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The benefits of improved radiometric trackhzg data have been studied for planetary

approach within the hmer Solar System using the Mars Rover Sample Return trajectory

as a model. It was found that the benefit of improved data to approach and encounter

navigation was highly dependent on the a priori uncertahzties assumed fi)r several non-

estimated parameters, including those for frame-tie, Earth orientation, troposphere delay,

and station locations. With these errors at their current levels, navigational performance

was found to be insensitive to enhancements #z data accuracy. However, when expected

improvements in these errors are modeled, performance with current-accuracy data sig-

nificantly improves, with substantial further improvements possible with enhancements

in data accuracy.

I. Introduction

An investigation of the benefits of improved radiometric

tracking data for interplanetary navigation has been initiated.

The goals are to determine the limitations imposed on naviga-

tion performance by radiometric data accuracy and how to

best utilize this high-accuracy data to optimize navigation per-

formance. For this purpose, covariance analyses using the

Orbit Determination Program (ODP) have been performed,

including two-way Doppler, two-way range, and Delta Differ-

enced One-way Range (ADOR) measurements with various

assumed accuracies for each data type. Three sets of results are

presented, with the Mars Rover Sample Return (MRSR) Mis-

sion cruise and encounter trajectory used as a model for each

set. 1,2

Since only a single trajectory has been studied, some cau-

tion is needed in generalizing the results. In particular, the

1A. Konopliv, "Cruise Navigation Analysis for MRSR with Radiometric

Data Only," JPL IOM 314.4-608 (internal document), Jet Propulsion

Laboratory, Pasadena, California, December 2, 1987.

2A. Konopliv. "MRSR Approach Navigation--More Results for Radio-

metric and Optical Data," JPL IOM 314.4-621 (internal document),

Jet Propulsion Laboratory, Pasadena, Calilornia, April 7, 1988.
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ephemeris of Mars is the best known of all the planets (ex-

cluding Earth), so that this study may present the most favor-

able case. Also note that for this model trajectory, encounter

takes place when Mars is near its most southerly declination.

An encounter lying closer to the celestial equator might affect

the impact of Doppler data on the total orbit determination

accuracy, and a trajectory lying in the northern sky might give

added strength to the ADOR measurements because of the

increased visibility on the Goldstone/Spain baseline. However,

it is expected that the effects of these variations on the studies

presented in this work will be either minor, since the impact

of Doppler data is generally limited, or possibly beneficial,

since the impact of ADOR data is strongly positive.

For the first set of results (solution set number one), the

ephemeris and station location a priori uncertainties used are

appropriate for the present time and near future (i.e., 1988-

1990). A simple equivalent station location error (ESLE)

approach was adopted, in which a priori uncertainties in Earth

orientation and troposphere are lumped together with the sta-

tion location uncertainties to give one "equivalent" station

location covariance which accounts for the errors in all three

quantities. For these runs, the ESLE and ephemeris errors

were considered as unestimated systematic errors. In the co-

variance analysis results, the considered ephenreris errors made

the dominant contribution to the total orbit determination

uncertainty for nearly all combinations of data. Also, it was

found that for hnproved range and Doppler accuracy the

ESLE contribution to tile orbit determination uncertainty

grew in size, causing the total uncertainty to increase as data

became more accurate. These results were not unexpected, but

they are presented here to serve as a benchmark for compari-
son with later runs.

For solution set number two, the a priori ephemeris covari-

ante of set one was replaced by another in which it had been

assumed that the right ascension offset between the dynamical

reference frame of the planets and the Very Long Baseline

lnterferometry (VLBI) quasar frame had been established at

the level of 5 nanoradians. This step resulted in an ephemeris

with an a priori frame tie error of about 5 nanoradians in each

of the three rotational directions. In addition, the ESLE

approach was abandoned and replaced by a more physically

realistic one in which station location and troposphere errors

are considered independently and in which Earth orientation

parameters are estimated stochastically. All a priori uncertain-

ties used, except for that of the ephemeris, were tire same as

in solution set one. It was found that the contributions of

ephemeris and station errors to the orbit determination uncer-

tainty decreased significantly and that the total uncertainties

(compared to those of solution set one) were smaller by fac-

tors of up to eight, depending on the combination of observa-

bles and accuracies assumed.

Solution set three differs from solution set two in that new

a priori errors for station location, troposphere, and Earth ori-

entation parameters are adopted, representing higher levels of

accuracy tbr these calibrations, as should be available in the

mid-to late 1990s. These results showed that orbit determina-

tion uncertainties could be decreased by an additional 10-60

percent (compared to those of set two), again depending on

the combination of observables and accuracies assumed.

The results from the analyses described above suggest that

orbit determination for missions to the inner planets will bene-

fit most significantly from an improved determination of the

tie between the dynamical frame of the planets and the iner-

tial frame of the quasars. There is a reasonable hope of deter-

mining this tie for the inner planets at the level of 5-10 nano-

radians within the next few years. Promising measurement

techniques include improved ground surveys linking key Lunar

Laser Ranging (LLR) and VLBI sites, 3 VLBI observations of

short-period pulsars [1], observations of planetary occulta-

tions of quasars, 4 and VLBI measurements during the Phobos

Lander Mission s and the Mars Orbiter Mission.

With this frame tie established, further advances in orbit

determination accuracy can result from improved radiometric

data. Achieving the full benefit of more accurate data will

require two additional efforts. First, improvements in model-

ing are required. Station location, troposphere, and Earth

orientation errors need to be given a physically realistic repre-

sentation, with separate parameters and partial derivatives pro-

vided for each. Second, improvements in calibration are re-

quired. Reductions in the present a priori errors tbr station

locations, troposphere delays, and Earth orientation will sig-

nificantly enhance orbit determination with high-accuracy

radiometric data types. These calibration improvements are

expected to be achieved through advances in VLBI and GPS

technology.

Once these improvements are implemented, navigational

performance /or cruise and encounter to the inner planets will

benefit significantly from improved radiometric data. For

these nlission scenarios, improvement in the accuracy of

ADOR observables has the greatest effect on spacecraft posi.

3A. E. Niell, "Absolute Geocentric DSN Station Locations and Radio-

Planetary Frame Tie," JPL IOM 335.2-159 (internal document), Jet
Propulsion Laboratory, Pasadena, Calilornia, March 21, 1984.

