in Section IV.B).
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Table 1. PHOBOS frame-tie error sources.

Error source Magnitude Notes

Thermal noise Spacecraft, 0.18 nsec

Quasar

Wide-spanned bandwidth, 0.05 nsec

Narrow-spanned bandwidth, 0.15 nsec

February 17, 5.5 km

March 25, 0.6 km

_3 km

Spacecraft orbit

Planetary ephemeris

Zenith troposphere
Constant

Fluctuation at 1000 sec

Ionosphere

(Faraday calibration error)

Time dependence

Bias

Solar plasma

Instrumental bias

Quasar position

Inertial station locations

Approximate--sigmas are

computed for each point during
observable processing

(see Appendix A)

Spacecraft relative to Mars

(See Footnote 7)

Mars relative to Earth orbit

(See [_])

4 cm (See [18] and Footnote 10)

1 cm (See [19])

0.5 V/_/IO00 nsec

10 percent of calibration

N 0.1 nsec

Goldstone-Madrid, 0.39 nsec

Goldstone-Canberra, 0.10 nsec

15 nrad (each component)

20 cm (each component)

See Appendix B

(See [21])

(See Appendix A)

Source structure

IV. VLBI Measurement Sensitivity and Error Sources

A. Data Sensitivity

Following Finger and Folkner [2], the relation between the planetary and radio-frame positions of a

body is assumed to be a rotation of coordinates having the form

r R :_p -._ x rp

where rp is the position in the planetary frame, rR is the position in the radio frame, and .4 is a vector

of small rotations ([A[ << 1). If the positions of a body are independently determined in both frames, the

frame-tie vector A can be computed.

In the present case, the position of the Phobos-2 spacecraft is known in the planetary frame, and the

PHOBOS VLBI data measure components of its angular position in the radio frame. The sensitivity of

the VLBI delays to the frame-tie rotation vector is described below.

For the purposes of this discussion, the VLBI delay for the spacecraft is approximated by the time

required for an electromagnetic wave transmitted by the spacecraft to traverse a distance in free space

equal to the instantaneous offset in the locations of the two stations in the direction of the spacecraft

geocentric position vector. That is, if SR is a unit vector along the Earth-to-spacecraft line in the radio

frame, the observed delay is
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where B is the baseline (i.e., vector separation of the two stations) in the radio frame and c is the speed
of light.

The modeled delay is obtained from the previous equation by writing SR as a function of the rotation

vector A and the unit vector Sp but expressed in planetary frame coordinates:

Tm°del : C P X

Nominally, the rotation vector is assumed to be zero, so the modeled delay is

B
Tmode l _ -- . _._p

C

and the delay residual (observed minus modeled) can be written as

, /i

Since it is assumed that I A I << 1, Sp can be replaced by SR, so to first order,

• × _R (1)
C

The cross-product is given in terms of the components of the rotation vector .4 as

0 -A3 A2 ]
-4×Sn = A3 0 -A1 SR

-A_ A1 0

From Eq. (1), it is clear that the delay residual depends only on the rotation component which is in the
plane of the sky (POS). The POS is orthogonal to SR (the Earth-spacecraft line of sight), so the relation
of the delay residual to the rotation vector takes the form

A'r = - _"POS " POS × (2)

where Apos is the POS component of A. The vector _POS is also in the POS and is in the direction of

the projection of the station baseline, i.e.,
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The rotation vector can be represented in terms of small increments in right ascension and declination as

Apos = -AS _t + Aol cos 5 _)

The quantities c_ and 5 are the right ascension and declination of the source, and the unit vectors fi and

9 lie in the POS, with fi in the direction of increasing right ascension (RA) and _ in the direction of

increasing declination (DEC) (Fig. 5).

DIRECTION TO SOURCE

EARTH

^

V

PLANE OF SKY

i:

q

:/

/

EARTH MEAN EQUATOR

Fig. 5. Plane-of-the-sky coordinates.

A single delay measurement on a single baseline is sensitive only to that portion of Apos which is

orthogonal to T POS. With VLBI measurements on one baseline, some sensitivity to the second compo-

nent of Apos (in the POS and parallel to the projected baseline) is obtained with delay measurements

separated in time so that Earth rotation causes the orientation of the projected baseline _- POS to change.

The changes in projected baselines during the PHOBOS passes were mainly in length, not orientation (see

Fig. 6), and the sensitivities to this rotation component are 30 to 40 times weaker than for the orthogonal
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(a) GOLDSTONE-MADRID
PROJECTED BASELINE (WITH v, km

VARIATION OVER PASS) (DEC)
\ _ Phobos-2

ORBIT NODE T ° ERROR ELLIPSE

"., 51.6

"-/,I //
__=_,_._ ".. tJJ 1 km= 5nrad

u, km i ,,----;"-_i=.--- ". /J .... ,
(RA) ..... / __ ' '

5 // \. ---= -5

// \'-.
\ -.

PROJECTED BASELINE LENGTH _ 8200 km _/ \ ....

-5
TO MARS

( r = 55,560 km)

(b)
Phobos-2

MARS AT 04:00 ERROR ELLIPSES

(r= 9234 km) v, km ,/_

_ (DEC)
ORBIT NODE - 0 5 / _

(1=98.5) "-. _',, _40_ ' / 04:00

-. "_" 05:30
_r,_ /,=---_ /

MARS AT 05:30 "_\.. "_ _ _
(r= 5896 km) "_.. "_ ._//

"_- /._'f J 1 kl"-_._t_ f_7/J 1 km= 4 nrad
u, km , . . ;"_" _ ; ; ; '

PROJECTED BASELINE LENGTH = 10,600 km
GOLDSTONE-CANBERRA

-0.5 PROJECTED BASELINE
(WITH VARIATION OVER PASS)

Fig. 6. Phobos-2 orbit errors in the plane of sky are represented by 1-G error ellipses: (a) February 17, 1989,
and (b) March 25, 1989. The projection of the station baseline is also shown. Only the component of the
orbit error in the direction of the projected baseline affects the frame-tie parameter estimates. The orbit
error for the March 25 pass is an order of magnitude smaller than for the February 17 pass.

component. A more accurate determination of the collinear component can be made by using data from

a second baseline for which the projection on the POS has a large component orthogonal to the original

Tpos. A precise determination of the third component of .4, the rotation about the normal to the POS,

would require an additional observation when the Earth-spacecraft line of sight was offset in angle by

about 90 deg from its original direction.

The longest baselines for the first PHOBOS pass are approximately 8000 km in length, and mostly in

the equatorial plane. The baseline for the second pass is about 10,000-km long, and has a large component
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perpendicular to the equatorial plane. Together, the two passes provide baseline projections on the POS
(-_POS) which are large and have a large orthogonal component. But the motions of Earth and Mars

between passes changed the orientation of the Earth-spacecraft line of sight by only 20 deg. Consequently,

the PHOBOS data can provide accurate estimates of only two of the three rotation components.

