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Preface

This quarterly publication provides archival reports on developments in pro-
grams managed by JPL’s Office Teleccommunications and Data Acquisition (TDA).
In space communications, radio navigation, radio science, and ground-based radio
and radar astronomy, it reports on activities of the Deep Space Network (DSN) in
planning, in supporting research and technology, in implementation, and in oper-
ations. Also included is standards activity at JPL for space data and information
systems and reimbursable DSN work performed for other space agencies through
NASA. The preceding work is all performed for NASA’s Office of Space Operations
(0SO). The TDA Office also performs work funded by two other NASA program
offices through and with the cooperation of the Office of Space Operations. These
are the Orbital Debris Radar Program (with the Office of Space Station) and 21st
Century Communication Studies (with the Office of Aeronautics and Exploration

Technology).

In the search for extraterrestrial intelligence (SETI), the TDA Progress Report
reports on implementation and operations for searching the microwave spectrum.
In solar system radar, it reports on the uses of the Goldstone Solar System Radar
for scientific exploration of the planets, their rings and satellites, asteroids, and
comets. In radio astronomy, the areas of support include spectroscopy, very long
baseline interferometry, and astrometry. These three programs are performed for
NASA’s Office of Space Science and Applications (OSSA) with the Office of Space
Operations for funding DSN operational support.

Finally, tasks funded under the JPL Director’s Discretionary Fund and the
Caltech President’s Fund which involve the TQA Office are included.

This and each succeeding issue of the TDA Progress Report will present material
in some, but not necessarily all, for the following categories:

0SO Tasks:
DSN Advanced Systems
Tracking and Ground-Based Navigation
Communications, Spacecraft-Ground
Station Control and System Technology
Network Data Processing and Productivity
DSN Systemns Implementation
Capabilities for Existing Projects
Capabilities for New Projects
New Initiatives
Network Upgrade and Sustaining
DSN Operations
Network Operations and Operations Support
Mission Interface and Support
TDA Program Management and Analysis
Ground Communications Implementation and Operations
Data and Information Systems
Flight-Ground Advanced Engineering
Long-Range Program Planning
0SO Cooperative Tasks:
Orbital Debris Radar Program
21st Century Communication Studies

lii



OSSA Tasks:
Search for Extraterrestrial Intelligence
Goldstone Solar System Radar
Radio Astronomy

Discretionary Funded Tasks
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A Determination of the Radio-Planetary Frame Tie From

Comparison of Earth Orientation Parameters

M. H. Finger! and W. M. Folkner
Tracking Systems and Applications Section

The orientation of the reference frame of radio source catalogs relative to that
of planetary ephemerides, or “frame tie,” can be a major systematic error source

for interplanetary spacecraft orbit determination. This work presents a method of
- determining the radio-planetary frame tie from a comparison of very long baseline
i interferometry (VLBI) and lunar laser ranging (LLR) station coordinate and Earth

of 25 nrad.

_I. Introduction

Very long baseline interferometry (VLBI) offers inter-
- planetary spacecraft navigation a highly accurate data
_type for orbit determination. The most commonly used
“data type, delta differential one-way ranging (ADOR),
= provides 50-nrad (or better) information about the angular
= position of a spacecraft relative to a nearby radio source
"[1]. The positions of radio sources within the inertial refer-
- ence frame defined by extragalactic radio sources are typ-
Zically known to 3-5 nrad [2]. The planetary ephemeris de-
fines a separate inertial reference frame [3]. Knowledge of
" the relative global rotation, or frame tie, between these two
~inertial reference frames is necessary to take full advantage
of VLBI tracking of interplanetary spacecraft. The uncer-
“tainty in the frame-tie calibration can be the dominant
_orbit determination error for inner planet approach navi-
~gation [4].

1 Now with Astronomy Programs, Computer Sciences Corporation.

orientation parameter estimates. A frame tie result is presented with an accuracy

In addition to providing a navigational data type, VLBI
plays another important role in spacecraft orbit determina-
tion. VLBI radio source observations are used to monitor,
with 10-nrad accuracy, the orientation of the Earth with
respect to inertial space. The time dependent transforma-
tion from terrestrial to celestial coordinates is expressed in
terms of universal time and polar motion (UTPM) param-
eters and precession and nutation corrections that result
from fitting the VLBI data. Since these observations re-
fer the orientation of Earth to the radio reference frame,
the radio-planetary frame tie will affect interplanetary or-
bit determination even when no VLBI observations of the
spacecraft are employed.

Lunar laser ranging (LLR) is an alternate technique for
monitoring the orientation of the Earth with respect to
inertial space. The LLR observations refer the orienta-
tion of the Earth to the lunar ephemeris, which gives LLR
tracking station locations in the lunar ephemeris frame.
Through the effect of solar perturbations on the lunar or-



bit, the LLR data are sensitive to the ecliptic plane and
the direction to the sun. The orientation of the plane-
tary ephemeris system, as defined by the Farth’s orbit,
can therefore be tied to the lunar ephemerls system with
about 10-nrad accuracy [3].

Since both LLR and VLBI measure the orientation of
the Earth with 10-nrad accuracy, it should be possible to
determine the frame tie from a comparison of these mea-
surements. An earlier attempt to do this by Niell> was
limited by a restricted ability to determine the orientation
of the terrestial frames for VLBI and LLR. Now that there
are three well-determined LLR station locations, and be-
cause of recent efforts to unify terrestrial coordinate sys-
tems [5], it is possible to determine the frame tie with
15-25 nrad accuracy from a comparison of LLR and VLBI
Earth orientation series.

The theoretical foundation for this comparison is estab-
lished in Sections IT and III. Section II examines in detail
the nature of the time dependent terrestrial-celestial ties
mentioned above. In Section III an expression is derived
for the radio-planetary frame tie in terms of the LLR to
VLBI station-coordinate system tie and the parameters of
_ the two terrestrial-celestial ties. The LLR and VLBI so-
lutions compared in this analysis are presented in sections
IV and V, respectively.

In Section VI, a determination of the LLR to VLBI
station coordinate transformation is presented. Since the
VLBI stations and LLR sites are widely separated, it is
necessary to use other data to bridge the two coordinate
systems. A recent Crustal Dynamics Project (CDP) VLBI
station location set, which includes mobile VLBI observa-
tions at LLR sites, is used to connect the LLR and VLBI
terrestrial coordinate systems.

With this terrestrial tie determined, the planetary
ephemeris to radio source catalog frame tie can be deter-
mined from an intercomparison of the VLBI and LLR nu-
tation and Earth orientation parameters. This comparison
and the resulting frame tie are presented in Section VII.
The derived frame tie is compared with other available
results in Section VIII. Some comments on how to best
use the results of this work for spacecraft navigation are

included in Section IX.

2 A. E. Niell, “Absolute Geocentric DSN Station Locations and the
Radio-Planetary Frame Tie,” JPL Interoffice Memorandum 335.2-
159 (internal document), Jet Propulsion Laboratory, Pasadena,
California, March 21, 1984.

Much of this work parallels the current efforts of the
ternational Earth Rotation Service (IERS). IERS isin t
process of comparing and unifying terrestrial VLBI, LL]
and satellite laser ranging (SLR) coordinate systems ar
unifying different VLBI celestial coordinate systems wit
the goal of testing the consistency of various Earth rot:
tion parameter series [6-8]. Where possible, the notatic
used here is consistent with that of the TERS.

Il. Ties Between Celestial and Terrestrial
Frames

In the process of reducing LLR or VLBI data, a time d¢
pendent transformation between implicitly defined cele.
tial and terrestrial coordinate systems is established. Th
transformation represents a dynamic tie between Eartl
fixed and inertial frames and includes estimated and a
sumed precession, nutation, and Earth orientation paran
eters. To employ this transformation, it must be unde
stood in some detail. To this end, the standard represent:
tion of the orientation of the Earth with respect to inerti:
space is presented here. Particular attention is paid t
the quantities that are commonly estimated and how the
affect this representation.

Let X represent the Earth-fixed coordinate vector «
a station in an equatorial coordinate system with the &
axis nominally aligned with the Greenwich meridian.3 Tt
station’s instantaneous (J2000) celestial coordinate vectc
C at time t is calculated as

—

C=PNSOX @

The (polar motion) rotation O corrects for the offset b
tween the Earth-fixed coordinate pole and the Celesti.
Ephemeris Pole (CEP). The CEP is conceptually define
as the axis which, in the theory of the rotation of tL
Earth, has no forced daily or semi-daily nutations [9,10
S models the rotation of the Earth about the CEP, N ac
counts for the quasi-periodic nutation of the CEP abou
the “mean pole of date,” and P models the precessior
or secular drift, of the “mean pole of date” and “mea”
equinox of date” with respect to the celestial fixed po!
and equinox of J2000. Each of these rotations is discusse;
in detail below.

All together, eight or more angles are used to describ_
the rotation between terrestrial and celestial coordinate

3 The time dependence of the Earth-fixed location due to plate m
tion is ignored throughout this section.
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~ (including three precession angles, two nutation angles,
two polar motion angles, and UT1-UTC). The conceptual
definitions of these angles are largely a product of the his-
torical development of the theory of the Earth’s rotation.
While the overall rotation can be experimentally deter-

- mined, many of the intermediate rotation angles have no

precise empirical definition, and thus cannot be uniquely
measured. The philosophy that will be adopted here is
that in the final analysis, only the total rotation matrix
has a well-defined physical meaning.

. A. Notation

In order to discuss modeling of Earth’s rotation in de-
tail, a notation for positive rotations Rx, Ry, and Rz
about the z-, y-, and z-axis, respectively, is introduced,

- where Ry, Ry, and Rz are defined by

(1 0 0 )
Rx(f)= |0 cosf sinf
L0 —sinf cosf)
(cosf 0 —sinf )
Ry(0) = 0 1 0 (2)
L sinf 0 cos @ )
cosf sinf 0)
Rz(f) = | —sin@ cosé 0
L 0 0 1)

. These rotations are positive in the sense that they rep-

resent a transformation between two coordinate systermns
with the final coordinate system’s basis vectors being ro-

* tated from the initial system’s basis vectors by a right-

[}

handed rotation of angle @ about the designated axis.

A rotation about an arbitrary axis will be defined by

R(O) = 7—sinf @ x 7+ (1 —cosd)@ x (6 x 7)
(3)

where § = |B] is the angle of rotation, é& = 0/8is
the rotation axis, and 7 is an arbitrary coordinate vec-
tor. For example, with this notation Rx(6) = R(féx),
Ry (8) = R(6éy), and Rz(6) = R(#éz), where éx, éy,

- and éz are the z- , ¥, and z-unit vectors, respectively.
" Two results will prove useful in connection with this nota-

tion. First, if M is a rotation matrix, then it can be shown
that

R(OM™! = R(MS) (4)

Equation (4) follows from Eq. (3) and the invariance of
the cross product under orthonormal coordinate transfor-
mations (M[A x B] = [MA] x [MB]). A second result is
the approximation rule for small rotation vectors,

R(B)R(A) ~ R(A+ B+ Ax B/2) (5)

which is accurate through second order.

B. Terrestrial Pole Orientation

The first rotation applied in the transformation from
terrestrial to celestial coordinates is the orientation matrix
O, which accounts for polar motion, the offset of the CEP
from the terrestrial coordinate system pole

Yy
o(t) = R [x] (6)

The angles z and —y are approximately the z and y coor-
dinates of the CEP in the Earth-fixed system.

C. Rotation About the Pole

The vast majority of the rotational velocity of the Earth
is modeled in the spin matrix

S(t) = Rz(—b¢s) (7N

where ¢ represents Greenwich Mean Sidereal Time, the
hour angle between the meridian containing both the ter-
restrial z-axis and the CEP and the meridian containing
both this pole and the mean equinox of date. The equation
of the equinoxes, which is normally included with the spin
rotation S, will be incorporated below in the nutation ma-
trix N. It should be noted that small rotational velocities
occur due to precession, nutation, and polar motion, and
therefore the CEP is not the rotation axis of the Earth’s
crust. By definition, the Earth-rotation-based time scale
UTI is directly related to g, with the explicit relationship
given by [11]. When UT1 is estimated, the spin matrix
may be represented as

S(t) = So(t)Rz(-9[UTI - UTC)) (8)



where § is the mean rotation rate of the Earth and Sy(?)
is the value of S(t) obtained by assuming UT1 = UTC.

D. Nutation

Nutation describes the short-term quasi-periodic varia-
tions in the CEP. The longest period terms have an 18.6-
year period with an amplitude of 43 urad. The standard
model for nutation is given by

N(t) = Rx(-—C)Rz(Alﬁ)Rx(C-i- Af)Rz(—aE) (9)

where A% is the nutation in the ecliptic longitude of the
pole, and Ac is its nutation in obliquity (the angle from
the ecliptic pole). Here, the equation of the equinoxes

ap = Atcos(e + Ae) (10)

has been included with the nutation since the equation
of the equinoxes depends only on nutation parameters.
Fourier series for Aty and Ae for the standard (IAU 1980)
model are given by Wahr [12] or Seidelmann [9].

To provide a better understanding of the nutation ma-
trix, an approximate formula for it will be derived using
Eqs. (4) and (5). First, using Eq. (5), the nutations can
be grouped together:

Ae

N(t) = Rx(—E)R 0 Rx(C)Rz(—OE)

Ay

The nutations Ay and Aec are applied in ecliptic coor-
dinates, with Rx(€) representing a transformation into
ecliptic coordinates, and R x(—¢) representing a transfor-
mation back to equatorial coordinates. By using Eq. (4)
with Rx(—¢) as M, the nutation matrix may be reduced
to a series of small rotations:

Ac
N(t) =~ R —Aysine Rz(—ag)

Avcose

By using the explicit form [Eq. (10)] for the equation of
the equinoxes, and by collecting together small rotations
by using Eq. (5), the approximation

Ae ' .
N(#) ~ R [—A¢Sinf] (11
0

is obtained, which is accurate to a few nrad.

When nutation is estimated, the corrected nutation ma
trix can be represented as

be

N({t) = Njau(t)R —&sine (12

4

0

where N4 is the (unapproximated) standard model anc
b¢ and 8y are corrections to Ac and Av.

E. Precession

Precession describes the long-term drift of the mean
pole of date and mean equinox of date. The mean pole
drifts in declination by n & 97.16 urad per Julian year,
and the mean equinox drifts in right ascension by m =
223.60 prad per Julian year [13]. The standard model for
the precession is given in the form

P() = Rz(Ca)Ry(—84)Rz(z24) (13)

Polynomial expressions for the angles (4, 64, and z4 as’
a function of t are given by Lieske [13,14]. These are,:
however, physically uninformative. A clearer vectorial for-:
mulatlon of precession is given by Fabri [15].