4R. Linfield, "The Need for DSS-43 on July 19, 1988 for a Venus

Occultation," JPL IOM 335.3-88-51 linternM document), Jet Propul-
sion Laboratory, Pasadena, California. April 25, 1988.

5C. E. Hildebrand, "t:irst Cut at Phobos Lander VLBI Errors," JPL

IOM 335.1-87-29 (internal document), Jet Propulsion Laboratory,
Pasadena, California, February 3, 1987.
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tionalcovariancesat encounter.ImprovingtheADOR accu-

racy from 50 nrad to 5 nrad was found to reduce orbit deter-

ruination uncertainties by a factor of three when the ADOR

data was used in conjunction with lO-m range and l-mm/sec

Doppler. hnprovements in range and Doppler accuracy can be

beneficial, but in general will have a more limited effect,

except in the absence of ADOR data. In this regard, 10-cm

accuracy range proves to be a powerful stand-alone data type,

producing results superior to those achievable with the 10-m

range, l-ram/see Doppler, and 50-nrad ADOR data type

combination.

II. Trajectory and Observation Schedule

The three sets of results presented here are based oll the

Mars Rover Sample Return (MRSR) Mission approach trajec-

tory discussed by A. Konopliv. 6 With this trajectory the space-

craft encounters Mars on October 7. 1999. All the orbital solu-

tions presented are based on a common observation schedule,

which is summarized in Table 1. The first data point is taken

85 days before Mars aerocapture and the last point is taken

2 days before Mars encounter. Two-way Doppler and two-way

range were scheduled from the three stations DSS-11, DSS-44,

and DSS-61. Doppler and range data were scheduled from each

station for one pass every sixth day, with stations alternating

so that a pass was scheduled somewhere for every other day.

A minimum spacecraft elevation of 10 deg was required for

this data. A one-hour integration time was used for Doppler

data, while range measurements were scheduled approximately

every hour within a pass. The ADOR measurements on the

DSS-I1-DSS-44 and DSS-11-DSS-61 baselines were scheduled

once every sixth day with quasars selected to be within 10 deg

of the spacecraft. ADOR data below 5-deg elevation was elimi-

nated. Tha total amount of data scheduled was 309 Doppler

points, 296 range points, and 28 zXDOR points.

III. Estimation Strategy and Error Modeling
Common to All Solutions

The covariance analyses were performed with the ODP

using batch sequential estimation. A batch time interval of one

day was used in all cases. This was chosen to be small com-

pared to the correlation time constants of all stochastically

estimated variables. For all runs, estimated parameters include

those for spacecraft initial state, solar pressure, and a random

nongravitational acceleration. Considered parameters include

those for a constant nongravitational acceleration, Mars GM

and J2, and quasar directions. The error modeling common to

all solutions will be discussed in this section and is summarized

6See Footnotes 1 and 2.

in Table 2. Modeling specific to solutions sets one, two and

three are summarized in Tables 3, 4, and 5 respectively, and

will be discussed in later sections.

Since the interest is in the effects of data accuracy on orbit

determhlation accuracy, the initial position and velocity of the

spacecraft were estimated with large a priori uncertainties of

10,000 km for each position coordinate and 1 km/s for each

velocity component. These large values were chosen so that

the final state determination would not be dependent on the

a priori values.

A solar pressure model was included. This model assumes

that the spacecraft has a mass of 1000 kg and presents an area

of 17 m 2 toward the Sun. The solar pressure force is calcu-

lated as the force on an o_aque body with this projected area
times a reflectivity vector G. The components of _ are assumed

to be constant in a coordinate system defined by the Sun-

spacecraft and Sun-Canopus directions. The component of

directed away from the Sun, G r, was estimated with an a pri-

ori uncertainty of 0.13, while the components of G perpen-

dicular to the Sun-spacecraft direction, G x and Gy, were each

estimated with an a priori uncertainty of 0.01. This modeling

is the same as used by Konopliv.

To account for other non-gravitational forces, both sto-

chastic and constant accelerations were employed. Stochastic

accelerations of 10 -t2 km/sec 2 per component were esti-

mated with a 5-day correlation time. Constant accelerations

with a priori uncertainties of 10 -t2 km/sec 2 per component

were considered.

To account for uncertainties in the Martian gravity field,

the GM and J2 of Mars were considered with uncertainties of

0.15 km3/sec z and 4.4 X 10 -7, respectively. Although these

uncertainties are 10 times the formal errors, their effects on

the orbit determination accuracy are never very significant.

The philosophical viewpoint has been taken that the funda-

mental reference frame for navigation is that determined by

the quasars. It is believed that this allows the simplest repre-

sentation of errors in orientation between the radio frame, the

terrestrial reference frame, and the dynmnical reference frame

of the ephemerides. Presently the quasar catalog is internally

consistent at the 5- to 10-nrad level [2]. Therefore, indepen-

dent 5-nrad per component errors for each quasar direction

have been considered.

Each solution set consists of ODP runs performed with dif-

ferent combinations of data types and accuracies. Data accura-

cies used were 30 cm or 3 cm for the ADOR, corresponding to

about 50- or 5-nrad angular uncertainty, 1000 m, 10 m. or

or 0.1 m for the range, and 1.0 mm/sec or 0.01 mm/sec for
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the Doppler. Runs were made with all possible combinations
of these data accuracies. Runs were also made with ADOR and

range only, ADOR and Doppler only, range and Doppler only,
&DOR only, Doppler only, and range only. This led to a total
of 35 runs for each solution set.

IV. Solution Set One

A. Error Modeling

Solution set one represents a first cut at investigating the

dependence of orbit determination accuracy on radiometric

data accuracy. For this set, relatively simple extrapolations of

present day estimates of the errors for the ephemeris, the sta-

tion locations, and other error sources were adopted. The re-

suits of this first solution set provided the information neces-

sary to focus on the important error terms and neglect largely

irrelevant terms. The error models particular to solution set
one are summarized in Table 3.