B. Measurement Error Sources

The VLBI time delays are not just the differential signal arrival times at the two stations plus thermal

noise, but include path delays due to media (ionosphere, troposphere, and solar plasma), instrumental

phase response, and clock offsets, which are imperfectly known a priori. Furthermore, the delay models

contain errors due to inaccuracies in spacecraft trajectory, Earth and Mars ephemerides, station locations,

Earth orientation, and radio source positions. All of these effects have the potential to cause significant

deviations in the residual delay, which in turn could cause errors in the frame-tie parameter estimates.

The treatment of thermal noise, media, instrument, and clock effects in the process of obtaining the
observed delay from the raw data is described in Appendix A. The important characteristics of both

measurement and model errors as they pertain to the determination of the frame-tie parameters are
summarized in Table 1.

1. Thermal Noise. Data weighting was based on estimates of the delay uncertainty from system

noise obtained for each data point during postcorrelation processing (there is one data point for each

observation interval on each source for a total of 22 delay measurements [see Fig. 4 and Section IV

in Appendix A]). System noise effects in delay depend both on the signal strength and the range of

frequencies that are sampled (the spanned bandwidth). For the spacecraft, with a usable bandwidth of

about 30 MHz, the 1-a delay uncertainty was typically about 0.2 nsec. Quasar delays were obtained for

two different bandwidths--one set included measurements over the total spanned bandwidth of about

70 MHz and the other used essentially the same bandwidth as the spacecraft. The delay standard
deviation from system noise for the widest spanned bandwidth was on the order of 0.05 nsec. For the

narrow bandwidth, the delay uncertainty increased to 0.2 nsec. Solutions were obtained for each set of

quasar delays separately, in combination with spacecraft delays, as a check on instrumental phase effects.

(Note that a measurement error of 0.1 nsec corresponds roughly to an angular error of 3-4 nrad.)

2. Spacecraft Orbit. Since the VLBI data actually measure the angular offset between the quasars

and the spacecraft, the frame tie can be achieved only if the a priori knowledge of the spacecraft position
relative to Mars is sufficiently accurate. Phobos-2 spacecraft orbit estimates were obtained from the Nav-

igation Systems Section. T. McElrath provided preliminary spacecraft trajectories in EME50 Cartesian

coordinates relative to the DEll8 planetary ephemeris, as well as covariances of errors in the spacecraft

state estimates at the beginning of each pass. 5 Refined trajectories and covariances from orbit determi-

nation processing incorporating additional data were provided by J. P. Berthias. 6 The trajectories and

covariances were transformed from EME50 coordinates to the Earth mean equator and equinox of J2000

(the DE200 system) by applying the rotation matrix given by E. M. Standish [6].

For the February 17, 1989, pass, the spacecraft was in a highly elliptic orbit with eccentricity of

0.8 and a period of 3.6 days. On March 21, 1989, it entered a nearly circular orbit with a period of

7.66 hr, which kept it close to Phobos (the mean distance from the satellite on March 25 was about

275 kin). The data sets used for trajectory determination included instantaneous range rates derived

from two-way C-band Doppler acquired by the Soviet network, two passes of two-way Doppler (C-band up,

[r • _i_

5 T. McElrath, personal communication, Navigation Systems Section, Jet Propulsion Laboratory, Pasadena, California,

1989.

6 j._p. Berthias, personal communication, Navigation Systems Section, Jet propulsion Laboratory, Pasadena, California,

October 1990.
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L-band down) from the DSN, 7 and, for the March 25 orbit, measurements of the relative angular position

of the spacecraft and Phobos derived from onboard imaging, s

The accuracy of the estimated orbits is represented by the 1-a error ellipses for the projection of

the Phobos-2 Mars-relative position onto the plane of sky (Fig. 6). The shape and orientation of the

error ellipses indicate that the dominant uncertainty is in the orbit angular orientation about the Earth-

spacecraft line of sight, which is typical of orbits determined primarily from Doppler data.

The magnitude of the orbit uncertainty depends on several factors, including the accuracy of the data,

the length of the data arc, and the orbit shape and orientation. The orbit accuracy for the pass on

March 25, about 500 m, is an order of magnitude smaller than the several-kilometer uncertainty for the

February 17 pass. Favorable orbit geometry for the second pass further reduces the effect of orbit error

on the frame-tie estimates. These trajectory uncertainties correspond roughly to 15 nrad and <1 nrad in

geocentric angular position for the first and second pass, respectively.

3. Planetary Ephemeris. Uncertainty in the DE200 positions of Mars and the Earth are described
by a covariance matrix on the errors in the estimated orbital elements. 9 Included in this covariance are

contributions due to a common angular offset of the orbits of Earth and Mars relative to the actual
equator and equinox of the year 2000. It is this common angular orientation offset of the planetary and

radio reference frames that is to be determined by the PHOBOS VLBI data, so the planetary ephemeris

error model should reflect only the relative error in the positions of Earth and Mars. A covariance matrix

for only this component of the error was obtained by statistically combining the a priori DE200 covariance

with another covariance in which the sigmas on the parameters describing the orientation of the orbit of
the Earth were essentially zero, and other orbit parameters were unconstrained. The 1-a error ellipses

for the resulting Earth-Mars direction uncertainty are shown in Fig. 7.

The ecliptic longitude of Mars relative to Earth's perihelion, and the inclination of the orbit of Mars to

the ecliptic, have been determined from Viking lander range data [17]. The direction of the Earth-Mars

line referenced to the orbit of the Earth is known to an uncertainty of 3 km (15 nrad) or better.

4. Troposphere. Tropospheric delay calibrations are computed using a seasonal model [18]. The
calibration error is modeled as a constant offset in zenith troposphere delay at each site with a standard

deviation of 4 cm. 10 The zenith uncertainty is mapped to the proper elevation angle using the standard

mapping function (approximately 1/sin 7, where 7 is the elevation angle). At the lowest elevation angles
(7 _ 22 deg), the delay uncertainty at one station is about 11 cm or 0.4 nsec. The troposphere error

in the delay differenced between sources separated in elevation angle by 1 deg is nearly 60 times smaller

(0.2 cm, or less than 0.3 nrad).

The magnitudes of the delay error to be expected from fluctuations in the wet troposphere delay on

time scales corresponding to the time between measurements (_ 200-500 sec) and the duration of a pass

(_ 1 hr) are taken from Fig. 2 of [19], which is based on the assumption of Kolmogorov turbulence, with

parameters adjusted to agree with variations measured by water vapor radiometers at the DSN sites.
This model predicts variations of several millimeters on time scales of a few minutes, and about 1 cm

over the pass at an elevation of 20 deg.

r J.-P. Berthias, "Analysis of the Phobos-2 Radiometric Data Set," JPL Interoffice Memorandum 314-6 1129 (internal

document), Jet Propulsion Laboratory, Pasadena, California, March 1990.

s j._p. Berthias, October 1990, op. cit.

9 E. M. Standish, personal communication, Navigation Systems Section, Jet Propulsion Laboratory, Pasadena, California,
1991.

lO S. E. Robinson, "Errors in Surface Model Estimates of Zenith Wet Path Delays Near DSN Stations," JPL Interoffice

Memorandum 335.4-594 (internal document), Jet Propulsion Laboratory, Pasadena, California, September 1986.
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Fig. 7. Ephemeris DE200 error inthe plane of sky (Mars relative to Earth-Moon barycenter orbit).