CRYAEY M wat i

When corrections to the standard precession model are’
estimated, the corrected precession matrix may by repre-;
sented as [16]

0
P(t) = Prav()R | | —én | (¢t —tp) (14),

ém

LI L TR T ]

where P;4y is the standard model [Eq. (13) with Lieske’s”
polynomials]; én and ém are corrections to the precession:
rates in declination and right ascension, respectively; and
tp is a reference epoch, which is preferably near the mean
data epoch. The corrections to the general precession in



declination and right ascension, §n and ém, may be ex-
pressed as

én = épisine
P1 (15)

ém = bpicose — bx

with ¢ representing the mean obliquity of the ecliptic, ép;
representing the correction to the luni-solar precession in

longitude, and 8x representing the correction to the plan-
etary precession in right ascension.

F. The Total Effect of Estimated Quantities

By combining the above results and using Egs. (4) and
(5), one finds that the transformation from terrestrial to
celestial coordinates, including estimated quantities, may
be expressed as

PNSO = P;auNiavSoR(6) (16)
- where
1 0 de Y
6 = S;'N7ly | -6n | (t—1tp) + S5! —6¢sinc] + K z (17)
sm 0 Q(UTC — UT1)

" or, neglecting the effect of the nutation matrix on the precession corrections (this is less than 0.1 nrad),

SecosBg — (6n(t —tp)+ b¢sine)sinfs + y

(o)
It

—besinfg — (8n(t —tp)+ 8¢sine)cosble + = (18)

§m(t —tp) + Q(UTC - UT1)

Several points should be noted from this relationship.
First, estimation of precession in declination én is equiv-
alent to estimating a linear trend in the nutation in lon-
gitude 61. It can therefore be neglected in the following
analysis without loss of generality. Second, estimation of
_precession in right ascension ém is equivalent to estimating

~a trend in UT1-UTC. As has been discussed by Williams
~and Melbourne [17], when corrections to precession are
- adopted in the future, the definition of UT1 should be al-
~tered so that the UT1 series is continuous. Guinot has
-gone further by suggesting that rather than referring UT1
“to the meridian of the mean equinox, it should be referred
“to a “nonrotating origin,” which is defined on the instan-
“taneous Earth equator so as to be largely independent of
“precession and nutation models [18]. In the light of this
“thinking it makes no sense to estimate the precession in
_right ascension ém. Finally, it should be noted that on
“time scales short compared to a day, it is impossible to

distinguish between nutation and polar motion; only three
angles are needed to describe a general rotation. In fact, if
nutations were allowed to have rapid variations with nearly
daily periods, there would be no need for the polar angles
z and y. Thus, whatever the conceptual definition of the
CEP, its actual implementation results from fitting data

to slowly varying nutation and polar motion models.

lll. Relating the VLBI, LLR, and Planetary
Ephemeris Reference Systems

In this section, the relationships between the celestial
and terrestrial reference frames for VLBI and LLR will
be discussed. The end result will be an expression relat-
ing the radio-planetary frame tie to quantities available
from the LLR and VLBI data reductions and the tie be-
tween LLR and VLBI terrestrial coordinate systems. The



radi&plgnetafy frame tie will be represented by a rotation
vector A that relates VLBI celestial coordinates Cyrp;
and planetary ephemeris coordinates Cpg by

5VLBI = R(z‘f)épg (19)

The derivation of the frame tie starts with the planetary
ephemeris, as represented by the ephemeris of the Earth
(which is the celestial reference frame for LLR), and pro-
ceeds in steps to the LLR terrestrial coordinate system, the
VLBI terrestrial system, and finally to the VLBI celestial
system.

For the LLR data reductlon terrestrial coordinates
XLLR and celestial coordinates CpE are related by

Cre = PrauNsavSoR(BLLr)X LR (20)

where @1 g has the form of Eq. (18). It should be noted
here that many LLR data reductions estimate corrections
to the planetary ephemeris. This derivation is limited to
the case where no such corrections are estimated and over-
all orientation variations are absorbed by estimated pre-
cession and nutation parameters.

The complete transformation from LLR to VLBI terres-
trial coordinates must account for a rotation, translation,
and a possible difference of scale. This will be discussed
in Section VI. Here the main concern is with the relative
orientation of the two coordinate systems. Therefore, in
this section the relationship between direction coordinates
in the two systems will be represented as

Xvier = R(A)X[Lr (21)
Ay bevipr — beLrr
= +
A —(6¥vLBr — 6%rLR)sine
Az = R3—Q(UTlvrpr — UTlLR)

where precession in declination is included as a trend in
6¢. As argued earlier, nutation and precession can be
separated from polar motion only by requiring that each

where the vector R parameterizes the rotation between the
LLR and VLBI terrestrial coordinate systems.

In the VLBI data analysis, _terrestrial coordinates
XVLB, and celestial coordinates C'VLBI are related by

Cvrpr = PIAUNIAUSOR(Q-'VLEI))?VLBI

(22)

where OVLBI has the form of Eq. (18). The parameterlza.-'
tion of OVLB; estimated in the VLBI data reduction wxll
be discussed in Section V.

By tracing the coordinate transformation
Cvipi — Xvipr — Xrir — Cpe
the planetary-radio frame tie is found to be given by

R(A) = PravNravSoR(Gvrpr)R(R)

x R(—0..r)S; N7}, P L, (23)
By using Eq. (4) and Eq. (5), this reduces to
A = PrauNiauSo[@Ovipr + R - OLLR] (24)

By neglecting the effect of precession and nutation on small
quantities (this is less than 0.5 nrad), the components of

this equation are given by
cosfg —sinfg Ry +yviBr —yLLr ;
sinfg cosfg Ry +zvipr —TLLR (25) -

be slowly varying. Therefore, the terms in Eq. (25) that i
are modulated by sinusoids in fg, the Greenwich Mean -
Sidereal Time, must be separately zero. This gives the

PROIE uupepy o



_bias between the two polar motion series in terms of the
‘terrestrial transformation parameters R, and Fj, which
“correspond to a displacement of the coordinate pole:

- yrrr —yviBr = Ry
) (26)
' zrLr —zvipr = I
The frame-tie rotation vector is then given by
Sevrpr — 6€LLR
A= —(6¢virBr — 51,DLLR)sin € (27)

Rz —Q(UTlyrpr — UTlLLR)

Equation (27) shows how a full three-dimensional radio-
planetary frame tie may be deduced. Its use requires a
zomparison of LLR and VLBI nutation and UT1 estimates,
and a determination of the transformation between VLBI
and LLR terrestrial coordinate systems.

V. The LLR Solution Set

The LLR solution employed here was provided by
Newhall, Williams, and Dickey, and is similar to results
Sublished by IERS as solution JPL 90 M 01 [19]. However,
‘or this particular solution, no corrections to the plan-
stary ephemeris were estimated. The solution included
-wenty years of data from August 1969 to January 1989.
Station locations, reflector locations, lunar gravity, lunar
“phemeris, nutation, precession, and UT0 parameters were
stimated from the LLR data. The planetary ephemeris
1sed in the fit was DE200 [20,21] with an updated lunar
“phemeris.

Coefficients were estimated for in-phase corrections for
“he 9-year and annual nutation terms and both in- -phase
ind out-of-phase 18-year nutation terms. The sum total
“Iutation corrections, including the linear trend to account
—or precession, may be written as

Wi

i Gergr = 8.73cosl —0.97cos(20,)
+ 15.13 cos Q,, + 6.88 sin 2, nrad
§YrLrsine = —156.98 —~5.14 T (28)

+ 8.73sinl — 2.18sin(2Q,)

— 16.68sin 2, + 5.09 cos 2, nrad

where I’ is the mean anomaly of the sun, §, is the mean
longitude of the ascending lunar node, and T is the time
measured from the epoch J2000 in years.

Plate motion was applied to the stations by using the
AMO0-2 model of Minster and Jordan [22]. This model is
based on geological data, and consists of rotation rates
for the crustal plates. The model imposes a global condi-
tion of “no net rotation” to define absolute site velocities.
In the data reduction, the station locations for the epoch
1988.0 were estimated. The resulting estimates are given
in Table 1.

V. The VLBI Solution Set

The JPL VLBI software [23] was used to analyze a se-
lected set of NASA’s Deep Space Network (DSN) Cat-
alog Maintenance and Enhancement (CM&E) data and
Time and Earth Motion Precision Observations (TEMPO)
data. CM&E passes are long observation sessions (12-
24 hr) used for the determination of radio source posi-
tions, while TEMPO passes are shorter sessions (2-4 hr)
used to update Earth orientation. With only three station
complexes in the DSN (California, Spain, and Australia),
measurements are generally only made on one intercon-
tinental baseline at a time. Two problems occur when
measurements are made on one baseline only. First, the
component of the total rotation Gy rpr of Eq. (18) that is
along the baseline direction is unobservable. The second
problem has to do with determining the angle between the
Spain—California and California-Australia baselines. If the
observations on these baselines are independent, then this
angle cannot be determined. By adding a constant bias to
z,y, or UT1 for the sessions on the Spain-California base-
line, but not to those for the California-Australia baseline,
this angle may be arbitrarily changed.

The strategy adopted here to solve these two problems
was to work entirely with pairs of back-to-back Spain—
California and California-Australia baseline sessions and
to constrain the changes in nutation, UT1, and polar mo-
tion between the sessions of any pair to physically reason-
able levels. All catalog session pairs with fewer than 24
hours of separation were included. TEMPO session pairs
with fewer than 24 hours of separation were included only
if they coincided with LLR measurements. From these
data, a set of epoch 1988 DSN station locations and a
series of nutation corrections, UT1 corrections, and po-
lar motion corrections were estimated. Radio source posi-
tions were taken from the JPL radio source catalog 1989-5,
which agrees to 5 nrad with IERS celestial reference frame



RSC 89 C 01 [6]. No adjustments were made to the source
positions.

For each catalog development session, nutation correc-
tions 6y and 8¢, UT1 corrections 5UT1, and polar mo-
tion corrections ér and dy were estimated. The nutation
corrections were relative to the standard IAU 1980 series,
while the UT1 and polar motion corrections were relative
to an a priori series. Changes in these corrections between
sessions in a back-to-back pair were constrained (in a least
squares sense) to 5 nrad in nutation, 5 nrad in polar mo-
tion and 0.2 ms in UT1, which corresponds to the level of
random fluctuations of these parameters over one day [24].
The TEMPO sessions are too short to separate nutation
from polar motion. An initial solution that did not include
TEMPO sessions showed that the nutation corrections for
the catalog sessions were 25 nrad or less. In the final so-
lution, therefore, the nutation offsets for the TEMPO ses-
sions were constrained to be zero with 25-nrad sigmas. In
all other aspects the TEMPO sessions were modeled iden-
tically to the catalog development sessions.

Epoch 1988.0 locations were estimated for all the DSN
stations involved in the observations, with constraints from
short baseline experiments applied to intracomplex vec-
tors. The motion of the stations was described by the
AMO-2 plate motion model. A priori epoch station loca-
tions for DSS 14, DSS 43, and DSS 63 were taken from
the IERS station set TTRF88 [6]. In order to specify the
coordinate system for the adjusted station location set, a
rotation and a translation vector between the a priori and
ad_]usted station coordinates were defined. The rotation
vector R, the translation vector T, and a scale change D
were defined in terms of an unweighted least-squares fit
between the a priori station locations X* and the (as yet
uncalculated) adjusted station locations X* + 6X*. This
fit results from minimizing

- - — — - 2
> |[T-RxX +DX' - X (29)

i=14,43,63

-
I

Minimization of J with respect to fI_’. I_i. and D resulted
in a set of linear equations that gives these fit parame-
ters in terms of the station coordinate adjustments 6X1.
The translation T, and rotation R, defined in this man-
ner, were constrained to be zero. The scale change D was
left unconstrained. The estimated scale change value was
—944x107°.

The station location set resulting from this estimation
is given in Table 2. The nutation, UT1, and polar motion
estimates are presented in Table 3.

S

VI. Determination of the DSN VLBI-
LLR Station Coordinate Transformation —

Since the DSN stations and LLR sites are widely Sepi
rated, it is necessary to use other data sets to compare, fa
two coordinate systems. The CDP has been perforrin
a number of collocations of SLR and VLBI instrument
in order to be able to compare and unify terrestrial ref
erence frames. The results of their comparison indicat
agreement between the CDP VLBI terrestrial system an
the SLR terrestrial system at the 2-cm level for relativ
station locations [5]. SLR data are sensitive to the loca
tions of stations with respect to the Earth’s center of mass
while VLBI data are insensitive to the geocenter. The col
locations of VLBI and SLR instruments allow the SLI
geocenter determination to be applied to the VLBI terres
trial frame. Three of the SLR sites used in the VLBI-SLI
collocation study are also the LLR sites listed in Table 1
The CDP VLBI solution, therefore, includes the LLR site
as well as the DSN sites. Thus, one can find the relativ
orientation of the LLR and DSN VLBI terrestrial frame
by comparing them with the CDP VLBI solution.

In fitting the station sets it was assumed that each sta
tion set (LLR, DSN VLBI, and CDP VLBI) is internall
consistent but expressed in a different coordinate systerr
By using the least-squares procedure described below,
seven-parameter transformation was estimated to map th
LLR, DSN VLBI, and CDP VLBI terrestrial systems t.
a unified terrestrial frame constrained to agree with th
CDP VLBI frame in orientation, scale, and translatior
The transformation estimates were based on the statio
coordinates in the station location sets and on ground ti

information.

Since there are only three LLR and three DSN VLB
sites used to estimate a seven-parameter transformatior
there is more susceptibility to systematic errors than de
sirable. However, given the good agreement of the SL]
and CDP VLBI station sets at the centimeter level an-
the good agreement in modeling for station locations i-
the CDP VLBI, SLR, LLR, and DSN VLBI software, th’
authors do not expect any significant systematic error a
the 5- to 10-cm level, which is the accuracy of the LLR sta
tion location determination. As more LLR sites becom
active (recently Wettzell started taking LLR data), it wi}
be possible to strengthen the terrestrial comparison.

