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Preface
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l. Introduction

The DSN is a facility established by the NASA Office
of Tracking and Data Acquisition under the system
management and technical direction of JPL, and is re-
sponsible for two-way communications with unmanned
spacecraft traveling approximately 10,000 miles from earth
to interplanetary distances. The DSN is distinct from other
NASA networks such as the STADAN, which tracks earth-
orbiting scientific and communication satellites, and the
MSFN, which tracks the manned spacecraft of the Gemini
and Apollo Projects.

The DSN performs four basic functions in support of
each space flight project: tracking, data acquisition, com-
mand, and control. Tracking is the function of locating
the spacecraft, calculating its distance, velocity, and
position, and following its course. Data acquisition consists
of the recovery of information from the spacecraft in the
form of telemetry—the recorded measurements of the
condition of, and the scientific data obtained by, the
spacecraft. The command function involves the sending
of signals to the spacecraft to guide it in its flight and to
operate scientific and engineering equipment on board
the spacecraft. Control refers to the making of command
decisions from a central facility and to the overall direction
of flight operations, including the network of ground
stations, during a mission. Present facilities permit simul-
taneous control of a newly launched spacecraft and a
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second one already in flight. In preparation for the
increased number of U.S. activities in space, a capability
is being developed for simultaneous control of either two
newly launched spacecraft plus two in flight, or four space-
craft in flight. With the advanced communications tech-
niques now being implemented, it may soon be possible
to obtain data from, and track spacecraft to, planets as
far out in space as Jupiter.

The DSN supports, or has supported, the following
NASA space exploration projects: Ranger, Surveyor, and
Mariner (JPL); Lunar Orbiter (Langley Research Center);
Pioneer (Ames Research Center); and Apollo (Manned
Spacecraft Center), as backup to the MSFN.

The main elements of the network are the DSIF, with
space communications and tracking stations located
around the world; the GCF, which provides communi-
cations between all elements of the DSN; and the JPL
SFOF, the command and control center.

The DSIF is a worldwide chain of DSSs that provide
radio contact with the spacecraft (Table 1). JPL operates
the U.S. and the Ascension Island stations. The overseas
stations are normally staffed and operated by government
agencies of the respective countries, with the assistance



Table 1. DSIF station nomenclature

bss DSS serial IG"“"“‘
DSCC designation ongitude,
deg
Goldstone Pioneer 11 2431 E
Echo 12 243.2 E
Venus 13 243.2 E
Mars 14 243.1 E
Canberra Woomera 41 136.9E
Tidbinbilla 42 149.0 €
Booroomba® 43 —
Johannesburg ' 51 27.7 E
Madrid Robledo 61 355.7 €
Cebreros 62 355.6 E
Rio Cofio® 63 —_
Cape Kennedy 71 2794 E
{Spacecraft
Monitoring)
Ascension Island 72 345.7 E
(Spacecraft Guidance
and Command)

2Not yet authorized.

of U.S. support personnel. To maintain continuous mission
coverage, the stations are placed approximately 120 deg
apart in longitude around the earth, so that the spacecraft
is always within the field of view of at least one of the
ground stations.

Radio contact with the spacecraft begins when it is
poised on the launch pad at Cape Kennedy, and is main-
tained throughout the mission as the spacecraft passes
from the field of view of one station to that of another.
The Cape Kennedy tracking facility monitors the space-
craft during and immediately after launch. Later in the
launch trajectory, while the spacecraft is relatively low in
altitude, the signal is picked up by the 30-ft-diam antenna
at Ascension Island. Once the spacecraft is in orbit, the
DSSs with the large antennas, low-noise phase-lock receiv-
ing systems, and high-power transmitters take over radio
communications and follow the vehicle to its destination.
These stations obtain angular position, velocity (doppler),
and distance (range) data for the spacecraft, and provide
command control (up-link) and data reception (down-
link) for the spacecraft. The standard 85-ft-diam antennas
in use at the DSSs have gains of 53 dB at 2295 MHz, per-
" mitting the receipt of significant data at distances as far as
Mars. To improve the data-rate and distance capability,
a 210-ft-diam antenna having a gain of 61.81 +0.32 dB
at 2295 MHz has been built at DSS 14; two additional

antennas of this size are planned for installation at over-
seas stations. In the present configuration, with the
exception of DSS 51 which has an S-band receiver—exciter
subsystem, all stations are full S-band.

The DSN continuously conducts research and develop-
ment of new components and systems to maintain a state-
of-the-art capability. Therefore, the Goldstone DSCC is
also used for extensive investigation of space tracking and
telecommunications techniques, establishment of DSIF-
spacecraft compatibility, and development of new DSIF
hardware and software. New DSIF system equipment is
installed and tested at the Goldstone DSCC before being
accepted for systemwide integration into the DSIF, After
acceptance for general use, it is classed as GSDS equip-
ment, thus standardizing the design and operation of
identical items throughout the system.

The GCF, using facilities of the worldwide NASCOM,
provides voice and teletype communications among the
overseas DSIF stations, the Goldstone DSCC, Cape
Kennedy, and the SFOF. A special microwave link, which
includes a video channel, is used between the SFOF and
the Goldstone DSCC to transmit critical data during a
mission. Overseas communications are transmitted by land
lines, submarine cables, microwave relays, high-frequency
radio circuits, and even communication satellites.

Teletype is the primary means of transmitting tracking
and telemetry data from the DSSs to the SFOF and
sending predictions and other data to the stations. Voice
circuits are used for transmission of high-priority com-
munications other than data.

The SFOF at JPL is equipped with operations control
consoles, status and operations displays, computers, and
data-processing systems, and is the focal point of the DSN.
From launch through mission completion, it is the control
center for DSIF tracking and data-acquisition activities,
as well as for spacecraft trajectory determinations, genera-
tion of the commands transmitted to the spacecraft, and
analysis and interpretation of the data received.

Internal communications at the SFOF are maintained
by means of telephones, voice intercom units, a public
address system, closed-circuit TV, and other types of visual
displays. Incoming spacecraft telemetry and tracking data
from the DSSs are automatically routed to the SFOF data-
processing system, where special telemetry-processing
equipment and high-speed digital computers convert the
data into information for use by scientific experimenters
and spacecraft engineers.

JPL SPACE PROGRAMS SUMMARY 37-49, VOL. Il



Il. Tracking and Navigational Accuracy Analysis

A. DSN Inherent Accuracy Project,
T. W. Hamilton and D. W. Trask

The DSN Inherent Accuracy Project was formally
established by the DSN Executive Committee in July
1965. The objectives of the project are:

(1) Determination (and verification) of the inherent
accuracy of the DSN as a radio navigation instru-
ment for lunar and planetary missions.

(2) Formulation of designs and plans for refining this
accuracy to its practical limits.

Achievement of these goals is the joint responsibility of
the Telecommunications Division (33) and the Systems
Division (31) of JPL. To this end, regular monthly meet-
ings are held to coordinate and initiate relevant activities.
The project leader and his assistant (from Divisions 31
and 33, respectively) report to the DSN Executive Com-
mittee, and are authorized to task project members to
(1) conduct analyses of proposed experiments, (2) pre-
pare reports on current work, and (8) write descriptions
of proposed experiments. The project is further author-
ized to deal directly with those flight projects using the
DSN regarding data-gathering procedures that bear on
inherent accuracy.

JPL SPACE PROGRAMS SUMMARY 37-49, VOL. i

The various data types and tracking modes provided
by the DSIF in support of lunar and planetary missions
are discussed in SPS 37-39, Vol. III, pp. 6-8. Technical
work directly related to the Inherent Accuracy Project is
presented in SPS 37-38, Vol. 111, and in subsequent Deep
Space Network SPS volumes, and is continued in the
following sections of this volume.

Processing range-rate data from Surveyor spacecraft
resting on the lunar surface has resulted in unusual resid-
uvals, Initially these residuals exhibited both a 10-day and
a daily periodic variation. The use of an improved lunar
ephemeris obtained by fitting an integrated lunar tra-
jectory to the positions available from the Improved
Brown Lunar Theory was discussed in SPS 37-48, Vol. 11,
pp. 4-7. Although the 10-day periodic signature of
1.5-mm/s amplitude is no longer visible using this latest
lunar ephemeris, daily anomalies with amplitudes exceed-
ing 0.5 mm/s remain. However, as stated in Section B,
the lunar ephemeris is still the prime suspected cause of
these residuals. An explanation may be found in the work
currently being carried out at the U.S. Naval Observatory
by Van Flandern, who, through processing grazing occul-
tation optical data, has arrived at corrective terms to the
Brown Lunar Theory. Inadequacies may exist in the
original theory because of the then-unknown effects,



such as variations of the earth’s rotation rate and of the
center of figure of the moon.