5. Ionosphere. Estimates of signal delays due to propagation through charged particles in the

ionosphere were provided by the Tracking System Analytic Calibration Group. These estimates were

based on measurements at each DSN site of the ionospheric delay of the signal from a geosynchronous

Faraday beacon satellite [20]. To obtain delays along other ray paths, it is necessary to use a model for

the temporal and spatial distribution of the ionosphere to map the measured ionosphere delay to the

direction of other radio sources. The ionosphere mapping error is a major source of uncertainty in the
ionosphere delay calibrations.

It is expected that the error in the ionosphere delay calibrations differenced between the spacecraft and

quasar will depend to some extent on the apparent angular separation--the smaller the angle between
the lines of sight, the closer together the ray paths through the ionosphere. For the small spacecraft-

quasar separation angles of the PHOBOS data (in the range 0.4-5.6 deg), the time interval between

measurements is also important. Earth rotation causes the position at which the ray path traverses the
ionosphere to move in longitude at a rate of about 100 km in 5 min, whereas an angular source separation

of 1 deg is equivalent to a position offset of approximately 10 km.

Because of uncertainties in assessing the spatial variability of the ionosphere over angular scales of
many degrees, a subset of the quasar delay data was used to obtain the nominal frame-tie solution. The

reduced quasar data set contains observations only of the quasar with the smallest angular separation

from the spacecraft on each day (1.0 and 0.4 deg for the February 17 and March 25 passes, respectively).

The main calibration errors were then modeled as temporal rather than spatial variations. In determining

the frame-tie parameters, offsets of station clock epochs and rates were estimated for each pass with large

a priori uncertainties (1-a of 1 msec in epoch and 10 -9 in rate). This essentially eliminated estimate

errors due to linear time variations of the calibration error. An analysis of Magellan S- and X-band data
(Appendix B) showed that the deviation of the calibration error from a linear model had the form of

a random walk. In the estimation process, the amplitude of the random walk was adjusted to yield a
reduced X 2 of 1.

An indication of the remaining sensitivity to calibration error was obtained by assessing the effect on

the frame-tie parameter estimates of an error in Faraday calibration scaling. The a priori uncertainty for

the calibration scaling was set to 10 percent of the calibration. This translates to approximately 2 cm or
less in the delay difference between the spacecraft and nearest quasar.
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¸¸¸115¸¸ 6. Space Plasma. Plasma-induced variances of delay measurement errors are derived from the

structure function of plasma phase variations. With the assumption that the plasma is concentrated in a

thin screen that passes through the center of the Sun and is perpendicular to the line of sight from the

Earth to the radio source, the structure function of phase for a homogeneous and isotropic plasma takes
the form

De(b) ([ACplasma(X"_b) i 2_- - Cp*osmo(z)])

where ACplasma (x) is the plasma phase delay for a ray path that crosses the thin screen at a distance x
from the center of the Sun [23]. From the analysis of [21], the structure function D(b) of quasar group

delay fluctuations due to the charged particles of the solar plasma is

f4 (sin SEQ) -2"45 nsec 2

SEQ is the Sun-Earth-quasar angle in deg, b is the length of the projection of the baseline on the plane of

sky (or equivalently the thin screen) in km, Vsw is solar wind speed in km/sec, and f is signal frequency

in GHz. This structure function is based on the phase scintillation spectrum of [22], which is specified to

be valid in the range of 20 to 100 solar radii, or about 5-30 deg in SEQ. For SEQ angles of 30-90 deg,

the model slightly overestimates the phase scintillation spectrum. For the spacecraft delay, the structure

function has the same form, but the value of b is taken as the separation between the lines of sight at the

points of closest approach to the Sun, which is smaller than the projected baseline due to parallax.

Using the approach given in [23], it can be shown that the standard deviation aA_- of the plasma error
in delay averaged over an interval T in sec is given by

_v/2"5 × 10-4 / b _°'s25
_Ar -- f2 \V---_W] (sin SEQ)-1"225G(_) nsec

where

v(_) = {(2.65× 3.65× _2)-1[(_+ 1)3.65+ Ix- 113_5- 2 (_36_+ 1)]}_/2

For the March 25 geometry (projected baseline of 10,600 km and SEQ = 64 deg) with a solar wind

speed of 400 km/sec, the delay standard deviation for an averaging time of 130 sec is 70 psec. The

corresponding value for February 17 (8200-km baseline, SEQ = 78 deg, and T = 310 sec) is 42 psec.

The 1-a error in the difference of two averaged delays separated in time by At is

_/2.5 × 10-" (' b _o.s_
ah2_--- f2 _,V--_w,] (sinSEQ)-l"225F(a, An) nsec

where
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F2(m, Am) = 2G2(n) + (2.65 x 3.65 x m2) -1 {2 [lAin + iI 3"65 + lain- 1]3.85 - 21Aml 3"65]

- [Ira + Am + 113'65 +Im + An- 1[3.85 - 21m + Am[ 3"65]

- [Ira- An + 1l3'65+ In- Am- 1l3'65- 2Ira- Anl 365] }

For time intervals up to 1 hr, the model standard deviations for the difference of averaged plasma delays
are less than 0.1 nsec.

For SEQ near 90 deg, measured spectral densities vary by up to 2 orders of magnitude [22], so that the

plasma structure function given above may be too large or too small by a factor of 10. The corresponding

upper limit for the PHOBOS plasma delays is about 0.3 nsec.

7. Instrumental Bias. The difference between the recorded spectra of the spacecraft and quasars

may cause spacecraft delays to be biased relative to those of the quasars. The sampled spacecraft signal

consisted of a series of discrete, coherent tones. For the quasars, the recorded spectrum was composed

of several narrow "windows" (commonly referred to as "channels"), each consisting of white noise over

a 2-MHz bandwidth (Fig. 8). The overall bandwidth of the sampled quasar spectra was much larger

than that of the spacecraft signal--approximately 70 MHz versus 30 MHz. Estimates of the resulting

delay bias errors are 0.39 nsec on the Goldstone-Madrid baseline and 0.10 nsec for Goldstone-Canberra.

These values for the delay bias uncertainties are obtained from postcorrelation processing, as described

in Appendix A.

8. Quasar Position. Source coordinates were taken from the IERS celestial reference frame

RSC(IERS) 91 C 01 [8]. The accuracy with which the position of any given source is tied to this
frame depends on several factors, including the number of observations available, observation frequencies,

signal strength, and source structure. Generally, quasar positions are known with an accuracy of <5 nrad.

The accuracy for the PHOBOS sources is not this good. With only a single exception (0235+164), the

PHOBOS sources have only recently been added to the catalog, and repetitive observations that would

provide a check on the consistency of the position determinations are not available.

Although the formal uncertainties in PHOBOS source positions are 6 nrad or less, the actual errors

are almost certainly larger. The signal strengths of the quasars within 1 deg of the Phobos-2 spacecraft

are fairly low. This could be an indication that the sources are not compact but have significant structure

that might affect repeatability of the position estimates. Furthermore, the astrometric measurements

were made at S- and X-bands while the frame-tie data were taken at L-band, so the position used in

the frame-tie determination may be in error due to differences in structure at the different observing

frequencies. For these reasons, the standard deviation of the quasar positions is conservatively taken to

be 15 nrad in both right ascension and declination.

