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Preface

This quarterly publication provides archival reports on developments in programs
managed by JPL’s Office of Telecommunications 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 plan-
ning, supporting research and technology, implementation, and operations. Also
included are standards activity at JPL for space data and information systems and
reimbursable DSN work performed for other space agencies through NASA. The pre-
ceding work is all performed for NASA’s Office of Space Communications (OSC). The
TDA Office also performs work funded by another NASA program office through and
with the cooperation of OSC. This is the Orbital Debris Radar Program with the
Office of Space Systems Development.

The TDA Office is directly involved in several tasks that directly support the
Office of Space Science (OSS), with OSC funding DSN operational support. In radio
science, The TDA Progress Report describes the spacecraft radio science program
conducted using the DSN. For the High-Resolution Microwave Survey (HRMS), the
report covers 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.

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

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

OSC Tasks:
DSN Advanced Systems
Tracking and Ground-Based Navigation;
Communications, Spacecraft-Ground; Station Control and System Technology;
Network Data Processing and Productivity
DSN Systems 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

OSC Cooperative Tasks:
Orbital Debris Radar Program

OSS Tasks:
Radio Science; High-Resolution Microwave Survey;
Goldstone Solar System Radar; Radio Astronomy

Discretionary Funded Tasks

Hi
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Toward Astrometric Tracking With the Infrared

I. Introduction

of potential interest to the Deep Space Network (DSN):
tracking of laser-carrying spacecraft; reference frame de-

Spatial Interferometer

R. N. Treuhaft
Radar Science and Engineering Section

M. Bester, W. C. Danchi, and C. H. Townes
Space Sciences Laboratory, University of California at Berkeley

Infrared interferometric demonstrations with the University of California, Berke-
ley’s infrared spatial interferometer (ISI) on Mt. Wilson explore the potential of in-
frared and optical astrometry for deep space tracking, reference frame development,
and DSN science. Astrometric data taken and analyzed over the last 5 years from the
ISI have shown that instrumental and atmospheric effects limit current demonstra-
tions. The benefits of sensitivity upgrades, which were performed in 1991 and 1992,
have been demonstrated by comparing point-to-point phase fluctuations for the fall
1989 and fall 1992 observing epochs. This comparison showed that point-to-point
phase fluctuations due to tropospheric and quantum noise, for optimal integration
times of 0.2 sec, are approaching the 0.1-cycle level needed to reliably connect the
interferometric phase. The increase in sensitivity, coupled with that arising from
very recent hardware upgrades, will greatly enhance phase-connection capabilities
necessary for astrometry in the presence of atmospheric refractivity fluctuations.
The current data set suggests that atmospheric fluctuations on Mt. Wilson during
the best seeing are dominated by a low-lying component, approximately 25 m high,
which may be minimized with in situ calibration in the future. During poor seeing
conditions that currently prohibit the interferometric phase connection necessary for
astrometry, fluctuations seem to be generated by atmospheric inhomogeneities at
much higher altitudes above Mt. Wilson. Data taken over the last year suggest that
the ISI will soon be able to achieve 50- to 100-nrad astrometry in a single observing
session, employing current ground-based laser distance interferometer calibrations
to minimize atmospheric effects.

velopment, including locating solar system objects in in-
frared /optical, radio, and planetary reference frames; and
Infrared and optical astrometry support three areas DSN astrometric science of the future.

Because optical
telemetry is being considered for high data-rate trans-
mission within the next few decades [1], development of



an infrared or optical metric tracking capability will re-
duce or eliminate the need for bulky radio equipment
on laser-carrying spacecraft. Even in the absence of op-
tical telemetry, the development of infrared and optical
reference frames, and the location of solar system ob-
jects in those frames, will enable more accurate target-
relative tracking with radio systems utilizing radio-optical
frame ties. Optical measurements of Global Position-
ing System (GPS) satellites constitute one example of a
radio-optical frame-tie technique. Such measurements are
planned for the Table Mountain Ronchi telescope in the
near future. Current DSN science frequently involves the
measurement of electromagnetic phase or amplitude at ra-
dio wavelengths. Similar measurements at infrared and
optical wavelengths—such as solar deflection experiments,
free of charged-particle effects, and asteroid imaging—will
probably be performed by the DSN of the future.

Stellar astrometric demonstrations with the University
of California, Berkeley’s infrared spatial interferometer
(ISI) bear on each of the three areas of DSN interest men-
tioned above. ISI astrometric demonstrations, which help
to determine the limiting accuracy of ground-based in-
frared or optical astrometry, provide a valuable assessment
of the limiting accuracy of tracking, reference frame work,
and science at infrared and optical wavelengths. For exam-
ple, atmospheric refractivity fluctuations studied with ISI
are likely to be the dominant astrometric error for track-
ing spacecraft, galactic, or solar system targets. Refrac-
tivity fluctuations are similar in spatiotemporal character-
istics at infrared and optical wavelengths. In the presence
of refractivity fluctuations, interferometry at the longer
infrared wavelengths enables larger apertures than those
practical at optical wavelengths. On the other hand, two-
color methods at optical wavelengths may help to reduce
atmospheric effects [2]. Data from the ISI have already
helped to characterize the Mt. Wilson atmosphere, as will
be discussed in Section III. Descriptions of Mt. Wilson at-
mospheric behavior may well apply to other mountain-top
astronomical sites.

In addition to the description of atmospheric fluc-
tuation errors, tracking the trajectories of asteroids is
another potential application of infrared interferometry
in the DSN. Asteroid astrometry benefits both reference
frame development and science [3]. Figure 1 shows the
approximate flux of an asteroid located at 1 astronomical
unit (AU) from the Sun. Various simplifications regarding
the angular distribution of thermal flux from the asteroid
make the figure approximate at the 30-percent level, but
the illustrated wavelength dependence of the radiation is
much better than that. The figure applies to the two cases

noted, a 10-km-diam asteroid at 0.05 AU from the Earth or
a 200-km-diam asteroid at 1 AU from the Earth. The ISI
operates at 11 pm and, with recent sensitivity upgrades,
should be able to make astrometric measurements of ob-
jects with flux in the 1000-Jy range. Optical or infrared
measurements of GPS satellites will help to locate the as-
teroids in the radio VLBI frame used for angular spacecraft
tracking. Astrometry of asteroid trajectories will also help
to determine their masses [3].

Ground-based demonstrations with the IST will suggest
improvements to the infrared and optical astrometric tech-
niques, as well as the nature of future space-based tracking
systems. This article describes recent IST data acquisition
and analysis that help to establish an instrumental and
atmospheric error budget. In the next section, the current
mstrumental characteristics of the ISI and the restrictions
they impose on astrometric performance will be discussed.
Section I1I shows characteristics of the Mt. Wilson atmo-
sphere that must be addressed in future demonstrations,
and Section IV describes the potential for upgrading both
the instrumentation and analysis algorithms to achieve as-
trometry below the 50-nrad level.

Il. Instrumental Sensitivity and Systematics

A single telescope of the IST is shown in Fig. 2. Each of
the two telescopes consists of a steerable flat mirror (on the
right), a focusing parabolic mirror, optics, and electronics
that detect the infrared signal and convert it to a 2-GHaz-
wide radio signal for cross-correlation. Helium-neon laser
distance interferometers (HeNe LDI’s) in each telescope
monitor the path lengths between the flat and parabolic
mirrors and behind the flat mirror to the optics table. The
sensitivity of the ISI for infrared astrometry is limited by
the noise in the output of the heterodyne receivers, which
is about twice the quantum limit, or equivalent to a single-
sideband system temperature of approximately 2600 K. An
ISI interferometric time series for the star Alpha Orionis is
shown in Fig. 3. These data were taken on September 8,
1992, on a 13-m baseline. There are points in the time
series when a cycle may have been incorrectly assigned,
but by and large the phase seems properly connected.

A general requirement on the sensitivity of astromet-
ric devices is that the white (quantum or thermal) noise
be low enough to allow short integration times as com-
pared to those characteristic of appreciable propagation
media effects. For interferometric devices, both white
noise and low-frequency-peaked propagation noise [4,5]
contributions to the phase must be small enough to allow



phase connection. Usually rms phase variations <0.1 cy-
cle guarantee reliable phase connection. These qualitative
statements are illustrated quantitatively in Fig. 4, which
shows the point-to-point rms phase variation as a function
of integration time for data taken from Fig. 3 and from Al-
pha Orionis on October 12, 1989. Between the two epochs
shown in Fig. 4, a number of sensitivity enhancements were
made, including the installation of an improved hetero-
dyne detector in one telescope of the ISI. Low-frequency-
peaked atmospheric effects increase as the integration in-
terval increases. Quantum noise from the heterodyne de-
tectors, on the other hand, is white or frequency inde-
pendent and should therefore average and produce smaller
rms phase variations with increased integration time. The
decreasing trend with increasing integration times until
about 0.2 sec is presumably due to quantum noise, while
the increasing trend from 0.2 sec on is associated with
atmospheric refractivity fluctuations. The minimum rms
phase fluctuation—i.e., the point at which the system noise
and atmospheric trends cross—determines the optimal in-
tegration time. As can be seen from the figure, sensitivitity
upgrades improve performance by lowering the point-to-
point fluctuation associated with the optimal integration
time between about 0.2 and 0.13 cycle. If there were no
rise in Fig. 4 due to atmospheric fluctuations, then in-
tegration times could be extended indefinitely and poor
sensitivity could be tolerated. During nights of excellent
seeing, for example on October 10, 1989, integration times
of 1 sec or more were used to connect phase. Figure 4 thus
illustrates the relationship between sensitivity and atmo-
spheric fluctuations. Based on Fig. 4, “good seeing” will
be defined from here on as atmospheric phase fluctuations
less than 0.1 infrared cycle on 0.2-sec time scales. Reliable
phase connection requires slightly better sensitivity than
that evidenced in Fig. 4 for typical Mt. Wilson observing
conditions. Future hardware upgrades, including installa-
tion of a new heterodyne detector in the other telescope of
the ISI, should improve the potential for phase connection
and therefore for infrared astrometry.

In addition to ISI sensitivity, systematic instrumental
effects were studied by examining HeNe LDI path delay
time series. They revealed resonances that may originate
from the movement of the telescopes while tracking, or
from resonances in the power supply. The resonances were
at about 7 Hz, but sometimes multiple resonances between
1 and 10 Hz were found. The amplitudes of those reso-
nances are such that they just barely contribute to infrared
phase instability, but because they occur at frequencies
which might cause additional problems with phase con-
nection, we will attempt to identify and minimize them
when analyzing data taken this past summer and fall.

Ill. Atmospheric Limitations in Current ISI
Astrometric Demonstrations

The discussion of atmospheric errors in this section as-
sumes that phase-connection problems will be solved by
improved ISI sensitivity, as mentioned above. With reli-
able phase connection, the atmosphere still limits astro-
metric accuracy by causing different path-length changes
between the two telescopes of the ISI. This section dis-
cusses the optimal use of HeNe LDI data to minimize at-
mospheric effects and the altitude dependence of the fluc-
tuations as derived from model calculations.

In Fig. 5, the Alpha Orionis data from September
8, 1992, are shown again, plotted with the telescope-
differenced HeNe LDI path lengths, scaled to infrared cy-
cles, and multiplied by three to demonstrate the approxi-
mate 0.6 correlation. This correlation suggests that simple
subtraction of the telescope-differenced HeNe LDI path
delays from the interferometric delays is suboptimal [4].
The time series in Fig. 5 prompted a model calculation
to explore the optimal utilization of the HeNe LDI data
in the astrometric analysis and to assess the resulting as-
trometric accuracy. A calculation of the expected level of
correlation between HeNe LDI and interferometric path
delays was performed using the formalism of [5], and im-
plemented with the numerical techniques of [6]. The total
interferometric path length due to nonzero tropospheric
refractivity 7i.,,(8,¢,t) at elevation angle #, azimuth ¢
relative to the orientation of the ISI trailers, and time ¢ is
given by

Ttrop(0y¢;t) = Tatm(g;(lsvt) + 27—HeNe(t) (1)

where T41m (6, ¢,1) is the contribution to the interferomet-
ric path delay from the differences in atmospheric refrac-
tivity along the electromagnetic paths from the observed
object to each of the two telescopes of the ISI, and rgene(t)
is the ground-based, one-way, telescope-differenced HeNe
LDI path delay due to nonzero refractivity. The HeNe
LDI path lengths are defined to lie along the x-axis at
(#,4) = (0,0). The factor of 2 in Eq. (1) accounts for
the double traversal of the HeNe LDI path by the infrared
interferometric signal: once from the flat mirror to the
parabola (propagating to the left in Fig. 2) and once from
the parabola through the cat’s eye to the optics table in
back of the flat mirror (propagating to the right in Fig. 2).

The atmospheric and HeNe LDI path delay terms in
Eq. (1) are
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where x(7; atm ) is the refractivity at the point denoted by
the vector 7 q¢m along the line of sight at height 2 above
the ith telescope. For the HeNe LDI delay, x(7i, #ene(2))
is the refractivity at the vector position a distance z along
the HeNe path for the ith telescope. In Eq. (2), h is the
height of the turbulent atmosphere, [ is the length of the
HeNe LDI path (which is 5 m), and ¢ is the speed of light
in a vacuum. Using these expressions, the correlation p
plotted in Fig. 6 is

< TtropTHeNe > (3)

- 2 2
\/< Ttrop >< THeNe >

p

where <> means ensemble average. The abscissa of Fig. 6
is h in Eq. (2). The ensemble averages of refractivity were
evaluated using Kolmogorov—Taylor structure functions as
in [5], with a structure constant of 4 X 10-"m~1/3, an
atmospheric height of 25 m, a wind speed of 1 m/sec, and
a saturation scale of 10 m. These parameters were chosen
because they produce temporal structure functions similar
to those of the data of Fig. 5. The line-of-sight coordinates
(6,8) = (37.6, 71 deg) were taken from the data of Fig. 5,
and the horizontal line in Fig. 6 is p derived from the
data of Fig. 5, assuming that a temporal average of p over
a single scan is equal to an ensemble average over many
scans (ergodicity). From Fig. 6, a 25-m height is inferred
for the turbulent atmosphere. This is a model-dependent
result, and the sensitivity of the result to departures from
the Kolmogorov—-Taylor assumptions will be discussed in
future articles.