The ephemeris errors used were supplied by M. E. Standish

of the Navigation Systems Section in the form of a joint

Earth-Mars set-Ill parameter covariance matrix. This ephem-

eris covariance represents the formal calculated errors appro-

priate for a modern ephemeris. These formal errors are often
multiplied by a scale factor of two to five to make a crude

allowance for systematic error. However, examination of the

covariance matrix shows that the dominant component of
error consists of a 100-nrad uncertainty in the zero point of

right ascension for the ephemeris. All other orientation com-

ponents of the ephemeris covariance are on the order of

5 nrad. Since the radio frame has been adopted as the funda-

mental frame for navigation, this right ascension uncertainty

should correspond to the major component of the frame tie

error between the planetary frame and the radio frame. The
100-nrad value for this uncertainty is consistent with the

current estimate of the planetary-radio frame tie error for the

inner planets [3, 4]. Therefore, the ephemeris errors are

considered with no scaling. By doing so, the present frame-tie
error is correctly modeled, but errors for the internal consis-

tency of the ephemeris that are at present too small may be

incorporated.

For solution set one the common "equivalent station loca-

tion error" (ESLE) approach was adopted in which geocen-
tric station coordinate, Earth orientation, and media calibra-

tion errors are lumped together into a single set of effective

station errors. Present VLBI measurements establish Deep

Space Network (DSN) baselines to 10 cm in the radio frame

[5]. Geocentric station locations can potentially be derived

from these baselines and Global Positioning System (GPS)

satellite tracking data [6] with errors on the level of 10 cm.

Therefore, lO-cm per component errors for the geocentric sta-
tion coordinate contribution to the ESLEs have been used.

Due to unmodelable changes in the Earth's rotation rate

and pole location, accurate information about the orientation

of the Earth can be obtained only through a constant monitor-

ing program. Tile largest component of error is in UT1-UTC,

an offset in right ascension. The JPL Time and Earth Motion

Precision Observations (TEMPO) deliveries for Magellan are

expected to have a worst case (10-day extrapolation)UT1-UTC
error of 50 nrad. 7 This error has been accounted for by add-

ing to the station location a priori covariance matrix a 50-mad
longitude error, fully correlated between stations.

For the media errors it was assumed that dual-frequency

tracking could be used to calibrate out the ionosphere error

and that the 4-cm wet troposphere error [7] derived from

using monthly averages would not contribute significantly to
the equivalent station location error. Hence, for solution set

one ionosphere and troposphere errors were not explicitly
included.

B. Results

To compare the results for the large number of combina-

tions of data accuracies employed here, most results are pre-

sented in the form of root-sum-squared (RSS) position uncer-
tainties at tile nominal time of closest approach to Mars. In

contrast, the critical navigational requirement of MRSR deliv-

ery is control of the angle of atmospheric entry. The RSS posi-
tion error was chosen as a figure of merit over the more mis-

sion-specific angle of entry because it was felt to be more

generally reflective of the overall accuracy of the orbit deter-

ruination. In practice it has been found that the dominant

error sources affect most of the orbit parameter uncertainties,

and that the general trends in changes in orbit determination

uncertainty with changes in data accuracy are visible in any
figure of merit.

Table 6 gives the RSS position uncertainty at closest ap-

proach for all combinations of data types and accuracies with
a breakdown of the total RSS uncertainties into calculated

uncertainty and the contributions from considered errors. The

35 cases are listed by the ADOR accuracy, Doppler accuracy,
and range accuracy. The main conclusions from solution set

one are demonstrated by the three cases depicted in Fig. 1. In

Fig. 1 the RSS uncertainty is broken down into components

for the cases which include 30-cm &DOR, 1-mm/sec Doppler,
and 1000-m, 10-m, or 0. l-m range. The dominant contribution

is due to the considered ephemeris errors and is virtually con-
stant regardless of data accuracies.

"]T. F. Runge, "UTPM Calibration Accuracy for MageUan," JPL IOM
335.5-87.81 (internal document), Jet Propulsion Laboratory, Pasa-
dena, California, April 30, 1987.
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The calculated uncertainty decreases with improving range

accuracy, with a significant improvement between the 10-m

and 0.1-m case. This is because the O. 1-m range taken over an

entire pass contains angular information with an accuracy of

about 0.1 m divided by the diameter of the Earth, which is

competitive with the 30-cm *XDOR accuracy and reduces the

dominant plane of the sky error.

However, the consider contribution due to the equivalent

station location errors increases with improved range accuracy.

For the 0.1-m range case the station location contribution is

larger than the calculated uncertainty and the total uncer-

tainty is larger than for the cases with less accurate range. This

behavior is due to the estimation strategy employed. The

station location errors have been considered rather than esti-

mated. The spacecraft state esthnate is therefore made without

accouting for these errors. The effects of the station location

errors upon this suboptimal estimate are then accounted for in

the consider analysis. As the range accuracy approaches tire

level of the equivalent station location errors, the suboptimal

nature of the estimate becomes more important than the accu-

racy of the data. A common approach that avoids this behav-

ior, and gains some benefit from improved data accuracy, is

to deweight the more accurate range data. For example, if

the 0.1-m range were treated as if it were 10-m range, then the

station location uncertainty consider contribution to the total

error would be the same as for the 10-m range case, but the

improved data accuracy would reduce the actual error some-

what below that for the 10-m case. However, ODP has no

capability to evaluate the actual error that results from this

procedure. To gain the full benefit of the more accurate range

will require improvements in the modeling of the error sa)urces

that have been lumped into the equivalent station location

errors.

Figures 2, 3, and 4 examine the B-plane (impact parameter

plane) components for the same cases used in Fig. 1. Figure 2

shows the uncertainty breakdown in B • R (perpendicular to

the Mars orbital plane). Figure 3 shows the uncertainties in

B • T (in the Mars orbital plane). Figure 3 shows the uncer-

tainty breakdown tbr the linearized time of flight (LTOF).

These figures show that the trends seen in the RSS position

uncertainty figure are preserved in each component in the B-

plane, with the ephemeris contribution being dominant and

independent of data accuracy, and the station location contri-

bution and the total uncertainty increasing with improved

range.

V. Solution Set Two

A. Error Modeling

The orbit determination uncertainties predicted with solu-

tion set one were dominated by the considered ephemeris

errors, and also, for the most accurate range or Doppler, by

the equivalent station location errors. Experiments in the near

future promise dramatic reductions in the planetary-radio

frame-tie error. This reduction has been incorporated in the

error modeling for solution set two. In addition, the equivalent

station location error approach has been abandoned in favor of

explicitly modeled station coordinates, Earth orientation, and

troposphere errors, allowing the effects of each of these error

sources to be individually examined. These changes in error

modeling are summarized in Table 4.