9. Inertial Station Locations. Locations of the radio antennas are given in the IERS Terrestrial

Reference Frame (TRF) 1988.0 [8]. Continental drift was not modeled, so this error is included in the
station location standard deviations. The size of the continental drift error is taken as the maximum

value given by the AM0-2 plate motion model (7 cm or less [24]). Uncertainties of the crust-fixed loca-

tions (10 cm) are based on the accuracy of the determination of the geocenter [25,26]. The orientation
of IERS TRF 1988.0 in inertial space is described by Earth polar motion, universal time, and the direc-

tion of the celestial pole. The polar motion and universal time calibrations used were consistent with the
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Fig. 8. VLBI channel configuration: (a) all channels and (b) spacecraft channels.

IERS celestial and terrestrial frame definitions at the 6-cm level [8]. The direction of the celestial pole

was modeled by the 1980 IAU nutation model, which is consistent with the IERS frame definitions at

the 6-cm level [8]. The uncertainty in inertial station locations due to errors in crust-fixed position and

Earth orientation were combined and treated as "equivalent" errors in station locations with a standard

deviation of 20 cm per component.

V, Results

A. Reference Solution

Figure 9 gives delay residuals relative to an a priori model. Drifts on the order of a few parts in 1013

caused by station clock rate offsets and uncalibrated ionosphere have been removed by fitting all resid-

uals from a given baseline to a linear polynomial. The spacecraft delay residuals are indicated by filled

circles, those for the primary quasars by open circles, and for the secondary quasars by triangles. The "pri-

mary quasar" is the one with the smallest angular separation from the spacecraft for each pass. The other
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Fig. 9. Prefit delay residuals: (a) Goldstone--Madrid and (b) Goldstone-Canberra.

sources are referred to as "secondary quasars." The a priori model assumes the offsets of the planetary
frame relative to the radio frame are zero; a nonzero offset causes a bias in the difference of the spacecraft

and quasar delays.

The maximum difference between the spacecraft and quasar residuals is about 1.6 nsec for both passes.
Residuals of this magnitude could be produced by errors of about 60 nrad in spacecraft angular position
along the projection of the baselines on the plane of sky. However, for those cases in which a spacecraft
observation was immediately followed by an observation of the primary quasar, the difference in delay is
much smaller--always less than 0.5 nsec. This is consistent with the hypothesis that the 1.6-nsec offsets
are due to model errors that are not canceled in the difference between the spacecraft and secondary
quasars. Furthermore, the scatter in the residuals is larger than the 1-a system noise error (indicated
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by error bars), and significant changes in delay residuals are seen between successive points on a single

source---the largest is 1.2 nsec between the spacecraft points at 4:45 and 4:58 for the March 25 pass.

These effects are most likely due to error in the Faraday calibration of the ionospheric delays.

A noise model for the measurement error due to uncalibrated ionosphere was devised as described in

Appendix B. The resulting structure function for the calibration error relative to a linear variation has

the form of a random walk. That is, the error for measurement i + 1 is related to that of measurement i

by

TIT1 = T/ -_ W i

and the a priori standard deviations of the w_ have the form

_,i-{--1 -- _i _ 1/2

Here, C is the a priori standard deviation for points separated in time by 1000 sec..Analysis of Magellan

S-/X-band (2.3 and 8.4 GHz, respectively) data yielded an initial value for C of 0.26 nsec at the PHOBOS

frequency.

The wi(i = 1 to N-1 for N data points) were then taken to be additional (correlated) measurement

noise. The value of C was adjusted to 0.5 nsec to give a weighted sum of squares of postfit residuals near

the expected value. The initial error T[ was not included, since this constant delay offset can be absorbed

into the clock epoch correction (see below in this section).

Measurements from the secondary quasars were not included in the reference fit because the errors

in the differenced ionosphere delay calibrations were expected to be several times larger at separation
angles of 3.2-5.6 deg than at 1 deg or less. Although the random walk model strictly applies only to

successive observations of the same source, it was assumed to accurately represent the differential delay

error between the spacecraft and primary sources as well.

Data for baselines including the Jodrell station were not used in the reference fit. Jodrell is at a

significantly higher latitude than the DSN stations, and the mapping of the Faraday calibration to the

ionospheric pierce point may not be as accurate as for the DSN data.

Clock epoch offset and rate for each baseline were estimated to account not only for actual clock offsets,

but also for any errors that are common to the spacecraft and quasar delays and which vary over the

pass approximately linearly in time. Solving for these clock model parameters provides error cancellation

even though the spacecraft and quasar delays were not explicitly differenced.

The delays were weighted with the inverse of the delay variances obtained during postcorrelation

processing (Appendix A). These statistics mainly reflect the delay uncertainties due to system noise. For

the reference solution, the quasar delays were produced from phases measured in 14 channels, each with

a bandwidth of approximately 2 MHz, spread over 70 MHz (Fig. 8). The spacecraft delays utilize four
channels for the February 17 pass and six for the pass on March 25, with a total spanned bandwidth of
29.4 MHz.

The remaining error sources were included via "consider" analysis [27]. That is, the errors in the

estimates of the frame-tie parameters produced by 1-0 errors in the a priori value of each consider

parameter were determined. The considered parameters were as follows:
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(1) Spacecraft position and velocity at a specified epoch.

(2) Ephemeris correction parameters for the orbit of Mars relative to the orbit of the Earth

(at the epoch of the ephemeris).

(3) Constant zenith troposphere calibration error for each station.

(4) Constant Faraday ionosphere calibration error in scale (each station).

(5) Spacecraft versus quasar instrumental biases (constants, modeled as a bias in spacecraft
delay for each baseline).

(6) "Equivalent" station locations (includes crust fixed positions, continental drift, and Earth
orientation).

(7) Constant errors in quasar positions.

The PHOBOS data are sensitive to only two of the three components of the frame-tie rotation vector,

so the solutions are best presented in a plane orthogonal to the major principal axis of the error ellipsoid.
Orthogonal axes P1, P2 in this plane are defined such that P1 is along the intersection with the nominal

inertial reference plane (DE200 Earth mean equator of J2000). This coordinate system is shown in Fig. 10,

and the two well-determined components of the rotation vector along with their 1-a error ellipse are given
in Fig. ll(a). The P1, P2 axes are closely aligned with the POS vectors -_ and ÷_) for some effective Mars

right ascension and declination determined by the data. The right ascension of Mars for the two passes

differed by about 22 deg, and the declination by 5 deg, so this alignment of axes is only approximate.
The minor axis of the error ellipsoid is nearly orthogonal to the projection of the Coldstone-Canberra
baseline on the POS.

For convenience of comparison with other frame-tie determinations, the solutions and error ellipses are

also presented in terms of spacecraft right ascension and declination [Fig. ll(b)]. Again, these values are

only approximate, for the reasons given above. The complete consider covariance on the components of

the frame-tie vector A and the corresponding error ellipsoid are given in Tables 2 and 3. (Note that the

consider covariance is the covariance on the estimates accounting for all error sources, including thermal
noise and random walk calibration error.)