The above atmospheric modelling can be used to con-
struct an optimal least-squares estimator for the interfer-
ometric delay at the middle of an observation interval,
which is the fundamental quantity of astrometric interest.
The observed interferometric delay is modelled as

Tint(g)¢;t) = TO(Oa QS:tU) + (t - tO)T(97¢1tD)

+ Ttrop(oaqs)t) (4)

where 75(tp) is the delay at the reference time t,, and the
changes in 6 and ¢ due to sidereal tracking have been ig-
nored. The 73 delay and the linear delay rate 7 include
contributions due to baseline and celestial source coordi-
nates that differ from those used in the lobe rotator model
of the ISI correlator. An optimal estimator for Ty can
be formed [7], and its error standard deviation calculated
using the covariance of 7y, between all times ¢; and {;,
which, suppressing the 8 and ¢ arguments, is given by

cov (Ttrop(ti)) Ttrop(t‘_i)) =< Ttrop(ti)rtrop(tj) >

- < Ttrop(ti) >< Ttrop(tj) >

()

The two ensemble averages in the second term on the
right of Eq. (5) are nearly zero for an interferometer with
both telescopes at the same site. Again, the formalism of
[5] can be used to evaluate the ensemble averages that re-
sult after inserting expressions from Eq. (2) into the first
term on the right of Eq. (5). Figure 7 shows the calculated,
troposphere-limited, error standard deviation for angular
astrometry, which is ¢/B times the standard deviation for
7o for a 13-m baseline length B as a function of scan in-
tegration time. The upper curve shows the effect of the
refractivity fluctuations in the absence of HeNe LDI cali-
bration, and the lower curve shows the improvement if the
current HeNe LDI calibrations are optimally used. For
1000-sec scans, an approximate 100-nrad accuracy seems
attainable for interferometry with optimal HeNe LDI cali-
bration. For azimuths along the HeNe LDI path, the HeNe
LDI-calibrated accuracy is improved by about 20 percent.

It should be noted that estimation procedures, which
are calculationally simpler that the optimal procedure de-
scribed above, may be used in actual data analysis; a neg-
ligible loss in astrometric accuracy may result. The for-
mulation using Eqgs. 1-5 was presented to give insight into
the turbulent atmospheric distance scales, the nature of
p, and the reduction in astrometric error using HeNe LDI
calibration.

In addition to the optimal analysis of the HeNe LDI and
interferometric path delays, the results of Fig. 6 suggest
that local measurements of refractivity in the first 25 m of
the atmosphere may yield better than 100-nrad astrometry
for observations when the HeNe LDI correlation is high.
These local measurements could be meteorological or could
consist of additional HeNe LDI’s that sample the vertical
paths above the ISI. It is very important to note that the



above approaches, which exploit the high correlation be-
tween the HeNe LDI and atmospheric path delays, may
have limited utility. On many nights in the fall of 1992,
with poorer seeing than that of September 8, 1992, HeNe
LDI fluctuation levels not much different from those of
Fig. 5 were observed, while the interferometric fluctuations
were much larger than those of Fig. 5. Because the large
fluctuations prevented reliable interferometric phase con-
nection on those nights, the width of the power spectrum
of the fringe amplitudes coming from the ISI correlator was
used as the measure of the fluctuation level. The fact that
the interferometer signal was correlated with the HeNe
LDI delays on nights of good seeing and much less so on
nights of poorer seeing suggests the following picture char-
acterizing the Mt. Wilson atmosphere: During relatively
good seeing, the atmospheric fluctuations are fairly low to
the ground (within the first 25 m) and optimal incorpo-
ration of HeNe LDI data and/or other ground-based cal-
ibration strategies may yield 100-nrad-or-better infrared
astrometry. During poor seeing, atmospheric fluctuations
occur much higher than 25 m above the ISI and neither
HeNe LDI data nor ground-based calibration schemes will
be of much help. In that case, laser guide star technology
[8] may be of use. This hypothesis is consistent with the
picture of the atmosphere in [4], in which larger lateral
saturation scales are attributed to nights of poorer seeing.
The validity of this description of the atmosphere above
Mt. Wilson and the ultimate astrometric accuracy of the
ISI will be explored with data taken in the summer and
fall of 1993.

IV. Summary and Future Directions

Applications of infrared astrometry to DSN tracking in-
clude research into techniques for tracking infrared or op-
tical space-borne lasers, reference frame development, and
astrometric science at infrared or optical wavelengths. The
commonality of atmospheric problems at infrared and op-
tical wavelengths and the capability of larger apertures at
infrared wavelengths make infrared interferometry a good
tool for studying atmospheric astrometric limitations. As-
teroid astrometry and the measurement of gravitational
deflection close to the Sun are examples of reference frame
development and science that may be enabled by infrared
interferometry in the DSN.

By comparing astrometric data from 1989 and 1992, we
have verified that instrumental upgrades have indeed im-
proved interferometric phase determination at short time
scales. The point-to-point phase scatter on 0.2-sec time
scales is about 0.13 infrared cycle for good seeing con-
ditions. A factor of 2 improvement in the point-to-point

phase scatter would greatly increase the reliability of inter-
ferometric phase connection. This factor of 2 may be real-
ized with additional hardware sensitivity upgrades. Reso-
nances have also been identified in the instrumental HeNe
LDI calibration path lengths. These resonances are mainly
at 7 Hz and are just barely strong enough to affect the in-
frared astrometric phase.

Analysis and modelling of ISI data taken in the fall
of 1992 suggest a two-component model for the turbulent
atmosphere above Mt. Wilson. For good seeing condi-
tions, a 25-m turbulent atmospheric height has been in-
ferred, based on the correlation between HeNe LDI and
interferometric path-length fluctuations. A small satura-
tion scale of 10 m was also inferred from the ISI data for
good seeing. For poorer seeing conditions, the HeNe LDI-
interferometric correlation is weaker, suggesting that the
turbulent atmosphere has substantial components above
25 m. This modelling was also used to determine that the
atmosphere-limited astrometric accuracy on an ISI 13-m
baseline during good seeing, with optimal HeNe LDI cali-
bration, was about 100 nrad for a 1000-sec scan. Accuracy
at this level would be a factor of 4 better than previous
infrared astrometric results [9]. This level of astrometric
accuracy has yet to be demonstrated on multiple sources
with the ISI. Single-source phase traces and atmospheric
modelling have been used to infer the potential accuracy
of the ISI.

Reliable phase connection, optimal application of HeNe
LDI calibration, and the resulting 100-nrad single-source
astrometry will be demonstrated with data taken in the
next observing season. Multiple-source astrometry will
also be attempted. This will require developing acquisition
or analysis techniques to resolve cycle ambiguities between
observations of multiple sources. Future astrometric im-
provements may include local monitoring of atmospheric
effects to improve accuracy on nights of good seeing. Such
monitoring could involve a combination of meteorological
sensors and new HeNe LDI paths. In the more distant fu-
ture, the development of an infrared reference frame and
asteroid astrometry will be pursued. A direct-detection (as
opposed to heterodyne) system is being considered for the
ISI on 5-year time scales. Direct detection would greatly
increase the usable ISI bandwidth and sensitivity, enabling
astrometry in a much wider variety of seeing conditions.

It should be noted that because of the apparent small
saturation scale during periods of good seeing, increases
in baseline length will yield almost proportionate improve-
ments in accuracy. Data taken on azimuths closer to that
of the HeNe LDI will be more effectively calibrated by op-



timal application of HeNe LDI data. Considering these
factors, astrometric accuracy of the order of 50-100 nrad
is probably characteristic of future ISI single-observation
performance in the absence of the above-mentioned me-

teorological calibrations. Because of the small saturation  should be possible.

{1

[2]

(3]

[4]
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9]
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scales, troposphere-induced errors for observations from
the same session, or from different sessions, should be un-
correlated. By averaging results over many observations,
astrometric accuracies of much better than 50-100 nrad
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Line-of-Sight Tropospheric Calibration From
Measurements in Arbitrary Directions
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Tropospheric inhomogeneities limit the accuracy with which a path delay in an
arbitrary direction can be estimated from calibration measurements in different
directions. This article demonstrates a mathematical procedure that has the po-
tential for minimizing crrors in the estimated geometrical and tropospheric path
delays. The error is minimized by applying least-squares estimation to a combined
set of observables in the calibration directions and the direction to be calibrated.
A simulated test of this procedure was conducted using a model set of error-free
calibration measurements. In the absence of geometrical delay mismodeling, the
simulation yielded delay errors which vary from about I mm at zenith to about
1 cm at 10 deg. The main principles of how this procedure could be applied to
improve accuracy of deep space tracking using Global Positioning System (GPS)

data are also discussed.

l. Introduction

Uncertainties in tropospheric path delays are a major
source of error in deep space tracking. Inhomogencities in
tropospheric water vapor can result in zenith path delay
calibration errors at about the l-cm level, and inhomo-
geneities in the dry troposphere at about the 1- to 3-mm
level, over a period of several hours [1]. The 1-cm error
limits the tracking accuracy of DSN-based very long base-
line interferometry (VLBI) to about 1 nrad for the an-
gular position (at the intercontinental baselines of about
10,000 km) and to 2 x 107!* sec/sec for the delay rate
(at zenith) for a 1000-sec scan [1]. Future missions would
benefit from troposphere calibration at the l-mm level.

The error in the estimated path delay is determined
by a variety of error sources whose relative importance
depends on the calibration instrument. For example, for
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instruments which measure radio emission, such as water
vapor radiometers (WVRs), the error is limited by the
accuracy with which path integrals involving the imagi-
nary part of the index of refraction can be related to in-
tegrals which involve the real part of the refraction index
[2]. Whereas WVRs may be pointed in the direction to
be calibrated, this may not be true in general for other
instruments. If off-line-of-sight measurements are used in
the calibration process, the error will inevitably be affected
by tropospheric inhomogeneities, and its magnitude will
depend on mathematical analysis of calibration data.

This article suggests and illustrates a mathematical
procedure that minimizes the tropospheric inhomogeneity-
induced error for path delays inferred from observables in
other directions. The procedure involves the application of
least-squares estimation to a combined set of observables
in the calibration directions and the direction to be cali-



brated, and the use of the observable variance-covariance
matrix during estimation. In order to demonstrate the
procedure simply, this article makes the following assump-
tions: The calibration instrument is error-free (i.e., no
other error source besides tropospheric inhomogeneities is
present), and it detects path delays. These assumptions
are used for clarity of the presentation; the method may
be generalized to other types of measurements. An exam-
ple of how it can be adopted to more realistic (noisy) data
is discussed in Section IV of this article. If all other er-
ror sources are neglected, the calculated error determines
the maximum achievable accuracy for path delay estimates
using observables in other directions. Another (more com-
monly used) procedure determines the delay in the zenith
direction by averaging over delays projected into the zenith
from many calibration directions. This technique will be
referred to in this article as “zenith mapping.” Strictly
speaking, zenith mapping produces minimal error only
for a horizontally homogeneous troposphere. This article
will quantify the error reduction obtained from the use of
the present technique for an inhomogeneous troposphere.
Since the technique’s principal intended application is to
improve the accuracy of deep space tracking, the direction
to be calibrated will be sometimes referred to in this article
as the DSN antenna pointing direction.

Section II describes the mathematical procedure used
to minimize the estimated delay error. The procedure is
exemplified in Section III for a model set of calibration
directions (assuming error-free instrumentation) that co-
incides with directions of lines between a ground-based re-
ceiver and Global Positioning System (GPS) satellites visi-
ble at Goldstone.! These directions were selected as a mat-
ter of convenience and because they are known with great
accuracy.? Tropospheric inhomogeneities were assumed to
be generated by Kolmogorov turbulence and transported
past the observer by the wind [1]. Section IV discusses the
possibility of adapting the procedure to GPS data. Sec-
tion V i1s a summary with recommendations for further
studies.

Il. Mathematical Approach

This section outlines the main principles of the mathe-
matical procedure that minimizes the estimated delay er-

1 Listings of GPS coordinates were provided by G. Purcell, Track-
ing and System Application Section, Jet Propulsion Laboratory,
Pasadena, California, October 1992.

2 Other off-line-of-sight measurements to which the method may be
adapted include microwave temperature profiler [3], lidar [4], radio
acoustic sounding [5], and tracking using a number of proposed
communication satellites systems, such as Motorola’s IRIDIUM
constellation.

ror in an arbitrary direction. The main principle of the
procedure is the application of least-squares estimation to
a combined set of observables in the calibration directions
and the direction to be calibrated (also referred to as the
pointing direction of the DSN antenna), and the use of the
covariance-variance matrix of observables to weight the
quadratic form of observable residuals during estimation.
To simplify the illustration, all measurements are assumed
to be error-free and to have produced path delays.