Determination of the orientation of the dynamical refer-

ence frame of the planets relative to the VLBI quasar frame

can be accompliihed by several methods. One approach sug-

gested by A. E. Niell s involves linking Lunar Laser Ranging

(LLR) sites, which have accurate positions in the planetary

frame, to the DSN network. The LLR data establish the geo-

centric locations of these sites to better than 10-cm accuracy. 9

These locations could be combined with VLBl-determined

DSN baseline measurements (also accurate to 10 cm) to pro-

vide the frame-tie information. Previous efforts to do this have

suffered from insufficient measurements relating the LLR sites

to the DSN sites, l°,H The McDonald LLR site has been accu-

rately measured with respect to the Fort Davis VLBI site to

provide one link between the frames. Fixing the LLR net-

work to the VLBI network at one point does not determine

rotations about that point however. At least one other link

between the networks is needed to establish the right ascen-

sion frame tie. Recent GPS measurements of the baseline be-

tween the Haleakala LLR site and the nearby Kokee Park

VLBI site may be used to provide a second link between the

networks [8, 9]. This may resolve the right ascension frame tie

to 5-10 nrad since the relative declination is already known to

the 5-nrad level. Further measurements connecting the VLBI

network to the LLR network are desirable to provide a more

complete solution.

The more direct approaches to establishing the frame tie

involve astronomical observations. Comparison of the direc-

tions measured to short-period pulsars by radio interferon>

etry and the directions determined by analysis of pulse arrival

times can be used to establish the orientation of the planetary

8See Foomote 3.

9X. X. Newhall, personal communication.

l°See Footnote 3.

liD. Jones, "A. E. Niel['s Method for Comparing DSN Station Loca-

tions to Determine Extragalactic-Planetary Frame Tie," JPL IOM

(internal document), Jet Propulsion Laboratory. Pasadena, Cali-

fornia, November 30, 1986.
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framerelative to the radio frame [1]. The direction to the

millisecond pulsar 1937+21 is known from timing analysis to

5 nrad relative to the Earth's orbit. At present the direction in

the radio frame has only been established to 250 mad by a

VLA observation. Future VLBI observations promise greatly

improved accuracy. Radio observations of the occultation of

quasars by planets yield information on the frame tie. An

occultation of P 0507+17 by Venus 12 has been observed, and

is currently being analyzed. VLBI observations of spacecraft

during encounters have established the present 100-nrad

knowledge of the frame tie [3, 4]. The upcoming Phobos

Lander frame-tie experiment is expected to provide a plane-

tary-radio frame of much improved accuracy. 13 A similar

experiment could be included with the Mars Observer mission

to confirm the Phobos results in time for the MRSR mission.

For solution set two it has been assumed that the right

ascension offset between the dynamical reference system of

the planets and the VLBI quasar system has been established

at the 5-nrad level. A new Earth-Mars ephemeris covariance

matrix was produced by inverting the original covariance

used in solution set one to obtain the information matrix, add-

ing a 5-nrad measurement of the offset in right ascension of

Earth's orbit from its nominal orbit, and reinverting. It is

stressed that only an improvement in the knowledge of the

orientation in right ascension of the figure of the Earth's

orbit has been assumed. No new information has been added

about the Earth's phase in its orbit, or about the level of errors

that change the shape or period of the orbit, or that rotate the

orbit about axes that lie in the plane of Earth's equator. Any

improvement in the Martian ephemeris is due entirely to its

existing accuracy relative to Earth's ephemeris.

The behavior of the equivalent station location errors con-

tribution to the orbit determination uncertainty prompted us

to separate the Earth orientation error from the geocentric

station location errors. The Earth orientation error is random

and should have signature and temporal behavior significantly

different from the geocentric station coordinate offsets and

deserves to be modeled explicitly. The ODP link REGRES

does not generate Earth orientation partials. Code has there-

fore been written to include the partial derivatives for Earth

orientation in the ODP REGRES file via the ODMODIFY pro-

gram. The desired partials may be calculated by the chain

rule:

(1)

12See Footnote 4.

13See Footnote 5.

where X is the measured quantity, 01 and 02 represent rota-

tions about the equatorial x and y axes (i.e., polar motion), 03

is an angle corresponding to UT1-UTC, and uj, vj, and Xj are
the cylindrical coordinates of station j. The partial derivatives

of the measurements with respect to the station coordinates

are available on the REGRES file. The partial derivatives of

the station coordinates with respect to the Earth orientation

angles are given by [10]

a_ av/ axi vj
- -v. cos _. - u. cos _. - sin _,.

a0 l i / a01 t / a01 ui /

au/ avj a?5. v/
- - - cos X.

002 v! sin X/ 002 -uj sin X/ 002 uj J

Ou/ av! _X/
--=0 -0 --= 1
a03 O0a a0 a

(2)

Since the Earth orientation is a random error, for solution

set two the Earth orientation angle errors are estimated as sto-

chastic variables. A better treatment might be to consider un-

adjusted Earth orientation errors as stochastic variables, but

this capability does not presently exist in the ODP. A priori

errors of 8 nrad in the pole location and 50 nrad in UT1-UTC

were assumed, corresponding to the level of error expected

after 10 days of extrapolation from the last TEMPO measure-

ment. Some correlation is expected in the errors from day to

day, but little correlation between errors at separate times of

measurement. Therefore, a 3.5-day correlation time was

chosen as midway between two measurements taken one week

apart.

For the geocentric station locations, 10-cm per coordinate

errors were assumed. Thus the combination of station location

error and Earth orientation error for solution set two corre-

sponds to the equivalent station location errors used for solu-

tion set one.

Since we have broken apart the ESLE model, for this solu-

tion set the wet and dry troposphere delay errors were included

using the existing partials in link REGRES. While the tropo-

sphere might be better estimated stochastically, it was desired

to examine the effect of these errors separately from the Earth

orientation errors and therefore only a constant 4-cm wet

troposphere zenith delay error and a constant l-cm dry tropo-

sphere zenith delay error for each station were considered.
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B. Results

The RSS uncertainty results for solution set two are listed

in Table 7. For these results the uncertainty contribution due

to the considered ephemeris error is about 2.5 kin. The con-

sidered station location error contribution is always less than

the calculated uncertainty. The total uncertainty generally

decreases with improved data. An exception occurs when the

accuracy of the Doppler is unproved from 1 mm/sec to 0.01

ram/see with both ADOR and range included. In that case the

increase of the considered station location error contribution

still nets a small increase in the total uncertainty.