The reference solution is consistent with a frame offset of zero in the P1, P2 plane. A breakdown
of the contribution of the individual error sources to the overall accuracy of the determination of these

rotation components is shown in Fig. 12. The labels "February 17 Orbit" and "March 25 Orbit" denote

Phobos-2 orbit errors, and "G/C" and "G/M" refer to the Goldstone-Canberra and Goldstone-Madrid

baselines, respectively. The consider errors tend to align with either the semimajor or semiminor axes of

the total error ellipse. Most of the error is due to the instrumental delay biases for the February 17 pass

and to the uncertainty in the Phobos-2 orbit on this day. The uncertainties in the minor axis direction

have a large contribution from errors in the position of Mars relative to Earth as given by DE200. There
is also a significant error due to uncertainty in the quasar positions in the radio frame.

B. Solution Consistency

Several variations on the basic estimation scheme were tried to determine if the scatter in the solutions

was consistent with the expected errors. The results below are for the following fits:
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(1) Madrid (DSS 63) replaced by Jodrell

(2) Quasar delays computed from phases in spacecraft channels only

(3) Delays from all quasars included in solution

(4) Case (3) without random walk ionosphere measurement noise

Solutions for these cases are shown with the reference solution in Fig. 13.

For fit (1), the data set is the same as for the reference solution except that Goldstone-Jodrell delays

are used instead of those from the Goldstone-Madrid baseline. Comparison of these estimates with the

reference solution potentially could reveal delay measurement errors due to differences in instrumentation

between the DSN stations and the Jodrell station. Instrumental errors may occur if the manual phase

calibration procedure fails, or if there are significant shifts in phase in spacecraft tones due to small scale

phase variations with frequency. But the observables are also different because of other errors that are

not the same at Jodrell and Madrid. For example, differences on the order of 0.1 nsec (about 4 nrad)

are expected from system noise, and differences of several nanoradians could be caused by ionosphere

calibration error in scale. The actual difference in solutions is 7 nrad, so there is no evidence of significant
instrumental error.

For case (2), instrumental errors could cause the quasar delays to depend upon the specific channels

used in obtaining the measured delays. Also, reducing the number of channels increases the system noise

error in the delays. Again the estimates for this case are in good agreement with the reference solution.

Fits for cases (3) and (4) show the effect on the solutions of including the delays from the secondary

sources, which are expected to have nanosecond-level errors due to uncalibrated ionosphere. For case

(3), the a priori sigmas on the random walk ionosphere parameters were doubled (to 1 nsec in 1000 sec)

to yield an acceptable weighted sum-of-squares (WSOS) for the postfit residuals. Doubling the sigmas

produced only small increases in the uncertainties of the estimates. It is probably fortuitous that the

Table 2. Estimated J2000 Cartesian frame-tie vector A and
consider covariance matrix.

[

/ :

( •

Component Solution, nrad
Consider covariance, nrad 2

A1 A2 A3

A1 61.1 89,285.29 180,220.16 72,333.97

A2 131.1 -- 368,556.02 148,959.86

A3 58.8 -- -- 60,993.31

Table 3. Frame-tie estimate and covariance referred to consider

covariance principal axes.

Solution, nrad Semiaxes, nrad
Unit principal axes in J2000 frame

a b c

-156.1 719.05091 0.41338401 -0.75676500 0.50637970

5.8 38.53070 0.84417073 0.11006405 -0.52465386

2.3 17.77020 0.34130548 0.64435444 0.68433758
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case (4) result is consistent with other solutions; without the ionosphere contribution to the measurement

noise, the WSOS of the postfit residuals was extremely large.

C. Comparison With Other Frame-Tie Estimates

Since the PHOBOS data provide accurate estimates of only two components of the small rotation

vector relating the planetary and radio frames, these results cannot in general be compared with estimates

presented as corrections to right ascension and declination. It is possible, however, to check the agreement
with the three-component VLBI-LLR frame tie [2].

The VLBI-LLR frame tie was derived from a comparison of station location and Earth orientation

parameter values based on DSN VLBI data with those obtained from lunar laser ranging data. Ground

ties between the DSN stations, VLBI stations of the Crustal Dynamics Project, satellite laser ranging

sites, and lunar laser ranging sites were also employed. The LLR data provide the tie to the planetary

frame, as these data provide the location of the dynamical equinox to which the positions of the planetary

ephemeris are referenced. The accuracy of the VLBI/LLR frame tie is about 15 to 20 nrad (Table 4).

The VLBI-LLR components in the PHOBOS P1, P2 frame with their corresponding error ellipse are
shown in Fig. 14. The difference between the two solutions corresponds to about 0.7a. The PHOBOS

data are not sensitive to the third component, which, with a value of 47.3 nrad, is the largest of the three
VLBI-LLR rotation parameter estimates.

Table 4. VLBI/LLR frame-tie referencedto Earth
mean equator and equinox of J2000.

Component Value, nrad a, nrad

A1 5 15

A2 -49 15

A3 -19 25

Vh Conclusions and Future Activities

Two passes of VLBI data were acquired at the DSN from the Soviet Phobos-2 spacecraft while it

was in Mars orbit. VLBI observations of quasars at small angular separations (1 deg or less) from the

spacecraft were also included. These data are sensitive to the orientation of the Earth-Mars line of sight
relative to the reference frame defined by the coordinates of selected extragalactic radio sources. Because

the positions of Earth and Mars are well known within the frame of the planetary ephemeris, analysis

of the VLBI measurements has yielded estimates of two components of the angular rotation relating the

frame of JPL planetary ephemeris DE200 to the IERS radio frame. The 1-a uncertainty in the frame-tie
rotation components is 20-40 nrad, depending on direction.

The accuracy of the frame tie cannot be better than the internal consistency of either the planetary
ephemerides or the radio source catalog. Relative positions of catalogued sources are stable to the order

of 5 nrad [10]. The internal consistency of the planetary ephemeris is not as good. For example, Earth

and Mars have uncertainties in their mean motions on the order of 1 nrad/yr [12]. 11

In the same way that the PHOBOS data measured the Earth-Mars direction in the radio frame, VLBI
data acquired from the Magellan spacecraft are being used to measure the Earth-Venus direction with

11 j. G. Williams, personal communication, Tracking and Applications Section, Jet Propulsion Laboratory, Pasadena, Cali-
fornia, 1993.
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an accuracy of 5 nrad. 12 The Magellan VLBI data cannot directly improve the frame-tie determination

because the uncertainty in the position of Venus in the planetary frame is about 100 nrad. But these

data can give precise information on the motions of Earth and Venus in the radio (inertial) frame. Future
missions using planetary orbiters or landers with the capability of providing ranging data with meter-level

accuracy, in addition to VLBI delay measurements, would enable additional opportunities to improve the

frame tie. With differential VLBI delay accuracy comparable to the Magellan data, a frame-tie accuracy
of 10 nrad or less should be achievable.
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Appendix A

PHOBOS Observable Processing

I. Computing Observables

In a VLBI measurement, the signal from a celestial source is recorded simultaneously by two sta-

tions. The recorded signals from the two stations are processed to obtain the signal delay between them.