Section C illustrates the effect of radio tracking data
in the analysis of spacecraft maneuvers. In this case, the
Mariner V midcourse maneuver magnitude and turns are
analyzed. Errors in the execution of the maneuver, which
resulted in the spacecraft passing 2000 km further from
Venus than the nominal aim point, were due primarily
to the midcourse maneuver not delivering its designed
thrust, while errors in the execution of the maneuver
turns accounted for less than 400 km.

Sections D and E pertain to the task of determining
DSS locations to the order of 1 m. This accuracy is
necessary to fulfill the navigational accuracy goals being
considered for future planetary projects. The DSS loca-
tion solutions from Mariner V tracking data are described
in Section D, where particular emphasis is placed on the
behavior of the solutions during the mission. Data on
polar motion is routinely available from the International
Polar Motion Service 90 days after the fact and, there-
fore, must be extrapolated to support the mission in real
time. It is interesting to note that the Mariner V mission
occurred during a region of “poor predictability” and
that the extrapolated information used during the flight
contributed up to 3 m in DSS location errors.

Section E describes a method for constrained poly-
nomial fitting to long data spans. The program is applied
to the A.1—WWYV time differences in this article, but it is
intended primarily for applications which will be dis-
cussed in later articles on A.1—UT1 and polar motion.
These quantities affect navigational accuracy in two
ways: (1) The navigational accuracy realizable in support
of planetary encounter operations is directly limited by
errors in DSS locations, as well as errors in the above
timing relationships and polar motion which exist during
the encounter phase of the mission; and (2) the DSS
locations resulting from post-flight analysis of tracking
data from past deep space probe missions are themselves
limited by errors in the timing relationships and polar
motion which existed during these past missions.

A description of the Navigational Technology Project
is contained in -Section F along with an introduction to
the two following articles, each of which relates to this
project. Section G describes an optimal stochastic orbit
trim strategy for a planetary satellite, and the article
comprising Section H is the second of a series giving
results from the continuous estimation program.

4

Section I describes the Double-Precision Trajectory
Program which has been developed at JPL and is now
operational. This program is an integral part of the
Double-Precision Orbit Determination Program described
in a series of 10 articles in the Deep Space Network SPS
volumes starting with SPS 37-38.

B. APossible Explanation of Landed Surveyor
Residuals, J. D. Mulholland

Recent progress in the lunar ephemeris improvement
effort [Devine, SPS 37-48, Vol. 111, pp. 33-39, and (to be
published) Mulholland, SPS 37-49, Vol. II1] has provided
the tool for confirmation of the belief that gravitational
defects in the operational ephemeris LE 4 (Ref. 1) have
significantly degraded the analysis of tracking data from
lunar spacecraft. Sjogren and Cary (SPS 37-48, Vol. II,
pp- 4-7) have found the use of a numerically integrated
ephemeris to yield notable reductions in the residuals for
range-rate data from Lunar Orbiter spacecraft and dop-
pler data from the landed Surveyor I. Nonetheless, as
they noted, the Surveyor I doppler residuals are still
rather large and quite systematic. On the basis of dis-
cussions with this author, Sjogren and Cary suggested
that a major cause of the remaining residuals was the
archaic value of the dynamical form factor J, for earth
that was used in the ephemeris (Mulholland, SPS 37-47,
Vol. III, pp. 6, 7). Although plausible, the basic idea
conveyed by the author in these discussions was erro-
neous; i.e., the incorrect J, is incapable of being the pri-
mary cause of the residuals shown in Fig. 3(b) in SPS 37-48,
Vol. 11, p. 6.

The effect on topocentric range rate p of errors in the
longitude and latitude of the moon can be simulated in
the following way: Cary (SPS 37-47, Vol. 11, pp. 4-11)
has given partial derivatives of p with respect to the
selenographic coordinates x,, x,, xs. Since the moon’s
equatorial plane is not greatly different from the ecliptic
plane, one can say that, to a reasonable approximation,
errors in the lunar longitude A and latitude 8 will resem-
ble errors in x; and x,. Thus, the relationship

9p

S 3 a4 B
Ap = P AN + or. AB 1)

will give a reasonable simulation of the effect of changes
AX and AB to the ephemeris. In performing this compu-
tation, it is necessary that any constant or long-period
parts of A and AB be ignored, for these will be artifi-
cially absorbed into the least-squares solution for space-
craft Jocation and will not be apparent in the residuals.

JPL SPACE PROGRAMS SUMMARY 37-49, VOL. I



Ap, mm/s

When Cary’s derivatives are evaluated in units of
(mm/s)/second of arc, one obtains

op
0%,

= 10.543 cos £ — 2.16 cos (ar — L)
(@)

28 — 0575 cos (L — ) — 0.837 cos ar
3

020
(a)

0.15

0.i0

n H

-0.05

-_— ]

=0.10

~0.15

=0.20
1.0

(b)

[¢X:)
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|
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— MAY —>j JUNE ——————
DATE, 1966

Fig. 1. Simulated effecf on range-rafe observations at
DSS 42 of: (a) J. correction, and (b) combined
Van Flandern corrections and J, correction
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where £ is the mean anomaly, L is the mean longitude,
and Q is the longitude of the ascending node of the
lunar orbit. The rotation of the earth appears through
ar, the geocentric right ascension of the tracking station.

The primary part of interest in the J, correction re-
quired by the ephemeris is (Ref. 2)

Ax =0

)
ARy = +07215sin L

(The major term in A has a 19-yr period and is thus
omitted here.) The angles in Eqgs. (2) and (3) were evalu-
ated, using only their constant and linear terms, for the
interval of Surveyor I's first lunar day. Figure 1(a) shows
the simulated corrections to the residuals for this case.
Comparison with the residuals reveals that the phase
does not match that of the residuals very well, the maxi-
mum amplitude is too small by a factor of 3, and the
amplitude modulation is unsatisfactory. It seems reason-
able to infer that something else is wrong with the
ephemeris.

The present work is totally vulnerable to errors in the
Lunar Theory upon which the ephemeris is based. There
exists relative certainty that no significant errors exist in
the derivation of the solar part of the theory, and the
numerical integration is presumed to have overcome the
effects of series truncation. It seems very possible, how-
ever, that, because of then-unknown effects such as
variations of the earth’s rotation rate and of the center
of figure of the moon, Brown was not able to properly fit
the observations (Ref. 3). Preliminary results® of research
currently under way at the U.S. Naval Observatory indi-
cate that the following corrections should be applied to
the Lunar Theory: '

Ad, = +0715cos 2 -+ 0.05sin £
—011cos L — 0.10sin L

4
AB, = —0728cos F — 0.33sin F

—0.14cos . — 0.18sin L

where F is the argument of latitude. Combining these
expressions with Eqs. (2) and (3), the simulated correc-
tions to the residuals shown in Fig. 1(b) are obtained.
Figure 2 presents this curve inverted and superimposed
on the residual plot. The correlation is not perfect, or

*Private communication with T. C. Van Flandern.
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Fig. 2. Comparison of Surveyor I range-rate residuals with data from Fig. 1b

even conclusive, but it is certainly suggestive. The phase,
amplitude, and modulation are not unreasonable. The
mean lines of the two curves are skewed, but this might
possibly be an effect of the least-squares processing of the
data. It is planned to construct a short, experimental
integrated ephemeris which will include the J, correc-
tions and provisional corrections (Eq. 4), so that the
Surveyor I data can be reprocessed.

If this investigation does, in fact, yield greatly reduced
residuals, this would constitute a partial confirmation of
Van Flandern’s work. At present, however, it must be
stressed that the corrections (Eq. 4) are provisional and
incomplete. Furthermore, Van Flandern’s general con-
clusions may yet be disproven, although this now seems
very unlikely to the author. On the other hand, the
suggestion that this is the source of the Surveyor I resid-
uals must be regarded as only a promising speculation.