Figure 5 shows the results for the cases with 30-cm ADOR

accuracy, l-mm/sec Doppler accuracy, and the three different

range accuracies. For these cases the calculated uncerta'inty is

the dominant term and improves slightly with improved range

accuracy. Comparison between Fig. 5 and Fig. 1 shows that

the considered station location errors contribution has been

reduced from 3.6 km to 0.25 km for the 10-m range case and

from 18.0 km to 1.3 km for the 0.1-m range case. This shows

that the largest portion of the original station location error

contribution to the RSS uncertainty was due to the Earth

orientation errors, which for solution set two are incorporated

in the calculated uncertainty. The calculated uncertainty in-

creased as a result, although by less than 5 percent for the

cases in Fig. 5.

Figure 6 shows a comparison of the root-sum-square of the

calculated uncertainty and uncertainty contribution due to

station location errors for the cases from solution sets one and

two that use 30-cm ADOR, l-mm/sec Doppler, and 1000-m,

10-m, or 0.1-m range. This combination differs between the

two sets only in the treatment of the Earth orientation errors.

The more realistic treatment with estimated stochastic Earth

orientation parameters produces an improved result for the

more accurate data.

Figure 7 shows the RSS position uncertainty breakdown

for the solution set two cases with 3-cm ADOR accuracy,

1-mm/sec Doppler accuracy, and the three different range

accuracies. For these cases the change in range accuracy from

1000 m to 10 m or 0.1 m produces less than 3-percent change

in all components. With 30-cm ADOR, the O.l-m range infor-

mation provides useful plane of the sky information, but that

information is not competitive with 3-cm arDOR data. Thus,

the error ellipsoid is dominated by the dxDOR data accuracy.

Figure 8 shows the B-plane uncertainty breakdowns for the

case with 3-cm ADOR, l-mm/sec Doppler, and 10-m range.

The total uncertainties are comparable with those predicted

for the MRSR mission by Konopoliv 14 assuming both radio-

14See Footnote 2.

metric and onboard optical and more conservative error model-

ing. This suggests that the mission requirements could be met

without onboard optical data, if more accurate ADOR data is

available, and the radio-planetary frame-tie is improved.

In tire absence of ADOR data the orbit determination un-

certainty becomes strongly dependent on the range accuracy.

Improved Doppler accuracy also improves the solution, al-

though the Doppler-only solutions are much worse than the

Doppler-plus-range solutions. Figure 9 shows the RSS uncer-

tainties for six cases: 10-m range only, 0. l-m range only,

l-ram/see Doppler only, and l-mm/sec Doppler with 1000-m,

10-m, and 0.1-m range. The 10-m range only solution is better

than the 1-mm/sec Doppler only solution by about 40 percent.

Increased range accuracy results in significantly better results.

The 0.1-m range only solution, which is ahnost the same as

the l-ram/see Doppler with 0.1-m range solution, is nearly as

good as the solution with 30-cm ADOR, l-ram/see Doppler,

and 0.1-m range shown in Fig. 5. The results without ADOR

that have 0.01-ram/see Doppler and either 1000-m, 10-m, or

0.1-m range (not shown in Fig. 9) have little dependence on

range accuracy and are about the same as the 0.1-m range only

solution.

Vl. Solution Set Three

A. Error Modeling

The results presented so far are based on existing capabili-

ties (with the exception of the data accuracies). By the mid-

1990s it will be possible to have improved Earth orientation

measurements, improved station locations, and troposphere

corrections. In solution set three the benefits of such improve-

ments are examined. The error modeling used in solution set

three is summarized in Table 5. It has been assumed that 3-cm

accuracy station coordinates will be available [11, 12]. Using a

combination of weekly IRIS VLBI Earth orientation measure-

ments and daily GPS Earth orientation rate measurements,

7-nrad UT1-UTC calibrations and 5-nrad pole location deter-

minations should be possible [13]. It has been assumed that

the use of water vapor radiometers will reduce the error in wet

troposphere zenith delays to 0.5 cm [14].1s Study of the dry

troposphere delay is difficult given the current level of errors

in the wet delay. Little improvement in the dry troposphere

delay is envisioned, and this error has been left at 1.0 cm. Al-

though improvements in the internal accuracy of the ephemeris

are likely, they are difficult to model. Therefore the ephemeris

errors used in solution set two have been maintained.

lSs. E. Robinson, "Approximate Error Budget for Wet Delay Estima-

tion," JPL IOM 335.4-571 (internal document), Jet Propulsion Lab-

oratory, Pasadena, California, March 1986.
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B. Results

The results for the ODP runs for solution set three are listed

in Table 8. This table shows that, given the improved modeling

of solution set three, the use of any one of tile high-accuracy
data types (O.l-m range, 0.Ol-mm/sec Doppler, or 3-cm

ADOR) results in a significant decrease in the total error. This

is illustrated in Figs. 10 and 11, which compare the results of

solution sets two and three. In these figures, the ODP runs

with 10-m range, 1-mm/sec Doppler, and 30-cm ZKDOR are
designated as the "nominal" cases. For solution set one, this
case had a total RSS error of 40.7 kin. This result was im-

proved to 12.3 km in solution set two due solely to the reduc-

tion in the ephemeris error contribution; tire change in the

Earth orientation modeling had little effect. In solution set
three the total error for the nominal case is found to be

essentially unchanged at 12.0 kin. For the remainder of this
article, this total error value of 12.0 km will be used as the

benchmark by which the quality of all solutions will be judged.

Some combinations of data accuracies in set three do in-

deed produce a total error less than the 12.0 km of the nomi-

nal solution. Figures 10 and 11 show the error breakdown for

selected combinations of data weights with the solution set
two and solution set three error models. The first case shown

in each figure is the nominal one with 30-cm ADOR, lO-m

range, and 1-mm/sec Doppler. The total position uncertainty is
dominated by the calculated uncertainty, with the bias accel-

eration error being the next largest contribution. The station

and troposphere contributions for this case are reduced in

solution set three but do not appreciably affect the total.

The second case in Figs. 10 and 11 differs from the nominal

by using 0.1-m range along with 30-cm ADOR and 1-mm/sec

Doppler. In solution set two the total uncertainty of 10.9 km

for this case is slightly better than the nominal. The total

uncertainty improves to 6.7 km in solution set three. This

improvement is primarily due to tile reduction in the calcu-

lated uncertainty, resulting from improved Earth orientation.

