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Effects of Major Errors Sources on Planetary Spacecraft
Navigation Accuracies

JAMES F. JORDAN,* GEORGE A. MADRID,! AND GERALD E. PEASEJ
Jet Propulsion Laboratory, Pasadena, Calif.

Tighter accuracy requirements on future planetary missions, than on past missions, make it desirable to
improve 1) the accuracy of real-time state estimates and 2) the reliability of preflight state estimate error
statistics. This paper is addressed to the second problem area. The sources of the major errors in the Earth-
based tracking system are listed and discussed, and the effects of these errors on the predicted spacecraft orbit
determination accuracies for two future interplanetary missions are presented.

Nomenclature Introduction

a
b
c
a>
rs
S0
Aa
AA
p
IJL
V
X
x'(f)
F
H
A

R
ae

r =
k =
A =

M =
GR =
Gx =
GY =
R =
X =

Y =

q
E
C
D

vr, geocentric radial velocity of the probe
ajrs cosS0
cors(Aa — AA)cos80
rotation rate of the Earth
station's distance from the Earth's spin axis
geocentric declination of the probe
deviation in geocentric right ascension from nominal
deviation in tracking station longitude from nominal
spacecraft-station range rate
mass constant of the sun
( 3 x l ) spacecraft velocity vector
( 3 x l ) spacecraft position vector
( 6 x l ) estimate of state deviations given data to time t
(6x6) matrix { = d[( - /x/r3) X,V]/d(V,X)}
(1 x 6) matrix {=dp/d(V,X)]
(6x6) covariance matrix of the error in

x'(t){=E[(x~x')(x-X'y]}
ae

2kt
standard deviation of the error in each range rate measure-

ment due to noise
the time interval between which data are taken
probe-sun distance, in km
1.0088 x 108, a solar radiation constant
spacecraft effective area normal to R, nominally 11.0 m2

for MM' 71 spacecraft
spacecraft mass, nominally 980 kg for MM' 71 spacecraft
reflectivity coefficient
Ax I A, where Ax is the effective spacecraft area normal to X
Ay / A, where Ay is the effective spacecraft area to normal Y
unit vector directed out from sun to spacecraft
unit vector corresponding to the spacecraft +x direction

(pitch axis)
unit vector corresponding to the spacecraft +y direction

(yaw axis)
( 3 x l ) vector disturbing acceleration
vector error in the observation
F- KH (a 6 x 6 matrix)
E[r)(x - x'Y]
E[q(x - x')T]
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THE principal navigation system for planetary missions
employs observations of the doppler shift in a coherent

two-way radio signal between Earth-based tracking stations
and the spacecraft. The capabilities and limitations of this
system are outlined by Hamilton.1 Although the use of the
system has resulted in highly successful Mariner missions in the
1960's, in many cases, the predicted accuracy of state estimates,
based only on statistics of the data noise, has been better than
that encountered during real-time flight operations.

The effects of some of the major error sources on the navi-
gation accuracies achievable with current data processing tools
are presented in this paper. The information content of
Earth-based doppler data is discussed and the equations for
the spacecraft state estimate and the covariance matrix of the
error in the estimate are set forth in the continuous data filter
formulation. The sources of major errors in the Earth-based
tracking systems are listed, and the effects of these errors on
the interplanetary (pre-encounter) phases of the Mariner
missions to Mars in 1971 and Venus-Mercury in 1973 are
presented.