One interesting sidelight is worthy of mention. Van
Flandern’s discovery of the error described above re-
quired the development and application of an entirely
new optical data type: the grazing occultation. The
Surveyor I data, which may provide the first independent
test of his work, also represents an entirely new data
type: a radio transponder fixed on the lunar surface.
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C. Analysis of the Mariner V Midcourse

Maneuver From Radio Tracking Data,®
G. E. Pease

1. Introduction

The Mariner V spacecraft was injected into its earth-
Venus trajectory at 62471952 UT on June 14, 1967. The
nominal closest approach point was 8165 km from the
center of Venus, to be reached on October 19, 1967; how-
ever, at injection, this was deliberately biased out to
75,000 km from the center of Venus to avoid any chance
of impacting the planet. Hence, a midcourse maneuver
was planned at the outset to achieve the nominal aiming
point. The spacecraft actually had the capability for two
maneuvers, but the second maneuver capability was con-
sidered to be in the category of a backup procedure, to
be used only if the primary mission objectives were not

*Information contained herein concerning midcourse maneuver
parameters was supplied by H. J. Gordon and R. T. Mitchell of JPL

Technical Section 312; H. J. Gordon also provided the program to
compute roll and pitch uncertainties.
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achieved by the first maneuver. The second maneuver
capability was not, in fact, exercised during the Mariner V
mission.

Subsequent orbit determination after injection showed
that the spacecraft would fly just within 76,000 km of
the center of Venus if a midcourse maneuver were not per-
formed. Accordingly, a midcourse maneuver was planned
and executed at 23"0806° UT on June 19, 1967. The motor
burn was planned to last 17.66 s and to impart an addi-
tional velocity of 16.1272 m/s to the spacecraft. This was
to have put the spacecraft within 8200 km of the planet’s
center at closest approach on October 19. Telemetry and
tracking data proved the duration of the motor burn to
have been approximately nominal (Fig. 3) and the direc-
tion of the impulse to have been within % deg of the
nominal pointing angle. Yet, orbit determination soon indi-
cated that the probe would fly by Venus at a closest
approach distance not less than 10,000 km from the planet’s
center, and that the velocity imparted to the spacecraft
by the motor burn was 15.4123 =+-0.0163 m/s rather than
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Fig. 3. Two-way doppler residuals during the
Mariner V midcourse maneuver (DSS 11)

the planned 16.1272 =0.13 m/s. Because the primary mis-
sion objectives were not jeopardized by the new arrival
point, a decision was made not toattempt a second
maneuver. The following analysis shows the orbit-
determination procedures used to analyze the magnitude
and direction of the midcourse maneuver.

2. Comparison of Premidcourse and Postmidcourse
Velocities at Midcourse Epoch

The orbit-determination procedure used involves a
weighted least-squares fit of approximately 1200 points
of 600-s count-interval, two-way, coherent, doppler track-
ing data in the 5 days from injection to the midcourse
maneuver. In the 28-day period from the midcourse ma-
neuver to July 17, approximately 2000 points of 600-s
doppler data and 900 points of ranging data were in-
cluded in the least-squares fit. Table 1 gives the premid-
course least-squares solution for the spacecraft velocity
at 23208205650 UT on June 19 if no maneuver had been
performed. Actually, this time occurs during the motor-
burn interval, but only premidcourse tracking data were
used in the solution. This solution is labeled “estimated
premidcourse” in Table 1. The next column gives the
“nominal postmidcourse” solution, i.e., the velocity which
would have been achieved at this time had a nominal ma-
neuver been executed before the time. Lastly the column
labeled “estimated postmidcourse” tabulates the least-
squares solution for the velocity based on postmidcourse-
maneuver tracking data to July 17. This is felt to be an
adequate data arc for the solution; a longer arc allows
the corrupting effect of small forces in the orbit fit.

By comparing the nominal maneuver with that actu-
ally achieved (Table 2), it can be seen that an error of
0.715 +0.016 m/s was made in the magnitude of the
maneuver velocity increment. If no pointing error were
made, this error accounts closely for the achieved closest
approach distance of 10,151 km, compared to the nominal
value of 8165 km from the center of Venus. Furthermore,
the pointing error of the maneuver thrust axis is easily

Table 1. Mariner V nominal and estimated velocities at 2320820650 UT on June 19, 1967

Velocity component

Velocity =g, m/s

{geocentric equatorial of-date)
Estimated premidcourse

Nominal postmidcourse Estimated postmidcourse

x —2280.1899 0.0065
y 1849.3605 —£0.0067
z —574.33642 0.01668

—2280.931 =£0.13 —2280.8194 =0.0067

1842512 *0.13 1842.7422 =0.0071

—588.9205 -0.13 —588.24114 7£0.00567
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Table 2. Nominal and achieved maneuver velocity
increments for Mariner V at 23"08™20%650 UT
on June 19, 1967

Veloci Post " v se Achieved-minus-
elocity velocity increment o, m/s )
o nominal valve,
Nominal® Achieved m/s
Ax —0.73797 +0.13 —0.6295 =£0.0093 0.1085
Ay —6.84993 20.13 —6.6183 ~£0.0098 0.2316
Az —14.5815 0.13 | —13.9047270.0176 0.6768
Av 16.1272 *0.13 15.4123+0.0163 —0.7149
2Based on an earlier premidcourse orbit than that tabulated in Table 1. This was
of necessity a ‘‘recl-time’’ orbit, whereas the tabulated premidcourse orbit was
the best estimate ofter the maneuver.

calculated. The pitch and roll turns are obtained in the
following manner:

. _ V-j
pitch turn = arc tan Vok k)
— cos ¢

TV
(-5

= 55.453 +0.062 deg

+ arc cos

roll turn = — y — arc cos —Vv-i
Y Vsin é

= 70.660 +0.004 deg

where

V = maneuver velocity

i,j,k = unit vectors of the premaneuver pitch, yaw,
and roll axes at mid-position of the attitude-
control deadband

¢ = orientation of the maneuver thrust axis to the
roll axis

= 88.5 deg

y = orientation of the projection of the maneuver
thrust axis on the pitch-yaw plane from the
pitch axis

= 45 deg (Fig. 4)

The pitch and roll uncertainties were obtained from a
computer program written by H. J. Gordon which makes
use of the 3 X 3 velocity covariance matrix of A%, Ay, AZ.
The unit vectors used in the above calculations assume

k {ROLL AX1S)

£=88.5deg

= j(YAW AXiS)

y =45 deg MANEUVER

THRUST AXIS

{ {PITCH AXIS)

Fig. 4. Mariner V atfitude reference system

the attitude control error to be zero. Table 3 shows the
corrections indicated by limit-cycle telemetry and the
commanded values of the turns.

Thus, errors of about 0.3 deg were made in the execu-
tion of the turns. However, the actual errors must include
the effects of attitude-control displacement. It is readily

“seen that the execution and displacement errors partially

cancel. An additional limitation on the system is imposed
by the command pulse system used to fire the gas jets.
This system limits the duration of gas-jet firing to an even
number of seconds. Thus, the commanded turns differ
from the nominal turns. Table 4 shows the nominal turns

Table 3. Execution errors

Premaneuver
telemetry Achieved-
correction Corrected turn | C ded i
Turn | {(attitude-control (achieved), turn, commaonded
limit-cycle deg deg value,
information), deg
deg
Pitch | 0.333:20.020 | 55.120-0.065 55.267 —0.147 0.065
Roll 0.028 0.014 | 70.632 -0.015 70.946 —0.314£0.015
Table 4. Summary of measured pointing error
Nominal Commanded | Total achieved-
Achieved N
turn turn minus-nominal
Turn turn, d . L
d uration, pointing error,
deg s weg s deg
Pitch | 55.350 | 304.46 | 55.453 720.062 304.0 0.103 20,062
Roll | 71.025 | 380.43 | 70.660=0.004 380.0 —0.365 70.004
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and the total achieved-minus-nominal pointing error,
including the attitude-control contribution. This result is
directly measured to a high degree of accuracy by orbit
determination.

If subscripts denote achieved and nominal velocities
and y is the total angle of the achieved thrust axis from
the nominal thrust axis, then

siny = ————,vv" X Vy
4 AV
= 0.00706
7 = 0405 deg

This pointing error contributes to the closest approach
distance 57 km from pitch error and 250 km from roll.
Since the actual motor-burn time was very close to the
nominal value, the unavoidable conclusion is that the
midcourse motor did not deliver its designed thrust.