The station and troposphere error contributions would be sig-

nificant in solution set three if the a priori errors of these had
been left at the more pessimistic solution set two level.

The fourth case in Figs. 10 and 11 uses ADOR improved to
3 cm along with 10-m range and 1-mm/sec Doppler. The total

uncertainty /or this case is less than half the nominal in both

solution set two and solution set three. The improvement in

the troposphere contribution is responsible for the reduction

in total uncertainty from 5.2 km in solution set two to 4.0 km

in solution set three. The improved Earth orientation and sta-
tion location accuracy have negligible effect.

The final case included in Figs. 10 and 11 uses only 0. l-m

range. These results show that range is the strongest stand-

alone data type of the three examined. The total uncertainty

for this case is 15.3 km in solution set two, which is only 22

percent worse than the nominal case. In solution set three the

total uncertainty is 7.5 km, which is 60 percent of the nominal

value. The improvement from solution set two to solution set

three results from both tire hnproved Earth orientation and
the reduced station location errors. The strength of this data

type as a stand-alone observable may have important implica-

tions for another area of advanced study, Earth-based naviga-

tion based on optical telemetry. 16

VII. Summary and Conclusion

It has been found that approach navigation for missions to

the inner planets in the mid-1990s may benefit significantly

from improved tracking data, provided that the right ascen-

sion uncertainty for the planetary ephemerides is reduced.

This improved frame tie can result from improved ground sur-

veys linking key VLBI and LLR stations, short-period pulsar
observations, observations of occultations of quasars by

planets, and VLBI observations during the Phobos Lander Mis-

sion and the Mars Observer Mission. Without this improved
frame tie, the orbit determination accuracy is insensitive to

improvements in the data accuracy. If the frame tie can be

established at the 5-nrad level, an immediate improvement of a

factor of three in orbit determination accuracy results (for

the nominal case with 30-cm ADOR, lO00-m range, and

1-mm/sec Doppler). An additional factor of two improvement

can then be attained by improving the ADOR accuracy to
3 cm.

The third case in Figs. 10 and 11 includes 0.Ol-mm/sec

Doppler with the nominal 30-cm ADOR and 10-m range. In
solution set two this case has a larger total uncertainty than

the nominal due to the troposphere and station error contri-
butions. In solution set three the total of 5.1 km for this case

is less than half of the nominal. The reduction in the station

and troposphere components is the main reason for this im-

provement, but the improved Earth orientation has also made

a large effect by reducing the calculated uncertainty by 50

percent.

Error model hnprovements studied here include improved
representation of the station locations and Earth orientation

errors. Orbit determination accuracy actually degrades with

improved range and Doppler data when station location errors

16W. M. Folkner, M. H. Finger, and J. M. Davidson, "Implications of

Daytime Sky Brightness for Ground-Based Optical Navigation,"

JPL IOM 335.3-88-114 (internal document), Jet Propulsion Labora-

tory, Pasadena, California, October 28, 1988.
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are forced to account for Earth orientation errors. Separating

the Earth orientation and the geocentric station location

errors, as was done in Section IV, provides a more physically

meaningful model, such that improvements in range or Dop-

pler accuracies result in improved orbit solutions. This model

also allows an examination of how improved station locations

and Earth orientation, as can be provided by GPS techniques,

can best be applied. Another improvement studied was the re-

duced troposphere error, which might be attained by GPS or

water vapor radiometer techniques.

Improved ADOR data reduced orbit determination errors

without any improvements in station location and Earth orien-

tation calibration, although improved troposphere calibrations

provided an additional 30-percent reduction in orbit determi-

nation error for cases involving 3-cm ADOR data. After the

initial model change in which Earth orientation errors were

separated from station location errors, it was found that im-

proved range produced an improved orbit solution. In fact

range was found to be by far the most useful stand-alone data

type. After incorporating the improvements to the Earth

orientation and station location calibrations expected in the

mid-1990s, 0.1-m range was found to provide nearly a factor

of two better orbit determination accuracy than 10-m range.

To benefit from high-accuracy Doppler it was found that sub-

centimeter accuracy troposphere calibrations are required as

well as the expected improvements in Earth orientation cali-

bration and station location errors. Given these improvements,

the utilization of 0.01-mm/sec Doppler can provide a factor of

two improvement in orbit determination accuracy over l-ram/

sec Doppler.

These studies have been done in the absence of onboard

optical data and hence do not show how improved radiometric

data may complement onboard optical data. However, it has

been shown that radiometric data alone can perform competi-

tively with existing onboard optical orbit determination. This

may be useful in the context of repeat missions to Mars or

other inner planets when not every mission requires a camera

for scientific purposes.
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Table 1. Observation schedule for MRSR study

Doppler and range datu DSS-11 DSS-44 DSS-61

First pass July 16 July 18 July 20

Last pass Oct. 2 Oct, 4 Sept. 30

Number of passes 14 14 13

Number of Doppler points 92 141 76

Number of range points 84 134 78

_DOR data

First measurement

Last measurement

Number of measurements

DSS-11 - DSS-44

July 19

Oct. 5

14

DSS-I 1- DSS-61

July 18

Oct. 4

14

Table 2. Error modeling common to all solutions

Error source Treatment A priori uncertainty

Initial state

Position

Velocity

Solar pressure

Gr

Gx

Gy

Other accelerations

Constant

Random

Mars GM

M_s J2

Quasar directions

Estimated

Estimated

1.0 X 104 km per component

1.0 km/sec per component

Estimated 1.3 × 10 -I

Estimated 1.0 × 10 -2

Estimated 1.0 × 10 -2

Considered

Estimated

stochastically

Considered

Considered

Considered

1.0 X 10 -'12 km/sec 2 per component

1.0 X 10 -12 kin/see 2 per component

r = 5 days

1.5 X 10 -I km3/sec 2

4.4 X 10 -7

5.0 X 10 -9 radians per component
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Table 3. Error modeling for set one solutions