The coordinate system is shown in Fig. 1. A calibration
instrument, located at the distance R from the axis of the
DSN antenna, measures tropospheric path delays L, ; in
N different directions (E;, ¢;), where E; and ¢; are eleva-
tions and azimuths, respectively, and ¢ = 1,..., N. A DSN
antenna (the direction to be calibrated) points in the di-
rection of the elevation, Ey, and azimuth, ¢,. By assum-
ing that the ionospheric delay has been calibrated (e.g.,
by using two frequency measurements), the DSN antenna-
measured delay is Lyot,s = Ly s + Lir s, where Ligs s, Ly s,
and L;, , are the total, geometric, and tropospheric delays,
respectively. The combined set of observables in the DSN
antenna and calibration directions is:

Ltot,s = Ltr,s + Ly,a (13‘)

L,‘ = Ltr,i 1= 1,...,N (lb)

where the symbol L; designates the observable L;, ;. The
delay of interest for deep space tracking is the geometrical
delay L, ,. To obtain the best estimate i’y,s» we (1) note
that L, s and Ly, ;’s are related through tropospheric cor-
relations, (2) parameterize Egs. (1a) and (1b) with the
help of the statistically averaged zenith delay L., (that
is, L 1s not the instantaneous zenith delay, but rather
a delay averaged over all possible tropospheric patterns
for the site [1]), and (3) apply least-squares estimation to
the parameterized Egs. (la) and (1b). Assuming that
long-range refraction gradients [6] are absent,? the param-
eterized Lips = (Lirs) + €irp and Ly = (Lipi) + €454,
where (L s) = AsLtr,; and (Liyi) = AiLer., (... ) des-
ignates the expectation value, 4, and A; are air masses,
and €, and € ; represent tropospheric inhomogeneities
in (E,,¢,) and (F;, ¢;) directions, respectively. Note that
because of (2) above, correlations of ¢, , and €, ; can be
evaluated in the statistical sense. By defining the observ-
able, parameter, and tropospheric inhomogeneity column
vectors F' = [Lio1,s/As, LifAi]l, X = [Lir., Lgs/As],

3 Unmodeled horizontal gradients may be on the 1-cm level for dry
delays at 10-deg elevation [6]; the error can be reduced by gradient
modeling during estimation.
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and € = [ey 4, €iri], Tespectively, and by assuming that
€tr;’s have zero means and a variance-covariance matrix
W1, the parametrized Egs. (la) and (1b) are solved by
minimizing the quadratic form of the weighted residuals
(F - AX)T W (F — AX), where A is the mapping matrix
in F=A X +e¢,

1 1
0
A= . (2)
10
The result is [7]
X = (ATWAATW F (3)

where X is the column vector X = [1:4,,,,, I:g,i/A,], and
the superscript T’ designates the transpose matrix. The

error in Ly, is given by the square root of the matrix

2 : 2.
element (O'X,)2|2 of the variance 0%

QL
RN
i

(X -x)(X - X))
= B 'ATW cov (F,FT) W A B! (4)

where cov (F, FT) is the observable covariance-variance
matrix, and B= AT W A.

The above-described procedure yields the best estimate
f,g', and f,,r,z. Note, however, that once I",gys has been es-
timated, Eq. (1a) can also be used to estimate the actual
line-of- mght tropospherlc delay Lyrs. By using Eq. (1a),
the estimate Ltr s = Liots — Lg,, f,",, is the best
estimate for L, , because ig,, is the best estimate for
Lg.s, and because the measured Lot contains the effect of
line-of-sight inhomogeneities (note that Lt,, differs from
L" . Ay, which is the best estimate for the statistically av-
eraged delay). Note also that in the absence of other error
sources, the error in Lt,. s 18 equal to the error in Lg .

It will be useful for the ensuing discussion to explicitly
write I:t,,s as?
N
f/g,s = Ltot,s - AJXZ = Z CiLtr,i (5)

i=1

Ltr,s = Ltot,s -

4 The proportionality coefficient between Lg,s and Lict,s is equal to
1 because no other observable depends on Lg,s.
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where ¢; = —(As/Ai)) (ATWA)"'ATW)y:41 represents
contributions from the ith calibration direction. By us-
ing Eq. (5), the estimated delay error can be expressed as
follows:

N 2
2 2 .
O s =5 ge = A | Lira =D il >
i=1

trs ZZC: Ltr.s Ltrt)

N
+ Z CiCj (Ltr,i Ltr,j) (6)

ij=1

Equation (6) displays an explicit dependence on the
coefficients ¢;’s and on correlations between tropospheric
path delays. When ¢;’s are determined by using some as-
sumed W ! (the so-called consider analysis [1]), the error
will be bigger than the error obtained by using the ac-
tual observable W~! [7] A W-! often used during the
estimation procedure is the diagonal matrix, W, = b;;
(where §; ; is the Kronecker delta). The use of a dlagonal
W1 corresponds to assuming that observable errors are
uncorrelated, and Eq. (3) yields® ¢; = A,/(NA;), which
are the same ¢;’s as those which would be obtained if one
set fltr,z = Zil L i/(Ai N), and mapped Ly, from the
zenith to the (E,, ¢,) direction by using the air mass A4,.
The use of zenith mapping will minimize the error only
for a horizontally homogeneous troposphere. For an inho-
mogeneous troposphere, the error is minimized by using
the observable W~! = cov (F, FT); ¢;’s will then depend
on the full (in elevation and azimuth) angular separations
between the observed and calibration directions (includ-
ing the offset fi) By setting W~ = cov(F, FT), Eq. (4)
=(ATW A)~

reduces to 0’

Jll. Results for an Error-Free Calibration
Instrument

Equation (6) was evaluated for a model set of calibra-
tion directions assumed to coincide with directions of lines
between a ground-based receiver and GPS satellites visible
at Goldstone. These directions were selected because there
are between 6 and 10 satellites visible from any ground-
based site, and the satellite trajectories are known with

5 For elevation-independent correlations, W™ ]1 = 6;,;/AiA;, the co-

efficients would become ¢; = A,A,/z:i=1



great accuracy. Other directions could be selected; con-
clusions similar to those derived here will apply to all
other selections. The error was quantified by using the
Kolmogorov turbulence model for the evaluation of cor-
relations between wet troposphere inhomogeneities, with
numerical constants given in [1] (see also Appendix A of
this article). The inhomogeneities were frozen into the
troposphere slab transported past the observer with the
wind velocity # = 10 m/sec. The structure function con-
stant C = 1.1 x 10~"m~1/3 corresponds to average DSN
observation conditions of about a 6-cm zenith wet delay
for h, = 2-km-thick wet troposphere slab [8]; in more hu-
mid weather, the structure constant will be greater, de-
pending on turbulence. The dry fluctuation was assumed
to be 30 percent of the wet fluctuation [1], which for un-
correlated fluctuations contributes less than 10 percent of
the total error for correlations added in quadrature. The
error evaluated with the optimized ¢;’s was compared to
the zenith mapping error; the zenith mapping error was
greater, especially at low elevations, as expected. The er-
ror was quantified for a number of directions (E,, ¢,), for
satellite constellations stepped by 6 min during an 8-hr
period following 12:00 a.m., July 23, 1992, and for four
values of the separation R = 0, 200, 500, and 1000 m. The
biggest contribution to the estimated delay comes from a
calibration direction nearest to the direction to be cali-
brated; the error vanishes when the two lines coincide. In
the absence of a clearly nearest direction, all calibration
lines contribute, increasing the error.

A. Delay Error

The error was found to depend in a relatively well-
defined manner on the elevation E,, but not (because the
satellites are distributed over the azimuth fairly uniformly)
on ¢, nor on satellite constellation. Figures 2(a) and 2(b)
plot the azimuthally averaged error (dashed line) versus
E, for K = 0 and 1000 m. The error spread due to (1) a
360-deg range in ¢,, (2) a 360-deg range in the azimuth
of R, and (3) changes in the satellite constellation is also
shown. The spread’s lower bound is 0 for all £, in Fig. 2(a)
(E, extends from 10 deg in Fig. 2(a) because the satel-
lites were cut off at 10 deg). The bound is 0 because at
R = 0, any direction E, will, for some combination of
¢, and satellite constellation, eventually coincide with one
of the calibration lines, in which event the tropospheric
inhomogeneity-induced error vanishes. Note that the av-
erage error is closer to the error upper bound than to the
lower bound, indicating that the error is nearly equal to
the error upper bound in the majority of observations.
Comparing Figs. 2(a) and 2(b), the average error has in-
creased only very little, while the lower bound has become
nonzero by increasing R from 0 to 1 km. The average

error has increased little because the DSN-observed and
calibration lines intersect (and thus probe the same sky
region) even when R = 1 km; the lower bound has become
nonzero because there are no coincident lines when R > 0.
The average error is fairly flat (about 1 mm) for all E,
between zenith and 40 deg, and it increases rapidly with
decreasing E, at lower elevations; the error is about 1.6
and 12 mm at E; = 30 and 10 deg, respectively.

Figure 3 illustrates how close the calibration and DSN
line must be for the error to be less than some desired
value. The error (the solid-line curve) will be less than
0.5 mm when the angular separation between the DSN
and the nearest calibration line (R = 0 in Fig. 3) is less
than 3 deg. How small the angular separation must be de-
pends on elevation: modeling results suggest that for the
error to be less than 1 mm, the separation must be less
than 5 and 2 deg when E, = 30 and 20 deg, respectively.
Many estimation strategies estimate zenith delays by aver-
aging over all calibration directions. The zenith mapping
error (the dash-dot line) is bigger than the optimized, az-
imuthally averaged error (the dashed line) by an amount
which decreases monotonically with increasing elevation,
until, near zenith, the errors are nearly the same (because
the mapping distance is short there).

Signal integration averages out the tropospheric in-
homogeneity-induced error as the inhomogeneities are car-
ried by wind. Figure 4 shows the effect of the signal in-
tegration time T and wind velocity » on the error.® The
error decreases and its spread (due to different wind direc-
tions) increases slowly with increasing T. Note that the
average integration time, T}/, required to reduce the error
to one-half of its instantaneous value is (for v = 10 m/sec)
less than 8 min for all £, > 30 deg, and it increases to
about 12 min at F; = 10 deg. To minimize the error, ¢;’s
used for Fig. 4 were optimized for the wind. A similar cal-
culation using ¢;’s optimized for zero wind has produced
curves (not shown) that look the same as those in Fig. 4
except that the error was approximately 10 to 30 percent
higher (depending on elevation). This relatively small in-
crease is good news, since the determination and inclusion
of wind distribution in the estimation procedure could be
nontrivial.

The use of more than one calibration instrument will
(in principle) increase the probability that one calibration
line will be close to the observed line. Figure 5 shows the
minimum error for three instruments positioned in corners

6 R = 200 m is used in most figures in this article, since the az-
imuthally averaged errors do not differ too much for all R's <
1 km, and since mounting a calibration instrument in the center of
the DSN antenna is nontrivial.

13



W

of an equilateral triangle around the DSN antenna. Com-
pared to one instrument (positioned at R = 0 and 200 m),
the error is smaller by up to 50 percent at high elevations
(where it is already small), but only by several percent at
low elevations (where it would be needed the most because
the error is big there). The result suggests that multiple
on-site instruments will be of limited use.

B. Delay Rate Error

Figures 6 and 7 show the inhomogeneity-induced delay
rate error. Rate measurements are used for navigation
and gravitational wave searches; it is desirable that the
inhomogeneity-induced rate error not dominate the total
error on any time scale. The rate error was evaluated as
the square root of the variance U%(T,C),

<(B(T,C) - B(T,c)>2>

where B(T,.) and B(Ty.) are the estimated and actual de-
lay rates, respectively, over the scan duration T, (see [1]
and Appendix B). The variance was evaluated by using a
linear fit to three equally spaced points” within 7,.. Fig-
ure 6 shows the error evaluated by using the optimized
¢;’s, and compares it with the uncalibrated error and the
error evaluated by using zenith mapping for two elevations,
E, = 10 and 60 deg. All three errors decrease with increas-
ing T,. (as they should). However, whereas the optimized
error is actually slightly bigger than the uncalibrated and
zenith mapping errors for cxtremely short scans (T, <
10 sec), the optimized error decreases with increasing T,
more rapidly than the other errors, becoming smaller at
a T,. that depends on E,. For example, at E, = 10 and
60 deg, the error becomes smaller at Ty, = 500 and 30
sec, respectively. For the error to be reduced by using the
optimized ¢;’s, the scan must be longer than some criti-
cal T,., which is longer at low FE, than at high F,. At
T,. = 1000 sec (R = 200 m), the average error is about
4% 10715 sec/sec and 7 x 10714 sec/sec at E, = 60 and 10
deg, respectively.

o (Tee) = (1)

The rate error can also become very small when the
angular separation between the observed and nearest cali-
bration line is sufficiently smail; however, the condition for
the separation smallness is tighter than that for the delay
error. This is illustrated in Fig. 7 for R = 0. For the error
to be less than 1015 sec/sec, the angular separation must
be less than about 0.5 deg when T, = 1000 sec and less
than about 0.05 deg when T, = 100 sec.

71t can be shown that as the number of fitted points increases to
infinity, the rate error changes by only about 20 percent [1].
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IV. Application to GPS

This section discusses how the mathematical procedure
described in Section 1T could be adapted to path delay es-
timation using GPS data. GPS tracking depends directly
on path delays.® However, becausc of the complexities of
GPS delay modeling and data reduction, the present ap-
proach to GPS data analyses, driven by the requirement
to eliminate or estimate clock errors and geometrical pa-
rameter uncertainties,® entails estimation of instantaneous
zenith delays [9]. Parameter estimation is performed with-
out the use of the tropospheric covariance—variance matrix.
The zenith tropospheric delay is constructed by spatial av-
eraging over all satellites. This zenith delay could be used
to estimate tropospheric delays in the direction of the DSN
antenna by scaling it (using the air mass) into the DSN
antenna direction. This article suggests that in the ab-
senice of other error sources, line-of-sight delays could be
estimated more accurately by modifying the estimation
strategy to include the tropospheric correlations between
different lines of sight and by applying the estimation pro-
cedure to the combined GPS and DSN data.

The coordinate system is the same as in Fig. 1 ex-
cept that receivers (which are a part of a large global
network consisting of about 40 continuously operating re-
ceivers set up to estimate the geometrical parameters and
to determine the clock uncertainties with the best possi-
ble accuracy) are separated by large (several hundred-km)
distances. For M receivers, one can introduce M sta-
tistically averaged, mutually uncorrelated zenith delays,
L¢rj ., where j = 1,.., M. The DSN antenna 1s assumed
to be at the site j = 1. At its completion, the GPS con-
stellation will include 24 navigation satellites at about a
20,000-km altitude and equally spaced in six orbit planes.
A receiver at any ground-based site will track between 6
and 10 satellites distributed more or less uniformly in az-
imuth and typically above 10 deg in elevation. The col-
lected data set covers a time period long enough for the
number of data in the set to exceed the number of solve-
for parameters. Including the delay for the radio signal
received by the DSN antenna, the observables are

Ltot,s = Ltr,s + Lg,.s (83)

8 GPS receivers are used in an automated operating mode, work
in all weather conditions, and sense the total (wet and dry) path
delays. The satellites transmit carrier signals at two L-band fre-
quencies (1.227 GHZ and 1.575 GHz), so that the ionospheric delay
can be calibrated.