Earth-Based Spacecraft Orbit
Determination and Accuracy Analysis

It has been shown2 that the station-spacecraft range-rate
over a pass of tracking data can be approximately related to
slowly varying parameters a, b, and c by the following relation
if epoch time is taken at the center of the pass:

p = a + b sinwt + c cosotf 0)

From the analysis of a single pass of tracking data, the para-
meters a, b, and c, and hence, the geocentric range-rate of the
spacecraft, its geocentric right ascension, and the cosine of its
declination can be estimated. By combining successive passes
of range-rate data, changes in the parameters, a, b, and c can
be noted, which in turn relate to the spacecraft radial accelera-
tion, the velocity in the right ascension direction, and the
velocity in the declination direction.3 Using the sun-Earth-
spacecraft geometry, the radial acceleration can be related to
the Earth-spacecraft range. Thus, the entire state (position
and velocity) of a distant spacecraft can be determined from a
few passes of doppler data. If many passes of data are
obtained, the spacecraft state can be estimated so well that
this data type currently constitutes the principal navigation
observable for planetary missions. A large scale computer
program, the Double Precision Orbit Determination Program
(DPODP), is currently operated by JPL to process range-rate
data from the Deep Space Network tracking stations and
generate estimates of the spacecraft state at desired epochs.
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If the accuracy of the range-rate observables is limited only
by data noise, and the spacecraft trajectory obeys two-body
equations of motion then the estimate of the state deviations
from a nominal trajectory obeys the following differential
equation from Kalman filtering theory4

x' = Fx' + K (A/5 - Hxf) (2)

where K is a weighting matrix which will be defined subse-
quently. The covariance matrix of errors in the state estimate
computed from Eq. (2) obeys the well-known matrix Riccati
equation

(3)A = FA + - AHT R~1HA

The optimal weighting matrix for a minimum variance state
estimate can now be stated as

K(t) = A(t)IF(t)R- (4)

Although DPODP does not use the continuous data filter
formulation presented here, but employs discrete batch-
processor computational algorithms, this program generates
state estimate and associated statistics which are theoretically
identical to the solutions of Eqs. (2) and (3).

Major Errors Affecting Navigational Accuracy

There are three major types of errors which affect naviga-
tional accuracy. These are observer-related errors, spacecraft-
related errors, and ephemeris errors. The first of these occurs
through the use of insufficiently accurate models to locate the
observer in inertial space and to calibrate out the effects of the
transmission media. The second type occurs through im-
precise modeling of the accelerating forces on a spacecraft.
The last type is due to an imprecise model for the inertial
position of the planets.

Observer-Related Errors

The observer-related error sources which contribute signif-
icantly to the composition of the noise signature on radio
tracking data can be classified into two main categories. The
first consists of errors in locating the tracking station with
respect to inertial space and includes DSS locations with
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respect to the Earth's crust, polar motion, and variation in
Earth rotation rate (Time variations). The second category
consists of errors that corrupt the information content of the
observation and includes the effects of charged particles in
the space plasma and the Earth's ionosphere, refractive effects
in the Earth's troposphere, station equipment signal delay,
station oscillator instability and synchronization. A brief
description of the physical aspects of each of these error
phenomena follows. (Station Equipment errors omitted.)

Tropospheric Effects

The refractive effect of the troposphere retards and bends an
electromagnetic signal making the observation appear as if
the beam had traveled through a longer distance. This dif-
ference is such that radio measurements of range-rate are
significantly affected. Figure 1, due to Liu,5 shows the cor-
rection that must be made to compensate for the dry refractive
component. § The wet component for the refractive effect has
not been adequately modeled but it's behavior is nearly un-
correlated and random. This unmodeled portion of the
refractive effect occurs with a relatively high frequency and
yields range rate variations having a standard deviation of
about 0.3 mm/sec at 10° elevation.

Charged Particle Effects

The radio signals traveling between a station and a space-
craft pass through the interplanetary space plasma, the iono-
sphere of the Earth, and possibly the ionosphere of other
planets. The interaction between the radio signal and the
charged particles in the medium causes, among other phenom-
ena, a change in the ray path length. The group path length
is increased while phase path length is decreased by the
presence of charged particles. As the density of charged
particles varies, the resultant time rate of change in the phase
path length corrupts doppler measurements made from the
radio signal.