Error source Treatment A priori uncertainty

Station coordinates Lumped in

UT1-UTC considered

ESLE

Earth-Mars ephemeris Considered

10,0 cm per component

5.0 × 10 -8 radians

1 0 X Standish covariance

Table 4. Error modeling for set two solutions

Error source Treatment A priori uncertainty

Station coordinates Considered 10.0 cm per component

Earth orientation

UT1-UTC Estimated 5,0 x 10 -8 radians

Pole direction stochastically 8.0 z 10 -9 radians per component

r = 3.5 days

Troposphere

Wet Considered 4.0 cm

Dry Considered 1.0 cm

Earth-Mars ephemeris Considered Standish covariance with

RA offset error reduced to

5.0 X 10 -9 radians

Table 5. Error modeling for set three solutions

Error source Treatment A priori uncertainty

Station coordinates Considered 3.0 cm per component

Earth orientation

UT1-UTC Estimated

Pole direction stochastically

Troposphere

Wet Considered

Dry Co n side red

Earth-Mars ephemeris Considered

6.3 × 10 -9 radians

4,7 x 10 -9 radians per component

7- = 3.5 days

0.5 cm

1.0 cm

Standish covariance with

RA offset error reduced to

5.0 X 10 -9 radians
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Table 6. Data from solution set one

ADOR Doppler Range

accuracy, accuracy, accuracy,

cm mm/sec in

Bias Total

Calculated Station Ephemeris GM, J2 Quasar acceleration RSS

error, consider, consider, consider, consider, consider, error,
km km km km km

km km

1

1

1

1

0.01

0.01

0.01

0.01

30

30

3O

30

30 1

30 1

30 1

30 1

30 0.01

30 0.01

30 0,01

30 0.01

3

3

3

3

3 1

3 1

3 1

3 1

3 0.01

3 0.01

3 0.01

3 0.01

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1308. 0.772 3.164 3.601 0.000 99.75 1312.

75.42 8.965 17.41 0.906 0.000 49.79 92.48

5.236 20.12 39.72 0.138 0.000 3.622 44.98

134.2 12.92 24.66 0.681 0.000 80.33 158.9

43.53 13.32 25.68 0.474 0.000 31.68 61.12

22.88 18.10 35.93 0.044 0.000 13.96 48.34

5.202 20.12 39.73 0.138 0.000 3.599 44.98

55.27 60.86 106.4 4.470 0.000 40.32 140.5

2.003 21.32 40.88 0.159 0.000 0.950 46.15

1.994 21.22 40.89 0.160 0.000 0.942 46.12

1.351 21.12 41.04 0.170 0.000 0.523 46.18

351.2 3.75 3 38.80 0.492 68.10 63.33 365.4

10.22 0.164 38.57 0.138 1.331 7.895 40.70

10.02 0.199 38.84 0.161 1.310 7.219 40.77

4.642 18.03 39.72 0,137 0.372 3.260 43.99

93.03 10.79 41.27 0.281 9.172 49.97 114.3

9.886 0.853 38.88 0,163 1.286 7.144 40.77

9.354 3.637 38,78 0.151 1.141 6.884 40.67

4.624 18.04 39,73 0.137 0.369 3.243 44.00

24.94 134.9 44.34 0.851 6.871 8.722 144.6

1.975 20.67 40.79 0.154 0.0079 0.925 45.78

1.967 20.58 40.81 0.155 0.078 0.919 45.75

1.346 20.92 41.02 0.168 0.026 0.519 46.06

127.0 16.22 39.68 0,681 56.23 89.71 170.8

1.856 0.287 40.16 0.103 2.305 0.770 40.28

1.812 0.282 40.20 0.110 2.261 0.793 40.31

1.764 1.545 40.21 0.111 2.132 0.765 40.34

73.53 9.266 42.43 0.612 13.33 66.07 108.8

1.811 0.285 40.23 0.112 2.259 0.793 40.34

1.810 0.281 40.23 0.112 2.258 0.793 40.34

1.763 1.564 40.21 0.111 2.130 0.765 40.34

5.772 156.4 39.35 0,076 7.213 0.683 161.5

1.255 8.191 39.42 0.071 1.664 0.468 40.32

1.250 8.183 39.43 0 072 1.661 0.466 40.33

1.095 12.30 40.05 0.107 1.139 0.389 41.93

Note: Earth orientation error is included as a 50-nrad rotation uncertainty in the 10-cm ESLE station location errors. The ephemeris covariance

is from M. Standish.
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Table 7. Data from solution set two

ADOR Doppler Range

accuracy, accuracy, accuracy,

cm mm/sec m

Bias
Calculated Station Troposphere Ephemeris GM, J2 Quasar

acceleration
error, consider, consider, consider, consider, consider,

km km km km km km consider,
km

1

1

1

1

0.01

0.01

0.01

0.01

30

30

30

3O

30 1

30 1

30 1

30 1

30 0.01

30 0.01

30 0.01

30 0.01

3

3

3

3

3 1

3 1

3 1

3 1

3 0.01

3 0.01

3 0.01

3 0.01

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

1000

10

0.1

Total

RSS

error_

km

1307. 0.423 0.327 1.010 3.601 0.000 99.75 1312.