The transformations between the station coordinat
systems and the unifying coordinate system were assume«
to be linear. The transformations included possible offset
of origins and possible rotations. In addition they includec
possible differences in scale. Scale differences can arise duc



‘to differing treatments of general relativistic corrections.
‘In particular, both the CDP VLBI and DSN VLBI station
sets were adjusted to the geocentric metric preferred by
IERS [25], while the LLR station locations are expressed
‘with respect to a heliocentric metric [26]. Thus, the LLR
‘terrestrial frame is expected to be different in scale by
“about 1.5 x 10753,

 In the fit, the coordinate vector of the ith station in the
Jth station set (either LLR, DSN VLBI, or CDP VLBI)
X’ is given in terms of XUCS: the coordinate vector in the
‘umﬁed coordinate system, by

X} = 7-3‘+(1+Dj))?bcs—éj x Xjes + W; (30)

where T is the origin offset of coordinate system J, D is
the scale offset of coordinate system j, and R is the rota-
tlon offset vector of the jth station set coordmate system.
W‘ is the measurement noise on the coordinate vector,
whlch was assumed to be independent for each Cartesian
‘component. The unified coordinate system was defined by
constraining Tcpp, Dcpp, and chp to be zero.

Ground ties are measurements of the displacement be-
tween nearby sites, where “nearby” means that the dis-
tance between sites is short enough that the errors caused
by differences in orientation and scale between coordinate
systems are smaller then measurement errors. In this anal-
~ysis, ground ties were incorporated as measurements of
“differences between the coordinates of stations in the uni-
fied coordinate system. A tie E** between station i and
station k was modeled as

B* = Xjos— Xbes+V* (31)

where X‘Z'ICS and X.ch are the station coordinates in the
umﬁed system, and Vi* is the measurement noise, which
was assumed to be independent for each Cartesian com-
_ponent.

The estimation procedure used the ground ties and the
Tartesian coordinates for each station location set to solve
“or the transformation parameters. Only diagonal errors
were used for coordinates and ties since full covariances
=yere not available for each station set and ground tie. The
station locations and errors for the LLR solution are given
-n Table 1. The DSN VLBI solution station locations and
srrors are given in Table 2. The station location and for-
nal errors for the CDP station locations used are given
n Table 4. Table 5 shows the ground ties used and their

assumed errors. A priori values for transformation param-
eters for the LLR and DSN VLBI frames were taken as
zero with a priori errors set to 100 km for the translation,
1.0 for the scale, and 1 radian for the rotation.

The transformation parameters estimated between the
CDP VLBI terrestrial system and the LLR and DSN VLBI
terrestrial systems are given in Table 6. Note that the ro-
tations for both LLR and DSN VLBI terrestrial systems
are smaller than 10-nrad. This indicates that each terres-
trial system is in agreement with the IERS system at the
10-nrad level. The origin of the DSN VLBI system, which
was set to agree with the IERS terrestrial reference sys-

~tem ITRF88, is consistent with the CDP VLBI origin, con-

strained to the ITRF89 terrestrial system, at the few-cm
level, which is about the level of uncertainty of the DSN
VLBI station location determination. Unlike the VLBI
measurements, LLR data are sensitive to the geocenter.
The LLR translation offset at the 5- to 10-cm level thus
shows agreement of the determination of the geocenter for
the LLR and IERS systems at about the LLR uncertainty
level.

The overall fit had a x? per degree of freedom of ap-
proximately 0.7, indicating that station sets are well fit
by the seven-parameter transformation. The fit residuals
for the station locations and the ground ties are given in
Tables 7 and 8.

The rotation transformation parameters in Table 6 give
the rotation from the CDP terrestrial system to either the
LLR or DSN VLBI system. For the frame tie one needs
the rotation from the LLR terrestrial system to the DSN
VLBI system, which is given by

— 11 + 22

+ 4 + 16| nrad (32)

- 3x 7

VIl. The Planetary-Radio Frame Tie

Comparisons of the LLR and DSN VLBI nutation cor-
rections and UTT1 series are presented in this section. In
accordance with the analysis in Section III, the planetary-
radio frame tie is then synthesized from the derived biases
between the LLR and DSN VLBI nutation and UT1 series,
and results that have been presented above.



A. Comparison of LLR and DSN VLBI Nutation
Corrections

Equation (27) shows that the z and y components of
the frame tie rotation vector /I, which correspond to an
offset between the planetary ephemeris and radio catalog
coordinate poles, are related to the bias between the LLR
and DSN VLBI nutation corrections. The DSN VLBI and
LLR corrections to the IAU nutation theory are compared
in Figs. I and 2, with Fig. 1 showing corrections to A¢ and
Fig. 2 showing corrections to Ay sine. The points with er-
ror bars are the DSN VLBI estimates. They come in pairs,
one for each session in a back-to-back session pair. The
points with large errors in the late 1980s are the TEMPO
sessions. The solid lines represent the LLR nutation cor-
rections as given by Eq. (28). For ease of comparison, the
best-fit VLBI-LLR offset has been added to each of the
LLR curves. The biases were found to be

‘SfVLBI—(SfLLR = 5 £+ 10 nrad
(33)
(6¥vipr — 8¥LLR)sine = —49 + 10 nrad

The fits, which were performed by neglecting the errors
in the LLR corrections, resulted in formal bias errors near
1 nrad. Correct treatment of the LLR nutation errors
is problematic. Williams, Newhall, and Dickey [27] quote
separate uncertainties of 10 nrad for the 18.6-year nutation
amplitudes and 1.2 nrad/year for the precession in decli-
nation as measured by LLR. However, what matters here
1s the accuracy of the total nutation correction at epochs
within the data span. This total should be better deter-
mined than any of its component parts. The errors given
in Eq. (33) reflect the authors’ estimate of the uncertainty
of the LLR corrections.

B. Comparison of LLR and DSN VLBI UT1 Series

As was shown in Section III, the planetary-radio frame
tie in right ascension consists of two offsets. The first offset
is R, the difference in longitude origin of the two terres-
trial coordinate systems. The second offset arises from a
bias between the VLBI and LLR UT1 series and is consid-
ered here.

The DSN VLBI solutions for UT1 and polar motion
have already been presented in Table 3. Table 9 presents
those LLR measurements that occured near one of the
pairs of VLBI session pairs. In some instances no LLR
measurements occured near a session pair, and in others
several measurements occured. For the LLR reduction,
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only UTO was estimated. Table 9 shows the time a:
date, estimated UTO—UTC and its error, the polar moti
angles z, and y, assumed in the reductlon the sensitivi
Sz and Sy of UTO to the polar motion angles and the LE
station name. -

A corrected value of UTO for the LLR meas’uremen’;
to include updated polar motion values, was modeled a

UT037r = UTOLLr + [Sz(zLir — o)

+Sy(yLLr — ¥0)]/Q (3

where UT0, 1 g is the value estimated in the LLR reductic
by using polar motion values zo and yo, UT IIR st
value that would result if the LLR reduction had usc
updated polar motion values rrr g and y; g, and § is tl
mean rotation rate of the Earth. The updated LLR pol
motion angles were obtained from the DSN VLBI analys
with corrections given by Eq. (26):

ZLLR = zviBi+Re, yrLr = yvipr+ Ry

where ryv pr and YvLBr are the polar motion values frol
the DSN VLBI fit interpolated to the time of the LL
measurement, and R; and Ry are VLBI-LLR terrestri.
coordinate rotations about the z- and y-axis presented i
Section VI.

UT1 is given in terms of UT0 and polar motion by
UTlpr = UTO03[R — tan ¢ [zprpsin A
+ yYrLrcosA] /2 (35

where ¢ and X are the latitude and longitude of the LLL
station.

Using all DSN VLBI session pairs with coincident LL
measurements, a least-squares fit was performed to esti
mate the bias, AUTI, between DSN VLBI and the LLE
UT1, as defined by

UTILLR = UTIVLBI —AUTl (36,

where UT1y gy is the DSN VLBI UT1 determination in’
terpolated to the time of the LLR measurement.



The least-squares fit using the LLR measurements for

all back-to-back DSN VLBI session pairs incorporated the

_ full six-by-six information matrix for the two sets of VLBI

UT/PM estimates in each back-to-back session pair. The

offset AUT1 was estimated, and the sensitivity of this es-

timate to the rotations R1 and R2 was calculated. The

. resulting offset measurements are shown in Fig. 3. The
weighted mean offset was found to be

UTlyrgr — UTlrr = 0.22 £ 0.12 msec 37

- where the error given here includes the considered effect
_of the errors in the rotations Ry and Rj.

~ C. The Frame Tie

By returning to Eq. (27) and substituting the terrestrial

rotation, nutation, and UT1 biases given above, the follow-

"ing estimate of the frame tie from the ephemeris DE200 to
“the IERS celestial reference frame results:

+ 5 %15

— 49 £+ 15| mnrad (38)

- 19 £ 25

“The errors from the comparison process include the nuta-
“tion bias uncertainties (10 nrad), the UT bias uncertainty
" (9 nrad), the R uncertainty (7 nrad), and the uncertainty
“in the alignment of the radio source catalog with the IERS

celestial reference frame (5 nrad in each component). The
“errors given in Eq. (38) include estimates of systematic er-
_rors. Since many steps in the comparison procedure rely

on separate data reductions, each with correlated param-

eters, to derive formal errors would require combining full
covariance matrices, not all of which are available. The
“largest potential source of systematic error is thought to
“lie in the comparison of the UT1 series where the number
of points included is small for a measurement known to be
“fairly noisy. In future work, more comparison points can
be obtained by including a more extensive VLBI data set.
~Other improvements could come from combining the LLR
‘and VLBI information matrices (28], along with the full
covariance for the CDP station determination, to allow an
-estimate of the errors including correlations of parameters.
'However, the presented frame tie result is apparently the
_most global and accurate determination yet available.

The frame tie result given in Eq. (38) represents the
rotation (and uncertainty) between the IERS radio source

frame and the reference frame determined by the tabu-
lated orbit of the Earth within the ephemeris DE200. The
orbit of the Earth is tabulated with respect to a pro-
jected dynamical equator and equinox for the year 2000
[20]. There is significant uncertainty in the determination
of the equinox of 2000 since it depends upon predictions
using estimated precession and nutation constants, which
are quantites that (aside from data reduction) do not af-
fect the orbits of the planets. The authors believe that
the physical content of the ephemeris can be referred to
the orbit of the Earth for the definition of the reference
system. The orbits of the other planets do not define dif-
ferent reference systems but can instead be referred to the
orbit of the Earth with an uncertainty characteristic of the
internal consistency of the ephemeris.

VIIl. Comparison With Other Frame Tie
Determinations

Other methods of determining the radio-planetary
frame tie include VLBI observation of spacecraft at other
planets and comparison of positions of millisecond pul-
sars based on VLBI and timing measurements. The result
presented above in Eq. (38) can be compared with other
results by examining the offset in right ascension and decli-
nation in the part of the sky where the other measurements
exist.

There have been a number of VLBI observations of
spacecraft at other planets. A planetary orbiter, or a
spacecraft making a planetary encounter, has a position
determined with respect to the planet from the gravita-
tional signature on the spacecraft Doppler data. VLBI
measurements between the spacecraft and one or more an-
gularly nearby radio sources can be used to estimate the
radio source coordinates in the planetary reference frame.
Newhall, Preston, and Esposito [29] reported average right
ascension and declination offsets consistent with zero, with
uncertainty of 40-60 nrad, based on the the results of VLBI
measurements for the Viking and Pioneer Venus orbiters.
McElreath and Bhat [30] derived a position of the radio
source P 0202 + 14 in the planetary ephemeris frame from
observations of the Soviet Vega 1 and Vega 2 spacecraft as
they flew by Venus in 1985. The Vega measurements re-
sulted in right ascension and declination offsets consistent
with Eq. (38) within their errors of 50 nrad in each com-
ponent. In 1989, VLBI observations of the Soviet Phobos
spacecraft at Mars were made for frame tie determination
in nearly the same part of the sky as the Vega observa-
tions. Preliminary results of the Phobos data* are consis-

4B, A. Lijima and C. E. Hildebrand, personal communication, Jet
Propulsion Laboratory, Pasadena, California, 1991.
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tent with the results in Eq. (38) at the 1-sigma level. An
observation sequence for the Magellan spacecraft at Venus
is being pursued to extend the data set of VLBI spacecraft
observations.

Timing of millisecond pulsars gives positions with few-
nrad accuracy based on the orbit of the Earth [31]. VLBI
observations of these sources are difficult since the pulsars
are weak radio sources. Two groups®® have made VLBI
observations of the pulsar PSR 1937+421. Preliminary re-
sults from one group® give right ascension and declination
offsets in agreement with Eq. (38) within their errors.

In the future more spacecraft VLBI measurements and
refinements of the technique presented here, as well as re-
sults from other methods, should combine to produce a
consistent frame tie determination at the 5-nrad level. In
the meantime, the radio-planetary frame tie result pre-
sented here with 15-25 nrad accuracy is a useful reference

point.

IX. Application to Interplanetary Spacecraft
Navigation

In order to apply this (or any other) frame tie result
to spacecraft navigation with full accuracy, it will be nec-
essary to have well-defined standards for reference frame
definition. Guidelines for standards and implementation
are proposed below.

For orbit determination, UT and polar motion are usu-
ally read in from an external service and not adjusted (or
estimated) in the navigation process. The importance of
this external UTPM information in defining the reference
frame for the spacecraft is often overlooked. The adop-
tion of a station set and an Earth orientation series essen-
tially defines a celestial reference frame that may be differ-
ent from the desired reference frame (often the planetary
ephemeris reference frame). This inconsistency is most
important for interplanetary missions tracked mainly by
Doppler. In this case, the signature of the Earth on the
Doppler data is tied most strongly to a celestial reference
frame that is defined by the station set and Earth orienta-
tion series. When there are data directly sensitive to the
planetary ephemeris, such as range (which is sensitive to
the orbit of the Earth) or onboard optical data, there can
be a systematic discrepancy among the various data types

5 N. Bartel, personal communication, Harvard-Smithsonian Center
for Astrophysics, Cambridge, Massachusettes, April 9, 1991.

8R. J. Dewey and D. I,. Jones, “Millisecond Pulsar Frame Tie,” JPL
IOM 335-6-91-006, (internal document) Jet Propulsion Laboratory,
Pasadena, California, April 17, 1991.
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which will be resolved by the amount and weighting of the
data.