9 5. M. Lichten, personal communication, Tracking Systems and Ap-
plications Section, Jet Propulsion Laboratory, Pasadena, Califor-
nia, October 1992.



Liotij = Lirij+Lgij+ Leaij
(8b)
i=1,.,N j=1,. M

where N is the total number (assumed to be the same for
all receivers) of calibration data at one receiver site (the
subindex 7 counts both the visible satellites and the data
sequence for each satellite), and Ly ;; is a delay caused
by clock estimate errors at both the satellite and the re-
ceiver. All other symbols are the same as in Section 1I,
and the ionospheric delays have been assumed to be cali-
brated. Similar to Eqs. (1a) and (1b), Egs. (8a) and (8b)
can be parameterized by setting (L. ,) = A, Lir1,, and
(Lirij) = Ai Liyj,., where Ly, ; , are the statistically av-
eraged tropospheric delays in the zenith direction at jth
site. By assuming that the observable errors have zero
means and a variance-covariance matrix W=1, the param-
eterized Eqs. (8a) and (8b) can be solved by least-squares
estimation for the geometrical delays L, , and Lyij (or
rather, by using geometrical delay modeling for parameters
which determine Ly, and L ; ;), clock errors L, ; ;, and
zenith delays Ly ;.. As was discussed in Section II, it is
this parameterization, accompanied by the statistical eval-
uation of W~1!, that allows the solution to produce best
estimates. Note also that once L, , has been estimated,
the best estimate for line-of-sight Ly, , can in principle be
obtained as the difference I:tr,, = Loy — f}y,,.

For real data, the accuracy of path delay estimates, in
addition to tropospheric inhomogeneities, will be affected
by other error sources, including instrument and multi-
pathing noise and uncertainties in geometrical delay mod-
eling. Neglecting the specifics of geometrical delay model-
ing and error statistics, the effect of an overall uncertainty
level contributed by various error sources has been mod-
eled by adding to each cov (L¢r 4, Ly ;) a term assumed to
be uncorrelated between different directions and propor-
tional to the air mass. Figure 8 shows the effect of the
assumed 0.1-; 0.3-, and 1-cm uncertainty levels.l® Note
that these levels exceed the tropospheric inhomogeneity-
induced errors at £, = 50, 22, and 12 deg, respectively.
That is, to achieve the tropospheric inhomogeneity-limited
accuracy at some elevation, the additional uncertainty
must be reduced below the inhomogeneity-induced error
at that elevation. The dashed curves in Fig. 8 show the
error resulting from the use of ¢;’s which were optimized for
zero measurement and modeling uncertainty. The errors
are bigger than for the optimized ¢;’s by about 15 percent,

10 Analysis of recent GPS data shows that assumption of uncorre-
lated errors is not entirely correct. Efforts to understand the error
statistics are under way.

which is sufficiently small to argue that the use of ¢;’s opti-
mized for zero additional uncertainty will not significantly
increase the total error.

V. Conclusions and Recommendations

This article has outlined a mathematical procedure
which has the potential for minimizing the tropospheric
inhomogeneity-induced mapping error for estimated path
delays along arbitrary lines of sight by using observables
from different directions. The main principle of the proce-
dure is the application of least-squares estimation to the
combined set of observables in the calibration directions
and the direction to be calibrated, and the use of an ob-
servable variance-covariance matrix during estimation. A
numerical example was given for a set of calibration direc-
tions assumed to coincide with directions from a ground-
based receiver to GPS satellites visible at Goldstone. For
these directions, assuming an error-free calibration instru-
ment and zero geometrical delay mismodeling, and using
the Kolmogorov turbulence model, the azimuthally aver-
aged error is found to be about 1 mm in the elevation
range from about 40 deg to zenith. At elevations less than
40 deg, the error increases with decreasing elevation, reach-
ing about 1.2 cm at 10 deg. Because of its stochastic ori-
gin, the inhomogeneity-induced error cannot be removed
by improved modeling or instrument design, and repre-
sents the ultimate accuracy for line-of-sight estimates.

The minimum error was compared to the error obtained
by using zenith delays which were averaged over many cal-
ibration directions, and to error obtained by using line-of-
sight estimates optimized for zero wind. The zenith map-
ping error is nearly twice as large (in the absence of other
error sources) as the minimum error, indicating that the
effort spent to minimize the error is worthwhile. On the
other hand, the error increase resulting from the use of zero
wind was less than 30 percent, indicating that it may not
be necessary to include the wind in the estimation proce-
dure. Signal integration reduces the error; the integration
time required to halve the instantaneous error is less than
8 min for elevations between 30 deg and zenith, reaching
about 12 min at 10 deg. The use of multiple on-site re-
ceivers will not help to reduce the error at low elevations
where 1t would be needed the most.

The suggested procedure could be used to estimate path
delays in the direction of the DSN antenna by using GPS
data. The present strategy for GPS data analyses en-
tails construction of a tropospheric zenith delay by av-
eraging over all satellites; the estimated zenith delay error
is at the l-cm level due to the combined effect of tropo-
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spheric inhomogeneities, uncertainties in geometrical de-
lay modeling, and measurement (thermal noise and mul-
tipathing) uncertainties [9]. The combined effect of ad-
ditional uncertainties has been modeled by adding to the
tropospheric variances a term assumed to be uncorrelated
between various measurcments. As expected, the accuracy
of the estimate was limited by this additional term when-
ever it exceeded the tropospheric inhomogeneity-induced
level. Further work should be performed to establish levels
and statistics of additional error sources, incorporate their

correlations into the analysis, and, if possible, reduce their
effect on path delay estimates.

In spacecraft tracking, observing epochs and scan
lengths are specified by mission considerations, and the
tracked directions differ from satellite directions. How-
ever, experiments could be designed in which the direction
to be calibrated coincides with one of the satellite direc-
tions. For example, by directing WVRs towards satellites,
the WVRs themselves could be calibrated.
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Appendix A

Tropospheric Correlations Using the Koimogorov Turbulence Model

Path delay correlations are evaluated by writing the path delay at site ¢ and time ¢ as the integral

hy,A;
Leni(t) = /0 X7 )dry (A-1)

where the air mass A; = 1/sin Ej, h, is the wet troposphere slab height, and x(;,t) is the index of refraction — 1 at
location 7; and time t. For example, the correlation

oV (Liri(t), Lerj (0 + T)) = ((Leri(t), Liri (¢ + T)) = {Ltri) (Ler ) (A-2)

is evaluated by substituting Eq. (A-1) and the expression (Eq. (A.3) of [1]):
" " 1 Y
(x(7 Ox(F t+ 1)) = {x?) - §DX(ri -1+ 7T) (A-3)

where ¥ is the wind velocity, and D\ (7; — 75 + 7 T) = <(x(ﬁ-, t) — x(Fj, t+ T))2> is the structure function for inhomo-

geneities correlated both spatially and temporally. By interchanging the order of integration and ensemble averaging
and setting dr; = A;dz and dr; = A;dz’, Eq. (A-2) becomes

hy By
cov (L i(t), Lerj (¢ +T)) = Aid; /o dz/u dz’ (ai— 5

where the variance o2

= <X2> - (x)2 is independent of spatial coordinates and is obtained by letting the distance R go
to infinity in D,,

2 — 2 2 x(ft = o0)
o2 = (@) - (n?) = L= (A-5)

Assuming that the troposphere is described by the Kolmogorov turbulence model, the structure function for the frozen
inhomogeneities is

C?* |R+ v t]*/3
L+ (|[R+0t|/Ls)2/3

D(R+71)= <<X(F,t) (7t R+ m))2> = (A-6)

where R is the spatial interval over which the structure function is evaluated, the saturation scale length L, ~ 3000
km, and the turbulence strength C' = 1.1 x 10~"m~1/3 [1,8] (for the wet 'slab height A, ~ 2 km, corresponding to about
a 6-cm zenith wet path delay at Goldstone).

Equations of the same type were also used to quantify the effect of dry fluctuations. Assuming that the dry

fluctuation is one-third of the wet fluctuation [1] with the scale height hy ~ 8 km, the dry turbulence strength
Ca = (Cy/3)(hy /ha)*/® ~ 9.2 x 10~°. For uncorrelated fluctuations, dry and wet errors add in quadrature.

21



Appendix B

The Delay Rate Error

The delay rate error was evaluated as the square root
of the variance of the estimated delay rate, B(T,c), which
is the slope of the path delay over the scan duration T}
[1]. By dividing T}, into N sections of equal length, and
assuming that the time origin is in the middle of Ty,, a
linear fit to points at the centers of the sections gives the
following formula:

B(T,.) = Mt_‘ (B-1)

where L(t;) is the delay at the time point {; at the center
of the ith section. By using a similar expression for the
actual delay rate, B(T}.), the delay rate variance is derived
as

o (1) = <(B(T,c) - B(T,C))2>

- (—fltT)fzzt' tj op (ti—4)  (B-2)

where 7,j = 1,..., N, and the path delay variance, o2 , (1),
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fl

((Lera® = Birs(®) (Birs = rs) ) (B9)

Ui,tr(t)
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where Ly ,(t), fltr,,(t), Ly s, and Ii,,,, are the actual
and estimated tropospheric path delays in the observed,
(Es, ¢s), direction, at times ¢ and o, respectively.

By using I:t,‘s = Zk ¢k Lir  (see the discussion follow-
ing Eq. (5) of the main text), Eq. (B-2) was evaluated by
substituting Eq. (B-3) into Eq. (B-2). This yields

2 1
a’B(T,c) = W Z;ti t; [cov (Lir,s(ti —15), Ltrs)

+ ZZCkC: cov (Lirk(ti — 1), Lira)
k1
- Z ck(cov (Lers(ti — t5), Ler k)
%
+ cov (Lerk(ti = £5), Lirs)) (B-4)

where Ly, (t) are tropospheric path delays in (Ex, ¢x) di-
rections at time ¢. Eq. (B-4) was evaluated for 7 =1,...,
3 equally spaced sections within Tye (1 = —Ti./3, to =
0, to = T,¢/3) by using the Kolmogorov turbulence model
described in Appendix A.
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An error budget analysis is presented which quantifies the effects of different
error sources in the orbit determination process when the enhanced orbit determi-
nation filter, recently developed, is used to reduce radio metric data. The enhanced
filter strategy differs from more traditional filtering methods in that nearly all of
the principal ground system calibration errors affecting the data are represented as
filter parameters. Error budget computations were performed for a Mars Observer
interplanetary cruise scenario for cases in which only X-band (8.4-GHz) Doppler
data were used to determine the spacecraft’s orbit, X-band ranging data were used
exclusively, and a combined set in which the ranging data were used in addition
to the Doppler data. In all three cases, the filter model was assumed to be a cor-
rect representation of the physical world. Random nongravitational accelerations
were found to be the largest source of error contributing to the individual error
budgets. Other significant contributors, depending on the data strategy used, were
solar-radiation pressure coefficient uncertainty, random Earth-orientation calibra-
tion errors, and Deep Space Network (DSN) station location uncertainty.

February 15, 1994

Enhanced Orbit Determination Filter Sensitivity

l. Introduction

Development of improved navigation techniques which
utilize radio Doppler and ranging data acquired from
NASA’s Deep Space Network (DSN) have received con-
siderable study in recent years, as these data types are
routinely collected in tracking, telemetry, and command
operations. Furthermore, the availability of high-speed
workstation computers has made possible the use of com-
putationally intensive data processing modes for reducing
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all radio metric data. A new sequential data filtering strat-
egy currently under study is the enhanced orbit determi-
nation filter, in which most if not all of the major system-
atic ground system calibration error sources are treated
as filter (estimated) parameters, along with the spacecraft
trajectory parameters. This strategy differs from the cur-
rent practice, in which the ground system calibration error
sources are represented as unestimated bias parameters,
accounted for only when computing the error covariance
of the filter parameters.



The motivation behind the enhanced filter is not so
much to improve upon the a priori ground system cali-
brations, but to incorporate a more accurate model of the
physical world into the filter [1]. Previous studies suggest
that medium-to-high navigation accuracies (40 to 15 nrad
in an angular sense) are achievable when the enhanced or-
bit determination filter is used in conjunction with X-band
(8.4-GHz) Doppler and ranging [2]. Studies are also being
conducted to demonstrate the utility of this new filtering
strategy with actual flight data acquired from the Galileo
spacecraft.! Critical to understanding the potential bene-
fits and/or deficiencies of this type of orbit determination
filter is the development of an error budget, which cata-
logs the contributions of a particular error source or group
of error sources to the estimation errors. This form of sen-
sitivity analysis identifies the major sources of error and
where future work may need to be focused in order to im-
prove overall navigation system performance.

This article first reviews the fundamental concepts of
reduced-order filtering theory, which are essential for sen-
sitivity analysis and error budget development. The the-
ory is then applied to the development of an error bud-
get for a Mars Observer interplanetary cruise scenario in
which the enhanced orbit determination filter is used to
reduce X-band Doppler and ranging data. The trajectory
characteristics of this scenario are reviewed along with the
data-acquisition strategies. The filter model is described
and error budgets are given for three different data strate-
gies: X-band Doppler only, X-band ranging only, and X-
band Doppler plus ranging. For this initial study, the fil-
ter model is assumed to be a correct representation of the
physical world.

Il. Reduced-Order Filtering

In some navigation applications, it is not practical to
implement a full-order or truly optimal filter when the
system model, with all major error and noise sources, is of
high order. This is often the case in applications such as
a multisensor avionics navigation system, in which there
are memory limitations in the onboard flight computer.?
Moreover, it is implicitly assumed in the development of
the filter equations that exact descriptions of the system
dynamics, error statistics, and the measurement process

1S. Bhaskaran (personal communication), Navigation Systems Sec-
tion, Jet Propulsion Laboratory, Pasadena, California, October
1993.