75.47 2.842 1.214 1.323 0.907 0.000 49.82 90.50

11.02 5.386 2.311 2.397 0.103 0.000 8.461 15.27

134.4 4.739 4.710 1.651 0.688 0.000 80.65 156.9

43.89 4.584 4.261 1.723 0.483 0.000 32.02 54.72

24.2i 4.761 3.528 2.252 0.036 0.000 14.74 29.05

10.99 5.384 2.372 2.397 0.103 0.000 8.453 15.25

91.03 36.83 91.80 5.046 3.359 0.000 51.12 143.9

9.999 5.301 7.354 2.354 0.072 0.000 7.712 15.72

9.960 5.221 9.663 2.354 0.072 0.000 7.675 16.86

9.857 6.200 8.932 2.347 0.069 0.000 7.529 16.66

351.3 2.445 27.70 2.644 0.492 68.09 63.35 364.4

10.22 0.137 2.612 2.464 0.137 1.330 7.896 13.48

10.02 0.141 2.562 2.477 0.161 1.310 7.219 12.92

7.707 3.262 2.568 2.472 0.136 0.912 5.841 10.85

93.13 3.450 6.426 2.786 0.276 9.192 50.07 106.4

9.890 0.414 2.659 2.479 0.163 1.287 7.147 12.80

9.466 0.730 2.289 2.473 0.151 1.169 6.935 12.29

7.692 3.308 2.665 2.472 0.136 0.914 5.834 10.872

44.47 35,16 37.27 2.749 1.098 5.483 15.93 69.97

6.500 5.301 10.59 2.457 0.115 1.082 5.022 14.66

6.497 5.293 10.52 2.456 0.115 1.080 5.017 14.61

6.478 5.213 9.858 2.452 0.112 1.075 4.991 14.09

127.3 11.45 112.8 2.707 0.676 56.73 89.91 200.9

1.858 0.279 3.373 2.561 0.103 2.294 0.770 5.229

1.814 0.275 3.385 2.563 0.110 2.250 0.794 5.206

1.805 0.263 3.340 2.565 0.112 2.235 0.789 5.166

73.64 3.330 6.260 2.817 0.611 13.43 66.18 100.2

1.813 0.275 3.385 2.565 0.112 2.248 0.794 5.205

1.812 0.274 3.380 2.565 0.112 2.247 0.794 5.201

1.804 0.264 3.341 2.565 0.112 2.235 0.789 5.166

32.78 82.93 126.1 2.69(1 0.892 8.305 12.75 155.2

1.727 1.411 4.940 2.547 0.095 2.220 0.732 6.430

1.726 1.425 4.995 2.547 0.095 2.220 0.732 6.475

1.716 1.581 4.652 2.544 0.092 2.225 0.724 6.248

Note: Earth orientation is estimated stochastically with 8-nrad polar and 50-nrad UT1-UTC uncertainties. Station location errors are 10 cm.

The zenith wet troposphere error is 4 cm. The modified ephemeris covariance includes a 5-nrad measurement of right ascension offset
from the quasar frame.
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Table 8. Data from solution set three

ADOR

accuracy,

cm

30

30

30

30

30

30

30

30

30

30

30

30

3

3

3

3

3

3

3

3

3

3

3

3

Doppler Range

accuracy, accuracy,

Illlrl / se c m

1000

10

0.1

1

1 1000

1 10

1 0.1

0.01

0,01 1000

0.01 10

0.01 0.1

1000

10

0.1

1

1 1000

1 10

1 0.1

0.01

0.01 1000

0.01 10

0.01 0.1

1000

10

0.1

1

1 1000

1 10

1 0.1

0.01

0.01 1000

0.01 10

0.01 0.1

Bias
Calculated Station Troposphere Ephemeris GM, J2 Quasar

acceleration
error, consider, consider, consider, consider, consider,

consider,
km km km km km km

k m

Total

RSS

error,

k m

1308. 0.127 0.090 1.010 3.601 0,000 99.75 1312,

75,42 0.853 0.336 1.324 0,906 0.000 49,79 90.40

5,532 1.715 0.649 2.524 0.140 0.000 3.933 7.472

134,2 1.428 1.287 1,659 0.681 0.000 80,34 156.4

43.54 1.378 1.167 1.732 0.474 0.000 31.68 53,91

22.91 1.443 0.964 2.289 0.044 0.000 13.97 26.98

5.501 1.715 0.660 2.524 0.141 0.000 3.912 7,438

66.77 10.01 13.81 5,359 2.867 0,000 50.53 85.67

3,105 2.211 1.911 2.593 0,165 0,000 1.764 5_295

3.091 2.091 2.027 2.593 0,165 0,000 1.751 5,277

2,658 2.173 3,097 2.593 0,164 0.000 1.322 5.466

351.2 0.734 6.856 2,644 0.492 68.10 63_33 363.4

10.22 0.041 0.654 2.464 0.138 1.331 7.895 13_24

10.22 0.042 0.641 2,477 0.161 1.310 7,219 12.68

4.892 1.318 0.363 2.528 0.138 0,399 3.484 6.671

93,03 1.044 1,668 2.787 0.280 9,173 49,97 106.1

9.886 0.125 0.670 2.479 0,163 1.286 7,144 12.53

9.357 0.259 0.554 2.474 0.151 1,142 6.885 11,95

4.875 1,321 0.371 2,528 0.138 0.396 3,470- 6.652

26.89 17,75 9_810 2,631 0.424 7.132 8.867 35.65

2.981 1,990 1.940 2,583 0,153 0.201 1,635 5.101

2.969 1.885 2.024 2.583 0.154 0.199 1.628 5.084

2.603 2.032 2,979 2.587 0,157 0,124 1.276 5,305

127.0 3,608 28,78 2.706 0.680 56.27 89.71 167.9

1.856 0.084 0.851 2.561 0.103 2.305 0,770 4.081

1.812 0.083 0.854 2,563 0.110 2.260 0.793 4,042

1.771 0,103 0.798 2.564 0.111 2,151 0.770 3.948

73.53 1.133 1.814 2.815 0.611 13.34 66.07 99,81

1.811 0.083 0.854 2,565 0.112 2.258 0.793 4.042

1.810 0.083 0.853 2.565 0.112 2,257 0,793 4.040

1.771 0.104 0.798 2.564 0,111 2.150 0.769 3.947

8.585 12.35 14.60 2.522 0.110 7.063 1.117 22.29

1.517 0.754 1.571 2.536 0.084 1.915 0.602 3.976

1.516 0,749 1.562 2.536 0.0842 1.912 0.602 3,969

1.505 0.713 1,567 2.540 0,089 1.845 0.594 3,930

Note: Earth orientation is estimated stochastically with 4.7-nrad polar and 6.3-nrad UTI-UTC uncertainties, Station location errors are 3 cm.

The zenith wet troposphere error is 5 ram. The zenith dry troposphere error is 10 ram. The modified ephemeris covariancee is the same

as that used in solution set two.
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Fig. 1. RSS error breakdown for cases from solution set one with 30-cm __DOR, 1-mm/sec Doppler,

and 1000-m, 10-m, or 0.1-m range.
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Fig. 7. RSS error breakdown for cases from solution set two with 3-cm _DOR, 1-mm/sec Doppler,
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Fig. 8. B-plane error breakdown for the case from solution set two with 3-cm _IDOR, 1-mm/sec Doppler,

and lO-m range.
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Fig. 11. RSS error breakdown for selected cases from solution set three. The data accuracy combinations are the

same as in Fig. 10. The nominal case uses 30-cm &DOR, 1-ram/no Doppler, and 10-m range. Three of the remaining
cases depart from the nominal case by the improvement of, as indicated, one of the data accuracies. The final case
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