3. Other Parameter Solutions and Uncertainties
Contributing fo Orbit-Determination Errors

The standard deviations quoted above were obtained
by assuming o values of 1.65 mm/s per 600-s doppler
point and 1 km per ranging point. The actual high-
frequency noise on the tracking data is much less than
this, but these numbers reflect modeling limitations and
lack of precision in the computations. In addition to the
effects of these assumed data uncertainties, the effects of
uncertainties in the probe position solutions, astronomical
unit, solar radiation pressure, and tracking station loca-
tions are considered. The effects of these uncertainties
are represented in the “achieved-minus-nominal” sta-
tistics.

a. Probe position solutions. The solutions for position
should agree, of course, since, at the epoch chosen, the
velocity increment imparted by the maneuver changes
the probe position by a negligible amount. Table 5 com-
pares the premidcourse and postmidcourse position de-
terminations, which may be seen to agree roughly with
the computed uncertainties. Positional uncertainties of
this size map to negligible target errors and do not ma-
terially affect the preceding discussion of velocity errors.

b. Astronomical unit. The uncertainty in the astro-
nomical unit was input at 500 km and was not improved
upon in the solutions.

JPL SPACE PROGRAMS SUMMARY 37-49, VOL. Il

Table 5. Mariner V premidcourse and postmidcourse
probe position determinations

Postmidcourse-
Position £ o, km .
minus-
Position P
oI 2
component valve
Premidcourse Postmidcourse '
km
x —1194557.7 *£3.2 —1194553.1 3.3 4.6
y 986069.08 3.3 986080.15 =3.9 11.07
z —319692.25 8.5 —319678.20 6.2 13.96

c. Solar radiation pressure. The perturbative space-
craft acceleration resulting from solar radiation pressure
is modeled by:

k=R
where

R = probe~sun vector, km
k = 1.081 X 108, a solar radiation constant

A = spacecraft effective area normal to r, nominally
6.60519 m?

m = spacecraft mass, nominally 245.71 kg

vy = reflectivity coefficient of the spacecraft, nomi-
nally 0.40123054

Table 6 compares the premidcourse and postmidcourse
solutions for y. It is apparent that the span of tracking
data available in the premidcourse solution is not ade-
quate for a strong solution, since the standard deviation
was not significantly improved over the a priori standard
deviation assigned to the nominal value. By contrast, the
postmidcourse solution contains nearly one month’s worth
of tracking data, including ranging data. Moreover, the
ranging data is particularly effective in this type of
solution,

d. Tracking station locations. The orbit-determination
program is capable of estimating tracking station loca-
tions to a high degree of precision when sufficient doppler
tracking data has been obtained. In the premidcourse
phase of the mission, solutions were obtained for the
locations of DSSs 11, 42, and 61. These solutions are tabu-
lated and compared with nominal values and postmid-
course solutions in Table 6, where r is the geocentric
radius vector to the station, ¢ the geocentric latitude, and
A the longitude. The systematic differences in longitude



Table 6. Mariner V premidcourse and postmidcourse y and fracking station solutions

Parameter Solution o Postmidcourse-minus-premidcourse

Nominal Observed premidcourse Observed postmidcourse valve

% 0.40123054 £0.0400 0.40864007 =£0.0288 0.37740661 -0.0112 —0.03123346

11 €OS Pn1, M 5206353.3 +20.0 5206331.4 +6.3 5206327.1 3.5 —4.3

A, deg 243.15091 =£0.00050 243.15101 =£0.00015 243.15070 7-0.00018 —0.00031

rz €05 Pgz, M 5205341.6 +20.0 5205353.5 +6.0 5205347.3 =2.7 —6.2

Ag, deg 148.98148 =+0.00050 148.98174 -£0.00015 148.98141 ==0.00018 ~0.00033

re1 €08 Qoz, M 4862604.5 +18.7 4862606.4 6.0 4862597.67+4.3 —8.8

Aey, deg 355.75113 £0.00050 355.75146 720.00015 355.75114 =20.00018 -0.00032

of about 0.0003 deg between the premidcourse and post-
midcourse solutions are probably partially caused by
variations in the way time differences between WWYV
and UT are represented in the orbit’s error at target. The
cause of the systematic differences in r cos ¢, the distance
from the earth’s spin axis, is unknown; however, these
differences are also very small (4.3-8.8 m).

4, Conclusions

Orbit determination indicates that an error of
0.715 =0.016 m/s was made in the magnitude of the
Mariner V midcourse correction, resulting in an addi-
tional 2000 km of closest approach distance to Venus.
The total calculated pointing error of the maneuver
thrust axis is only 0.4 deg. In addition, telemetry and
tracking data residuals ‘indicate a motor-burn interval
close to the planned interval of 17.66 s. The conclusion
is that the motor failed to achieve the expected thrust.

D. Status of DSS Location Solutions for Deep Space
Probe Missions: ll. Mariner V Real-Time
Solutions, N. A. Mottinger

1. Introduction

As discussed in Part I of this series by Mottinger and
Trask (SPS 37-48, Vol. 11, pp. 12-22), the uncertainties
in DSS locations can become limiting factors to the
navigational accuracy obtainable with earth-based radio
tracking data. To meet the navigational goals under
consideration for some planetary projects, the uncertain-
ties in the DSS longitude, ¢, and the distance off the
earth’s spin axis,? o, , must be known on the order of 1 m.
In an earlier SPS article by Hamilton, Grimes, and Trask

*Distance off the spin axis equals the geocentric radius times the
cosine of the geocentric latitude.
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(SPS 37-44, Vol. I1I, pp. 4-11), an approximate method for
determining the navigational accuracy obtainable dur-
ing the encounter phase of a mission was presented, and
the parameters that limit this accuracy were discussed.

In reporting the work being performed to meet these
future goals, this series on DSS location solutions as
obtained from post-flight analyses was initiated with a
general discussion of their present status in SPS 37-48.
This article in the series is concerned with the real-time
solutions for DSS locations obtained from Mariner V and
discusses several error sources which may be affecting
them. In particular, attention is devoted to the polar
motion which occurred during the flight, with the dis-
cussion centering around the accuracy of its prediction
and how it may affect the solutions.

Some of these error sources which do limit the anal-
ysis are: (1) the limited numerical computational accu-
racy of the SPODP (Ref. 1), and (2) discrepancies be-
tween the real universe and its model in the SPODP.
These include timing errors and polar motion effects.*
Error or limiting-accuracy source 1 is essentially invari-
ant with time and will not be eliminated until the next-
generation program, the double-precision OD program
(DPODP),® is in operation.

Timing errors between ET (used to look up the posi-
tion of celestial bodies) and UT.1 (determined by the

“These error sources were discussed in more detail by Mottinger and
Trask in SPS 37-48. Further insight into timing in the OD process
is given by P. M. Muller and D. W, Trask in SPS 37-39, Vol. III,
pp. 7-18. Polar motion and DSN locations are discussed in SPS
37-45, Vol. 111, p. 10.

SReported by M. R. Warner, DPODP, Volume I, Nov. 1, 1966 (JPL
internal document) and by T. D. Moyer in SPS 37-38, Vol. III,
pp. 2427, and subsequent issues of the Deep Space Network SPS
volume.
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rotation of the earth and used to fix the location of a
DSS in space) may affect the OD process by misrepre-
senting the trajectory of a probe with respect to the
earth and other celestial bodies. Additional effects on
the OD effort arise with UT.1 and UTC (UT coordinated,
the time broadcast by the NBS) differences, since the
DSN synchronizes with UTC and uses this time as a tag
on the data received. The polar motion which affects the
earth’s axis of figure with respect to its axis of rotation,
hence inducing changes in the DSS locations, presently
lacks a model which will enable adequate predictions to
be made or which will permit correcting for it during
the processing of radio data with the SPODP com-
mensurate with the future mavigational accuracy goals.
These goals will, however, become attainable with the
DPODP, which will contain models to correct for both
the timing and polar motion phenomena.

2. Estimation of Polar Motion and Reduction of Initial
Station Location Solutions

The initial values for station locations to be used by
the Mariner V OD group were supplied in early-June 1967.
Two steps were involved in deriving these values. First,
a set of values was obtained from existing probe results
which could be considered a hypothetical average of
the solutions available. In this manner, locations for
DSSs 12, 41, and 51 were determined. From there, rela-
tive locations were used to associate DSSs 11, 42, and
61 with the first set of DSSs. The location for DSS 14
was taken from a JPL land survey source. These values,
which came from probe results, had been reduced to the
reference pole of 1903.0.° The practice for reduction of
extended flights is to average the polar motion for such
times, and, assuming that the SPODP has effectively done
the same, use this value to correct the final solutions back
to the 1903.0 pole.