2J. Vagners, Development of the Minimum Variance Reduced Or
der (MVRO) Estimator Equations in Upper Triangular-Diagonal
(U-D) Factored Form, Boeing report D229-10602-1 (internal doc-
ument}, The Boeing Company, Seattle, Washington, February 21,
1979.

are known; unfortunately, this is rarely true in practice
[3]. Use of reduced-order filtering techniques allows the
analyst to obtain estimates of key parameters of interest,
with reduced computational burden and with moderate
complexity in the filter model [3,4]. Thus, reduced-order,
or, suboptimal, filters are the result of design trade-offs
in which the designer performs a sensitivity analysis to
determine which sources of error are most critical to overall
system performance.

In general, the spacecraft orbit determination process is
executed entirely on the ground and thus flight computer
memory limitations are not a significant factor. Never-
theless, there are reasons for not always using a full-order
optimal filter for spacecraft orbit determination. Some of
the reasons include: (1) certain parameters, such as fidu-
cial station Jocations, may be held fixed in order to define
a reference frame and/or length scale; (2) there may be
a lack of adequate models for an actual physical effect;
(3) the existence of computational limitations when at-
tempting to adjust parameters of high order, such as the
coefficients in a gravity field; or (4) if estimated, the com-
puted uncertainty in model parameters would be reduced
far below the level warranted by model accuracy [5,6].

A. Filter Evaluation Modes

There are a number of error analysis methods which
can be used to evaluate filter models and predict filter per-
formance. Reduced-order error analysis techniques enable
an analyst to study the effects of using incorrect a priori
statistics, data-noise/data-weight assumptions, or process
noise models on the filter design. This is usually referred
to as the general filter evaluation mode and accomplished
by establishing a fully detailed reference model (a truth
model) against which the behavior of a filter can be com-
pared [5]. If the filter is optimal, then the filter and truth
models coincide. If the filter is suboptimal, then the fil-
ter model is of equal or lower order (i.e., reduced-order)
than the truth model and possibly (but not, necessarily)
represents a subset of the states of the truth model [3].
In practice, a fully detailed truth model may be diffi-
cult to develop and thus one typically evaluates a range
of “reasonable” truth models to assess whether the filter
results are especially sensitive to a particular element(s)
of the filtering strategy being used [5]. The objective is
to design a filter model to achieve the best possible accu-
racy, but which is also robust, so that its performance will
not be adversely affected by the use of slightly incorrect
filter parameters. In the design process, the filter struc-
ture and the truth model remain fixed while repeated ad-
Justments are made to the a priori statistics, data noise
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values, or process noise values, until acceptable behavior
is achieved [4].

In a special case of reduced-order error analysis, often
referred to as a consider state analysis, various system-
atic error sources are treated as unmodeled parameters
which are not estimated, but whose effects are accounted
for (i.e., “considered”) in computing the error covariance of
the estimated parameters [7].3 In a consider state analysis,
the sensitivity of the estimated parameter set to various
unmodeled consider parameters can be computed via the
partial derivatives of the state estimate with respect to the
consider parameter set [8]. Depending on the magnitude of
the resulting semsitivities, the filter-computed estimation
error covariance is modified to account for the unmodeled
effects in order to generate a more realistic estimate of pre-
dicted navigation performance. The filter has no knowl-
edge about the contribution of the unmodeled parameters
to the uncertainty in the state estimate since the modi-
fied covariance (the consider covariance), which includes
effects from both the estimated and consider parameters,
is not fed back to the filter. Reduced-order filters of this
type have been known to experience failure modes, such
as cases in which the addition of data yields an increase
in the consider covariance, or cases when the consider co-
variance propagates to an unreasonably large result over
time. In these instances, it may be necessary to empir-
ically “tune” the filter (e.g., adjust data weights, model
assumptions, etc.) to obtain useful estimates. A mathe-
matical description of these so-called “failure modes” and
suggested remedies is described by Scheeres [6].

B. Optimal and Suboptimal Filter Equations

Restricting the discussion to the filter measurement up-
date equations, the mathematical model presented here is
the covariance form of the measurement update for scalar
measurements. Let & represent the state estimate and P
represent the error covariance matrix. Using the conven-
tion that “(+)” denotes a postmeasurement update value
and “(—)” denotes a premeasurement update value, the
(optimal) filter measurement update equations for a lin-
ear, sequential estimator are given by

state estimate &P = %7+ K [z — 42, %] (1)

error covariance Pt = [[ - [{'kAxk] P (2)

3 This is the more traditional filtering method most often used in
practical applications of interplanetary navigation (see introduc-
tory remarks), operationally referred to as the consider option.
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(optimal) gain matrix K = aj'P{7 AL (3)

where z; is the observation vector defined by the mea-
surement model, A, is the measurement matrix of ob-
servation partial derivatives, I is simply the unit or iden-
tity matrix, and oy = Ag, P{7AT + W, ! is the inno-
vations covariance. W represents the weighting matrix,
the inverse of which is taken to be the diagonal measure-
ment covariance Ry ; thus, for 1 = 1, ..., m observations,
Wk’1 = R; = diag [r1,...,rm] for measurement variances
r;.3 The filter equations described by Egs. (1) through (3)
can be employed without loss of generality, since “whiten-
ing” procedures can be used to statistically decouple the
measurements in the presence of correlated measurement
noise and obtain a diagonal Ry [7]. The gain matrix Kj is
used to update estimates of the filter parameters as each
measurement is processed. Note that Eq. (2) is valid only
for the optimal gain K.

The use of Eq. (2) to compute the error covariance ma-
trix has historically been suspect due to finite computer
word length limitations.® As a result, a frequently utilized
alternative is the stabilized Joseph form of the update, ex-
pressed as

PH = (I = KyAg,) PO (I — KiAs,)T + KW K]
(4)

Although this form of the covariance measurement up-
date is more stable numerically than Eq. (2), it requires a
greater number of computations; however, a further advan-
tage is that it is valid for arbitrary gain matrices; therefore,
K} in Eq. (4) need not be optimal.

In some cases, the Joseph form of the update may also
be deficient numerically [9]. As a result, factorization
methods have been developed to help alleviate the nu-
merical deficiencies of the measurement update algorithms
[7,10,11]. Specific details of the factorization procedures
will not be discussed here; however, an important obser-
vation from the literature and critical to the general eval-
uation mode of the filter is the observation that Eq. (4)
can be written in an equivalent form as

41t is assumed that the measurements are corrupted by a vector
of independent, zero-mean Gaussian random noise quantities with
covariance Ry.

5 Recall from optimal estimation theory that the error covariance
matrix is defined as the expected value of the mean-square estima-

tion error, Py = E [(Xk — Xg)(xk — ik)T] .



P = (1= Rhoy) PO+ oo (i - i) (Ki - R’k)T

(4)

where K} is an arbitrary (e.g., suboptimal) gain matrix
and K is the optimal filter gain matrix. This form of
the error covariance measurement update is often referred
to as the suboptimal measurement updaie since it includes
a correction based on the gain difference between the fil-
ter evaluation run (which generally assumes an incorrect
model) and the original filter (estimation) run. In the gen-
ral evaluation mode, the filter uses suboptimal gains saved
in an evaluation filter from an earlier filter which is run
purposely with what is believed to be an incorrect model,
in order to generate suboptimal gains [5]. It is this form of
the suboptimal measurement update which will be critical
to the error budget development described in the follow-
ing section. In practice, Eq. (5) is typically mechanized
in a U-D factorized form for numerical stability. A final
note about the filter equations: Although the equations
for the time update were not presented, it is important
to note that the time update in the general filter evalua-
tion mode takes the same form as the original filter time
update, except that in the presence of process noise model-
ing parameters, the original filter stochastic time constants
and process noise uncertainties are replaced with evalua-
tion mode time constants and process noise terms [5].°

lll. Mission Scenario, Data Acquisition,
and Filter Modeling Assumptions

A. Mars Observer Interplanetary Cruise Scenario

The Mars Observer spacecraft was launched success-
fully on September 25, 1992, and was scheduled to initiate
the Mars Orbit Insertion (MOI) burn on August 24, 1993;
however, communication with the spacecraft was tragically
lost just days prior to MOI. Despite the loss of the space-
craft, the interplanetary cruise phase of the mission, which
extended from injection to initiation of the MOI burn, rep-
resented a challenging navigation scenario, as the declina-
tion of the Mars Observer at encounter was within 1 deg
of zero. This is a geometry which has historically yielded
relatively poor performance with Doppler tracking, due to
Doppler data’s relative insensitivity to some components
of the spacecraft’s state in this regime. The Mars Observer

6 The software is described in S. C. Wu, W. L. Bertiger, J. 5. Bor-
der, S. M. Lichten, R. F. Sunseri, B. G. Williams, P. J. Wolfl,
and J. T. Wu, OASIS Mathematical Description, V. 1.0, JPL D-
3139 (internal document), Jet Propulsion Laboratory, Pasadena,
California, April 1, 1986.

was also the first spacecraft to carry an X-band transpon-
der and the first to rely solely on a single-frequency X-band
telecommunications system.” Thus, this scenario repre-
sents a realistic scenario with which to study the relative
merits of using the enhanced orbit determination filter to
reduce X-band Doppler and ranging data.

The trajectory segment selected for this analysis was
taken to be a 182-day time period extending from early
February 1993 to early August 1993, which represented
the longest leg of the interplanetary cruise, and had the
most stringent navigation accuracy requirements in order
to support the final maneuver prior to MOI. The trajectory
characteristics over the time span of the data arc, which
extended from encounter minus 194 (E — 194) days to E
— 12 days, are summarized in Table 1.

B. Data-Acquisition Strategy

A fairly sparse DSN data-acquisition schedule was as-
sumed, containing no more than one or two passes of
Doppler and ranging data per week. In all cases, the
data were assumed to be acquired from the DSN’s 34-m
high-efficiency (HEF) Deep Space Stations (DSSs) located
near Goldstone, California (DSS 15), Canberra, Australia
(DSS 45), and Madrid, Spain (DSS 65). This reduced level
of coverage is representative of the level anticipated for
telemetry acquisition in future missions such as Pathfinder
and Cassini. The data schedule consisted of one horizon-
to-horizon tracking pass of two-way Doppler and ranging
data acquired from the Madrid site on a weekly basis from
E — 194 days to E — 90 days, two weekly tracking passes
acquired from the Madrid and Canberra sites from E
— 90 days to E — 30 days and from E — 30 days to E
— 12 days (data cutoff), and a single pass per day from all
three DSN sites.

To account for data noise, an assumed one-sigma ran-
dom measurement uncertainty of 0.0126 mm/sec was cho-
sen for two-way Doppler, and for two-way ranging, the
one-sigma random measurement uncertainty was assumed
to be 1 m; these noise variances were used in all cases
in a manner similar to an earlier study [2]. It should be
noted that the data weights quoted here are for the round-
trip range-rate and range, respectively. Both data types
were collected at a rate of one point every 10 min, and the
noise variances were adjusted by an elevation-dependent
function for all stations, to reduce the weight of the low-
elevation data; furthermore, no data were acquired at ele-
vations of less than 10 deg.

" P. B. Esposito, S. W. Demcak, D. C. Roth, W. E. Bollman, and
C. A. Halsell, Mars Observer Project Navigation Plan, Project
Document 642-312, Rev. C (internal document}, Jet Propulsion
Laboratory, Pasadena, California, June 15, 1990.
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C. Orbit Determination Filter Model

Table 2 summarizes the parameters which make up the
enhanced orbit determination filter model, along with a
priori statistics, steady-state uncertainties for the Gauss—
Markov parameters, and noise densities for the random-
walk parameters.® All of the parameters were treated as
filter (estimated) parameters and grouped into three cate-
gories: spacecraft epoch state, spacecraft nongravitational
force model, and ground system error model. Effects of
uncertainty in the ephemeris and mass of Mars were ne-
glected, as they were believed to be relatively small in this
scenario.’

The simplified spacecraft nongravitational force model
was based on past experience and modeling spacecraft sim-
ilar to Mars Observer.!? There were filter parameters rep-
resenting solar radiation pressure forces as well as small
anomalous forces due to gas leaks from valves and pres-
surized tanks, attitude control thruster misalignments, etc.
For processing the two-way ranging data, the filter model
included a stochastic bias parameter associated with each
ranging pass from each station, in order to approximate
the slowly varying, nongeometric delays in ranging mea-
surements that are caused principally by station delay cal-
ibration errors and uncalibrated solar-plasma effects. No
explicit model parameters were employed for the effect of
solar-plasma delays as relatively large (>45 to 60 deg)
Sun Earth-Probe (SEP) angles were assumed for rang-
ing data acquisition, leading to small (<1 m) solar plasma
delays.!! '

The station location covariance represents the uncer-
tainty in the station location and pole model solutions de-
veloped by Finger and Folkner [13]; this covariance matrix
and its associated station location set were used opera-
tionally by the Mars Observer Navigation Team during

8 For process noise, first-order Gauss—Markov (exponentialy corre-
lated) random processes were assurmned. The process noise covari-
ance is given by ¢ = (1 - m?)a2, where m = exp[—(t;41 — t;)/7].
Here, t; is the start time for the jth batch and 7 is the associated
time constant. The term o, is the steady-state uncertainty, i.e.,
the noise level that would be reached if the dynamical system were
left undisturbed for a time much greater than 7. For the random
walk, both o5 and 7 are unbounded (v = oo) and a steady-state
is never reached. The noise density for the random walk is char-
acterized by the rate of change of the process noise covariance,
g = Ag/At where At is the batch size and Agq is the amount of
noise added per batch. For this analysis, At = 10 min.

9 £. M. Standish, “Updated Covariance of Mars for DE234,” JPL In-
teroffice Memorandum 314.6-1452 (internal document), Jet Propul-
sion Laboratory, Pasadena, California, July 27, 1992.

10 Espaosito, op. cit.
11 A recent study of a simple solar plasma delay model and its use in
the reduction of precision ranging data is presented in [12].
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interplanetary cruise.'? Additionally, three exponentially
correlated process noise parameters were included to ac-
count for the dynamical uncertainties in the Earth’s pole
location and rotation period. The tropospheric and iono-
spheric zenith delay calibration uncertainties were repre-
sentative of current calibration accuracy. A sequential
U-D factorized estimation scheme was employed, in order
to track the short-term fluctuations in the transmission
media.