This interferometric delay can be written as a sum of a geometric delay plus propagation media and

instrumentation effects and clock synchronization error:

T ---- _ -_ Tmedia -_ Tinstr -_ Tclock
C

where B is the baseline vector, c is the speed of light, and S is the direction to the source. Measurement

of the delay is thus a measurement of the component of S along the direction of the baseline. The

astrometric accuracy of a VLBI measurement depends on the ability to calibrate propagation media and

instrumentation effects and synchronize clocks, and on the accuracy of the baseline and Earth orientation
information used.

In a differential spacecraft-quasar VLBI measurement, the signals of a spacecraft and an angularly

nearby reference quasar are recorded, and the interferometric delays for the two sources are differenced.

The differenced delay can be written

c

where IASI is equal to the angle between the two sources. Errors in the calibration of media and

instrumental effects and clock synchronization, as well as errors in the modeling of baseline and Earth

orientation, largely cancel in the difference. The astrometric accuracy of this measurement of the angular

separation between the two sources is thus much better than for a VLBI measurement of a single source.

(In the frame-tie estimation in Section V, the delays are not explicitly differenced, but only the delay
differences contribute to the frame-tie solution.) The closer together the sources, the better the common

mode cancellation. Very rarely will a spacecraft be angularly close enough to an appropriate quasar

for the two sources to fit into an antenna beamwidth. Therefore, typically the spacecraft and quasar

are observed sequentially rather than simultaneously. The spacecraft and quasar signals are recorded

alternately for intervals typically of a few minutes. Each recording interval is called a "scan."

In a VLBI measurement, the spacecraft and quasar signals are recorded at multiple frequencies at each

station. Differential phase between the stations is measured at each frequency. The interferometric delay

is the slope of the differential phase with frequency, so the delay precision is roughly inversely proportional

to the separation of the highest and lowest frequencies.

The recorded differential phase between the two stations for a spacecraft or quasar signal of frequency
a) is

= +

where _-(t) is the interferometric delay and ¢i(w) is instrumentation phase, which includes an arbitrary
local oscillator startup phase, filter response, and any other nonlinear phase shifts that occur in the record-

ing system. (The instrumentation phase is generally also a function of time, but extant phase calibration
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tone data indicate that instrumentation phase temporal behavior was sufficiently stable over a pass to be

neglected.) The interferometric delay also has a frequency dependence due to signal propagation through
the ionospheric and solar plasma which has been suppressed here for simplicity. 13 The instrumentation

phase must be calibrated to get interferometric delays. Also, the cycle ambiguity of the signal phase

must be resolved to get meaningful delays. The observation of the quasar enables the resolution of the

spacecraft phase ambiguity.

II. Station Configuration

An example of the WCB VLBI channel configuration is shown in Fig. 8. Fourteen channels of

2-MHz bandwidth were distributed over the L-band receiver bandwidth of approximately 70 MHz. This

arrangement of channels is not optimal for measuring quasar delays because these passes were originally

intended as preparation for future acquisitions of VLBI data from the Phobos-2 lander. The configuration

was designed to sample the bandpass of the receiver and to provide data to be used in verifying procedures

for phase ambiguity resolution. Each of the 14 channels was sampled at the Nyquist rate, 4 Mbits/sec,

for a total data rate of 56 Mbits/sec.

The figure also illustrates the recorded spectrum for the spacecraft. The spacecraft signal consisted

of odd harmonics of a 7.4-MHz square-wave phase modulated onto the carrier. Because only the first

harmonic and the -3rd harmonic provided an adequate SNR, the spanned bandwidth of the spacecraft

signal was limited to 29.4 MHz. The SNR of the first harmonic was 23 dB-Hz; that of the -3rd harmonic
was 12 dB-Hz.

Each spacecraft tone was typically recorded by a pair of channels offset in frequency. This provided

redundancy in case of channel failure. Also, comparison of the tone phases from each channel in a pair

yielded information on instrumentation phase.

It had been planned to use phase calibration tones to determine and remove instrumental errors in

delay, but due to equipment failures, phase calibration tones were present at only a single station for

each pass. Comparison of phase differences of single tones that appeared in a pair of channels showed no

significant drift between channels.

)

III. Correlation

The WCB VLBI data were recorded on tape at a data rate of 56 Mbits/sec at each station. This large

volume of data was processed to produce a VLBI group delay observable for each scan. The processing

was done in two steps: First, the WCB tapes were correlated using model delays to compress the data to

2-sec integrations. Second, the compressed data were processed by postcorrelation software to produce

group delays and ancillary data.

The WCB data were correlated using the JPL/Caltech Block II VLBI Processor [28], henceforth called

"the correlator." Because the spacecraft signal consisted of discrete frequency sinusoidal "tones" and the

quasar signal is broadband noise, the spacecraft and quasar scans were processed rather differently in the
correlator, but the end results are similar in form.

For the spacecraft data, an a priori spacecraft trajectory was used to produce a spacecraft range
model for each station, which was in turn used to produce a model for the phase of each tone at each

station. The correlator correlates the recorded spacecraft signal with the phase model and integrates

for 2-sec intervals. The correlator output is a time series of correlation amplitudes and residual phases

13B. Iijima, "Block II Processor Delta-DOR Observable Extraction," in preparation, Jet Propulsion Laboratory, Pasadena,
California, 1994.
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(the difference between the spacecraft phase and phase model) for each tone in each channel at each

station. Differencing the correlator output phase from the two stations gives residual phase for each tone
at frequency w_:

Cr (Wi, tj) --_ WiTr (tj) -_ ¢I (Wi) (A-l)

where tj is the center of the jth 2-sec integration interval and the residual delay Tr is the difference between

the interferometric delay and the difference of the range models used to produce the phase models.

The correlator processes quasar scans by synchronizing the quasar signals in two stations' bit streams

using model delays, then multiplying the two streams, correlating the resultant interferometric fringes
with a differential phase model, and integrating for 2-sec intervals. This is done for each channel on each

baseline. The correlator also forms a cross-power spectrum, effectively dividing each 2-MHz channel into

8 "bins" 0.25-MHz wide. The output of the correlator is a time series of 2-sec correlation amplitudes and
residual phases for each bin. The residual phases for bin i can be written as

Cr (Wi, tj) -_ (WiT r (tj) Jr ¢I (Wi))2 sec time avg _ WiTr (tj) -_ ¢I (Wi) nu Cavg (Wi) (A-2)

where wi is the RF centroid frequency of the bin, tj is the center time of the 2-sec integration, and the
residual delay, _-r, is the interferometric delay minus the synchronization delay model. The correlator

output phase is a complicated average of the quasar signal phase over the 0.25-MHz-wide bin, and is

approximately equal to the quasar signal phase at the center of the bin. The phase Cavg represents the
small discrepancy between the average phase over the bin and the phase at the center of the bin. Because

of the proximity of all the sources and the relative brevity of each pass, Cavg is approximately the same
in all quasar scans during a pass.