Included in the figures of solutions for station locations
are the launch estimates with an estimated uncertainty
of 20 m, except for DSS 14 which was obtained from a
land survey with much larger uncertainties listed. A
graphic display of past polar motion by P. Muller” was

*The year 1903.0 is used to describe the International Polar Motion
Service (IPMS) “epoch” or reference point. Actually, the polar

“"motion for the years 1900.0 through 1906.0 was averaged by the
IPMS to define this reference pole. The terms x and y are cartesian
coordinates describing instantaneous pole position with respect to
the averaged pole.

"P. Muller, Polar Motion and DSN Station Locations, Apr. 20, 1967
(JPL internal technical memorandum). Muller’s article in SPS 37-
45, Vol. II1, p. 10, parallels that internal technical memorandum in
describing the effects of polar motion on DSS locations. Also,
Mottinger and Trask discuss it briefly in SPS 37-48.
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used to estimate the x and y values of the instantaneous
pole position to convert the above DSS locations to the
launch epoch.

In relating the procedures involved in tracing the polar
motion during the flight of Mariner V, a table and a
figure have been included which list the polar motion
estimates and the data received from the IPMS, which
publishes monthly notices of the pole position. The rela-
tive success attained in estimating launch, cruise, and
encounter pole positions is shown in Table 7 and Fig. 5.
The points at launch and encounter in Fig. 5b are the
specific points estimated. The prediction for launch was
not too difficult to make, even though it was necessary to
estimate 3 mo ahead due to the usual delay involved in
receiving IPMS reports. To make the prediction, the
previous polar motion minima passage was overlayed
upon the existing points and adjusted to obtain as good
an agreement as possible with the existing pre-minima
points and thus make the estimate shown by the broken
line in Fig. 5b. Figure 5a shows these past minima occur-
ring in 1961 which were used as a guide.

Predicting just when the minima would occur is very
difficult and to estimate positions accurately following
such a passage is even more difficult. Another IPMS
bulletin received in September was really the one used
to obtain the cruise and encounter estimates shown in
Fig. 5b. This bulletin contained the July data and gave a
slight indication of when the minima might occur. Since
the launch estimate was made before these data were
available, it does not lie on the estimate line of Fig. 5b,
illustrating the difficulty of predicting in the time of
minimum motion.

Without a full awareness of the true complexity of the
situation, it was felt that a good estimate had been made.
This estimate is shown in Table 7 in the column “esti-
mated uncertainty of extrapolated pole position.” The
IPMS bulletin used to evaluate these estimates was not
available until November.

Having made the estimate for the pole position at
launch, the previously mentioned locations were updated
from the 1903.0 reference position to the assumed pole
position for the launch week in June 1967. Soon after
the launch of Mariner V, the operating procedures in-
volving the SPODP were changed to include estimates
of station locations as part of the OD process. In Septem-
ber, the DSS location solutions from two particular ODP
runs using cruise data, labeled Post 17 and Post 19 (Table
8), which were destined to be used by the OD group for

1



Table 7. Estimated pole position in a real-time situvation for Mariner V

Estimated uncertainty | Error of estimate Estimaied pole Final pole position, m®
Estimation of exirapolated lestimated-minus- | s of x, Y position, m !
Event interval,® yr pole position, m final valve), m " error, m
' Range in Range in
x Y x y

x y x y x y

Launch 0.3 1¢ 1 —1.4 —0.8 1.6 —1.5 4.0 0.37 —_ 438 —_
Cryise 0.5 to 0.4° 1° 1°¢ —1.2° | —0.7° 14 —09° ] 4.7° 1.1 05t0 1710 —08] 54 48 10 57

Encounter| 0.5 1o 1 —-03* | —2.27 2.2 —1.0 | 50 |-—o07 — 7.2 —

2Time from last IPMS data to time desired.

bAdditional data received during cruise.

4 A very optimistic estimation; see Footnote ¢.

Error could he 2 to 2.5 m in each component.

<Even though the polar motion was known to be approaching a time of minimum motion, it was felt that a simple extrapolation ahead would give an accurate estimation.

eThis estimate is difficult to make since the polar motion effects on the SPODP are unknown. These represent an average error or value across the cruise portion of the flight.

TDespite the motion through the minima, it fs coincidence rather than a mathematical modeling capability that accounts for such a small error.
EAlthough the IPMS does not quote an uncertainty for its pole position, private discussion with P, Muller at JPL indicat

that such a statistic could realistically be 0.5 m.

{a) {b)
5
— FINAL
€ === PREDICTED
= 10
o
=
4 o
e 5
ul
i |
g 5 M
) -
x \JI \ =
-5
€ e}
z
3 j’ /
[ 5 &rw \" -—
8 \/ F
(@]
a
w ok ? i
d 0 5z |
a z g
<L z
\ ) w
{960 1961 1962 1963 1966 1967

Fig. 5. x, y pole positions: (a) previous minima used as
model, and (b) prediction and final resulis
for Mariner V

nominal locations for encounter OD work, were reduced
to the 1903.0 pole to see how they compared with other
probe results. The September IPMS bulletin mentioned
earlier was used to provide the estimates for pole posi-
tion. Table 7 shows that the same optimism still existed
for the accuracy of these estimates. Although Post 17
and Post 19 differ slightly in their data spans (Table 8),

12

Table 8. Guide to OD runs

oD run Data span
identification {epoch: 23:08 GMT, Description
ce June 19, 1967)
Post 17 June 20 to'Aug 2 Cruise run
Post 19 June 20 to Aug 28 Cruise run; used in conjunction with
Post 17 for encounter nominal
values for sfation locations
Cruise June 19 to Sept 16 | Auxiliary cruise run without earth
ephemeris estimation; uses Post
17 and Post 19 as a priori for
station locations; contains about
0.5 mo more data than Post 19
Cruise E June 19 to Sept 16 | Auxiliary cruise run with earth
ephemeris estimation; uses Post
17 and Post 19 as a priori for
station locations; contains about
0.5 mo more data than Post 19

essentially the same values were used to reduce their
station solution sets. The value listed in Table 7 is that
used for the longer cruise analysis run, Post 19. The
attempt at this time to average the assumed pole posi-
tions for the data span covered by Post 17 and Post 19
yielded the following x, y values: —1, 4.6 and —9, 4.7 m,
respectively, as opposed to the final averaged values of
1.3, 5.2 and 1.1, 5.4 m. These final values were used to
give the locations at the 1903.0 pole which are included
in Table 9 and Figs. 6-12.
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Table 9. Mariner V station location solutions
referenced to 1903.0 pole

Solution | DSS rs, km CrogeMm A, deg a)* z°

Post 17 11 | 5206 .3334 | 2.7 |243.15077 4.6 3673.7580

Post 19° 3313 | 23 15072 2.2 7561

Cruise .33144 150610 | 3.6 7559

Cruise E 33144 150692 | 15.4 7559

Post 19° | 12 5212 .0408 | 2.9 |243.19467 2.5 3665.4412

Cruise .0409¢ 19455 3.8 4410
Cruise E .0409¢ 19464 |15.2 44104
Post 17 14 |5203 9897 | 3.4 |243.11068 3. 3677.3548

Post 19° 9871 | 3.0 11064 29 3525

Cruise 98724 11053 4.6 35234
Cruise E 98724 11059 | 15.6 35234
Post 17° | 41 |5450 .2047 | 3.2 136.88767 2.9 {—3302.3561

Cruise .1996% .88752 37 .3530¢
Cruise E .1996¢ .88759 | 153 .3530¢
Post 17 42 15205 .3513 | 1.9 [148.98144 2.1 |—3674.6124

Post 19° 3480 | 14 .98137 19 6102

Cruise .3481¢ 98126 3.4 61034
Cruise E .3481¢ 98134 | 15.4 .6103%
Post 17 61 |4862 .6033 | 2.1 |[355.75117 2.2 4114.8534

Post 19° 6018 | 1.4 75110 2.1 8523

Cruise 60214 .75100 3.5 .8528¢
Cruise E 60214 75107 |15.3 .8528¢
Post 17° | 62 |4860 .8121 | 5.3 [355.63238 4.6 | 41169704

Cruise .8132¢ 63222 | 4.1 9718¢
Cruise E .8132¢ 63231 | 15.6 97184
a Uncertainty expressed in angular wnits X 10-5, 1 m ~ 10-5 deg.

bz = RI sin ¢, included only for completeness.

c¢Used as a priori for cruise ephemeris comparison runs.

dNot estimated; a fixed valve.