IV. Error Budget Calculations

The purpose of developing an error budget is to deter-
mine the contribution of individual error sources, or groups
of error sources, to the total navigational uncertainty. In
general, an error budget is a catalog of the contributions
of all of the error sources which contribute to errors in
the filter estimate at a particular point in time, whether
explicitly modeled in the filter or not [3]. For this first
analysis, it is assumed that the filter is “optimal,” ie.,
that the truth model and filter model are the same. This
implies that the filter model is an accurate representation
of the physical world.

In order to establish an error budget, it is necessary
to compute a time history of the filter gain matrix for
the complete filter model and to subsequently use these
gains in the sensitivity calculations [Eq. (4)] during re-
peated filter evaluation mode runs, in which only selected
error sources or groups of error sources are “turned on”
in each particular run. In this way, the individual con-
tributions of each error source or group of error sources
to the total statistical uncertainty obtained for all of the
filter parameters for a given radio metric data set can be
established.

Using the reduced data schedule and enhanced filter
model derived for the Mars Observer interplanetary cruise

- gcenario described in Section III, orbit determination error

statistics were computed for DSN Doppler-only, ranging-
only, and Doppler-plus-ranging data sets. The orbit deter-
mination statistics were propagated to the nominal time

of Mars encounter and expressed as dispersions in a Mars-

centered aiming plane, or B-plane, coordinate system;!3

12y, M. Folkner, “DE234 Station Locations and Covariance for
Mars Observer,” JPL Interoffice Memorandum 335.1-92-013 {inter-
nal document), Jet Propulsion Laboratory, Pasadena, California,
May 26, 1992.

13 The aiming plane, or B-plane, coordinate system is defined by three
unit vectors: 8, T, and R; S is parallel to the spacecraft velocity
vector relative to Mars at the time of entry into Mars’ gravitational
sphere of influence, T is parallel to the Martian equatorial plane,
and R completes an orthogonal triad with S and T. The aim point



specifically, the one-sigma magnitude uncertainty of the
miss vector, resolved into the respective miss components
BeR (normal to Martian equatorial plane) and BeT (par-
allel to Martian equatorial plane), and the one-sigma
uncertainty in the linearized time-of-flight (LTOF). The
LTOF defines the time from encounter (point of closest ap-
proach) and specifies what the time of flight to encounter
would be if the magnitude of the miss vector were zero. In
some cases, the errors were expressed as dispersion ellipses
in the B-plane to graphically illustrate the contributions
of the most statistically significant groups of error sources.

A. Doppler Only

With the enhanced filter, the Doppler data allowed
determination of the BeR component of the miss vec-
tor to about 22 km and the BeT component to about
46 km, with the LTOF determined to approximately 7 sec
(~16 km in positional uncertainty). These results are sum-
marized in Table 3, which gives the magnitude of the B-
plane dispersions around the nominal MOI aim point (in
the form of an error budget) for all groups of truth/filter
model error sources to the total statistical uncertainty, in
a root-sum-square sense. (Recall that for this analysis, the
truth model and filter model are the same.) As seen from
the table, the most dominant error source groups were
the random nongravitational accelerations, followed by so-
lar radiation pressure coefficient uncertainty, and random
Earth-orientation calibration errors. A graphical illustra-
tion of these contributions is shown in Fig. 1, in terms of B-
plane dispersion ellipses. For this encounter scenario, the
direction of the Earth—spacecraft range is closely aligned
with the semimajor axis of the B-plane dispersion ellipse.
The Doppler data alone were able to determine this com-
ponent of the solution to only about 50 km.

B. Ranging Only

Orbit solutions computed with ranging data using the
enhanced filter are summarized in Table 4, also in error
budget format. In this case, the ranging data were able
to determine the BeR. component of the miss vector to
about 12 km and the BeT component to about 6 km.
The LTOF accuracy for this case was not much better
than the Doppler-only case, an improvement from 7 sec to
approximately 6 sec (~14 km in positional uncertainty).
The most dominant error source groups for this data strat-
egy were random nongravitational accelerations, as in the
Doppler-only case, followed by measurement (data) noise,
and DSN station location uncertainty. Although range

for planetary encounter is defined by the miss vector B, which lies
in the T — R plane and specifies where the point of closest approach
would be if the target planet had no mass and did not deflect the
flight path.

bias parameters were included in the ground system error
model, they did not adversely affect the performance of
the enhanced filter. Figure 2 illustrates these major error
sources in terms of B-plane dispersion ellipses along with
the full filter-generated root-sum-square uncertainty. The
orientation of the full filter dispersion ellipse is rotated
about 90 deg from the Doppler-only result, indicating the
strength with which the ranging data are able to deter-
mine the Earth—spacecraft range component of the trajec-
tory. In this case, the semimajor axis is oriented roughly
normal to the Earth—-Mars line.

C. Doppler Plus Ranging

For the final case in which both Doppler and ranging
data were used, the BeR. component of the miss vector
was determined to about 9 km and the BeT component to
about 5 km, with the LTOF determined to approximately
4 sec (~9 km in positional uncertainty). Error budget cal-
culations for this case are summarized in Table 5. Similar
to the results for the Doppler-only and ranging-only data
strategies, random nongravitational accelerations were the
dominant error source group. The next two most signifi-
cant error source groups were Earth-orientation calibration
error and DSN station location uncertainty, respectively.
As with the ranging-only case, solar radiation pressure co-
efficient uncertainty and random ranging delay calibration
errors were of roughly the same magnitude, but did not
contribute to the total error budget as much as the previ-
ously cited error sources. B-plane dispersion ellipses are
also provided (see Fig. 3), illustrating the contributions
of the major error source groups to the total root-sum-
square error and the orientation of the ellipses in the aim-
ing plane. In this case, the accuracy with which the Earth-
spacecraft range component at encounter was determined
was roughly 11 km.

V. Sensitivity Curves

Another benefit of the linearity assumptions used to
develop error budgets is that sensitivity curves can read-
ily be generated. Sensitivity curves graphically illustrate
the effects of using different prescribed values of the error
source statistics on the estimation errors, with the assump-
tion that the filter model remains unchanged. The proce-
dure for sensitivity curve development is straightforward
and, although described in [3], is repeated here for com-
pleteness: (1) subtract the contribution of the error source
under consideration from the total mean-square navigation
error; (2) to compute the effect of changing the error source
by a preset scale factor, multiply its contributions to the
mean-square errors by the square of the scale factor value;
(3) replace the original contribution to mean-square error
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by the one computed in the previous step; and (4) take
the square root of the newly computed mean-square error
to obtain the total root-sum-square navigation error.

Several cases were used to generate sensitivity curves
for the major groups of error sources in the filter model;
for example, Figs. 4 through 6 give the sensitivity curves
for the random nongravitational accelerations and illus-
trate the sensitivity of this error source group to various
scale factor values. Recall that random nongravitational
accelerations dominated the error budget in all three data
strategy cases considered (c.f., Section TV). As seen from
the figures, a quadratic growth in the sensitivity is evident
for scale factor values ranging from 1 to 3, and a necarly
linear growth is exhibited for scale factor values ranging
from 4 to 10. On average, for all three data strategies con-
sidered, an order of magnitude increase in the preset scale
factor resulted in about a factor of three to six increase in
the root-mean-square estimation errars.

V1. Summary and Conclusions

A sensitivity analysis was conducted for a recently de-
veloped sequential data filtering strategy referred to as the
enhanced orbit determination filter. In practice, the en-
hanced filter attempts to represent all or nearly all of the
principal ground system error sources affecting radio met-
ric data types as filter parameters. Reduced-order filtering
methods were reviewed and utilized to perform the sensi-
tivity analysis, and, in particular, to develop navigation
error budgets for three different data acquisition strate-
gies. The mission scenario assumed for the analysis was
based on the Mars Observer interplanetary outer cruise

phase. Two-way radio Doppler and ranging were the data
types analyzed, with assumed accuracies chosen to reflect
actual performance of the DSN’s X-band tracking system,
as observed in recent interplanetary missions such as Mag-
ellan, Ulysses, and Mars Observer.

Error budget computations performed for the assumed
mission scenario revealed that the most significant er-
ror source for all three data-acquisition strategies stud-
ied (i.e., Doppler-only, ranging-only, and Doppler-plus-
ranging) was spacecraft random nongravitational acceler-
ations, indicating that, for the reference error model, the
enhanced filter is most sensitive to mismodeling of small
anomalous forces affecting the spacecraft. Other sources
of error which had a significant impact on the overall er-
ror budget were, in the case of Doppler-only navigation,
solar-radiation pressure coefficient uncertainty and Earth-
orientation calibration error. In the case of ranging-only
navigation, measurement noise and Earth-orientation cali-
bration error were the other significant contributors to the
overall error budget. Earth platform errors, namely DSN
station location uncertainty and Earth-orientation calibra-
tion error, were the next most significant contributors to
the overall error budget for the Doppler-plus-ranging nav-
igation case. These results suggest that if high-precision
navigation performance is to be achieved, the error sources
requiring the most accurate modeling are spacecraft non-
gravitational accelerations and Earth platform calibration
errors. Future work will focus on the use of Monte Carlo
simulation techniques to evaluate the sensitivity of the
enhanced orbit determination filter to a variety of truth
model assumptions, and will include additional model pa-
rameters to account for trajectory-correction maneuver ex-
ecution errors and uncalibrated solar-plasma delays.
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Table 1. Mars Observer outer cruise phase trajectory character-
istics over an assumed data arc extending from E — 194 days to

E — 12 days.

Parameter Value

Earth-to-spacecraft range, km

80 x 10% to 330 x 10°

Geocentric declination, deg 22 to 1
SEP angle, deg 125 to 45

Table 2. Enhanced orbit determination filter with ground-system error model representative

of current DSN calibration accuracy.

Estimated parameter set Uncertainty (1o} Remarks
Spacecraft epoch state A priori,
Position components 10° km Constant
Velocity components 1 km/sec parameters
Nongravitational force model
Solar radiation pressure A priori,
Radial (Gr) 10% (= 0.13) Constant
Transverse (Gz/Gy) 10% (= 0.01) parameters

Steady-state,
10712 km/sec?
10712 km/sec?

Anomalous accelerations
Radial (a,)
Transverse (az/ay)

Range biases {one per station A priori,
per pass, ranging data only) 4m
Ground system error model
DSN station locations A priori,
Spin radius (1) 0.18 m
Z-height (z,) 0.23 m

Longitude () 3.6 x 107% rad

Earth orientation
Pole orientation

Steady-state,
1.5 x 1078 rad

Rotation period 0.2 msec
Transmission media A priori,
Zenith troposphere 5 cm

(each station)

Zenith ionosphere Steady-state,
(each station) 3 cm

Markov parameters
10-day time constant
10-day time constant

Uncorrelated from
pass to pass

Constant parameters,
relative uncertainty
between stations is

1to2cm

Markov parameters,
1-day time constant
12-hr time constant

Random walk,
1 cm? /hr

Markov parameters
4-hr time constant




Table 3. Enhanced-filter error budget for DSN X-band Doppler-only navigation.

Error B-plane dispersions

source

group BeR, km BeT, km LTOF, sec
Epoch state 2.92 8.33 0.753
SRP parameters 10.25 27.69 2.164
Nongravitational accelerations 16.52 30.61 4.950
Ionosphere 1.87 3.82 0.891
Troposphere 3.56 6.65 1.500
Station locations 4.29 4.63 1.590
Earth orientation 6.23 14.58 3.428
Measurement noise 3.45 6.41 1.501
Total (root-sum-square) 21.72 45.90 7.024

Table 4. Enhanced-filter error budget for DSN X-band ranging-only navigation.

Error B-plane dispersions

source

group BeR, km BeT, km LTOF, sec
Epoch state 0.27 0.13 0.23
SRP parameters 2.26 1.11 0.91
Nongravitational accelerations 7.27 3.54 4.13
Ionosphere 0.78 0.39 0.27
Troposphere 1.54 0.75 0.64
Station locations 5.36 2.63 2.66
Earth orientation 2.47 1.26 0.63
Range biases 2.06 1.00 0.97
Measurement noise 6.59 3.21 3.18
Total (root-sum-square) 11.98 5.86 6.08

33



TR

34

Table 5. Enhanced-filter error budget for DSN X-band Doppler-plus-ranging navigation.

Error
source
group

Epoch state

SRP parameters
Nongravitational accelerations
Tonosphere

Troposphere

Station locations

Farth orientation

Range biases

Measurement noise

Total (root-sum-square)

B-plane dispersions

BeR, km BeT, km LTOF, sec
0.10 0.05 0.10
1.57 0.76 0.64
5.73 2.83 2.87
0.87 0.41 0.56
1.46 0.69 0.81
2.99 1.53 0.97
2.98 1.50 1.26
1.40 0.67 0.68
5.11 2.46 2.51
9.17 4.51 4.35
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The theoretical aspects of an orbit determination filter that incorporates ground-
system error sources as model parameters for use in interplanetary navigation are
presented in this article. This filter, which is derived from sequential filtering theory,
allows a systematic treatment of errors in calibrations of transmission media, station
locations, and Earth orientation models associated with ground-based radio metric
data, in addition to the modelling of the spacecraft dynamics. The discussion
includes a mathematical description of the filter and an analytical comparison of its
characteristics with more traditional filtering techniques used in this application.
The analysis in this article shows that this filter has the potential to generate
navigation products of substantially greater accuracy than more traditional filtering

procedures.

l. Introduction

In JPL’s interplanetary orbit determination process,
ground error sources associated with radio metric data,
such as station location, Earth orientation, and transmis-
sion media calibration errors, are usually treated as un-
modelled “consider” parameters in a scheme known as the
consider option. This method does not utilize any infor-
mation pertinent to the consider parameters in computing
estimates of the trajectory parameters. Rather, the effects
of the consider parameters are accounted for by modify-
ing the computed estimation error covariance with pre-
assigned uncertainties of these parameters. In many cases,
this method gives satisfactory results and allows reason-
able navigational accuracy. However, the consider option
sometimes yields unstable and unpredictable results when
used for interplanetary navigation.