The Earth's ionosphere is caused by ultraviolet light from
the sun, ionizing the upper atmosphere. Consequently, the
ionosphere above a tracking station increases and decreases
with roughly a diurnal period. If the ionospheric effect is
not measured or modeled, it cannot be easily distinguished
from errors in tracking station location, and may result in
significant errors for in-flight orbit determination.

The effects of charged particles in the ionosphere can be
detected by measuring the rotational effect (Faraday rotation)
on a linearly polarized radio signal or by ionosonde readings.
The Faraday rotation measurements are usually made by
examining the signal from geostationary satellites (e.g., the
Applications Technology Satellites). The polarization of the
ATS signal is continuously measured, digitized, and recorded.
By processing this information a measurement of electron
content can be obtained and used to calibrate the Earth's
ionosphere over a complete diurnal cycle. Corrections to
spacecraft tracking data require the mapping of the electron
content to the spacecraft line of sight and the computation of
the doppler corrections.

§ The JPL model for calibrating the dry refractive effects is based
on an assumption of an isotropic, isothermal atmosphere.6 An
empirical formula is used to present the ray-traced effects of this
model. The range rate form of this expression is:

1 1
[sinA(fo6) + [sm\(tob - T)

Fig. 1 Correction for tropospheric doppler and range-rate effects.

where A is a constant dependent on the transmission frequency, A is
the elevation angle of observation, r is the doppler averaging time,
tob is the time of observation, and B = 0.06483. Note: the "dry"
refraction component refers to those effects due to an atmosphere
with zero water vapor. The "wet" designation refers to the added
refractivity due to water vapor.
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Fig. 2 Mariner V ionospheric
effects as they relate to range
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lonosonde measurements are obtained from instruments
dedicated to this purpose which transmit radio signals vertic-
ally into the ionosphere. By repeatedly transmitting signals
of increasingly higher frequency a particular frequency is found
which is no longer reflected but which pierces the ionosphere.
By measuring the elapsed time for each reflected frequency the
altitude dependence of the electron density can be determined
up to the altitude of the piercing frequency.

Figure 2, due to Mulhall,7 illustrates how electron content
obtained through the use of a Faraday rotation device can be
mapped to yield a range effect and thence to a doppler effect.
Maximum effects of close to 1 mm/sec (0.015 hz) are ap-
proached throughout the year. Figure 3, (Ref. 7) shows
similar effects for space plasma. On the day shown, the
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Fig. 3 Mariner V space plasma range and doppler effects on
October 31,1967.

space plasma effects had peaks of 22 m in range and 01.6
mm/sec in doppler, both of which are almost twice as large
as that produced by an average active ionosphere.8

Timing Errors

Trask and Muller9 have demonstrated that timing errors
can cause a degradation in the quality of the tracking data
used for orbit determination. These errors arise in any of
the five timing systems used in the orbit determination process.
Ephemeris Time (ET) is used to look up the position of the
sun and the planets; (UTl) is used to determine the location
of a tracking station in space; Station time (ST) is used to take
the actual observational data. Ephemeris Time is a uniform
mathematical measure of time approximated on Earth by
Atomic Time (A.I). Station Time is related to Universal
Time (UTC), which in turn is related to (A.I). (UTl) how-
ever, is not uniform since it depends on the rotational motion
of the Earth. Thus, if the station's position were computed
using (ST), which is only an approximation to Universal
Time, an error would be introduced because the actual geo-
centric position of the station would not correspond to that
used in the model.

To correct for this situation the differences between A.I and
UTl are plotted for long period of time and the expected
differences extrapolated by polynomials for the times of
interest. According to current estimates, predicted time values
utilizing these corrections should not deviate by more than 5.0
msec from the true value, over a weekly extrapolation. This
error can result in a 2 m range error or 0.02 mm/sec range
rate error.

Polar Motion

The motion of the Earth's axis of figure with respect to the
spin axis is termed polar motion. This motion can be con-
ceived as the change of position of that point on the Earth's
crust through which the spin axis passes. In no way, how-
ever, does this imply that the position of the spin axis is
changing in inertial space, rather, it corresponds to a change
of the Earth's crust with respect to the spin axis.