The values indicated as nominals in Table 9 were used
for encounter OD work, except, of course, the values in
this table have been reduced to the 1903.0 pole. The
non-reduced values were given a priori standard devia-
tions of 50 m and were continuously estimated through-
out encounter. Of particular interest are three encounter
SPODP runs which all start at encounter (E) — 5 days
17 h and continue to E —5 h, E + 1 h, and E + 1 day.
They are identified as ODP 1030, 1031, and 1032, respec-
tively. (Following the discussion of the polar motion pre-
dictions versus the final IPMS data for encounter, these
encounter runs will be discussed briefly.) At the time
of encounter, October 19, 1967, the estimated pole posi-
tion was x = —1 m and y = 5 m, again optimistically
assumed to be accurate to 1 m despite the 0.5-yr lapse
from the last data point.
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So far, the discussion has centered around the ODP
results which were specifically destined for other opera-
tional uses during the mission. However, accompanying
these solution results are others for the cruise phase of
the flight which were obtained by two slightly different
methods. One method included an estimate of earth
ephemeris elements, while the other did not (Table 8).
These particular solutions used the station locations
given as encounter nominal values as g priori and then
proceeded to solve for DSS longitudes. All these results
reduced to the 1903.0 pole as given in Table 9 and Figs.
6-12 are labeled Cruise E (with earth ephemeris) and
Cruise (without earth ephemeris). They will be discussed
in slightly more detail below.

The first indication of the correctness of the pole posi-
tion estimates came in mid-November with the receipt
of the August IPMS bulletin. These data were the first
to identify when the minima had occurred and, there-
fore, permit a better estimate of the encounter pole by
the comparison method outlined earlier in this article.
The receipt of the September IPMS bulletin in mid-
December essentially allows the final-value reports of
the pole positions to be made. Although this bulletin
only reports to October 1, an estimate to within 0.5 m
could readily be made to arrive at the encounter pole
position on October 19. These final pole-position values,
which appear in Table 7 and Fig. 5, were used for the
reduction of the real-time station solutions which are
discussed in the next section.

The receipt of this final IPMS data made it possible
to complete Table 7 and Fig. 5 and compare the esti-
mates with the final values. Of particular interest is the
“error of estimate” colummn, which shows the errors in
the components of pole position; the errors in radial pole
position are shown in the column labeled “rms of %, y
error.” The rms error for cruise may be more representa-
tive of a lower bound on the error for this phase of the
flight. With over a 2-m variation in the components and
no precise knowledge of how the SPODP, which assumes
a constant pole location, is affected by the motion, a
more realistic error might be closer to 2.5 or 3 m. The
launch error should be the smallest, since the least
amount of extrapolation was necessary to obtain this
point; however, as Fig. 5 shows, passage through the
minima occurred just about at launch time, thereby in-
ducing a larger error than anticipated.

Perhaps it is only a coincidence that the estimate for
encounter is as good as it is. A partial cause of this is
the sinusoidal nature of the polar motion. Were the
motion not such, a poorer estimate would have resulted.
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Fig. 6. Geocentric longitude referenced to 1903.0 pole: DSS 12
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Fig. 7. Geocentric longitude referenced to 1903.0 pole: DSS 41
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For the general approximation that the error at the
pole is equivalent to the error in station location, Table 7
shows that it remains essentially to halve these errors to
meet the navigational accuracy goals through 1969. To
this end, the prospects of constructing a model to accom-
plish the task are encouraging.

3. Real-Time Station Location Solutions

This section is concerned with the interpretation of two
sets of solutions obtained for station locations through-
out the flight and attempts to inject, where possible, the
effects of the polar motion during this time in conjunc-
tion with the ability of the SPODP to solve for DSS
locations. The remaining item is a brief discussion of
the problems which arose when estimating station loca-
tions during encounter. The particular solutions to be
discussed are taken from the four OD runs discussed
previously (Post 17, Post 19, Cruise, and Cruise E, de-
scribed in Table 8).

18

As discussed in SPS 37-48, polar motion affects the
SPODP® reductions involving long data spans; ie., fac-
tors such as the time during which a station tracked a
probe (i.e., continuously or intermittently during a flight),
combined with the degree of polar motion over that
period, affect the final solution.

The effect of polar motion on the SPODP results is
also important in determining a true uncertainty to asso-
ciate with the location estimates. The formal statistics
produced by the SPODP need further interpretation with
regard to polar motion and other items. Lacking a model
for the motion of the pole in the SPODP means that the
induced uncertainty in the final estimate of station loca-
tions should vary directly with the time of flight and the
associated motion of the pole. In the case of Mariner V
(when polar motion was passing through a minima), the
effect could be about 3 to 4 m for the cruise solutions.

*The SPODP does not have a madel for polar motion.
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Fig. 12. Geocentric longitude differences referenced to 1903.0 pole: DSS 12 minus DSS 61

This is about twice the size of the formal statistics given
for some of the Post 17 and 19 results and approximately
the same for the others (Table 9 and Fig. 6). However,
the two auxiliary-cruise-solution station locations give
varying formal statistics. Those obtained without esti-
mating ephemeris elements quote uncertainties nearly
the same as some of the Post 17 and 19 results. On the
other hand, when estimating the elements, a larger un-
certainty exists for the same data and may be much more
representative of the true uncertainty for the cruise solu-
tions. Allowing for changes in the space position of the
earth has induced an additional weakness in the capa-
bility to estimate station locations. More study is in order
to completely understand the situation and possibly cor-
rect any modeling discrepancies which may also be re-
sponsible for this.

For the cases quoting uncertainties equal to or less
than what the effects of polar motion might be, a more
realistic statistic is obtained by root-mean-squaring the
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variation of polar motion during that time interval with
the quoted statistic.

The figures chosen for this report are representative
of all sets of solutions for DSSs 12, 14, 41, 42, 61, and 62,
and present the various solutions for both r; and A. In
addition to absolute values for r, and A, three figures
show the relative longitude solutions for three sets of
stations.

The most noticeable characteristic of the Mariner V
longitude solutions is that the cruise values are generally
quite different from the results obtained tracking lunar
probes. These disagreements run from 15 to 20 m for the
worst cases. Some of the lunar probe data, e.g., Lunar
Orbiter II initial orbit solutions and some Surveyor re-
sults, are essentially real-time and not final solutions, but
have been included in the instances when other solu-
tions are not available. The combined Ranger Block III
(Ranger VI-IX) solutions are taken as most representa-
tive of locations obtained from tracking a lunar probe
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because they have been analyzed the most, but, of
course, these solutions are only directly available for
DSSs 12, 41, and 51.

On the other hand, much finer agreement exists be-
tween the Mariner IV cruise and post-encounter results
and the Mariner V values. Presently, it is not fully under-
stood why the cruise solutions depart from the values
derived from lunar-probe studies. Partial explanation
lies with the inherent weakness associated with trying
to determine the probe’s right ascension and, hence,
infer station longitudes during the interplanetary cruise
portion of the mission. For the lunar probes, once the
spacecraft is under the gravitational influence of the
moon, its right ascension can be inferred from that of
the body and hence longitudes can be determined; but,
in interplanetary space, this cannot be done since the
only attracting body is the distant sun. However, at
encounter the same thing occurs as with the lunar probes
nearing the moon, allowing longitudes to be definitely
determined.

That the Mariner V longitude solutions do not agree
with the Ranger values is not meant to imply that the
Ranger Block III combined estimate of DSS locations
is without error, because existing errors may be shared
equally by both. Similarities among all Ranger Block
ITI missions, i.e., earth-moon geometry, lunar ephemeris
error, or possibly dissimilar effects caused by the iono-
sphere, may be forcing false solutions. The longitude
solutions obtained from the two cruise sets involving
ephemeris considerations do not agree too well with
their Post 17 and 19 a priori counterparts. Of particular
interest are the estimates without earth ephemeris esti-
mation. These are less than those with earth ephemeris
estimation, the latter also disagreeing with the Post 17
and 19 results.

Unlike the various agreements noted for the longitude
solutions with the other lunar and planetary missions,
the cruise solutions for r; do not vary by more than per-
haps 5 m from the combined Ranger Block 111 value and
about 10 m from some of the other initial Lunar Orbiter 11
results, At the same time, however, there is much closer
agreement with the Mariner IV solutions for 7.