It is preferable to clearly define the reference frames
in use rather than having them defined implicitly and/or

inconsistently. The most practical choice would be to’

use the TERS definitions for station locations, Earth ori-
entation, and quasar locations while allowing the plane-
tary ephemeris to define its own reference system. Each
ephemeris would be related to the standard celestial co-
ordinate system by three rotation angles, such as those
given in Eq. (38). This choice of standards would sim-
plify matters by minimizing the number of parameters that
would vary from mission to mission or from ephemeris to
ephemeris. Each mission could use a standard station set,

Earth orientation series, and quasar catalog, regardless of
the ephemeris used. A priori values for the three rotation
angles could be adopted from an external determination
(such as reported in this work). If it is desired and the

necessary partials exist, corrections to the frame tie could
be estimated for a particular orbit determination analysis.

This work has utilized the high accuracy of terrestrial

station locations in determining the frame tie. Geocen- -

tric station locations have been determined with accuracy

better than 10 cm in all components. Each aspect of the

station location determination has been checked by in- -

dependent data sets and reduction software. VLBI and
SLR each produce rclative station locations with 2- to 3-
cm accuracy. SLR and LLR independently determine the

geocenter to 10-cm accuracy or better. The time depen- -

dence of the DSN station locations (i.e., plate motion) and
the rotation of the station locations into inertial space are
also well known. There is no reason that interplanetary
spacecraft navigation cannot take advantage of these high-
accuracy station locations.

X. Conclusion

A determination of the rotational offset between the
planetary ephemeris DE200 and the radio reference frame
has been presented based on a comparison of VLBI and
LLR Earth orientation measurements. The accuracy of
the frame tie is about 25 nrad. The frame tie result is sub-
stantiated by comparison with determinations from other
techniques. The frame tie result is made possible by the
ability to determine the location of DSN tracking stations
with accuracy better than 10 cm. The frame tie result,
combined with proper use of accurate station locations,
will enable more accurate interplanetary spacecraft navi-
gation.
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Table 1. Lunar Laser Ranging station coordinates.

Station No. T, m Y, m z, m Oz, M oy, m oz, m
McDonald 107-in. 7206 —1330781.1660 ~5328755.6310 3235697.6320 0.0300 0.0300 0.1000
McDonald MLRS? 0108 —1330120.9160 —5328532.2060 3236146.6410 0.0300 0.0300 0.1000
Haleakala 0210 —5466006.9080 —2404428.1360 2242188.5400 0.0300 3.0300 0.1000
Grasse 7845 4581692.2540 556195.8208 4389354.8430 0.0300 0.0300 0.1000
*MLRS = McDonald Laser Ranging System.

Table 2. DSN VLBI station coordinates.
Station No. T, m y, m z, m Oz, m oy, m Oy, m
DSS 14 1514 —2353621.0830 —4641341.5930 3677052.3000 0.0312 0.0318 0.0315
DSS 43 1543 —4460894.4630 2682361.6260 —3674748.7600 0.0341 0.0311 0.0317
DSS 63 1563 48490932.7130 —360180.6860 4115108.9730 0.0324 0.0320 0.0338




Table 3. VLBI nutation, polar motion, and UT1 estimates.

UT1-

O U R e B A
Dec. 20, 1979 13:39:24  0.64  0.48 2.40 156 —324.83 0.16 150.16 2.23 273.76 0.77
Dec. 21, 1979 16:56:57 050 1.05 1.55 2.85 —327.65 0.17 150.18 2.22 27191 1.20
Jan. 25,1980 23:37:29  0.87 2.32 2.46 344 58353 0.15 12328 2.55 21417 2.69
Jan. 27, 1980 14:44:25  1.01  2.47 1.52  3.42 579.54 0.18 120,90 2.56 211.80 2.52
Feb. 14,1980 05:02:33 —1.36 0.96 1.86 257  539.85 0.09 83.77 1.61 189.25 1.50
Feb. 14,1980 22:04:27 -1.34 1.16 159 2.7 538.03 0.15 82.80 1.71 18850 1.23
Feb. 23,1980 18:32:42 052 0.56 432 194 514:35 0.15 7339 2.16 184.22 0.78
Feb. 24, 1980 12:47:20 095 1.09 5.24 309 51245 0.12 72.80 2.14 183.70 1.20
Dec. 8, 1981  16:03:38  2.91 1.26 10.70  5.28 69.45 0.15 —11076 2.15 32421 2.01
Dec. 9, 1981  09:45:29  2.51 1.03 1033 501 67.72 0.17 —11051 218 32574 1.80
May 20, 1983 20:10:50  0.03 024  —0.29 055 —164.44 0.10 14335 1.19 54234 0.42
May 22, 1983 09:05:59 0.08 054  —3.42 154 -168.12 0.06 150.14 1.00 539.78 0.96
Nov. 18,1083 10:55:03 279 049 -7.84 1.7 489.12 0.14 1905 128 1999 0.81
Nov. 19, 1983 10:09:52 2.56 051  —6.53  1.49 488.73 0.09 1488 109 2067 1.18
Dec. 17,1983 11:12:20 4.67 063  —1.79 138 427.56 0.09 —89.02 1.10 59.67 1.15
Dec. 18,1983 10:00:46 533 055 —561 139 42585 0.13 -9203 127 6198 0.76
Mar. 24, 1984 22:55:12 050 056 -0.86  1.29 255.08 0.08 —22502 1.04 389.58 1.07
Mar. 25, 1984 22:01:27 0.82 025 -1.16 064 253.06 0.11 —223.82 1.21 393.11 0.63
May 12, 1984 12:02:11 -1.19 0.74 0.02 172 161.00 0.10 —84.21 1.34 54076 1.60
May 13, 1984 04:09:50 —-1.00 113  -0.49 288 159.83 0.18 ~81.94 1.52 54195 1.37
Jul. 14,1984 14:44:35 048 0.83  -7.05  1.58 90.22 0.10 175.04 1.19 52060 1.24
Jul. 15,1984 14:23:34 070 0.91 -832 158 89.50 0.13 17003 1.34 51819 0.89
Sep. 28, 1985 18:08:45 —004 078 —14.46  2.03 472.50 0.09 21343 130 411.71 1.06
Sep. 29, 1985 20:52:30 061 0.55 —13.42  1.30 470.64 0.13 214.63 1.43 408.48 0.60
Mar. 22, 1986 23:46:10 4.09 335 —831 891 200.13 0.18 ~16.50 4.73 12540 3.62
Mar. 23, 1986 07:44:37 423 3.36  —877  9.00 199.71 0.22 —17.15 4.70 12581 3.52
Apr. 19, 1986 12:47:01 1.86 374  -2.03  9.58 155.94 0.23 -69.80 4.69 173.06 4.26
Apr. 20,1986 12:31:53 201 386  -1.91  9.78 154.45 0.21 —71.56 4.69 17499 4.36
Jun. 28,1986 19:00:33 153 1.04  —4.07  2.74 75.10 0.12 _7061 196 31924 1.16
Jun. 29,1986 20:51:35 1.69 052  —4.15 149 74.39 0.14 —69.09 197 321.68 0.72
Apr. 18,1987 22:17:11  3.61 345 -8.79 1087 —305.34 0.25 7490 3.73 20640 5.54
Apr. 19,1987 15:30:21 352 350  —9.08 11.15 —306.40 0.27 73.98 3.77 206.10 5.46
May 9, 1087  09:49:51 —0.61 064  -2.26 131 -336.87 0.12 5437 1.26 203.11 0.82
May 10, 1987 19:22:27 —0.77 052  -2.81 122 -33875 0.07 52.68 1.06 20290 1.18
Jan. 9,1988  10:59:49 336 162 —8.73  6.99 353.65 0.20 ~578 361 42326 2.19
Jan. 10,1988 02:56:59 3.48 171  -9.15  7.12 352.66 0.12 —4.69 3.65 42358 2.31
Oct. 1,1988  18:10:17 -0.03 2.81 -—16.21  7.11 24.15 0.11 9.17 463 13147 245
Oct. 1,1988  22:20:3¢ 004 2.93 —1588  7.14 24.03 0.18 841 460 13158 2.33
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Table 4. CDP VLBI station coordinates.

Station No. z, m y, m z, m oy, m Oy, M Oz, M
DSS 13 1513 -—2351128.9948 —4655477.0834 3660956.8432 0.0027 0.0053 0.0047
DSS 45 1645 -—-4460935.0547 2682765.7891 —3674381.6368 0.0195 0.0130 0.0117
Haleakala 7120 —5465998.3924 —2404408.5665 2242228.4099 0.0142 0.0074 0.0071
DSS 65 1665 4849336.7823 —360488.9205 4114748.5369 0.0125 0.0049 0.0132
Grasse 7605 4581697.8187 556125.6265 4389351.2470 0.0067 0.0026 0.0075
DSS 15 1615 —2353538.6234 -—4641649.5275 3676669.9431 0.0044 0.0088 0.0075
McDonald 7850 -—1330008.0136 —5328391.5430 3236502.6372 0.0028 0.0102 0.0063

Table 5. Ground tie vectors.

Site From To I, m y, m z, m gz, M Oy, M oz, m
McDonald? 7206 7086 655.9005 229.0262 452.6222 0.0100 0.0100 4.0100
McDonald® 7086 0108 4.3560 —5.6310 -3.5570 0.0100 0.0100 0.0100
McDonald?® 7086 7850 117.2017 135.0619 352.4838 0.0100 0.0100 0.0100
Haleakala® 7210 0210 —0.4830 -0.2120 1.0030 0.0100 0.0100 0.0100
Haleakala? 7120 7210 —8.0140 —19.4100 —40.9270 0.0100 0.0100 0.0100
Grasse? 7835 7845 0.5780 36.4730 —-4.43%0 0.0100 0.0100 0.0100
Grassed 7605 7835 —6.0150 33.7350 8.1020 0.0100 0.0100 0.0100
Goldstone® 1513 1514 -2492.0800 14135.5350 16095.4150 0.0100 0.0100 0.0100
Goldstone® 1513 1615 —-2409.6220 13827.5670 15713.0940 0.0200 0.0200 0.0210
Madrid® 1665 1563 —244.1140 308.2930 360.3200 0.0200 0.0200 0.0200
Canberra® 1645 1543 40.6580 —404.1520 —-367.1850 0.0100 0.0100 0.0100

# Crustal Dynamics Project Site Catalog, Goddard Space Flight Center, Greenbelt, Maryland,

May, 1989.

®T. M. Sager and J. L. Long, internal memorandum, Bendix Aerospace Corporation, Columbia,
Maryland, April 11, 1985.
°L. S. Baker, internal memorandum, National Geodetic Survey, Rockville, Maryland, October

24, 1975.

4 C. Boucher, personal communication, Institut Geophysique, St. Mande, France, April 1990.
€C. 8. Jacobs, personal communication, Jet Propulsion Laboratory, Pasadena, California, De-

cember 1989,
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Table 6. Transformation parameters from CDP VLBI coordinate system to DSN or

LLR system.
System T, ,cm T, ,cm Ts,em  D(10~%) Ry, nrad R;,nrad Rj, nrad
DSN —0.742.3 -2.4+23 66%23 5.5+3.5 —52+ 49 -0.5+ 4.6 -1.515.0
LLR —8.046.2 —3.247.7 4.3180 -9.8+44 6.0£21.5 —-4.1£15.0 1.845.3
Table 7. Input coordinate residuals.

Site System No. T, mm y, mm z, mm
Goldstone DSN 1514 3.2 25.1 -189
Canberra DSN 1543 -20.2 -11.6 0.4
Madrid DSN 1563 14.7 -13.1 21.3
McDonald LLR 7206 10.3 -30.5 51.1
McDonald LLR 0108 4.5 -3.7 —-4.5
Haleakala LLR 0210 2.2 29.5 -3.2
Grasse LLR 7845 —-17.1 4.7 —43.4
DSS 13 CDP 1513 0.1 0.0 0.2
DSS 45 CDP 1645 6.6 2.0 -0.1
Haleakala CDP 7120 -0.5 -1.8 0.0
DSS 65 CDP 1665 —2.2 0.3 -3.3
Grasse CDP 7605 0.8 0.0 0.2
DSS 15 CDP 1615 —-0.3 -18 0.7
McDonald CDP 7850 -0.1 4.0 -0.2

Table 8. Ground tie reslduals.

Site From To z, mm y, mm z, mm
McDonald 7206 7086 1.1 -34 0.5
McDonald 7086 0108 ~0.5 0.4 0.0
McDonald 7086 7850 1.6 -3.8 0.5
Haleakala 7210 0210 -0.2 -3.3 0.0
Haleakala 7120 7210 -0.2 -33 0.0
Grasse 7835 7845 1.9 -0.5 0.4
Grasse 7605 7835 1.9 -0.5 0.4
Goldstone 1513 1514 —0.3 —-2.5 19
Goldstone 1513 1615 6.2 9.3 -53
Madrid 1665 1663 -5.6 5.1 -7.5
Canberra 1645 1543 1.7 1.2 0.0
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Table 9. Lunar Laser Ranging estimated UT0.