The International Polar Motion Service (IPMS) and the
Bureau International de 1'Heure (BIH) are charged with ob-
serving and documenting polar motion. By extrapolating the
data over weekly intervals and converting it to effects of the
location of tracking stations, attempts can be made to correct
for this effect. Range rate errors in these corrections do not
exceed 0.03 mm/sec.

DSS Location Errors

Uncertainties in the distance of a tracking station from the
Earth's spin axis and in station longitude can have a major
effect on encounter orbit determination accuracies. The un-
certainty in the tracking station location parallel to the spin
axis does not introduce a significant error in the range rate
observable, although an error in the spin axis distance (rs) is
directly related to the predicted probe position in the declina-
tion direction, and an error in longitude (A) affects the right
ascension, both of which are normal to the Earth-probe
direction. These effects can be seen in the definitions
accompanying Eq. (1).

The uncertainties in tracking station locations stem mainly
from pole wandering and actual motion of the Earth's crust
relative to itself. Estimates of previous station locations are
obtained through post-flight analysis of previous missions.
These estimates are updated for current use by correcting them
for polar motion. The currently accepted mean amplitude
of the variations in the solution for spin axis and longitude is
3 m10. The variations in rs and A have a very long period
and would cause a maximum change in the nominal doppler
amount to 0.0015 Hz or about 0.1 mm/sec.
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Spacecraft Related Errors

Spacecraft navigational errors due to nongravitational forces
can be classified according to their source either as spacecraft
generated forces or as spacecraft interactions with its environ-
ment. The first category includes forces which occur during
a spacecraft's operation and which are internal to the space-
craft ; this includes gas leaks, and attitude thruster unbalance.
The second type of forces arise from the spacecraft's inter-
action with its environment such as solar pressure. The dis-
cussion in this paper will restrict itself to cold gas leakages
and solar radiation pressure.

Gas Leakage

The effect of gas leakage on some previous Mariner missions
has been a major limiting factor on the navigation accuracy.
These accelerations arise from imperfect seat tolerances on the
gas valves of the attitude control system and from fuel leaks
from the midcourse guidance engine. Little is known about
the nature of these forces other than approximations to their
magnitude which are between 10~12 km/sec2 abd 10"11 km/
sec2 (Ref. 11). The accelerations are believed to be nearly
constant over much of a missions duration.

Solar Radiation Pressure

Solar Radiation pressure is presently modeled by the follow-
ing equation

AR = (kA/Mr2) (GRR + GXX (5)

During the Mariner V mission to Venus estimates were made
of the solar radiation pressure coefficients.12 A distinct trend
towards lower pressure with increasing time was evident.
This was attributed to a decrease of the spacecraft's reflectivity
rather than an actual decrease in solar radiation pressure.
The variation in GR was between 0.4 and 0.36 over the life of
the mission, which corresponds to a 3% slowly varying un-
certainty in solar force of about 0.15 dyne. This is about
6 x 10~12 km/sec2 in acceleration. Mars missions should
endure an uncertainty closer to only 1 x 10~12 km/sec2 due
to increased heliocentric range.

Planetary Ephemeris Errors

The accuracy to which a spacecraft can be navigated to a
planet depends not only on the accuracy to which Earth-
tracking and spacecraft errors can be modeled but also de-
pends on the precision with which the target planet can be
located. The current JPL ephemerides can accurately predict
the location of Mars to within 10 km in-plane and 50 km out-
of-plane.13 Venus can be located to within 5 km in-plane
and 10 km out-of-plane. These accuracies are, of course, all
relative to the position of the Earth in space.