Of course, solutions for 7, are not affected by all the
items which may cause longitude solutions to vary. The
biggest factors affecting them are polar motion and the
ionosphere. In the course of the cruise phase, the polar
motion produces 2- to 3-m changes, while the daily iono-
spheric effects might account for 2 m; however, these
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latter effects could cancel from day to day, whereas the
polar motion should have a noticeable effect upon the
SPODP reduction. Trask and Vegos in SPS 37-43, Vol.
III, p. 16, point out that, for the Ranger Block III flights,
the ionosphere alone could have caused 5- to 10-m errors
in ry solutions; so, the small disagreement noted here
may be within the uncertainty surrounding the Ranger
Block TII value.

Figures 10-12 are concerned with relative longitudes.
Relative longitude solutions, even though they are the
best solved for parameters from radio tracking, are
affected by the ionosphere, errors in time synchroniza-
tion among the DSSs, and polar motion; ephemeris errors
and time errors (UT.1 — UTC and UT.1 — A.1)® com-
mon to the DSSs cancel. In SPS 37-45, Vol. 111, p. 10,
P. Muller dramatically illustrated the effects of polar
motion on relative longitudes.

These three figures, showing longitude differences for
DSS 12 minus DSS 14, DSS 12 minus DSS 42, and DSS
12 minus DSS 61, reflect varying degrees of agreement.
The worst case for all Mariner V results is a scatter of
about 3 m. The figure for DSS 12 minus DSS 61 (Fig. 12)
shows better agreement among the planetary missions
than the lunar missions. It should be noted that, even
though the solutions for absolute longitudes may have
changed quite significantly, the relative solutions have
not. This is shown in Fig. 7, the figure for DSS 12 minus
DSS 42. The solutions for DSS 42 behaved very nearly
the same as did those for DSS 41, but it should be noted
that these relative solutions remained nearly constant.

As may be observed, land survey results do not always
agree very well, in either the relative or the absolute
sense, with probe results. Efforts are also being devoted
to eliminating these serious discrepancies. Early analysis
indicates that land survey results may not have been uni-
formly reduced to the station location point defined from
radio tracking, 1

As mentioned previously, the solutions for DSS loca-
tions obtained in Post 17 and Post 19 were used as
nominals for encounter OD work; in this work, loca-
tions for DSSs 12, 14, 41, 42, and 62 were obtained for
each encounter orbit of increasing time span (1030, 1031,
and 1032), as described earlier. The present amount of
analysis is not sufficient to explain the difficulties en-
countered in estimating station locations during this
time. To explain the difficulties encountered, Table 10

*References enumerated in Footnote 4 contain descriptions of atomic
time A.1.
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Table 10. lteration-to-iteration changes in station
location estimates

ODP Station location changes, m
case Iteration Qs0s* DSS
Ar, AN
Post 17 1 406.20 14 3.2 3.3
2 185.98 1.6 2.1
3 159.76 0.2 0.2
1 406,20 62 20 3.9
2 18598 0.9 1.5
3 159.76 0.1 ~0.13.
Post 19 1 667.79 14 —0.08 0.9
2 214,78 0.9 —0.4
3 129.69 0.6 1.1
1 667.79 62 —
2 214.78 — ——
3 129.69 —_— ——
1030 1 45,541.00 14 1.1 2.8
2 778.80 —27 —3.5
3 591.59 53 —5.0
1 45,541.00 62 —-17 14.1
2 778.80 2.1 —4.1
3 591.59 —67 —2.8
1031 1 1,276.5 14 4.6 —0.8
2 1,864.6 4.6 26.9
3 3,987.7 —5.2 —~31.4
4 8,641.7 —1.0 7.6
1 1,276.5 62 2.2 2.2
2 1,864.6 —6.1 28.7
3 39877 —5.2 —~31.4
4 8,641.7 —1.5 7.5
1032 1 21,837.00 14 —34 8.3
2 25,192.00 1.0 184
3 12,467.00 —1.9 —21.5
1 21,837.00 62 —4.3 16.1
2 25,192.00 —4.1 14.6
3 12,467.00 4.3 —19.8
aEssentially the sum of the squares of the residuals plus the sum of the squares of
the ch in the par ters being estimated

has been included to show the changes in location esti-
mates which occurred from iteration to iteration in five
different ODP cases. Selected as typical examples are the
changes for DSSs 14 and 62, starting with the iteration-
to-iteration changes in Post 17, Post 19, and the encounter
orbits 1030, 1031, and 1032 (the latter spanning to E +
1 day). In the cruise runs, the changes are seen to be
very small and may indeed lie within computational
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noise limitations. An indication of the accuracy of a par-
ticular fit is given by a QSOS value (defined in Footnote a,
Table 10). A large QSOS may indicate a poor fit to the
data and a large change in the estimated parameters in
attempting to fit to the data, while a small QSOS would
be indicative of small residuals and a converging set of
parameters.

Post 17 and Post 19 show decreasing QSOS for each
iteration and small changes in station locations. Orbit
1030, which includes data up to E — 5h, is nearly as stable
as the cruise, but large fluctuations are beginning to
appear in the QSOS and location changes. Finally, in
the 1031 and 1032 orbits containing post-encounter data,
large QSOS values and changes between iterations in
station locations are present, indicating an unstable situ-
ation which is not converging. The formal statistics, how-
ever, were on the order of 5 m and are unrealistic in
view of the situation.

To date, only a temporary solution to this problem
has been obtained. This solution, which involved delet-
ing the estimate of r, and solving only for longitudes for
a data span from E — 5 days to E + 5 days, has yielded
more stable solutions. This should not be the final
method for solving this problem, because, at the time
of encounter, station solutions should be a well-solved-
for parameter due to the gravitational attraction of the
body on the probe. This situation, which involved using
cruise solutions for DSS locations for encounter work,
holds something very important, but yet undiscovered,
in the problem of tracking during encounter.

4. Conclusion

To meet certain future navigational accuracy goals, it
will be necessary to predict the pole position to 1 m,
possibly as much as 5 mo in advance. This article has
discussed how this was attempted for the Mariner V
flight and shows that, in the time of maximum difficulty
for predicting, the best accuracy that can be obtained
with a non-rigorous approach is about 2 m. Were the
times those of least difficulty, the 1-m goal might be
feasible, and, at best, this would only satisfy the re-
quirements of the current decade. To this end, it is
essential to develop a model for this motion which will
permit highly accurate estimates.

The variations between the various probe results for
DSS location solutions and the real-time Mariner V
cruise values, when coupled with the stability problems
at encounter, cast doubts concerning the advisability of
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using the solved-for cruise values for the more important
phases of the mission. This present inability to solve for
DSS locations at the time when opportunities are the
best is an item in need of still further analysis, since
initial results are unsatisfactory.

Reference

1. Warner, M. R., and Nead, M. W., SPODP — Single Precision
Orbit Determination Program, Technical Memorandum 33-204.
Jet Propulsion Laboratory, Pasadena, Calif., Feb. 15, 1965.

E. A Method of Constrained Least-Squares
Polynomial Fitting With Application to
Analysis of A.1 —WWYV From 1955 to 1968,
P. M. Muller

1. intreduction

This article reports on the second of several dependent
studies required for implementation of the DPODP.*° The
DPODP operates with respect to uniform time, arbi-
trarily chosen to be A.l. Since the DSSs put WWYV time
tags on the observed doppler and range data, it is nec-
essary to know the relationship of A.1 to WWYV in order
to process the tracking data. [The DPODP also has the
capability to correct any local station clock errors be-
tween station time and WWYV time (SPS 37-39, Vol. III,
pp. 36-38), but the problems related to this capability
are not discussed here.]

In addition, the author requires A.1 — WWYV, and
A.1 — Mo as well, in order to attempt the reduction of
UTO PZT observations (the next step in the updating of
these timing matters). A.1 —Mo, or any other time scales
required for these future tasks, are not discussed here. It
is sufficient to point out that, with suitable data from the
agency in question, the same computer program used
for this study will produce appropriate polynomials for
the additional time scales. These requirements in no way
affect the DPODP, which requires only A.1 — WWV, as
noted above.

Three related subjects are discussed herein. First, a
method for constrained polynomial fitting to long data

*“The Polar Motion Survey was completed (SPS 37-45, Vol. III,
pp. 10-13). Future studies will include:
(1) Analysis of A.1 —UT1 from PZT Observations of UT0.
(2) Prediction System for A.1 —UT1 and Its Applicability.
(8) Polar Implementation for DPODP.
(4) Prediction System for A.1—UT1I and Its Applicability.
(5) Program TPOLY for DPODP Support: Computer Program
Document.
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spans is derived. It is usefully applied to the A.1—-WWV
problem, but is primarily intended for application in
subsequent articles on timing and polar motion.® These
future articles will reference this SPS article in matters
relating to the polynomial fitting method.