UTo-

UTo--
Date Time UTC uTC o v Sz, Sy, Site
ms o, ms mas mas mas/mas  mas/mas
Jan. 26, 1980 03:16:19 573.695 0.304 114.042 213.383 -0.03837 0.15363  McDonald
Jan. 27, 1980 01:00:23 571.010 0.589 112.599 212.143 0.04666 —0.18683 McDonald
Jan, 28, 1980 04:02:20 569.085 0.449 110.804 210.599 0.00398 -0.01595 McDonald
Feb. 24, 1980 02:54:08 506.952 0.469 67.877 181.884 —0.03957 0.15844 McDonald
Feb. 25, 1980 02:28:28 503.540 0.350 66.969 181.103 0.00981 —0.03928 McDonald
Dec. 8, 1981 05:42:44 71.082 0.424 —115.685 324.240 —0.07837 0.31382 McDonald
Dec. 9, 1981 06:09:18 66.559 0.457 —115.550 326.493 —0.05714 0.22880 McDonald
Dec. 10, 1981 04:41:58 65.207 0.266 —-115.426 328.571 —0.00842 0.03371 McDonald
Nov. 17, 1983 04:12:40  489.83 0.367 20.977 16.719 0.00295 -0.01182 McDonald
Dec. 17, 1983 05:01:36 430.525 0.598 —92.780 57.207 -0.00951 0.03808 McDonald
May 11, 1984 23:23:32 193.926 0.355 —88.808 536.713 0.62278 —0.07560 Grasse
Jul. 16, 1984 08:37:45 78.004 0.698 178.951 513.587 0.01670 —0.06688 MCDo-naId
Mar. 22, 1986  02:13:30 200.782 0.221 -=19.178 124.652 0.07114 —0.28499 MLRS?
Mar. 23, 1986  03:01:29 199.584 0.117 —21.201 125.789 0.04375 -0.17528 MLRS
Apr. 18, 1986 20:10:57 167.546 0.151 —71.066 170.577 0.27160 —-0.03297 Grasse
Apr. 19, 1986 03:47:27 157.666 0.132 -71.532 171.207 —0.03970 0.15902 MLRS
Apr. 19, 1986 20:58:15 165.807 0.230 —72.629 172.553 0.26490 -0.03216 Grasse
Jun. 29, 1986 14:19:11 65.176 0.253 —74.057 319.475 0.26536 —0.11673 Haleakala
Apr. 19, 1987 14:36:20 313.090 0.385 74.779 204.107 0.10398 —0.04574 Haleakala
Apr. 20, 1987 15:02:45 313.976 0.283 73.923  203.901 0.14778 —0.06501 Haleakala
May 8, 1987 03:57:04 339.732 0.148 55.129  200.679 —0.04213 0.16879 MLRS
May 8, 1987 08:39:43 341.488 0.094 54.920 200.634 —0.13585 0.05976 Haleakala
May 9, 1987 04:27:15 341.479 0.084 53.998 200.431 —0.04549 0.18223 MLRS
May 9, 1987 09:11:16 343.184 0.286 53.742 200.368 —0.19244 0.08465 Haleakala
May 10, 1987 04:54:11 343.459 0.101 52.672 200.107 —0.02686 0.10761 MLRS
Jan. 9, 1988 14:34:02 342.844 0.088 —7.259 420.476 0.01294 —0.00569 Haleakala
Oct. 1, 1988 13:02:10 19.006 0.121 9.764 129.043 0.26353 -0.11592 Haleakala
Oct. 2, 1988 13:55:35 18.314 0.093 6.340 125.105 0.27412 —0.12058 Haleakala

2MLRS = McDonald Laser Ranging System.
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Occultation of a Compact Radio Source by Venus

N92-29366

R. Linfield
Tracking Systems and Applications Section

An occultation of the compact radio source P 0507+ 17 by Venus on July 19, 1988,
was observed in Tidbinbilla, Australia at a frequency of 2.3 GHz. The purpose of
this observation was to measure the position of Venus in the radio reference frame.
When data from both ingress (Venus dayside) and egress (Venus nightside) were
used to solve for the position of Venus in ecliptic longitude and latitude, the results
were consistent with zero offsets from the nominal values, with an uncertainty of
approximately 0.2 arcsec in both coordinates. By using the nightside data alone, a
value of —(0.026 +0.04 arcsec was obtained for the linear combination AX + 0.51A7,
where AX and A were the offsets from their nominal values of the ecliptic longitude
and latitude of Venus.

Distortion of a vacuum Fresnel fringe pattern by the Venus troposphere, and
especially by the Venus ionosphere, was observed. The dayside ionosphere of Venus
caused very large distortions; the amplitude of the first Fresnel fringe in the ingress
data was eight times larger than had been expected for an airless planet. The
observed fringe patterns were modeled by using plausible ionospheres (i.e., consis-
tent with spacecraft measurements of the Venus ionosphere and with solar extreme
ultraviolet flux and solar wind pressure measurements at the occultation epoch).
However, the range of Venus ionospheric profiles (electron density as a function
of altitude) allowed by a priori constraints and by the occultation data was large
(e.g., the lonopause height on the dayside was uncertain by a factor of two). This
ionospheric uncertainty (particularly on the dayside) translated into a large posi-
tion uncertainty (0.2 arcsec for the dayside and 0.04 arcsec for the nightside). If it
had been possible to calibrate the Venus ionosphere by some external means, the
accuracy in AX and Af would have been 0.01 arcsec or better.

May 15, 199
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l. Introduction

Very long baseline interferometry (VLBI) observations
of compact extragalactic radio sources have established a
stable, inertial reference frame (the radio reference frame),
with source positions known to approximately 1 mas [1,2].
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The planetary reference frame is defined by the orbits of
the Moon and the planets. These orbits are known to
a variable accuracy (relative to the orbit of the Earth),
ranging from 5 mas for Mars to 500 mas for Pluto [3]. The
orientation of the orbit of the Earth relative to the radio
reference frame is known to 5-10 mas [4]; the positions of



the planets in the radio frame will have errors at least that
~ large. Furthermore, due to modeling uncertainties, such
 as unknown asteroid masses [5], the planetary reference
frame has an unknown net rotation rate. The errors of
the planetary orbits in the radio frame are therefore time-

_ variable.

Accurate measurements of the positions of planets rel-
ative to compact radio sources would allow the planetary
orbits to be calculated in the stable radio reference frame.
" The orbits determined in that frame would allow improved
studies of solar system dynamics. In addition, improved
~ knowledge of the positions of the planets in the radio frame
 would lead to better navigation of planetary spacecraft.
VLBI observations can locate the position of a spacecraft
_ on the sky in the radio frame [6]. The current accuracy of
_ such measurements is in the 1- to 10-mas range. For most
_ navigation purposes, the position of a spacecraft relative
to a planet or natural satellite is needed. Determining
the relationship between the planetary and radio refer-
" ence frames would have immediate benefits for spacecraft
- navigation.

The epoch and duration of an occultation of a compact
radio source by a solar system object are sensitive to the
location of that object in the radio frame. The epoch of
the midpoint of occultation (specifically, the mean of the
epoch of geometric ingress and egress) is the time when
_that solar system object and the radio source have the
same position along the direction of motion of the object
(approximately the ecliptic longitude). The duration of
_ the occultation determines their relative position perpen-
_dicular to the direction of motion (i.e., approximately the
" ecliptic latitude).

The Moon sweeps out a solid angle on the sky, which
- grows at a rapid rate (approximately 3 square degrees per
" day as seen from any given point on the Earth, or 30 square
degrees per day when integrated over the surface of the
" Earth), and it therefore frequently occults strong compact
- radio sources. Lunar occultations were used extensively in
“the 1960s to measure the structure and positions of celes-
" tial radio sources [7,8]. However, the topography of the
“lunar surface introduces variations as large as 3 arcsec in
the limb of the Moon. These variations are known to an
accuracy of approximately 0.2 arcsec [9]. Astrometric mea-
surements from lunar occultations (e.g., a measurement of
3C 273 [10]) are limited to this accuracy.

Planetary occultations are much less sensitive than lu-
‘nar occultations to errors from topography because planets
-are so much farther from the Earth than the Moon. The
—potential astrometric accuracy is therefore better. How-

ever, because planets subtend a much smaller angular di-
ameter than the Moon and move more slowly on the sky,
they sweep across a much smaller solid angle of sky per
unit time than does the Moon (e.g., this rate of solid an-
gle coverage is a factor of approximately 3000 smaller for
Mercury and Venus than for the Moon) and occult many
fewer strong radio sources.

- Il. The Occultation of P 0507+17 by Venus:

Event Parameters and Observations

The search for planetary occultation events has been
described elsewhere [11]. It is briefly summarized here.
The JPL Planetary Ephemeris DE200 [12] was used to
search through several catalogs of compact radio sources
to identify planetary occultation events. The radio source
catalogs that were searched include the JPL Astromet-
ric VLBI Catalog [1], a catalog of compact sources within
10 deg of the ecliptic [13], and the Very Large Array (VLA)
Calibrator Catalog. The period from January 1, 1988, to
January 1, 2000, was searched.

Based on the strength of the occulted radio source and
the sensitivity of radio telescopes in the occultation region
on the Earth, the most favorable event discovered in this
search (by a substantial margin) was an occultation of P
0507417 by Venus on July 19, 1988. The region on the
Earth where this event was visible was quite restricted:
southeastern Australia, New Zealand, and a portion of
the South Pacific Ocean extending eastward to 110 deg W
longitude. Outside this region, one or both of the fol-
lowing constraints were violated. The first constraint was
that Venus must be above the horizon at the time of the
event, as seen from a given location on the Earth. The sec-
ond constraint was that this location on the Earth must
pass inside the umbra (i.e., the source must pass inside the
limb of Venus). The finite distance between the Earth and
Venus makes the relative position of Venus and a back-
ground radio source a function of location on the Earth.
For the Earth—Venus distance at the time of this occulta-
tion, the position of Venus on the sky varied by 38 arcsec
across the surface of the Earth.

There were two large radio telescopes within the occul-
tation region: a 64-m diameter antenna at Parkes, Aus-
tralia (operated by the Commonwealth Scientific and In-
dustrial Research Organization) and a 70-m diameter an-
tenna (DSS 43) in Tidbinbilla, Australia (operated by the
JPL Deep Space Network). Due to a minimum elevation
limit of 30 deg for this antenna, the Parkes antenna could

" not observe this event, but the event was observed with

DSS 43. Parameters of this event, as seen from Tidbin-
billa, are given in Table 1.
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Total power measurements were made in two channels
of 12-MHz bandwidth (BW) each, centered at 2272 and
2284 MHz. The integration time for each measurement
was 0.050 sec. The data for the 2284-MHz channel are
shown in Figs. 1(a) and (b), for ingress and egress, respec-
tively. The observing frequency was chosen to maximize
the ratio of the flux density of P 0507+17 to the flux den-
sity of Venus. At 8.4 GHz (the other observing frequency
band available at DSS 43), that ratio was lower by a factor
of 12. When combined with the smaller primary antenna
beamwidth at the higher frequency (which causes time-
dependent pointing errors to be more serious), the ratio
of time variations in the total system temperature (due
to causes other than the occultation) to the antenna tem-
perature of P 0507+17 was expected to be much larger at
8.4 GHz than at 2.3 GHz. As an example, if the mean di-
rection of antenna pointing were correct, drifts of 10 arcsec
would cause system temperature variations of ~0.6 K at
8.4 GHz, but only ~0.003 K at 2.3 GIiz. If the mean direc-
tion of antenna pointing were offset from the source direc-
tion, the system temperature variations would be larger at
both frequencies. The antenna temperature of P 0507+17
was approximately 0.8 K at both frequencies. The total
system temperature (including Venus and P 0507+ 17) was
approximately 36 K at 2.3 GHz.

The BW was chosen as a trade-off between maximiz-
ing the signal-to-noise ratio (SNR), which argued for high
BW, and minimizing the attenuation of high-order Fresnel
fringes (discussed in the next section), which argued for a
small BW. The final astrometric accuracy was not limited
by either SNR or attenuation of high-order Fresnel fringes.

The weather at Tidbinbilla at the time of the occul-
tation was changing rapidly. During ingress, mostly clear
weather resulted in a stable system temperature. The data
shown in Fig. 1(a) have not been modified. However, dur-
ing egress, heavy clouds caused large, nonlinear system-
temperature drifts. Polynomials of system temperature
versus time were fit to the midpoints of the fringes in the
raw data (i.e., halfway between maxima and minima) and
subtracted to give the results plotted in Fig. 1(b). Two
quartic polynomials, one for each half of the time span in
Fig. 1{b), were used. Because of concern that this poly-
nomial system temperature subtraction process had intro-
duced errors into the measured epochs of fringe maxima
and minima, the following test was performed: A cubic
polynomial was added to the curve plotted in Fig. 1(b).
This polynomial was zero at both ends of the data span,
with a peak-peak span of 1 K in between [larger, by a
factor >10, than any expected deviation of the true light
curve from Fig. 1(b)]. The changes in the epochs of the fit-
ted fringe maxima and minima resulting from the addition

24

of this cubic polynomial had a mean value of 0.06 sec, with
a standard deviation of 0.10 sec. The mean time offset of
0.06 sec corresponded to an offset in ecliptic longitude of
0.001 arcsec.

lll. Occultation Theory

The theory for lunar occultations of celestial radio-
sources has been well developed [14,8]. Fresnel diffrac-*
tion theory (e.g., [15]) expresses the received power as an”
integral across the two-dimensional impact plane (geome-
try shown in Fig. 2). For the case where the curvature of -
the limb can be neglected (a good approximation for lu-
nar occultations), the received monochromatic flux density -
I{p,v) at frequency v for an impact parameter p is :

I(p,v)

N T L )
N IooQ(") Uowdu/: dvsin{g [(u; ¢’)2+”2”r

(1)

The parameters u and v are normalized coordinates
(Fresnel units) in the impact plane: u = z+/2v/cd and
v = yy/2v/ed, where z and y are physical displacements
(in the impact plane) perpendicular and parallel to the
limb, respectively; ¢ is the velocity of light; d is the dis- -
tance from the Earth antenna to the impact plane; and ¢
is the impact parameter, in Fresnel units (¢ = p\/2v/cd).
The phase term (7/2)[(u — %)%+ v?] in the sine and cosine _
functions is the excess geometric path length (in radians)
from that point in the impact plane to the Earth antenna,
relative to the length of the most direct ray path. The .
monochromatic flux density as p — oo is I (v) (i.e., the
total unobscured flux density of the occulted source). The :
limits of integration can be changed to take into account
the curvature of the limb.

For the case of negligible curvature of the limb and no
atmosphere on the occulting object, the identity

/000 cos (gxz) dz = /[;00 sin (%12) dz = %

can be used to simplify Eq. (1).
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where C(¢) and S(¢) are the standard Fresnel integrals:
C(y) = / ’ (52°)d
(¥) = A cos { 52° ) dz

S = /0¢ sin (gzz) dz

Equation (2) represents the vacuum Fresnel light curve for
a point source. For an observed lunar occultation of a very
compact source, the observed light curve can be fitted to
a vacuum Fresnel light curve with two source coordinates
as adjustable parameters. For a resolved source, the one-
dimensional brightness distribution (integrated along the
direction parallel to the limb of the Moon) can be derived
from the light curve [14].

For an occultation by a planet with an atmosphere, the
calculation of the intensity at the Earth becomes more
complex. The integration in Eq. (1) assumes a constant
amplitude and phase across the impact plane, but an at-
mosphere will, in general, modify both the amplitude and
the phase of an incoming wave front. A thin screen in the
impact plane, which changes the phase and the amplitude
of the incoming radiation, can be incorporated into the
expression for I(p, v)

I(p,v)
_ I°°2(”) [/Ow du/:: dv A(u, v)

X oS {% [(u—9) + v2] + ¢(u, “)}J

+ 1“2(”) Uom du /:: dv A(u, v)

X sin {g [(u = ) + v?] + ¢(x, v)}] (3)

where A(u,v) and ¢(u,v) are the amplitude and phase of
the screen at the location (u,v) in the impact plane. The

normalization of A(u,v) is such that A(u,v) = 1 in the
absence of a screen.