Recently, an enhanced orbit determination scheme
(which will be referred to throughout this article as the
“enhanced” filter) has been developed. The enhanced fil-
ter explicitly models ground error sources as random pro-
cesses simultancously with the trajectory-related parame-
ters. This method exploits the full information content of
the data pertaining to these ground errors in the filtering
process and may thercby improve the knowledge of these
parameters and the overall accuracy of the estimated flight
path.

The enhanced filter has been successfully applied.to se-
lected navigation problems in some interplanetary orbit-
determination case studies at JPL [1,2). These studics
have shown an increase in orbit-determination accuracy
using the enhanced filter method of factors of two to four
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over the use of more conventional techniques. Interest-
ingly, in the field of Earth satellite orbit determination,
similar filtering techniques have been in use for some time.
Numerous articles exist in the literature. For example, in
the article by Lichten and Border [3], stochastic models
for the tropospheric delays are used for problems in Global
Positioning System orbit determination.

This article describes the framework of the enhanced
filter model and gives an analytical comparison of the en-
hanced filter with the traditional consider option. Since
there are many concepts involved, a quick review of the
basic filter model from which the enhanced filter evolved
will be given first. A detailed discussion of the consider
option will also be presented, so that its characteristics can
be compared with those of the enhanced filter.

Il. Basic Filter Model

All of the filters discussed herein employ a linear repre-
sentation of the process dynamics and the measurements.
In this formulation, the state space and measurements are
described as follows:

x;31= (G +1,0)%x; +w; (1)
zj = Hj X; +V; (2)

where x denotes the extended state, which includes the
spacecraft state and the dynamic process perturbation pa-
rameters. The dynamic process perturbations may be
treated as random or deterministic parameters. The tran-
sition matrix from time ¢; to {j41 is ®(j + 1,7), and w
represents the state-space modelling errors. The jth data
point is 2z;, and v; is the corresponding data noise. The
term H; is a matrix that contains the partial derivatives
of the jth data point with respect to the extended state.

The computations for the estimate and covariance ma-
trix follow the basic square-root information filtering pro-
cedure discussed by Bierman [4]. This procedure can be
described as follows: The a priori values and covariance
matrix for the estimated parameters are first transformed
into the a priori residual and the a priori information ma-
trix. To ensure numerical stability, the Cholesky decom-
position is applied to the a priori information matrix to
obtain an upper triangular factorization, hence the term
“square root” of the matrix. This a priori square-root in-
formation matrix is augmented by the a priori residual.
Measurements are then included into this augmented ma-
trix using the Householder orthogonal transformations, re-
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sulting in the following a posteriori square-root informa-
tion and residual matrix:

(3)

where R denotes the information matrix, z denotes the
residual, and e denotes the sum of squares of the residual
errors as defined in the classical least-squares problem.

The extended state estimate X and the error covariance
matrix P, for the extended state are computed using the
values in the above matrix.

x= Rz (4)

P,= RT'R7T (5)

lll. Consider Option

The consider option is based on the assumption that
there is a set of parameters that affects the performance
of the filter and that it is unnecessary or impractical to
model these parameters accurately. These parameters are
referred to as consider parameters. Since consider parame-
ters are not included in the model, they are not estimated.
Moreover, the estimation and covariance computation pro-
cess for the extended state is not aware of the presence of
these parameters and any errors in their values. Instead,
once the state estimation is performed and the error covari-
ance computed, the consider filter modifies the computed
error covariance to account for a constant uncertainty in
the consider parameters. This new covariance is called the
“consider covariance.” If P, denotes the computed error
covariance matrix and P, denotes the a priori covariance
of the consider parameters, then the consider covariance,
P., is computed as follows:

P. =P, +SP, ST (6)

The matrix S above is commonly called the sensitivity ma-
trix and contains the partial derivatives of the estimated
state with respect to the consider parameters. In the con-
sider filter, it is a function of the measurements only. More
details of the sensitivity matrix can be found in [4].

The consider option is often used to treat ground error
sources that affect the measurements. The rationalization
is that since these error sources do not affect the spacecraft



dynamics, estimating them will not improve the knowledge
of the spacecraft state, and therefore it is adequate to just
characterize them by their uncertainties. In this approach,
the presence of the ground errors is acknowledged in a con-
servative fashion, which overlooks the important fact that
these error sources, since they affect the measurements, do
affect the spacecraft state estimates. Note also that this
method assumes that the ground error parameters are con-
stants with no dynamics. This simplified modelling does
not allow an improvement in knowledge of these parame-
ters to be obtained.

The most obvious disadvantage of the consider option
is that when the sensitivity of the state with respect to the
ground error parameters increases, the consider covariance
increases, as can be seen clearly from Eq. (6). This im-
plies a greater uncertainty in the spacecraft state. When
this happens, the only remedy available within the con-
text of the consider option is to decrease the “weight” of
the data, i.e., assume that each measurement contains less
information than it does in actuality. This and other char-
acteristics of the consider option are discussed by Scheeres

[5].

There is, however, a deeper significance here. If the
sensitivity of the state with respect to the ground error
parameters grows large, then this implies that there is sig-
nificant information contained in the measurements con-
cerning these parameters. The logical recourse would be to
exploit this information in order to learn something about
the characteristics of the ground error sources. This im-
plies that the ground error parameters should be incorpo-
rated into the filter model.

IV. Enhanced Filter

The enhanced filter provides for the inclusion of the
ground error parameters in the filter model so that the
estimation process incorporates the information pertinent
to the behavior of these parameters. In this treatment, the
ground error sources are modelled as dynamic entities. By
doing this, an automatic feedback mechanism is created
so that no artificial data weighting is needed to keep the
covariance of the state estimate from diverging.

A. Enhanced Filter Model

The enhanced filter uses the extended state model for
the basic batch sequential model given by Eq. (1). In ad-
dition, there are models for ground error parameters and
a modified measurement model. The ground error param-
eters are modelled as a discrete first-order Markov process
in a vector form given by

Yis1 =Y+ 1,7y +uj (7)

where y denotes the vector consisting of the ground error
parameters, ¥(j + 1, j) accounts for the time dependency
of y from time t; to ¢;,1, and u represents the random
driving term.

The measurement model given by Eq. (2) is modified
to include information pertaining to the ground error pa-
rameters.

z; = H; x; + G; y; + v, (8)

where the meanings of H; and v; are the same as before
and G; contains the partial derivatives of the jth data
point with respect to the ground error parameters.

The enhanced filter model thus consists of Egs. (1), (7),
and (8). The characteristics of this model can be described
as follows. Ground error sources are treated as system pa-
rameters that can be estimated. The extended spacecraft
state space evolves independently from the ground system
parameters. The measurements have explicit dependency
on the ground system parameters.

B. Estimate and Covariance

In the enhanced filter, estimated parameters include
both the extended spacecraft state and the ground system
parameters. The computations for the estimate and co-
variance matrix follow the basic square-root information
filtering procedure described in Section II. After process-
ing measurements, the a posteriori information and the
residual matrix have the following form:

R Ra:y Zy
R, 1z (9)
e

In Eq. (9), subscripts are given to show the relationship of
the quantities in the matrix with respect to the parame-
ters. Here, R, represents the information with respect to
the extended state and is the same as R in Eq. (3); R, rep-
resents the information with respect to the ground system
parameters; R, denotes the information concerning the
extended state affected by the ground system parameters;
and z; and z, are residual components corresponding to
the extended state and ground system parameters, respec-
tively. From this matrix, the extended state and ground
system parameter estimates are computed as
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X = R;l [2: — Rey ¥ (10)

=~
&

;' (11)

y =

Equations (10) and (11) show that the information con-
tent pertinent to the ground system parameters, R, and
zy, is used to estimate these parameters, yielding a new
estimate, y. This estimate is then used to obtain a new
state estimate, X, together with the information pertinent
to the state, R, the state with respect to the ground
system parameters, Ruy, and the residual, z;. In the con-
sider option, the state estimate would have used only R,
and z,, and no estimate for the ground system parameters
would have been computed.

Since all parameters are estimated, the covariance ma-
trix for the extended state is then

P = R:'R:T+[-R;'RoyR; Y] [-R;'R.,R; '] (12)

Recognizing that —R; 'R,y is the definition of the sensi-
tivity matrix, Eq. (12) may be represented as

P=p,+sp,sT (13)

In this equation, P, = R;'R;7 and P, = R;'R;7,
where P, and f’y represent the blocks of the computed
covariance matrix corresponding to the extended state and
the ground system parameters, respectively.

Using the same notations, the full covariance matrix
corresponding to the estimate for both the extended state
and the ground system parameters is

P, +SP,ST SP,
) (14)
p,ST P,

Note that the P, in both Egs. (13) and (14) is ex-
actly the computed covariance in the consider option.
Equation (13) has the same form as Eq. (6), which gives
the computation for the consider covariance. But the
important difference here is that the covariance for the
ground system parameters, Py in Egs. (13) and (14), is
updated using the measurements and their modelled be-
havior, while in the consider option only the constant a

priori covariance is used.

40

Further, in the enhanced filter, the full covariance ma-
trix is used to automatically weight the measurement data,
thus using the modelled behavior of ground system param-
eters to control the relative weight given to the measure-
ments. In the consider option, only the computed covari-
ance P, is used to weight the measurements; therefore,
the ground system parameters have no effects on the data
weights. In particular, using the enhanced filter formula-
tion, the computed covariance stabilizes as the informa-
tion contained in Ry increases. This is transparent since
P, = R;'R;T. Thus, there is no need to artificially
deweight the data when the information content of the
ground system parameters is large. On the other hand,
when there is little or no information pertinent to the
ground system parameters, the enhanced filter then be-
haves as in the consider option. In this case, the covariance
matrix with respect to the ground system parameters, 13!,,
will consist primarily of the a priori constant covariance
for these parameters.

C. Features of the Enhanced Filter

The advantage of modelling measurement error sources
as system parameters is that this makes it possible to esti-
mate these parameters. Thus, the knowledge of them may
be improved. This approach distinguishes the enhanced fil-
ter strategy from other commonly used schemes that treat
ground system errors as measurement noise. Many prob-
lems arise with such schemes. For example, because of the
very assumnption that the ground system errors are noise-
like, no information regarding these parameters can be ex-
tracted from the measurements. Very often, this leads to
degenerate covariance matrices; see [6,7] for more discus-
sions on such treatments.

The advantage of modelling the evolution of the ground
system parameters independently from the state dynamics
is that, while not affecting the state evolution, the ground
errors are allowed to evolve according to their own dy-
namics. This is necessary since some of the error sources,
such as Earth orientation and transmission media, are dy-
namic. This model demonstrates that system parameters
do not have to be included in the state dynamics in order
to improve the state estimation. Finally, the advantage
of modelling the dependency of the measurements on the
ground system parameters explicitly is that the best pos-
sible weighting of the data can be utilized in the filtering
process to generate estimates of the spacecraft trajectory.

The net combination of the above features provides a
procedure that fully exploits the information content of the
measurements pertaining to the ground system parame-
ters and systematically assigns the proper weight for each



measurement according to the modelled behavior. This
is achieved in the enhanced filter by using user-input pa-
rameters that describe the stochastic nature of the ground
system parameters. By choosing the statistics of these pa-
rameters properly, accurate estimates of both the ground
system parameters and the spacecraft state may be ob-
tained. In addition, the covariance of the ground system
parameters may be effectively controlled, ensuring that the
estimates for these parameters will be within the accuracy
with which they can be modelled.

V. Conclusions

To summarize, the enhanced filter has been shown to
offer some advantages over the traditional consider option
in the following ways: First, the enhanced filter allows the
behavior of the ground system parameters to affect the
spacecraft state estimates. This helps to ensure that the
spacecraft state is being estimated with a more complete
representation of the physical world. Second, the enhanced

filter can exploit the information contained in the data per-
taining to the ground system parameters, possibly helping
to improve the knowledge of these parameters. Moreover,
the improved knowledge is fed back into the filtering pro-
cess automatically, which effectively adjusts the weighting
of the data systematically, helping to stabilize the state
covariance. Third, the performance of the enhanced filter
is no worse than that of the consider option in the case
when the information content of the data with respect to
the ground system parameters is small.

In reviewing the history and evolution of the sequen-
tial filtering techniques, a major motivation for using the
consider option in the past was that it was cost effective,
in terms of computation time, to deal with a lower dimen-
sional model, even if the accuracy of the filtering product
was compromised. With modern computers, this moti-
vation is no longer a valid concern. The enhanced filter
model can use this computational power to achieve an un-
precedented degree of accuracy and robustness in many
orbit determination problems.
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A new 34-m research and development antenna was fabricated and tested as a
precursor to introducing beam waveguide (BWG) antennas and Ka-band (32 GHz)
frequencies into the NASA/JPL Deep Space Network. For deep space use, system
noise temperature is a critical parameter. There are thought to be two major con-
tributors to noise temperature in a BWG system: the spillover past the mirrors
and the conductivity loss in the walls. However, to date, there are no generally ac-
cepted methods for computing noise temperatures in a beam waveguide system. An
extensive measurement program was undertaken to determine noise temperatures
in such a system along with a correspondent effort in analytic prediction. Utiliz-
ing a very sensitive radiometer, noise temperature measurements were made at the
Cassegrain focus, an intermediate focal point, and the focal point in the basement
pedestal room. Several different horn diameters were used to simulate different
amounts of spillover past the mirrors. Two analytic procedures were developed for
computing noise temperature, one utilizing circular waveguide modes and the other
a semiempirical approach. The results of both prediction methods are compared to
the experimental data.