Analysis of the Sensitivity of the Navigation Accuracy
to the Major Unmodeled Errors

The major unmodeled sources of error in the spacecraft
state estimates computed on the basis of range-rate data are
the physical station location uncertainties, the effects due to
charged particles in the Earth's ionosphere and the space
plasma, and the effects of nongravitational accelerations acting
on the spacecraft. The balance of the unmodeled error
sources, which include station equipment parameters, the wet
component of the troposphere refraction effect, and the resid-
ual timing and polar motion errors introduce a high-fre-
quency noise on the range rate data with a standard deviation
of less than or equal to 1 mm/sec. In order to simplify the
following analysis, those unmodeled effects which exhibit high-
frequency variations of 1 mm/sec or less will be considered
jointly as 1 mm/sec "data noise." A conservative estimate

of the effects of high-frequency errors on the state estimate
accuracy can therefore be seen directly from the covariance
matrix found from integration of Eq. (3), with a£ = l mm/sec.
The effect of the low-frequency errors on the tracking estima-
tion system can be ascertained from the solution of the follow-
ing sensitivity analysis equations:

If the true equations of motion of the spacecraft are

and if the true data deviations from nominal are given as
follows

&p=Hx-\-Hi q-\-€ (7)

where q is the vector error, then the true covariance matrix
Ac, of the error in the estimate derived from Eq. (2) obeys the
differential equation

The continuous formulation of the sensitivity analysis
equations was first presented by Sage and Griffin,14 and has
since been developed for application to the Earth-based orbit
determination problem at JPL. In order to consider the four
low-frequency error sources as disturbing phenomena in the
equations, the errors 77 and q, must be described as appropriate
stochastic processes whose autocorrelation function is pre-
scribed. The following paragraphs list the four error sources,
the properties of the assumed stochastic process describing
each, and the partial derivative of the range-rate with respect
to each error, which becomes Hl in Eq. (8).

The uncertainties in the stations distance from the Earth's
spin axis rs and the longitude of the station A will be described
as constants for a particular mission. By using Eq. (1), the
partial derivative matrix of the data with respect to rs and A
can be calculated in terms of the nominal Earth-probe
geometry as

dp/d(rs,X)=(a> cosS0 sincof, — wrs cosS0 cosotf) (9)
The effective path length variation due to the change in the

number of charged particles in the ionosphere at any time is
dependent on the instantaneous time of day and probe-station
elevation angle. Since these variables, as well as the station
locations, introduce diurnal signatures in the tracking observ-
able /3, it is convenient to characterize the ionosphere effect as
equivalent station location errors.15 Figure 4 shows plots of

o

STATION LATITUDE = 35.20

DECLINATION = 0 deg

Fig.

L, h

4. Estimates of parameters a, b, a, and p0 from Faraday rotation
ionosphere measurements.
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estimates of the errors induced in the parameters defined in
Eq. (1) and the range at the center of the pass, i.e., Aa/cu,
AZ>/oo, Ac/w, and Ap0, derived from the charged particle effect
of a homogeneous ionosphere. The plots, which are due to
Ondrasik et al,15 show parameter estimates vs the sun-Earth
probe angle in hours for 80=0. The equivalent station error
can be derived from the parameter error estimates in the
equations

AA=(-l/r, cos80)Ac/o> (10)

Atf and A/>0 must also be considered if the complete effect is
included, although Ap0 does not affect the Doppler data.
The partial derivatives matrix of the data with respect to
Afl, Ars, AA, and Ap0 is

cosS0 coso»/,0) (11)

The effective path length variation due to the change in the
number of charged particles in the space plasma at any time is
not dependent on any Earth related variables. Hence the
effect can be modeled by a random process additive to the
slowly varying parameter a. For simulation purposes, the
modeled random process is assumed stationary, and ex-
ponentially autocorrelated in time. Spectral Analysis of
Mariner V space plasma effects, obtained from dual frequency
measurements and Faraday rotation data, leads to an esti-
mated standard deviation for the effect of 0.16 mm/sec and a
correlation time of 2 hr. For the space plasma error,
8 pi da =1.