Note that because the conversion from physical coordi-
nates to Fresnel units is a function of v, the intensity at a
given physical impact parameter p will depend on v, inde-
pendent of any spectral variations in the source. The ob-
served flux I(p) for a bandpass response with shape B(v)
is

Hm=Lwanmmww ()

The fringe amplitude exhibited by I(p) will be less than
the monochromatic fringe amplitude, due to imperfect co-
herence (i.e., nonzero phase spread) across the passband.
As p increases, the fringes at the ends of the passband
get increasingly out of phase, and the fringe amplitude is
damped more severely.

The attenuation factor for this data set (0.5-percent
fractional bandwidth) reached 0.59 for the highest ob-
served fringe (no. 83) on the ingress light curve and 0.94
for the highest observed fringe (no. 31) on the egress light
curve, These attenuation factors were calculated by inte-
grating I(p,v) across the passband (assumed to be rect-
angular) for one each of the best-fitting ingress and egress
light curves. The attenuation factor is defined as the
ratio of fringe amplitude for the actual bandpass to the
monochromatic fringe amplitude.

The distance between P 0507+17 and Venus was ~10%3
times larger than the Earth—Venus distance. Therefore,
the path length from P 0507417 was essentially constant
across the impact plane. The geometric phase terms in the
Fresnel integrals, (7/2) [(u— )2 + v%], were determined
entirely by the Earth-Venus distance.

For an occultation of a spacecraft that is either in or-
bit about Venus or making a close flyby, a very different
situation occurs. In this case the path length from the
spacecraft to different locations in the impact plane varies
dramatically. This variation is so large that only a very
small region in the impact plane contributes to the Fresnel
integrals, and geometric optics are a good approximation.
This use of geometric optics, combined with tracking the
frequency of the spacecraft carrier signal (Doppler shifts
due to changing refraction angles can be measured), allows
spacecraft occultation light curves to be inverted [16]. The
variation of refractivity N [N = (n— 1}, where n is the in-
dex of refraction] with altitude is thereby obtained. Dual-
frequency observations of spacecraft occultations allow a
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separation of the refractivity of the neutral and ionized at-
mosphere, and permit a determination of electron density
as a function of altitude.

Reflection of radio waves occurs only for electron den-
sities large enough that the plasma frequency is compa-
rable to the frequency of radiation. The maximum elec-
tron density in the dayside ionosphere of Venus is typi-
cally 5 — 10 x 10°cm™3 [17], giving a plasma frequency of
~10 MHz, far below the 2.3-GIlz observation frequency
used for this experiment. Absorption at 2.3 GHz in the
Venus atmosphere is significant at altitudes of 55 km and
lower [18]. Absorption can be incorporated into Eq. (3) by
using a value of A(u,v) less than 1.0.

Refraction in the atmosphere is more of a problem. A
low-refractivity atmosphere, in which ray paths experience
very little lateral displacement (i.e., shift in position per-
pendicular to their original direction of propagation) dur-
ing their passage, can be treated as a thin screen. The
ionosphere of Venus (maximum displacement of 2.3-GHz
ray paths of ~5 m) fulfills this criterion. However, the
neutral atmosphere of Venus causes large displacements of
radio waves. Below 35 km altitude, the radial refractiv-
ity gradient becomes so large that entering radio waves do
not escape [19]. Ray paths that pass within a few kilome-
ters of this altitude are displaced by tens or hundreds of
kilometers in the impact plane before emerging from the
troposphere.

In order to incorporate these large tropospheric effects
into the Fresnel integrals, a hybrid geometric/physical op-
tics approach was used. Geometric ray-tracing calcula-
tions were made for the Venus troposphere for a one-
dimensional grid of impact parameter p: 47-110 km in
20-m increments (rays entering with an impact parameter
less than 47 km are refracted inside the 35-km boundary
and ultimately reach the surface of the planet). The ray
tracing was performed from the point of entry into the
troposphere (chosen as 110 km altitude, where the refrac-
tivity is less than 10~7), past the true impact plane, to a
shifted impact plane, (i.e., closer to the Earth in the oc-
cultation geometry and outside the Venus atmosphere for
nearly all ray paths). A sample displaced impact plane is
shown in Fig. 2(a). Two separate ray-tracing runs, with
impact plane shifts of 1000 and 4000 km were performed.
Altitude profiles of refractivity [20] and the 2.3-GHz ab-
sorption coefficient [18] were used in these ray tracings.

The amplitude on this shifted impact plane was less
than the amplitude on the true impact plane due to two
effects. The first was absorption in the troposphere; the
amplitude reduction due to this effect was e~ 7(P) where
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7(p) was the integrated optical depth for a ray with impa
parameler p. The second effect was refractive amplituc
loss. Because the refractivity of the Venus troposphei
increases with depth, rays that were parallel when the
entered the troposphere diverged. In particular, the sej
aration Az’ in the shifted impact plane was greater tha
the difference Ap in impact parameters, diluting the r:
diation (i.e., reducing its amplitude). The refractive an
plitude loss was dp/dz’, and this factor was multiplied b
the absorptive amplitude loss e~7(P) to give the amplituc
A at location z’ in the shifted impact plane. The “scree
phase” ¢ for use in Eq. (3) was the excess phase for the
ray path: the difference between its actual phase and th
phase 1t would have had at the shifted impact plane 1
the absence of an atmosphere. This phase was the sum ¢
a dielectric term [ 2xv(n — 1)ds/c and a geometric ter:
J 2mv(sec® —1)ds/c, where v is the frequency of radiatio
(2.3 GHz) and @ is the angle between the ray path at tha
point and its initial direction. Both integrals were calcu
lated over the entire path length from the entry into th
troposphere until the arrival at the shifted impact planc
(Note that the dielectric term remained constant after th
ray exited from the troposphere.) The exit angle fron
the troposphere was also calculated in order to allow th
ionospheric contribution to be added later.

For sufficiently small impact parameters (p < 53 kn
and p < 47.4 km for impact plane shifts of 1000 km anc
4000 km, respectively), the ray paths had not emergec
from the troposphere when they reached the shifted impac
plane. Ray tracing for these ray paths continued until they
exited from the troposphere. The following procedure wa:
used to derive values of amplitude A and phase ¢ to use
in the Fresnel integrals for these impact parameters. The
value of A was the product of the refractive and absorp-
tive losses at the shifted impact plane. The value of ¢ was
the excess phase (the sum of the geometric and dielectric
integrals) at the shifted impact plane, with one extra term
added. This extra term was the dielectric integral from
the shifted impact plane until exit from the troposphere
(i.e., the integrated refractivity encountered by that ray
after the shifted impact plane). As discussed below, use of
1000- and 4000-km shifts in the impact plane gave negligi-
ble differences in the theoretical occultation light curves.
Therefore, it is believed that this hybrid geometric and
physical optics approach was adequate.

IV. Data Reduction and Modeling

The analysis of the occultation data fell into three gen-
eral tasks. The first task was to calculate I(p) in the pres-
ence of the atmosphere of Venus. The second task was to



determine p(t, AX, AB), where t represents time and A
and A represent the Venus ephemeris/radio frame off-
sets in ecliptic longitude and ecliptic latitude. The third
" task was to combine these results to obtain a frame tie.
The first task is described in Subsections IV.A-IV.D. The
" numerical integration technique is described in Subsection
IV.A. The properties of the Venus ionosphere are sum-
marized in Subsection IV.B. Modeling of the Venus iono-
- sphere at the occultation epoch, by using the occultation
"data, is presented in Subsection IV.C. The Venus tropo-
sphere and its effect on the occultation data are described
*in Subsection IV.D. Subsection IV.E describes the calcula-
tion of p(t, AX, AB). The third task (solving for the frame
_tie) is presented in Section V.

_A. Numerical Integrations

Equation (3) was used to calculate I(p,v), and the
"bandpass attenuation factor (see Section IIT) was used to
“convert I(p,v) to I(p). The sine and cosine expressions
-were factored so that the integration over v was a function
“of u but not of 9.

: /Ooodu [;wdvA(u,v)cos {% [(u—9)2+v% + qS(u,v)}

= /Ooodu cos {g(u - 1,/))2}

X /_+°odvA(u,v) cos {-gv2 + ¢(u,v)}

o]

- /Ooodusin {%(u - 1,&)2}
x /_::odvA(u,v) sin {%vz + é(u, v)}

An integration over v was then performed for a grid of
1000-2000 u values. A Simpson’s rule numerical integra-
tion was used. The integration step size was chosen by
performing trial runs in which the step size was reduced
_until the results converged. The numerical integration was
truncated at 9 = 5 or at the ionopause, whichever was
‘higher. Analytic expressions for large arguments (>5) of
‘the Fresnel integrals [21] were then used to complete the
“ntegrations. This procedure reduced the calculation of [
.0 a one-dimensional numerical integration for each value

>f 1.

The values of A(u,v) and ¢(u,v) in Eq. (3) were de-
termined by the Venus troposphere and ionosphere. With
negligible absorption or ray path displacement by the iono-
sphere, A(u,v) was a function only of the troposphere.
The ray-tracing results described above were used to spec-
ify A(u,v) on the shifted impact plane. Due to refraction
in the troposphere, A(u, v) did not drop abruptly to zero at
the physical limb of Venus, but instead remained positive
(with decreasing magnitude) for a considerable distance
“inside” the limb. For impact parameters small enough
that the ray paths entered the troposphere, ¢(u, v) was the
sum of three terms. The first was the contribution from
the ionosphere due to entry with the impact parameter p
(the value of p corresponding to a given u and v was ob-
tained from the troposphere ray tracing). The second was
the contribution from the troposphere, and the third was
the contribution from the ionosphere due to an exit from
the troposphere at an angle derived from ray tracing. For
larger impact parameters, ¢(u, v) was derived solely from
the ionosphere.

B. General Properties of the Venus lonosphere

Both A(u,v) and ¢(u,v) were entirely determined by p,
the variation of the refractivity N with altitude h in the
troposphere, and the variation of electron number density
n. with altitude in the ionosphere (n, was assumed to be a
function only of A, although that function was very differ-
ent on the dayside and nightside of Venus). The function
N(h) was assumed to be known and not time variable,
although two modified N (k) functions were briefly exam-
ined (discussed below). The function n,(h) has been mea-
sured many times from spacecraft occultations (e.g., [22]).
It is known to depend strongly upon time and upon the
solar zenith angle (SZA) on Venus (the SZA is the angle
between the zenith and the Sun, as seen from a given loca-
tion on Venus). Due to the very slow rotation of Venus, the
dependence of n.(h) on the solar hour angle (other than
that predicted from the SZA dependence) is very weak
[23]. There were no spacecraft occultation measurements
at or near the epoch of the P 0507+17 event, so little
more than statistical information on the ionosphere was
available. The SZA’s on Venus at the points of geometric
occultation were 58 deg at ingress and 122 deg at egress.
Typical integrated electron densities for “horizontal” lines
of sight through the-ionosphere (i.e., those which do not
intersect the planet) are ~2—5 x 10'3cm=? for 58-deg SZA
and ~1—2x10'2¢cm~2 for 122-deg SZA, which corresponds
to 10-30 and 0.5-1.0 cycles of phase at 2.3 GHz, respec-
tively. The effect of the day ionosphere on 2.3-GHz radio
waves is therefore much larger than that of the night iono-
sphere, as is very evident by comparing Figs. 1(a) and

1(b).
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As is the case for the ionosphere of the Earth, the Venus
ionosphere is strongly time variable. The time scale for
large variations of the night ionosphere is at least as short
as 24 hours, and perhaps as short as 1 hour [24]. The night-
side ionosphere has a peak electron density that is typically
around 15,000 em~3, with variations of a factor >2 in ei-
ther direction [25]. These variations are weakly correlated
with solar wind pressure and almost uncorrelated with so-
lar extreme ultraviolet (EUV) flux. The ionopause height
varies from 200 to over 3500 km. The height of maximum
electron density is remarkably constant: 142.2 +4.1 km
[26]. Transport of energetic ions from the dayside is be-
lieved to drive the night ionosphere [27]; this process is
highly dynamic.

The dayside ionosphere is less variable than that of the
nightside. Kliore and Mullin showed that the peak elec-
tron density can be predicted from the SZA and the solar
EUV flux, with a scatter of only approximately 5 percent
[28]. They found that the altitude of the peak electron
density is 140 £2 km. Brace et al. [29] have studied the
height of the dayside ionopause. The ionopause height
varies inversely with solar wind pressure. However, the
scatter is large, especially at large SZA (>50 deg) and low

solar wind pressure (<3 x 10~8 dynes/cm?).

C. Modeling of the Venus lonosphere by Using
the Occultation Data

At the epoch of the P 0507417 occultation, measure-
ments from the Pioneer Venus Orbiter sgacecraft gave a
solar EUV flux of 1.12 x 10'? photons/cm®/sec and a solar
wind pressure of 1.6 x 10738 dynes/c1112.1 Using the results
from [28] and [29], the predicted maximum n, at an SZA of
58 deg was 3.85 x 10° cm~3, with an uncertainty of 2 x 10*
to 3x 10* em=3. The predicted ionopause height at an SZA
of 58 deg was 950 km, with an uncertainty of 400-500 km.
The a priori model for the dayside ionosphere used these
values, along with the functional shape for n,(h) shown in
[23]. The a priori uncertainties in the nightside ionosphere
were so large that large ranges in ionospheric parameters
were examined in the modeling. Once n.(h) was speci-
fied, the contribution of ¢(u,v) from the ionosphere was
calculated by a numerical integration perpendicular to the
impact plane, for a grid of 1000-2000 p values.