February 15, 1994

l. Introduction

Noise temperature due to a beam waveguide (BWG)
system is one of the major contributors to antenna-receive
system noise, especially for an ultralow noise system or a
system with high spillover power in the BWG shroud. A
reasonably accurate prediction of the BWG noise tempera-
ture is essential. Direct analytical computation of the noise
temperature of elaborate BWG systems, including all mir-
rors, is an extremely complex problem and, to date, there
is no generally accepted method. This article presents two
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new techniques, one a purely analytical method and the
second a semiempirical approach.

The analytical method extends the approach of [1},
which computes the waveguide modes that are propagat-
ing in the oversized waveguides. Reference [1] describes a
physical optics (PO) integration procedure of the currents
on the BWG mirrors using a Green’s function appropriate
to the circular waveguide geometry. Once all the modes in
the waveguide are known, it is a simple matter to use stan-



dard approximations to determine the attenuation con-
stant and, thus, the conductivity loss if the conductivity
of the wall material is known. Also, all energy that prop-
agates toward, but spills past, a BWG mirror is assumed
to be lost in the walls of the BWG as well. The noise tem-
perature is computed assuming both loss components see
ambient temperature.

The second method uses a technique that combines an
analytical approach with data from measurements to con-
struct a specific expression to compute the BWG noise
temperature.

To validate both approaches, a series of measurements
were made on DSS 13, the recently completed research
and development 34-m BWG antenna (see Figs. 1 and 2).
The experiments consisted of making very accurate noise
temperature measurements for different gain horns located
at both the Cassegrain focus (f1) and the BWG focus of
the upper portion of the BWG system (f2) (designed to
image the horn at the Cassegrain optics focal point). This
portion of the BWG optics is enclosed in a 2.44-m-diameter
tube. By taking measurements at both focal points, the
noise temperature of the BWG portion of the optics can be
accurately determined. The results of both computation
methods are compared to the measured data.

ll. Waveguide Mode Theory

The BWG tube analysis is conceptually similar to the
PO analysis used in reflector antenna analysis. Currents
induced in the BWG mirror are obtained using a standard
PO approximation of J = 21 x H;,. where fi is the sur-
face normal and H;,. is the incident field. However, this
analysis differs in the methods by which the incident field
on a mirror and the scattered field are calculated.

One approach to calculating the scattered field is to use
a dyadic Green’s formulation [1] where the field scattered
from a BWG mirror is computed using the Green’s func-
tion appropriate to the cylindrical waveguide geometry.

While it is conceptually convenient to use Green’s func-
tions to discuss the comparison with PO, the actual com-
putation using this approach is rather cumbersome. In-
stead, a simpler method is used to calculate waveguide
fields, based upon the reciprocity theorem. The basic
problem is to find the fields radiated by an arbitrary cur-
rent (the PO currents on the reflector) in a cylindrical
waveguide. The problem is easily solved by expanding the
radiated field in terms of a suitable set of normal modes
with amplitude coeficients determined by an application
of the Lorentz reciprocity theorem.

An arbitrary field in a waveguide can be represented as
an infinite sum of the normal modes for the guide. Let the
normal modes be represented by

B = (5n £ 7,n) €7
(1)

where Ef,” represents a mode traveling in the +z direction
and Ff,—)is a mode traveling in the —z direction. For a

basic normal mode description, see [2].

Let the field radiated in the +z direction by the current
be represented by

B _ E anfff)

n

)
AP Z 3 Gy
n Zn
and the field radiated in the —z direction by
E(—) = Z bn—E_f:)
3)

Recalling the Lorentz recipro_c_ity theorem, if E;, H;
and E3, H; are the fields due to J, J,, respectively, then

/[EgoJl—Elon]dV (4)

If we let E;, H; be the fields due to the sources J

+ +
and Ef‘ ), and _ﬁfl ) be the modal (source-free) solutions,
substituting in the Lorentz reciprocity theorem gives
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If we choose a volume bounded by the perfectly con-
ducting guide walls and the two cross-sectional planes .5
and S (see Fig. 3), then

[
+/(£)o M x

Note that the integral along the wall does not con-
tribute because on S; ne E; x Hy = Hi. ix E =

(&)
7 x HZH Fff) X H(')} ds

()
——HZ" B x H(”] ds (6)

n

H e tangential E = 0 for either E&) or E‘,(, ),

Also only transverse fields enter into computations be-
cause 7 @ I/ x H selects transverse components.

For the normal mode function E;}, H}, it is readily

found that
2b,,
[=-% ")

when the expansion for E* and E~ are used in conjunction
with the orthogonal property and

/’(Enx'ﬁm)oidsz{()ifn¢m (8)

lifm=n

Also, if we use the normal mode function Ff,_), ﬁf,_),

we find that
an
/, =222 9)

We have therefore shown that

a, = — %ZH/U [Eﬁl—) 07] dv
(10)

by = — %Z,./ [EP o 7] av
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Since we have only surface currents, the integral for the
PO currents is over the surface of the reflector. If we let

1 _
Cn=—§/Ja°E$a )ds (11)

where J, is the PO currents on the mirror, then

T{_+ = Z cnﬁ(—)

n
n

(12)
—E_+ = Z chnff,_)

and the total power contained in the fields is
P=Y" Zulea| (13)

If the spillover past the mirror is small (i.e., >25 dB
edge taper), the PO currents induced on the first mir-
ror are computed in the standard way, by utilizing the
free-space near-field radiating H field of the horn and
Js = 27 x Hin.. Or they may be computed by utilizing
a technique similar to the one just described to compute
the propagating modes from the horn, radiating in the
oversized waveguide and utilizing the appropriate H field
derived from these modes as the incident field. On subse-
quent mirrors, PO currents are computed from the H field
derived from the propagating waveguide modes. The tech-
nique is summarized in Fig. 4, where it should be noted
that

H= /71 o_ﬁwgds = chﬁi—) (14)

Power loss in the conductor is obtained utilizing the
standard technique to compute the power dissipated in
the conductor per unit lerrgth [2] as

27 _
PiZ) = R/ [H:|? ad¢ (15)
0
where
_ [
R= oy (16)



and ¢ is the wall conductivity, a the radius, and [H,|? the
tangential H field. It should be noted that Py is a function
of Z since |H,|? is a function of Z (i.e., it is composed of
more than one waveguide mode).

Power loss is computed from
P =P, (17)

where d is the distance from Z; to Z3 and the attenuation
constant is computed as

 J7? Pa(2)dz

ad 2P,

(18)

where P; is the power flow in the waveguide.

To compute noise temperature, it is convenient to sepa-
rate the total RF power originating from the horn aperture
(viewed in transmission, for convenience) and propagating
into two parts

PBWG = Pm + Pspi” (19)

where P, is the portion that spills past the mirrors
(since the mirrors do not fill the waveguide). P,pi; can be
computed for each mirror by integrating the total power
radiated from the induced mirror currents and comparing
it to the incident power. Note that the computation uses
the induced currents derived from the waveguide modes.
It is then assumed that this spillover power sees ambient
temperature since it would be lost in the tube due to mul-
tiple bounces in a lossy material.

The total noise temperature then is composed of two
parts—the noise due to the spillover power added to the
noise from the attenuation of P, due to the conductivity
loss.

lll. Semiempirical Approach

The noise temperature of elaborate BWG systems, in-
cluding mirrors and shroud, can also be computed by us-
ing a new technique that combines an analytical approach
with data from measurement tests to construct a specific
expression. This technique begins by separating total RF
power into two parts; that is, the power that originates
from a horn aperture and propagates through a BWG
shroud (Ppw¢) (see Fig. 5) is separated by

Pewe = Pm + Pypin (20)

where Py, is the majority of the total power that is always
confined inside all BWG mirrors. P, does not contact the
BWG wall and there are no multiple reflection, diffraction,
and creeping wave components. P, can be computed eas-
ily and accurately because all BWG wall and mirror in-
teractions are not included. In this analysis, mirrors are
assumed to radiate in free space, making the P,y differ-
ent from the P,p;; of the waveguide mode theory. P,y is
the sum of spillover powers of each mirror. It creeps and
bounces around the BWG walls, mirrors, brackets (be-
hind the mirrors), and edges, and suffers dissipation loss
and consequent noise. On an average, the P,p;; power
largely dissipates before a small remainder exits the BWG
opening near fl (see Fig. 2). Even though P,y can be
computed accurately (Pypin = Pewg — Pn), its field dis-
tribution and its chaotic behavior inside the lossy BWG is
virtually impossible to compute analytically.

From Eq. (20), the corresponding noise temperatures
are

Tewe = T + Tepin (21)

where Tpw g is the total noise temperature (in kelvins) due
to the BWG system (including the shroud, mirror, brack-
ets, etc.). The values T;;, and T,p;; are the noise temper-
ature contributions from P, and P,piy, respectively. Be-
cause of the simplicity of Pp,, its corresponding noise tem-
perature Ty, can be computed with acceptable accuracy.
For 6061T6 aluminum with conductivity of 2.3 x 107 S/m
and a 270-K physical temperature, the noise temperature

T,, at X-band (8.45 GHz) [3] is

P,
T,=0734—2
Ppwg

= 07340y, (22)

where a,, is the P, fraction of Pgw g, dimensionless.

The noise temperature due to spillover power Pypin is
given in a very simple form as

P P
Topin = (T‘LG) T+ (PB:’G) Ty =i +aTy (23)

where P; is the total spillover power of the two mirrors
(M5 and M6) in the basement and the value P; is the total
spillover power of the four mirrors (M1, M2, M3, and M4)
above the basement ceiling. The values a; and a4 are the
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normalized powers (with respect to Pew¢) of P1 and P,
respectively.

By substituting Eqs. (22) and (23) into Eq. (21), the
BWG noise temperature at X-band becomes

Tewag = 0.734a,, + a1 11 + a1y (24)

By performing various measurements at the NASA DSN
BWG research station at Goldstone, the coefficients T1
and T2 at X-band have been obtained [3].

No basement shroud 77 =300+ 10K (25)
T, = 240 + 45K

Full shroud T; =280+ 20K

T, = 230 + 45K (26)

Figure 6 shows the comparison between predicted and
measured BWG noise temperatures for various total spill-
over powers at X-band. The results indicate a very good
agreement, especially in the operating range (0.5 percent
< Pypin < 1.2 percent).

IV. Measurements Program

Figure 1 shows a recent photograph of the 34-m-
diameter BWG antenna at the NASA/JPL Goldstone
tracking facility near Barstow, California. It is the first
BWG antenna built for NASA and is primarily intended
for research and development. One of its uses has been to
develop and verify theoretical models that can be used as
tools for designing future improved BWG antennas.

Focal points f1, f2, and 3 are depicted in Fig. 2. Focal
point f1 is the Cassegrain focal point near the main reflec-
tor vertex. An intermediate focal f2 lies above the azimuth
track, and f3 is the final BWG focal point located in a
subterranean pedestal room. Degradations caused by the
BWG system mirrors and shrouds were determined from
comparisons made of operating system noise temperatures
measured at the different focal points.

As discussed earlier, the goal of the experimental tech-
nique was to determine the degradations caused by noise
temperature contributions from wall losses and mirror
spillovers in the BWG system. The experimental tech-
nique that was conceived and implemented involved mea-
suring operating system noise temperature at fl, f2, and
£3. The difference between noise temperatures at fl and
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f2 gives information on total losses from the BWG system
that include (1) dissipative losses due to finite conductiv-
ity of four mirrors, (2) spillover losses associated with four
mirrors, and (3) shroud wall losses between f1 and f2. Sim-
ilarly, information about total losses from the remaining
two mirrors, shroud walls, and unshrouded path between
2 and f3 are determined by measuring the difference in
noise temperatures at those focal points.

To obtain information on losses pertaining only to the
Cassegrain portion of the BWG antenna, the experimen-
tal procedure involved measuring operating system noise
temperature with the test package on the ground, and
then with the test package installed at fl. The differ-
ence between fl and ground noise temperatures reveals
the amount of degradation caused by spillover of power
from the horn into the region between the subreflector and
main reflector, scattering from the tripod legs, noise con-
tribution from illumination of the ground and sky region as
geen from the subreflector focus, and leakage through gaps
between panels and perforations in the main reflector sur-
faces, as well as noise temperature due to illuminating the
area between the horn aperture and BWG shroud walls.

To yield the information described above, the experi-
ment required that absolute noise temperature at the dif-
ferent test locations be accurate to about £0.5K and be
repeatable to about +£0.2K. The accuracy of values ob-
tained for differential measurements is estimated to be
40.3 K, which is more accurate than absolute values due to
common errors canceling each other out in the differencing
process.

To achieve these goals required an ultrastable radiome-
ter and good mechanical stability of the test package at
the various focal points after installation. It was shown
in a previous article [4] that a number of measurements
were made with the test packages installed at the different
focal points, then back on the ground, and then back at
the focal points. Such repeatability tests confirmed that
the X-band test package and radiometric system met the
accuracy requirements stated above for making absolute
and differential noise temperature measurements.

Figures 7 and 8 show the X-band test package installed
at f1 and 2. Horns of different gains at fl and f2 were
easily achieved by beginning with the 29-dBi horn and
systematically removing horn sections to produce a lower
gain horn. At both fl and f2, test package adjustments
were used to align the phase centers for the different gain
horns to the desired geometric focal points.

Special radiometric calibration techniques were em-
ployed, such as (1) correcting for changes in atmospheric



noise contributions due to changes in air temperature and
relative humidity and (2) performing periodic real-time
calibrations of the radiometric system for measuring noise
temperatures. Further details of the microwave perfor-
mance of these test packages and radiometric techniques
used to achieve the desired stability and precision have
been reported elsewhere [5].

V. Results

The measurements described above were made at
Cassegrain focus f1, intermediate focus {2, and basement
focus 3.

For contrasting the two theories, the most interesting
measurements were those made at f2, where the shroud

surrounds the mirrors. Since there is no shroud in the
pedestal room, both methods give the same result for the
basement mirrors.

A horn pattern input at f2 is imaged at f1 so measure-
ments made with the same horn gain at fl and f2 can be
differenced to give the noise temperature due only to the
BWG portion of the system. A plot of the measured data
for the upper BWG (f2 to f1) is compared to both theories
in Fig. 9 for horn gains from 25 to 29.8 dB. Obviously,
the lower gain horn s