Small accelerations due to all the nongravitational forces
are also modeled as exponentially correlated noise. The
specifications for leaks on future missions prescribe accelera-
tion magnitudes to be less than 5 x l O ~ 1 2 km/sec2. Corre-
lation times are expected to be very long; hence, the random
acceleration can be considered to be nearly a bias.

If Bn is a diagonal matrix of the reciprocals of the correlation
times of the random acceleration vector, and Bq is a diagonal
matrix of observer related error correlation time reciprocals,
then the matrices C and D obey the following equations

(12)D=BqD+DET-RqH1
TKT

where Rn and Rq are the respective co variance matrices of the
acceleration and observer related errors.

Note that if an error source is assumed constant then the
corresponding element of Bn or Bq is set to zero. Note, also,
that since the a priori state estimate is uncorrelated with the
error sources, the initial elements of C and D are zero. The
preceding set of equations is programmed for the Univac 1108
computer at JPL. The program name is the Continuous
Linear Orbi* Determination Program (CLOD). Numerical
results from the program compare well with those from both
the DPODP and ODAC, a recently developed error analysis
program for near-encounter orbit determination.16

Results for Mariner Mars '71 and Venus-Mercury '73

As a practical result of the above analysis, we now show
how such an error model may be used to predict the target
errors on two future JPL planetary missions, Mariner Mars
1971 and Mariner Venus- Mercury 1973. Specifically, we will
examine the effects of the previously mentioned error sources
on the orbit determination process in the 30 days preceding
planetary encounter (Venus encounter in the case of MVM'73).

The ecliptic geometry of the 30 day tracking interval chosen
for the two missions is shown in Fig. 5. The heliocentric
arcs subtended by Earth and by the two spacecraft in these 30
day intervals are shown in ecliptic * and y coordinates. The
geometry is especially interesting as a contrast between the
relative importance of the ionospheric and space plasma
effects, since in the case of Mariner '71 we are looking towards
the sun, and on the Mars mission, away from it.

EARTH'S MOTION
DURING
TRACKING

MVM'73

MARS ORBIT

EARTH MOTION
DURING TRACKING

Fig. 5 Profile of Mariner Mars 1971 and Mariner Venus-Mercury
1973 pre-encounter tracking geometries.

Results are expressed in the B-plane system used at JPL to
describe lunar and planetary miss distances.17 B is the vector
from the target's center of mass to the incoming asymptote
of the spacecraft's planet-centered hyperbolic trajectory. The
orientation of B in the plane normal to the direction of the
incoming asymptote is described in terms of two unit vectors
R and T. T is parallel to a fixed reference plane, in this case
the ecliptic plane.

The statistical information contained in both the ideal
covariance matrix A and the true covariance matrix Ac may
be mapped to time of closest approach to the target planet
and projected as a two-dimensional error ellipse on the
j5-plane. We employ a mapping matrix,

U(t,t.) = d[V(t),X(t)]/d[V(t0\X(t0)]
where t0 and / are, respectively, the times at the end of the
tracking span and at encounter.

The covariance matrix at encounter time t is then

A(/) = £/(/,/.) A(r.)l/r(/,/0)

The la position error ellipse in the 5-plane is described
here in terms of its semimajor axis, SMAA, and semiminor
axis SMIA, and orientation angle 6 measured clockwise from
T as viewed from the incoming asymptote. Note that the
gravitational attraction of the encounter planet does not
influence the £-plane dispersion ellipse, if tracking is ter-
minated before the spacecraft motion is significantly in-
fluenced by the planet.

Statistics vs Tracking Span for Station Location
and Acceleration Uncertainties

Figures 6 and 7 plot SMAA as a function of tracking time,
starting 30 days before encounter, for the following models.

Curve 1: The only error source is a p data weight of af = 1
mm/sec per 60 sec sample. This weight encompasses receiver
noise oscillator instability, and unmodeled tropospheric re-
fraction errors, but assumes the location of the single tracking
station is perfectly modeled over a 12 hr pass width. All
other error sources, space plasma, ionospheric refraction, and
nongravitational spacecraft accelerations are also assumed
perfectly modeled.