These a priori ionospheric n.(h) profiles were then ad-
justed in order to optimize the agreement between the
model and the fringe amplitudes of the observed light

11.. Brace, personal communication, Goddard Space Flight Center,
Greenbelt, Maryland, 1991.
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curves. Initially, the agreement between the model and
the observed light curve was judged visually. After an ap-
proximate fit was achieved, a numerical agreement factor
was used to fine-tune the models. The absolute antenna
temperature was difficult to determine from the observa-
tions due to weather-induced system temperature varia-
tions. Therefore, peak—peak fringe amplitudes were used
to guide the modeling process. The weather-induced sys-
tem temperature variations were substantially slower than
the fringe frequency, so that the peak-peak amplitudes
appeared to be nearly unaffected. The amplitudes at the
fringe peaks were determined with parabolic fits to the
peak regions. This procedure effectively discarded data
away from the vicinity of the peaks. The SNR was de-
graded as a result, but still contributed negligibly to the
final frame tie uncertainty. The amplitudes between most
pairs of adjacent peaks could be well represented by a si-
nusoid, so that very little information was lost by saving
only the peak amplitudes and their epochs. ‘

The numerical integration yielded I for a grid of p.
Parabolic fits to the fringe maxima and minima from these’
integrations gave values of I and p at the peaks. The x?
agreement between the model and observed light curves
was not used to adjust the models. The errors in the
observed peak-peak dayside amplitudes, especially in the
lowest order fringes, were much smaller than the disagree-:
ment between the model and observed amplitudes. The
x? agreement would have been dominated by the model-.
ing error on the largest two or three fringes. Instead, an
agreement factor AF was used, which gave less weight to
the largest fringes:

AF = Z (ampobs - ampmod)2
- i aMMpPobs

In this equation amp,;s and ampm,.q4 represent the ob-’
served and model (i.e., calculated) peak~peak fringe ampli-
tudes. These fringe amplitudes are expressed as fractions:
of the total source antenna temperature (i.e., when the
source is not near Venus on the sky), and therefore they
are dimensionless. The sum in AF was performed over the
peaks of all the observed fringes (83 on the dayside or 31 on._
the nightside, where one fringe is defined to include both a
maximum and a minimum). In the sum, both peak-peak
combinations were included (i.e., the differences between a_
minimum and both adjacent maxima were included). This'
dual sum was performed to help drive the model dayside
light curve toward the observed ingress curve. The values
of ampmeq were derived from I(p) curves and were there-
fore independent of AX and AB. Only the epochs of the
fringes depended on these two offsets.



The optimum weighting scheme for calculating the
agreement factor depended on the detailed nature of the
ionospheric n.(h) profile errors, which were unknown. It
also depended on the manner in which these n.(h) errors
projected into the values of ampm o4, which was highly non-
linear. An alternate agreement factor AFg;; was therefore
also calculated by using a different weighting scheme:

(ampob.s - ampmod)2
AF, =
¢ ; ampgbs

~ AF and AF,;, gave similar results as to which of two model
light curves was a better fit to the data, although AF’ gave
greater weight to the strongest fringes than did AFyy,. The
process of model adjustment (described below) used AF.

. 1. Egress: Night Ionosphere of Venus. For

the night ionosphere, simple models were used. The
primary ionospheric component was modeled with seven
parameters: Rmin, Menass Mpeak; Mess ho, I, and hmaz
(Rmin < hpeak < h2 < hmaz). In this model, n, = 0
for b < hmin, Me = Ne,,.. a6 b = hpeqr, and ne = ne,
~at h = hy. Linear interpolation was used for the elec-
" tron density in the region hmin < h < hs (ie., the elec-
" tron density rose linearly from zero to a peak value at
" h = hpear and then fell linearly to a value n., at h = hy).
" For hy < h < Rmaz, Ne = ne;e” PP For b > hpas,
- n, = 0. For all models, n., < 0.3n,,_,.. A second com-
~ ponent, with a peak electron density <10 percent of that
" of the primary component, consisted of only four param-
. eters, as hyqp Was constrained to equal hg, with n., = 0.
" For the primary component hpeqx was chosen as 142 km
_ (the mean value observed from spacecraft occultations) for
" most models. The second component was located at an al-
" titude well above the main peak of the second component
[i-e., hmin(2) > h2(1) + 50 km, where hynin(2) was the
* value of hyin for component 2 and ha(1) was the value of
" hs for component 1]. Varying the ten parameters [other
* than hpeqi(1)] produced several model ionospheres which
all fit the observed amplitudes equally well. The quali-
" tative agreement with the observed light curve was quite
good (Fig. 3), but there were differences in detail. Iono-
spheric models with hpeqr for the primary component of
147 and 152 km produced equally good fits. The observed
egress light curve does not appear to constrain this param-

- eter.

2. Ingress: Day Ionosphere of Venus. None
_ of these eleven-parameter ionosphere models gave even a
qualitative agreement with the observed ingress (dayside)

light curve, so a more complex ionosphere model was used.

In this model, a table of electron densities n,, at 20-30 al-
titudes was used, with a cubic spline interpolation in the
value of n. between these altitudes. For both types of
models (the simple nightside model and the spline dayside
model) the fitting process was automated. The parame-
ters (the ten parameters other than hpeqr for the night-
side, or the 20-30 n,, values for the dayside) were ad-
justed one at a time through a series of 2-6 values relative
to the nominal value (e.g., —5 percent, —1 percent, +1
percent, and +5 percent) and the agreement factor was
calculated each time. If any of these adjusted values re-
duced the agreement factor AF, the nominal value for that
parameter was then changed. Typically, this process was
repeated for 5-10 loops through the complete set of pa-
rameters. The calculation of the light curve (which was
needed in order to calculate AF) for one set of parame-
ters required approximately six minutes of CPU time on
a SUN 4/390 computer. This strongly limited the pos-
sible ways of adjusting parameters and precluded a full
least-squares solution. The fit to the dayside curve could
probably have been improved if multiple n., values had
been adjusted simultaneously. The large spread in frame-
tie offsets among models which all fit the observed light
curves fairly well suggests that an improved fitting proce-
dure would not have significantly improved the frame-tie
result.

For most fits, hpeqr (the altitude of maximum 7.} was
fixed at 140 km, although two fits each were run with hyeqk
of 135 and 144 km. The value of n._,  was constrained
to lie within 3 x 10*cm™3 of 3.85 x 105cm™3. The ma-
jor differences among different models were the 1onopause
height (a range of 500-1300 km) and the value of n. at the
jonopause (a range of 2 x 10% to 10*ecm™?). A good (but
not excellent) fit to the observed dayside light curve was
obtained for several combinations of the two parameters.
As for the nightside modeling, the quality of the fit did
not depend on hpeqi (at least within the range of values
that are consistent with spacecraft mecasurements of this
parameter). Two of the best fits are shown in Fig. 4.

The structure of the ingress light curve shortly before
the flux density dropped to zero was complex. Some mod-
els of the dayside ionosphere yielded one or more fringes
in the region with amplitude much smaller than that of
any observed fringe. When matching fringes between the
model and observed light curves in order to calculate AF,
any fringes among the first ten with an amplitude less than
20 percent of the total flux density [Ioo(v)] were ignored
(this limit is equal to 0.16 K in antenna temperature).
Such fringes are indicated with small arrows in Fig. 4.
These fringes are believed to be due to insufficiencies in
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the model, probably as a result of a limited set of param-
eters.

D. The Venus Troposphere

For both the dayside and nightside model fitting, the
sensitivity to troposphere changes was studied. Replac-
ing the entire region of the troposphere below 80 km al-
titude with an opaque absorber [i.e., setting A(u,v) in
Eq. (3) to zero] did not change the results at all. Be-
low 80 km altitude, the tropospheric phase contribution
changed so rapidly with the impact parameter that con-
tributions from adjacent regions canceled nearly perfectly.
Using the opaque absorber in the analysis reduced or elim-
inated two sources of uncertainty from the overall model-
ing procedure. First, uncertainties in the absorption co-
efficient were unimportant because measurable absorption
occurs only below 55 km. Second, concerns about the ac-
curacy of the hybrid geometric/physical optics approach
to the troposphere were greatly reduced. Above 80 km
altitude, the deflections of ray paths passing through the
troposphere arc small (100 m at 80 km, 10 m at 90 km).
The deviations of the fully modeled troposphere from that
of a phase screen approach were negligible.

Above approximately 85 km altitude, the refractivity
of the troposphere is poorly known [20]. The refractivity
at these altitudes is so low that the Doppler shift of a
carrier signal during spacecraft occultations is too small to
measure accurately. However, the integrated phase of the
troposphere was sufficiently large in this region to affect
the occultation light curve of P 0507+17.

A nominal troposphere for light-curve modeling [in the
form of a polynomial log(N(k)), where N(h) was the re-
fractivity as a function of altitude] was adopted from [20].
In addition, two alternate troposphere polynomials were
each used for one additional model of both the dayside
and nightside light curves. These two alternate polynomi-
als were chosen to reflect the range of possible errors in
the nominal curve. Table 2 lists refractivity values from
these three polynomials.

The effect of these alternate troposphere models was
small. Small adjustments in the ionosphere parameters
(much smaller than their a priori uncertainties) brought
the agreement factor down to nearly the same value as for
the nominal troposphere. For the nightside ionosphere, the
nominal and the thin tropospheres gave better fits (20-40
percent lower AF) than did the thick troposphere. For
the dayside ionosphere, all three tropospheres gave equally
good fits. The uncertainty in the ionosphere was too large
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to allow significant constraints on the troposphere froi
this occultation data set.

The magnitude of the effects of the different atmc
spheric components is illustrated by their effective angule
shift in the position of Venus. This shift in the light curs
was approximately 0.25 arcsec for the night ionosphere
approximately 0.8 arcsec for the day ionosphere, and ar
proximately 0.3 arcsec for the troposphere. Of these threc
the tropospheric shift was the most accurately known.

E. Impact Parameter as a Function of Both Time ant
Frame-Tie Offsets

The calculation of the impact parameter p as a func
tion of time and frame-tie offsets required knowledge o
the orbits of the Earth and Venus, and of the Eartl’
rotation. The Planetary Ephemeris DE200 was used t
calculate the relative geocentric positions of Venus anc
P 0507+17 for zero frame-tie offset. Because both DE20(
and the JPL Astrometric Catalog are expressed in J2000
no precession corrections were needed. Because P 0507+1"
and Venus were very close together on the sky, no aber
ration corrections were needed. However, a general rela
tivistic correction was needed due to the bending of ray
paths in the solar potential from P 0507417 to Venu:
{from Venus to the Earth, ray paths from Venus anc
from P 0507417 were deflected by the same amount, sc
that no further shift in the relative position of Venus anc
P 0507417 occurred). The magnitude of this correctior
was 4.07 mas/[dtan (w/2)] = 8.8 mas. Here d is the dis-
tance in astronomical units between Venus and the Sur
and w is the angle between the Sun and P 0507+17, as
seen from Venus. The direction of this bending lay en-
tirely in ecliptic longitude (in the sense that the apparent
position of P 0507417 was shifted to lower longitudes).

The topocentric parallax (i.e., the shift in the appar-
ent relative positions of P 0507417 and Venus relative to
their geocentric positions) was 19.6 arcsec cosel, where el
represented the elevation of the two objects as seen from
DSS 43. It was therefore necessary to know the Earth’s
orientation and rotation and the station position to a frac-
tional accuracy better than 5 x 1075 (320 meters or 10
arcsec) to ensure an error of <1 mas in the parallax cor-
rection. The station vector was precessed from coordinates.
of date to J2000. )

The impact parameter p was calculated for every 1 sec.
of time during the ingress and egress intervals displayed in”
Fig. 1. These calculations were performed for several small
frame-tie offsets AX and AS, in addition to AXA = A = 0._



Polynomial fits to the tabulated difference in impact pa-
rameters for different frame-tie offsets gave dp/0AX(t) and
Op/OAB(t), where t represents time.

. For frame-tie offsets that are small as compared with
" the angular size of Venus, the change ATy, in epoch of a
Fresnel fringe (maximum: + or minimum: —) was

dp op
9P Any P
AT = OB Mgt
Ny — @

ot

OT,
BAR

IThs x4

= 3A0 Ap (5)

All derivatives in Eq. (5) were evaluated at AA = A =0
and t = Ty, or t = Ty_. The expressions for 0Tn, /OAX
and 8Tn, /OAB for both ingress and egress are given in
Table 3. Note that 8Tw,/OAX was nearly independent
of time, because the path of Venus on the sky was nearly
along the ecliptic.

There were a large number of measured fringe maxima
or minima (166 during ingress and 62 during egress). It

was possible to perform a least-squares solution for both

- AX and A from any subset of two or more residual val-
“ues ATNg = TiNyosrerved — INzmoaer- HOWEVET, the result-
" ing values of AZ and AX were highly correlated for time
- spans shorter than a few hundred seconds. When resid-
- uwals from both ingress and egress were used together in
- one fit, the correlation between Af and Al was much
lower. In particular, if data from both ingress and egress
- were used and distributed roughly symmetrically in time
- about the occultation midpoint, the correlation dropped
to nearly zero. For such a data set, A3 was determined
_ by the event duration and AX was determined by its mean
. epoch.

" V. Frame-Tie Results

Residual values AT from the two best-fitting models
for each of the day and night ionospheres are given in
Table 4. Labels of “A” and “B” for the day ionosphere
- models and “1” and “2” for the might ionosphere mod-
~els are used for later reference. All four of these models
- used the nominal Venus troposphere. The values of AT
_are given at intervals of 50 sec, with respect to the refer-
" ence epochs listed in Table 3 (these reference epochs were
- within five seconds of the times of geometric occultation
“for AX = AB = 0). By using epochs from ingress and

egress of t = £150 sec and £200 sec, a symmetrical solu-
tion set was obtained. These four epochs were therefore
used to make least-squares frame-tie estimates, in which
time residuals at all four epochs were given equal weight.
The results are given in Table 5.

There is a large scatter among the four entrics in Ta-
ble 5. The mean values from these four solutions are
AX = +0.03 arcsec and AfB = +0.09 arcsec, with stan-
dard deviations of 0.11 arcsec for both parameters. These
standard deviations are clearly only a very crude estimate
of the true error. The range of allowed solutions includes
AX = AB = 0, with an error of approximately 0.2 arcsec.

The scatter in AX and A3 was dominated by uncer-
tainty in the dayside ionosphere. By using egress data
alone (this is equivalent to giving very low weight to the
ingress data), a more accurate result was obtained. Be-
cause A) and A were highly correlated for solutions using
just the egress data, a linear combination was used. The
combination AX+0.51A8 was chosen because 3Tn, /OAX
and 0.51 (0Tn, /8AB) were equal at the midpoint epoch
(4+150 sec) of the egress data sct. A least-squares solu-
tion for AX + 0.51A3 from the two sets of night residuals
given in Table 4 yielded —0.026 £0.030 arcsec. As this es-
timate was based on only two model ionosplicres, a more
conservative error of 0.040 arcsec was adopted.

Model fits with the thin or thick troposphere models
gave tesidual times AT that differed from nominal tro-
posphere results by approximately 1 sec for ingress and
<0.5 sec for egress. If it had been possible to somchow
calibrate the Venus ionosphere, the errors in the frame-tie
offsets due to tropospheric uncertainty would have been at
least as small as those calculated for the night ionosphere
(i-e., <0.01 arcsec, equivalent to 0.5 sec).