IV. Postcorrelation Processing

The PHOBOS frame-tie experiment was the first spacecraft-quasar differential VLBI measurement

using the WCB data acquisition terminals and Block II processor. New postcorrelation software 14 was

developed to produce observables from the correlator output. The software compressed each scan of VLBI

data to give eight numbers: a time tag and reference frequency, two VLBI observables (group delay and
phase delay rate) and the system noise uncertainty on each, the instrumentation phase calibration error

on the group delay, and an effective frequency for ionospheric calibration. This section briefly describes

how the postcorrelation software produced these eight numbers from the array of phases in Eqs. (A-l)
and (A-2).

The group delays for each scan were computed from the phases in Eqs. (A-l) and (A-2) by a three-

step process: First, the time series at each frequency was compressed to a single point for each frequency.
Second, the instrumentation phase was calibrated out. Third, the residual group delay was computed,

and the total group delay observable was formed by restoring the delay models used in the correlator.

Phase delay rates were also produced in this process. These three steps are described in some detail
below.

Step 1: Phase Compression. The correlator station-differenced output residual phase can be
rewritten as

Cr (wi,td) = _ (wi) + w_f (tj)

14 Ibid.
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where

¢ (_) = _r (to) + ¢i (_d + [¢ov9(_d]

/ (t_) = _-r(tj) - ,-_(to)

The quantities _ (w_), one for each frequency, depend only on frequency, and f (tj) contains all temporal

delay variations. The brackets enclosing Cavg indicate that it is zero for spacecraft data. One can estimate

¢ and f by doing a least-squares fit to the phases Cr (wi, tj) weighted by the system noise uncertainty

(which is approximately inversely proportional to the correlation amplitude). In order to make the least-

squares fit well defined, it was required that a linear fit to f (tj) be zero at the scan reference time to.
This ensured that the slope of • would be the group delay at the reference time. The scan reference time

tag to, and a reference frequency w0 (to be used below), were computed by doing a weighted average of
time and frequency over all the data for the scan.

Step 2: Instrumentation Phase Calibration. Since phase calibration tone data were not available

from all stations, a technique was used to estimate the nonlinear component of the instrumental phase

directly from the data. This technique is called manual phase calibration (MPC) and works as follows:
A strong quasar scan is chosen to be the reference scan. The compressed phase of this reference scan is

defined to be the manual phase calibration phase:

cuec (_) = _upc + ¢/(_) + ¢o._ (_)

where TMp C is the residual delay of the reference scan.

Instrumentation phase calibration is performed on quasar scans by subtracting q?MPC from _ to get
the calibrated phase _t:

,I,_,.(_o,)= ,I,(_o_)- Cu_c (_) = _o_(_-_- _-_c)

• [ /

To calibrate a spacecraft scan, _MPC is interpolated to the spacecraft frequency and then subtracted
from the spacecraft phase. The result is

i_ interpolated¢_,. (_od= ¢ (_) - _upc (cod= _ (_¥- rMpC) + e_pc

where the spacecraft phase calibration error eMPC contains ¢_.g interpolated to the spacecraft frequency
and the discrepancy between ¢1 and the instrumental phase interpolated between quasar bin frequencies.

Because the spacecraft frequencies received at the station vary less than 1 kHz over each pass and the

phase response is expected to be fairly smooth on that scale, _MPC is common to all spacecraft scans in

a pass.

Analysis of a limited data set measuring the phase responses of several of the WCB video converters

suggests that gMPC will be around 4 millicycles (mcyc) for most WCB video converters. However, a few
of the WCB video converters deviate 10 mcyc or more from the nominal WCB nonlinear phase response,

and much larger calibration errors are expected in those converters. A way of determining the size of
gMPC directly from the data is discussed in Step 3.

Step 3: Computing the Group Delay Observable. A priori delay information was used to resolve

the relative phase cycle ambiguity of _cal (wi) between frequencies, enabling the residual group delay,
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which is the slope of _cat, to be computed. Doing a linear least-squares fit of a line to _cal weighted by

the sum of the system noise uncertainty (including gMPC for the spacecraft) gives the measured (residual)
group delay

Tmeas -_ Tr (tO) -- TMPC -}- [_MPC]

where 5MPC is the contribution of 6MPC to the slope. The brackets around 5MPC indicate that it is zero

for quasar scans. There is a bias --TMp C in all delays. In the frame-tie parameter estimation, this will

be absorbed into the clock bias parameter and have no effect on the frame-tie parameters. There is, in

addition, an extra bias (_MPC common to all spacecraft delays, but absent from the quasar delays, that
will contribute an error to the frame tie.

An estimate of _MPC can be obtained by observing the scatter in the data in excess of the system

noise uncertainty in the linear fit to ¢cal for the spacecraft scans. An example of the residuals to the

linear fit is shown in Fig. A-1. The data shown are from the March 25 pass, and the error bars displayed

are system noise uncertainty. The magnitude of the instrumentation calibration error on each spacecraft
channel phase was determined empirically by forcing the reduced chi-squared of the linear fit to be 1.

This gave an instrumentation calibration error of about 8 mcyc in each channel phase on February 17

and 3 mcyc in each channel phase on March 25, roughly in agreement with the expected size given at the
end of the discussion of Step 2.
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Fig. A-1. Phobos-2 instrumental phase error for Goldstone-Canberra baseline.

The system noise and _MPC both contribute to the spacecraft delay observable uncertainty, and their

contributions to the uncertainty are separately computed and passed to the frame-tie estimation process.
The contribution of _MPC to the delay uncertainty is a measure of the instrumental phase bias between

the quasar and spacecraft scans. For the quasar scans, only the system noise uncertainty of the quasar
delays is passed on to the frame-tie estimation process.

The result of the linear fit above is the residual group delay. The total group delay observable is

obtained by evaluating the delay models used in correlation at the scan reference time and adding the
delay model to the delay residual to get the total group delay observable.
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The other observable extracted from the data, the phase delay rate, was computed by taking the slope
of f (tj) from Step 1 and dividing by the reference frequency w0 to get the residual phase delay rate. The

correlator delay rate model was then restored to get the total phase delay rate observable.

Appendix B

Faraday Calibration Error Model

Because of the relatively low frequency of the PHOBOS frame-tie observations (L-band is approxi-
mately 1.7 GHz), dispersive delays from charged particles represent a significant source of measurement

error. Charged particles are encountered in the interplanetary solar plasma as well as in the Earth's

ionosphere. It is the charged particle delay, differenced between the spacecraft and quasars, that corrupts

the frame-tie determination. The analysis of Section IV indicates that the differential solar plasma delay

should be at or below the 0.1-nsec level. Ionospheric errors are expected to be significantly larger. The

total zenith daytime ionospheric delay can be 25 nsec or more at one station, with low-elevation delays
approaching 100 nsec.

The general characteristics of the signal delays due to the charged particles of the ionosphere are well

known. The DSN routinely monitors the ionosphere's charged-particle content along a fixed ray path

by acquiring Faraday rotation data from a geosynchronous satellite at each site [20,29]. Although the

calibrations from Faraday data have been applied to the PHOBOS delays, the calibrations are not perfect

and the effect of these errors on the frame-tie parameter estimates must be included in assessing estimate

accuracy. The use of "consider" analysis to get the sensitivity of the frame-tie solution to a scaling of the

Faraday calibrations was described in Section V. However, it is also important to assess the point-to-point

statistics of the ionospheric delay errors in weighting the data. Because the parameters of a linear clock

model on each baseline are adjusted in the solution process, the calibration error model must specify the
error statistics for differential delay after a linear drift has been removed.