Curve 2: This plot contains the effects of data weighting of
1 mm/sec per 60 sec sample and station location uncertainties.
The standard deviations of the uncertainties are given as
<7,, = 1.5 m, (7A = 3.0 m in 1971 (Fig. 7) and <jf,=0.8 m,
OA = 1.6 m in 1973 (Fig. 8). Polar motion and timing errors
are represented in this curve, but not the effects of charged
particles or nongravitational spacecraft accelerations.

Curve 3: This plot demonstrates the effect of a spherically
distributed uncertainty of 5 x 10~12 km/sec2 in the spacecraft
acceleration. The effect on SMAA is that of a constant
acceleration of 5 x 10 ~12, superimposed on the same 1 mm/
sec weighting model. No station location uncertainties are
present in this curve.
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Fig. 6 Navigation accuracy time histories for MM'71.

Curve 4: The top curve represents the total effect of data
noise, station location uncertainty, and random nongravi-
tational forces. It is seen that random accelerations dominate
in the case of Mariner '71, but that station locations and
random forces have approximately an equal effect in 1973.
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Fig. 7 Navigation accuracy time histories for MVM'73.

Fig. 8 Sensitivity to station location errors for a) MM'71, and b)
MVM'73. Tracking begins at E-34 days (rsa^ = 2ar).

The set of curves demonstrates the qualitative difference of
the effects of an observer related error source and a spacecraft
error source on orbit determination accuracies. Note that
for both '71 and '73, the effect of the station location uncer-
tainties is to retard the rate at which information is obtained
from the tracking data and limit the terminal accuracy, but
that on '71 the effect of an acceleration uncertainty is to
actually degrade the navigation accuracy if too much data is
taken. The curve for '71 indicates that for accelerations of
5 x 10 ~ 2 km/sec2 the optimum data span is about 15 days, or
just half what was plotted, whereas for '73 the solution is still
improving after 30 days. This improvement for '73 exists
because the ratio of the gravitational attraction force of the
sun to the unmodeled force is larger than on the '71 mission.

Sensitivities to the Magnitude of the Error Sources

Figure 8 shows the sensitivities of the two mission accuracies
to the magnitude of the station location uncertainties for
tracking spans of approximately 9 and 29 days. The assump-
tion is made that longitude uncertainties are twice the spin
axis distance uncertainties, i.e., rsa^ = 2ars. Comparison of
Figs. 8a and 8b, reveals that the 1973 Venus-Mercury
mission is much more sensitive than the 1971 mission. The
explanation lies in the geocentric declination traces of the
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Fig. 9 Geocentric declination of spacecraft vs time for MM'71 and
MVM'73.

missions, as shown in Fig. 9. This shows that in the period
of interest (the 30 days before planetary encounter) the de-
cimation decreases from -17.5° to -11.5° for Mariner '71.
In terms of parameters b and c of Eq. (1), this means that near
orbit indeterminancy exists at the start of the chosen tracking
interval for Mariner '73 because the declination is close to zero.
That is, the cidS0 terms in b and c allow the effect of station
location uncertainties to affect the orbit solution maximally.

Figure 10 plots the sensitivities to the magnitude of un-
modeled constant accelerations for each mission. MM'71
results appear as a solid line while MVM'73 results appear
as a broken line. Here the situation is exactly reversed from

Fig. 10 Sensitivity to unmodeled accelerations for MM'71 and
MVM'73.

Fig. 11 Sensitivity to unmodeled splace plasma for MM'71 and
MVM'73.

that of station location sensitivity. Whereas the '73 curves
diverge slightly between the two tracking intervals of 9 and 29
days, they actually cross for '71, which is consistent with the
increasing error curve of Fig. 6. The assumption as to the
expected magnitude of disturbing forces is seen from Fig. 12
to be critical in the case of Mariner '71, in that below accelera-
tions of 3.8 x 10 ~12 km/sec2 the curves do not meet. In fact,
at this level the acceleration error curve of Fig. 7 would level
off rather than increase. Below this level curve 3 in Fig. 7
would actually decrease between 9 days and 30 days.