Vi. Conclusions

“Light curves” of 2.3 GHz from both ingress and egress
were obtained for the occultation of P 0507417 by Venus.
By comparing model light curves with the observed light
curves for both ingress and egress, the frame-tie offsets
AX and AB (ecliptic longitude and latitude) were deter-
mined. The shape and strength of the Venus ionosphere
were constrained by a priori information and by the re-
quirement that the observed and model light curves have
the same shape. Despite these constraints, uncertainty in
the Venus ionosphere was the dominant error source for the
frame-tie measurement. The next-largest error was due to
uncertainty in the upper troposphere (altitude >85 km) of
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Venus; the contribution from this error source was approx-
imately a factor of 10 smaller than that from ionospheric
uncertainty.

The solution for both AX and Af gave results consis-
tent with zero offsets, but with an error of approximately
0.2 arcsec. Using the egress (nightside) light curve alone
(i-e., discarding data with large systematic errors) yielded
higher accuracy for a linear combination of AX and Ag:

AX + 0.51A8 = —0.026 £ 0.04 arcsec. Techniques other
than occultations promise higher accuracy. VLBI observa-
tions of the Magellan spacecraft, now in orbit about Venus,
have been performed, and are expected to yield a frame-
tie accuracy of better than 0.01arcsec.? Radio occultations
would appear to have useful astrometric potential only for
planetary bodies with negligible ionospheres. )

2 C. Hildebrand, personal communication, Jet Propulsion Labora-
tory, Pasadena, California, 1991.
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Table 3. Dependence of fringe epochs upon frame-tie offsets.
Table 1. Parameters of July 19, 1988, occultation by Venus

as seen from Tidbinbilla, Australia.

Quantit Constant Linear Quadratic
e — Y coeflicient coeflicient coeflicient
Parameter Value
T - N Ingress 0Tn, /OAN -48.4 +0.003
- ..
P 0507417 position Ingress 8Tw, [0A8  =T1.7 ~0.124 -2.1 x 10~
Right ascension, J2000 05 10 02.3691 .
Dedlination, J2000 18 00 41.581 Egress 6Ty /08X =534 +0.002
Flux density of P 0507+17 Egress 0Tn, /8AS +67.2 -0.121 +2.0 x 104
2.3 GHz 1.0 Jy
8.4 GHz 1.0 Jy Note: Reference times for the polynomials are 19:48:50 for ingress
Flux density of Venus and 20:07:42 for egress. Units for A) and A are arcseconds,
and units for Ty are seconds.
2.3 GHz 24 Jy
8.4 GHz 30 Jy
Approximate midpoint of occultation UT 19:58
Approximate duration of occultation 19 min
Elevation of Venus at midpoint 18 de
¢ nus P & Table 4. Fringe epoch residuais for the best-fitting models.
Angle between Venus and the Sun 40 deg
(as seen from the Earth)
Distance from Earth to Venus 67.5 x 10% km Model —150 sec —200 sec —250 sec ~300 sec
Angular diameter of Venus 37 arcsec
Angular velocity of Venus 1.21 arcsec/min Day A —18 sec —14 sec —14.5 sec -16 sec
- o Day B + 7 sec 0 sec — 5.5 sec — 9sec
Model +100 sec +150 sec 4200 sec
Table 2. Troposphere refractivity values used in Night 1 —1.3 sec +1 sec +4+1.3 sec
light-curve modeling. Night 2 +4.4 sec +4.8 sec +4.6 sec
1 N
Altitude, 810
kim
Nominal Thin Thick
) Table 5. Frame-tie offsets.
80 -5.4 —5.4 —-5.4
85 -6.0 -6.0 -6.0
90 6.6 _69 6.4 Model combination A\, arcsec Ap, arcsec
95 -71 —-8.0 -6.6 S
1060 -7.7 -0.1 —-6.8 Al +0.14 +0.16
105 -8.2 -101 -71 A2 +0.10 +0.19
110 -838 -108 -74 B1 —0.04 -0.02

B2 —0.08 -0.01
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Fig. 1. Observed light curves for the occultation of P0507+17 by Venus. The data were taken
with the 70-m DSN antenna at Tidbinbilla, at a frequency of 2.3 GHz: (a) ingress light curve
(dayside of Venus) and (b) egress light curve (nightside of Venus).
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Fig. 2. Geomelry for occultation calculations for {a) the observer-
source dimension and one dimension in the impact plane. Note
the impact point, the three integration elements (for Fresnel inte-
grals) in the impact plane, and a sample displaced impact plane
(discussed in the text). (b) The two-dimensional impact plane.
Both v and v represent the coeflicients (in Fresnel units) of the
integration element, and 1) represents the impact parameter.
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A Nanoradian Differential VLBI Tracking Demonstration

R. N. Treuhaft and S. T. Lowe
Tracking Systems and Applications Section

The shift due to Jovian gravitational deflection in the apparent angular position
of the radio source P 02014113 was measured with very long baseline interferometry
(VLBI) to demonstrate a differential angular tracking technique with nanoradian
accuracy. The raypath of the radio source P 0201+113 passed within I mrad of
Jupiter (approximately 10 Jovian radii) on March 21, 1988. Its angular position
was measured 10 times over 4 hours on that date, with a similar measurement set
on April 2, 1988, to track the differential angular gravitational deflection of the
raypath. According to general relativity, the expected gravitational bend of the
raypath averaged over the duration of the March experiment was approximately
1.45 nrad projected onto the two California-Australia baselines over which it was
measured. Measurement accuracies on the order of 0.78 nrad were obtained for
each of the ten differential measurements. The x? per degree of freedom of the data
for the hypothesis of general relativity was 0.6, which suggests that the modeled
dominant errors due to system noise and tropospheric fluctuations fully accounted
for the scatter in the measured angular deflections. The y? per degree of freedom
for the hypothesis of no gravitational deflection by Jupiter was 4.1, which rejects the
no-deflection hypothesis with greater than 99.999-percent confidence. The system
noise contributed about 0.34 nrad per combined-baseline differential measurement
, and tropospheric fluctuations contributed about 0.70 nrad. Unmodeled errors were
~ assessed, which could potentially increase the 0. 78-nrad error by about 8 percent.
The above x? values, which result from the full accounting of errors, suggest that
the nanoradian gravitational deflection signature was successfully tracked.

It

craft and one reference radio source are differenced in order
to cancel common mode errors. An extension of this tech-
nique to include observations of multiple reference sources
along with that of the target was proposed to improve on

[. Introduction

This article describes the first demonstration of a multi-
source, wide-field very long baseline interferometry (VLBI)

tracking technique, with temporally differential accuracies
on the order of 1 nrad. In the standard mode of space-
craft angular tracking, called Delta Differential One-Way
Ranging (ADOR), the VLBI delays from a target space-
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ADOR performance [1]. As compared with typical ADOR
errors of 10-30 nrad, the multiple source, or “local ref-
erence frame,” approach yields 1-nrad performance; the
demonstration reported here was the first test of the mul-



tiple source approach. The sensitivity of the DSN, coupled
with wide recorded and spanned bandwidths for the VLBI
data, enables a single angular determination with the mul-
tisource observation strategy in approximately the same
amount of time (approximately 30 minutes) required for
a single ADOR measurement with the narrow-bandwidth
operational system.

In this demonstration, a natural source rather than a
spacecraft was used as the target. In the first phase of
demonstrating advanced angular tracking techniques, nat-
ural radio sources have frequently been used as targets
instead of spacecraft [2,3]. The principal reasons for using
natural sources are that (1) they exist in sufficient num-
ber and strength that a variety of target-reference source
geometries are available at any time and (2) their “trajec-
tories” are well known. In most natural source demonstra-
tions, the goal is to see how closely a stationary target can
be tracked. In this demonstration, the goal was to track
the angular shift of the target source, resulting from plan-
etary gravitational deflection, between two epochs. The
angular position of the radio source P 02014113 was mea-
sured ten times during each of two VLBI sessions, on
March 21, 1988, and April 2, 1988. According to general
relativity, the proximity of the target’s raypath to Jupiter
(1 mrad, or 10 Jovian radii), on March 21, 1988, produced
an average gravitational deflection of about 1.45 nrad. On
April 2, 1988, the raypath passed within about 3 degrees
of Jupiter, which produced an expected deflection of less
than 0.10 nrad, and the same observation schedule was
repeated to attempt to track the differential gravitational
signature. This differential signature was equivalent, for
example, to a spacecraft motion of about 1 km at Jupiter
between the March and April sessions. It has been shown,
for example [4], that tracking at this level on approach to
Jupiter would improve the determination of time of arrival
and altitude above Io for Galileo.

During the period of mutual visibility (about 4 hours),
the near-occultation event was observed ten times over
two California—Australia (approximately 10,600-km) DSN
baselines, with DSS 13, DSS 15, and DSS 43. Along
with the target source, P 02014113, several other sources
- were observed to estimate parameters characterizing clock,
Earth rotation, and tropospheric effects [1]. Because the
session-to-session differences in the angular positions of
" P 02014113 were inferred from the VLBI data, the results
were largely insensitive to stationary radio source position
or structure uncertainties. The results were also largely
" insensitive to any other error source, such as antenna de-

formation, which is a function of antenna position, and
" therefore repeats with the same sidereal schedule. Details
" of the experimental procedure are presented in Section IT

following a description of high-precision astrometric VLBI
tracking below.

In astrometric VLBI tracking measurements, the angu-
lar position shift of a radio source from its expected or a
priori value is inferred from the residual geometric delay.!
The geometric delay is the difference between the arrival
times, at each station of a baseline, of an electromagnetic
wavefront from a radio source, which can be either a space-
craft or natural radio source. In this article, the geomet-
ric delay is defined to be positive if the wavefront arrives
at Station 2 later than Station 1. The residual geomet-
ric delay for a single observation, A7y, is defined here to
mean the delay due only to a shift As, of the apparent
source coordinate from its expected value, projected onto
the baseline. The quantities As, and A7, are related by
(see, for example, [1]):

cAT,
Asp = ——# (1)

where B, is the projection of the baseline onto the plane
of the sky and c is the speed of light. The baseline vector,
of which B, is a component, points from Station 1 to Sta-
tion 2. In the absence of measurement or modeling errors,
As, includes contributions from gravitational deflections
induced by masses close to the raypath, and from radio
source position and structure uncertainties. For spacecraft
measurements, As, also contains position departures from
those given by a priori trajectories. In this analysis, solar
deflection has been modeled in the a priori estimates of the
geometric delay. The gravitational deflection signatures
contributing to Ary, and therefore to Asp, are due only
to Jupiter. The accuracy of the solar deflection modeling
will be discussed in Subsection V.B. Special relativistic ef-
fects have also been modeled. In the differences between
As, determined from two sessions at the same sidereal
time, stationary position and structure errors largely can-
cel, while the changes in gravitational signatures between
the two sessions remain. In this natural source demonstra-
tion, the differences in gravitational signatures between
the March and April sessions mimic unmodeled differen-
tial spacecraft motion. The set of measured differences in
As, are the final result of this demonstration. It will be
shown below that these differences, §As,, arise primarily
from (1) the difference in the strength of Jovian gravita-
tional deflection between the two sessions and (2) modeled
stochastic errors.

1 The term residual used throughout this article means the difference
between the measured value of a quantity and an a priori estimate.
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According to general relativity, the contribution to the
terrestrially measured A1, due to the curvature of space-
time around a spherically symmetric body of mass M is
approximately

a0

MG . ri+7-
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where G is the gravitational constant equal to 6.67 x 108
em®/gm-s?, 7; is the vector pointing from the center of the
gravitating body to the ith station of the baseline, and k
is the unit vector pointing from the center of the gravitat-
ing body to the radio source. A term which differentially
cancels between two observations at equal sidereal times
has been dropped. This term, which compensates for the
coordinate time of flight increment due to the body’s field
at the Earth (e.g., [5,6]), is less than one picosecond for
Jupiter, even without differential cancellation.

In the next section, the experimental approach and de-
tails will be given. Sections III and IV describe the anal-
ysis procedures and the results, respectively. Section V
enumerates unmodeled error sources, and Section VI con-
tains conclusions and future directions.

Il. Experimental Approach

A. The Local Reference Frame VLBI Technique

In the local reference frame technique, the residual geo-
metric delay of a target radio source is inferred from VLBI
observations of the target and several reference sources.
For the target observation, the measured residual delay
between the two antennas, A7, contains the desired geo-
metric contribution, A7y, along with other unwanted delay
effects caused by errors in clock, Earth rotation, and tro-
posphere characterizations. The basic i1dea of the VLBI
technique used here is, for each of the target observations
in a single experiment, to first separate the A7, component
of A7 from other contributions to the measured target in-
terferometric delay. From the set of Ar,’s, a set of appar-
ent angular deflections, As,’s, are inferred, as indicated by
Eq. (1). This procedure is then repeated for a later exper-
iment and the As, determinations at equal sidereal times
are differenced to form the final result, a set of differential
apparent positions, 6Asp’s. In order to understand the
extraction of the target residual geometric delay from the
measured residual delay, the latter is expressed in terms
of the residual geometric delay and other residual delays
due to the effects mentioned above:
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In Eq. (3), ATepoch and Atrq¢, are the delay errors associ

ated with offsets in the clock epochs and rates between th

two stations of the VLBI baseline. Delay errors due to un

calibrated Earth rotations about each of two axes orthog
onal to the baseline are represented by A7.o1; and AT orn
The errors due to static tropospheric delays at each station
are represented by Aryop; and A7yapo for Station 1 anc
Station 2, respectively. The quantity ¢ represents all othe

errors not explicitly included. Associating one paramete
with each explicit term in Eq. (3) means that a minimun
of seven observations, one target and six reference scans
are needed to estimate all indicated error parameters as
well as the actual source shift. An expression similar tc
Eq. (3) can be written for each reference source scan, witt
A7, equal to zero. The geocentric delays are set to zero an-
ticipating that stationary reference radio source positior
and structure uncertainties, which can each be as large
as 5 nrad [7,8], will have identical contributions to ref-
erence residual geometric delays at corresponding epochs
for each session. As with target observations, solar deflec-
tion effects have been modeled and removed from reference
source delays (see Subsection V.B). By using Eq. (3) and
the analogous equations for the reference source observa-
tions, the target A7y is extracted from the measured target
and 