A good data set that illustrates both spatial and temporal ionospheric delay variations was obtained

during an experiment to detect the relativistic deflection of an electromagnetic wave by the mass of

Jupiter [14]. The "planetary deflection" data consist of two VLBI passes, 3 to 4 hr in duration, from

March and April of 1988. Delays were obtained for a number of quasars at a range of separation angles

at both S- and X-band (2.3 and 8.4 GHz). Two sources separated by 3.7 deg were observed repeatedly.
Because the ionospheric delay scales as f-2, where f is signal frequency, a linear combination of the duM-

frequency delays provides a measure of the station-differenced ionospheric delay. These are given in terms
of nanoseconds at L-band in Fig. B-1. Note that the resulting ionospheric delay for each day contains an

overall bias due to uncalibrated delay biases in the S- and X-band instrumentation. Nonetheless, temporal
changes in the ionosphere during each day, as well as differences in the ionosphere between sources, are

well determined from these data. Since the minimum elevation for the PHOBOS observations was 22 deg,
only data above a 20-deg elevation are shown in the figure.

The major characteristics of the ionosphere observed in this data set are the increase in delay of

4-5 nsec over the pass and the offset of about 2 nsec between sources. The delays show a fairly linear

variation. For the analysis of the PHOBOS VLBI data, a linear clock model is removed; as a result,
any linear variation common to the spacecraft and quasar will be absorbed by the clock solution. The

remaining point-to-point scatter, which is due to small-scale ionospheric irregularities, will manifest itself

as an additional noise source for the observed delays. In addition, any bias between the spacecraft and
quasar ionospheric delays will directly corrupt the frame-tie estimate.
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In Fig. B-2, the same planetary deflection data are shown after Far,lay calibrations have been applied.

The calibrations have reduced the delay drift over each pass by a factor of 2, but drifts of 0.6-1.5 nsec

per hour remain. The bias in differential delay between sources has decreased, to 0.2 nsec for the first

pass and 0.7 nsec for the second. The latter bias roughly corresponds to an error in relative position of
30 nrad.
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Fig. B-1. Ionosphere delay from dual-frequency VLBI.
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Given that nanosecond-level differential ionospheric delay biases can remain after Faraday calibration
for angular separations of 3-4 deg, it is reasonable to include delays only for the quasar closest to the

Phobos-2 spacecraft on each day in the nominal frame-tie solution. This corresponds to spacecraft-quasar

angular separations of 1.0 deg for the February 17 pass and 0.4 deg for the March 25 pass. The angular

separations from the Phobos-2 spacecraft of other quasars observed in these two experiments ranged from

3.2-5.6 deg, and hence were expected to have significantly larger ionospheric delay biases relative to the

spacecraft scans.

Another benefit of using only the closest quasar is that it simplifies the modeling of the point-to-point

error statistics. The spatial separation at the peak ionospheric altitude of 350 km for a pair of ray paths

separated by 1 deg will be much smaller than the temporal displacement of the ray path due to Earth
rotation during the 5-min time interval between adjacent scans. Thus, to a good approximation, we can

represent the point-to-point scatter of the spacecraft and primary quasar scans based on statistics derived

for ionospheric fluctuations along a single line of sight.

To quantify these fluctuation statistics, several days of dual-frequency (S-/X-band) observations of the
Magellan spacecraft in orbit about Venus have been examined. The data were collected simultaneously

at California and Australia during February 1991. Phase observations of the S-band and X-band carrier

signals were made continuously at 2-sec intervals for a period of several hours. The spacecraft elevations

ranged from 20-50 deg at the two stations. The passes occurred at midafternoon in California and

midmorning in Australia.

Dual-frequency phases from each station were linearly combined to track variations in electron (el)

density integrated along the line of sight (TEClos) according to

¢s(t) - 3¢x(t) = -0.54 x TECzos(t) q- bias + solar plasma

where phase is in cycles and TECIo8 is in units of 1016 el/m 2 (one TEC is about a 0.5-nsec delay at

L-band). The single-station data show significant solar plasma fluctuations. Differencing this quantity

between the California and Australia stations greatly reduced the solar plasma error, leaving a precise
measure of variations in the station-differenced line-of-sight electron density ATECzos. Figure B-3 shows

an example of the variability of ATECzo8 over about a 1-hr time span, after removal of a straight line.

The ATECzos is observed to vary by about 4-1 x 1016 el/m 2 over the 1-hr span. From these data, the

structure function (the expected mean-square change in ATECIo_ over an interval T) was calculated as

DTEC(T) =-- ([ATECtos(t + T)- ATEClos(t)]2}

Figure B-4 depicts four structure functions derived from Magellan S-/X-band data collected on two

different days of the year (DOY). All the structure functions exhibit power-law slopes close to 1, charac-

teristic of a random walk process. The straight line in the figure is the result of a fit of the four structure

functions to a random walk model of the form DTEC(T) -_ C2T. The random walk amplitude C is found
to be

C = 1.80 x 1014 el
m2 sv_

Converting to the delay variation at the 1.7-GHz PHOBOS frequency yields C = 8.3 x 10 -a nsec/sv_ ,
or about a 0.26-nsec variation in 1000 sec. Although the examined data set is limited, it nonetheless serves
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to guide the choice of random walk process noise and sets the a priori value of the random walk amplitude.

The actual amplitude was adjusted in the course of parameter estimation to yield a satisfactory value

of X 2. For the reference solution, the adjusted amplitude was equivalent to a 1-_r error of 0.5 nsec in

1000 see.
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Fig. B-3. Line-of-sight station-differenced integrated electron content
variations derived from S-/X-band carrier phase observations of the
Magellan spacecraft after removal of a linear fit (DOY 048, 1991,
Goldstone-Canberra).
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Fig. B-4. The ATEClo s structure functions derived from dual-frequency

observations of the Magellan spacecraft (Goldstone_Canberra, 1991). A fit of
the four structure functions to a random walk model yields a random walk

amplitude Cof 1.8 x 1014 el/m2 s_ (= 0.26 nsec at 1000 sec at L-band).
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In summary, the nominal PHOBOS frame-tie result was based on quasar delays only for the sources

closest to the Phobos-2 spacecraft on each day because of significant uncertainty in the statistical char-

acterization of postcalibration ionospheric delay errors for angular separations of a few degrees or more.

Examination of several time series of station-differenced dual-frequency spacecraft data yielded a random

walk model for the point-to-point ionospheric delay fluctuations, which was used in the final frame-tie

estimation. The sensitivity of the frame-tie solution to an overall scaling error in the Faraday calibrations

was also determined. Several alternative solutions were also computed, including two using all of the

observed quasars (one with random walk ionosphere noise and one without). The differences from the

reference solution are all within the stated accuracy. In no case was the ionosphere the dominant error
in the finM frame-tie estimate.
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