Figure 11 plots the sensitivities to the magnitude of the
error in the tracking data due to the changing electron content
in the space plasma. Although the nominal or expected value
of the uncertainty in the parameter a due to the space plasma
is just under 0.2 mm/sec for both '71 and '73, and the corre-
sponding degradation in the orbit determination accuracies
are small for this level, the curves do illustrate the large degra-
dation which could occur if an abnormally large electron
content change is present during the tracking intervals.

B-Plane Position Dispersion Ellipses for the Various Sources

Figures 12 and 13 show the two-dimensional position error
ellipses in the B plane resulting from the individual error
sources after 29 days of tracking. In these figures the R axis
is measured vertically downwards and the T axis is measured
horizontally to the right. The effects of the electron content
change along the signal path in the Earth's ionosphere is
included by considering equivalent station location error as
discussed previously. The 1-sigma values of all of the con-
sidered parameters used to simulate the error sources in Figs.
12 and 13 are given in Table 1. In all cases, the values listed
in Table 1 represent the expected value of the uncertainty of
the parameter at the time of the mission.

It is seen from the figures that random accelerations domin-
ate the other error sources for Mariner '71, and station loca-
tion and ionosphere errors are more important in '73. It is
seen also that the major axes of the ellipses are nearly vertical.
This is not surprising since the least determined direction is
normal to the orbit plane of the probe, which is close to the
ecliptic plane for a planetary mission.
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Table 1 Expected 1-sigma parameter uncertainties for
MM'71 and MVM'73

NONGRAVITATIONAL
ACCELERATIONS

IONOSPHERE

SPACE PLASMA

DSS STATION LOCATIONS
DATA NOISE

200 3001
MARTIAN

EPHEMERIS ERROR

29 days OF TRACKING

Fig. 12 5-plane 1-sigma position dispersion ellipses for MM'71.

Summary

Unmodeled spacecraft accelerations, unmodeled ionosphere,
and tracking station location uncertainties all cause navigation
inaccuracies greater than those predicted on the basis of
1 mm/sec data noise, nominal unmodeled space plasma, or
nominal ephemeris errors.

The effects of several error sources on the navigation
accuracies of representative space missions have been pre-
sented. The results do not necessarily represent the real-time
accuracies which can be obtained during the missions, since
more than one station can be used for tracking, ranging data
can be employed in the estimation scheme, and the times at
which data are given can be selected so as to minimize the
navigation errors. In addition, current work in station
location determination, ionosphere modeling,18 and dif-
ferences range vs integrated doppler techniques19 will cer-
tainly reduce navigation errors on future space missions.

IONOSPHERE

DSS STATION LOCATIONS

NONGRAVITATIONAL
ACCELERATIONS

SPACE PLASMA

VENUS
EPHEMERIS ERROR

DATA NOISE

29 days OF TRACKING

30 40 50

Error source

Station physical location
error
Unmodeled constant
acceleration
Space plasma
(Correlation time = 2 hr)
Ionosphere
(equivalent station
location errors)
Target ephemeris errors

Model
parameters

rs
rsAA

V

a
a
rs
rsAA

B-T
B- R

1-sigma
uncertainty

for
MM'71

1.5m
3 m

5 x 10-12

km/sec
0.16

mm/sec
0.3 mm/sec
2.5m
3 m

10km
50km

1-sigma
uncertainty

for
MVM'73

0.8 m
1.6m

5 x 10~12

km/sec
0.16

mm/sec
0.2 mm/sec

1m
2.5m
5 km

10km
Data noise (per 1 min
sample) 1 mm/sec 1 mm/sec

Fig. 13 5-plane 1-sigma position dispersion ellipses for MVM'73.
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