Second, a discussion of timing and polar motion is
begun which will eventually delineate the steps necessary
to fulfillment of present navigational accuracy goals.
These goals, which are currently being considered for
future planetary projects, will require the knowledge of
DSS locations to the order of 1 m. For this reason, the
DPODP has made provision for inclusion of timing and
polar motion corrections in its model, as discussed in
SPS 37-39, Vol. III, pp. 36-38. SPS 37-39, Vol. III,
pp. 18-24, and SPS 87-44, Vol. 111, pp. 4-11, discuss the
more general aspects of the importance of station loca-
tions in navigational accuracy.

Third, the function A.1 — WWYV, which is required
for the DPODP as well as for the future studies, is ob-
tained. Initially, definitions of terms used are presented,
and some problems in interpreting UTC as represented
by WWYV are discussed. This article thereby continues
and expands the contents of SPS 37-41, Vol. I1I, pp. 18-24,

As will be seen in the results, there is no problem in
determining A.1 — WWYV to 0.1 ms, or about 0.04 m in
station longitude. JPL is currently considering an error
goal in station location solutions of 1 m (2.5 ms in DSS
longitude) for future missions. Since A.l1 versus UTI1
may require a large portion of this error budget, it was
desired to eliminate any contribution from the clock
times A.1 — WWYV (which are accurately known). The
sensitive fitting methods described here, though not es-
sential, make the detection of errors and omissions fail-
safe. For these reasons, it was considered essential to lay
this groundwork for the future studies'® with care and
precision, even though it is otherwise straightforward.

2. Definitions of Terms!!

A.l. Time indicated by the atomic time scale kept by
the USNO. It differs from NBS(A) as noted below.

DSS longitude determinations. DSS longitude, as de-
termined from probe tracking data, is the DSS angular
position with respect to the reference meridian (nomi-
nally Greenwich) used as the origin for UTL. The param-
eter actually determined from probe tracking data is the
time of meridian passage of the spacecraft over the DSS.

*Addition to definitions listing given in SPS 37-39, Vol. ITI, pp. 3-12.
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Therefore, all other things being equal, an error of
25 ms in Al — UT1 (or the necessary intermediate,
Al — WWYV) will result in a 1-m DSS longitude error.
A more complete discussion of this matter will appear
in a future SPS article.

Epoch. All timing data and observations must be re-
ferred to an epoch; i.e., if one states that A.1 — WWV =
+5.1784, it must be known at what time the observation
was made. “Time” used in this second sense is sometimes
confusing. It should be noted that, for defining an epoch,
it does not matter what scale is used (A.1 or GMT, etc.),
since any error introduced is extremely small (second-
order). All epochs in this article are 00 h GMT, unless
specified otherwise (see “Time” below).

Mo or USNO master clock. This refers to the UTC as
kept by the USNO. It is not broadcast on any radio
channel used in this work. It is important because some
of the USNO PZT observations are based on this scale.

NBS(A). Atomic time as kept by the NBS. Since
December 1, 1966 (the epoch of importance), A.l —
NBS(A) = —10.9 ms. It is likely that this relationship
will hold within 0.1 ms for several years. The name was
changed to NBS-A in November 1967, and appears that
way currently.

NBS(UA). The UTC as kept by the NBS. It differs
from Mo above (see also WWYV). This quantity was re-
named NBS(UTC) in November 1967, and so appears in
current NBS bulletins.

Offset. UTC is related to atomic time (from which it is
derived) by a fixed-frequency offset. The historical values
over past years are given in Fig. 14 (subsection 6). A
positive sign indicates that the UTC seconds are longer
than the atomic seconds by the indicated frequency dif-
ference. Changes are made when required at 00 h on
January 1.

PZT. Photographic zenith tube, used in determina-
tions of UTO.

Step adjustment. If, with the adopted offset, UTC
drifts more than about 100 ms from UT2, a step adjust-
ment of 100 ms is introduced into the UTC scale at 00 h
on the first day of the month. Figure 14 (subsection 6)
contains the recent values. A positive sign indicates that
A.1 — UTC changed by the amount indicated; a positive
sign indicates retardation of the UTC clock,
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Time. All times indicated in this article are clock read-
ings at the epoch. All time differences (A.1 — WWYV, for
example) are given in clock differences; i.e., if A.1 — WWV
is positive, the time read on the A.1 clock was ahead of
the time read on the WWY clock. It is as though a flash-
camera picture was taken of both clocks at the epoch,
and the readings were differenced. Since there are other
equally good conventions such as event differences, it
should be pointed out that the author is using the USNO
convention. Ambiguity can easily introduce sign errors.

UTC. A time scale offset by a fixed-frequency differ-
ence from atomic time. The atomic time scale from which
it is taken by offset determines the “version” of UTC and
its name, as noted under “WWV” below, and the various
“UTC” scales do differ from each other.

WWYV. A set of radio transmitters which disseminate
UTC. Since December 1, 1967, WWYV = NBS(UA) to
within 100 ps. Prior to that time, it determined its own
time scale. That is, WWYV or any other radio station
determines its own time, which stands in some reasonable
relationship to UTC, the theoretical standard. All broad-

“cast “UTC” scales differ, and have differed historically,

because the clocks controlling them cannot be perfectly
synchronized. Since the DSSs synchronize to WWYV,
Al — WWYV is the subject of this article, and WWYV time
is, for the purposes of this discussion, “UTC.”

3. History of A.1 — WWYV Determinations

The first cesium clock went into operation in 1955 at
the National Physical Laboratories in Teddington, Eng-
land. Transmissions from radio station GBR (England)
reflected this change, and reception of these high-
frequency transatlantic time signals allowed the USNO
to compare WWV with GBR and thereby, indirectly,
with atomic time as determined in Britain,

Since, by 1960, the USNO had its own A.1 scale well-
determined, it was able to back-analyze the WWYV versus
GBR observations and extend knowledge of A.1 — WWV
back to June 1955. The data appear excellent, judging
from the results of this paper, after September 1956. (The
earlier data is unofficial.) Therefore, an extremely precise
determination of A.1 — WWYV is available from at least
September 1956.

On December 1, 1966, WWV was moved from
Greenbelt, Maryland to Fort Collins, Colorado. The
A.1 — WWYV data prior to this date is available in Refs. 1
and 2. After the move, A.1 — WWYV must be inferred

JPL SPACE PROGRAMS SUMMARY 37-49, VOL. Il



»

from WWYV = NBS(UA). The difference, NBS(UA) —
NBS(A), is given in Ref. 3 (monthly), and knowledge of
A.1 — NBS(A) allows A.1 — WWYV to be computed.

There is, therefore, a discontinuity in the input data to
the program on December 1, 1966. Before that date,
Al — WWYV is input from USNO bulletins; after that
date, NBS(A) — NBS(UA) is used. The program corrects
for this, and the change does not constitute a step adjust-
ment in WWYV. Figure 14 (subsection 6) shows a step in
WWYV on this date, but it represents only the inevitable
small timing error made when the transmitter was relo-
cated. Its cause, under investigation by the NBS, prob-
ably was delay time changes in the transmitter and
antenna.

The method of polynomial fitting to the entire data
span was an extremely sensitive method for determining
errors or missing data (such as step adjustments). These
determinations'> may now seem trivial, and, if we had
known in 1955 what we know today, they would have
been. The progress in timing over the last 12 yr brought
changes, and it was a considerable task to rectify all of
these matters and present the results in a unified form.
This also points up the problems which may arise if we
process PZT observations from several observatories (to
reduce systematic errors), as now appears likely. Each
will be giving its data with respect to different time
sources, and the relationship of each to A.l1 must be
determined prior to-any other work.

Prediction of A.1 — WWYV into the future is limited
only by knowledge of when the International Bureau of
Time (B.LLH.) in Paris, France will require step adjust-

“?Obtained through the cooperation of Mr. Keating of the USNO
Time Service.

ments or offset changes in UTC. If these are known, the
predictability of A.1 — WWYV will be limited only by
clock drifts which may amount to 0.1 ms in 1 yr. In gen-
eral, the Bureau does not make these decisions much
more than 60 days in advance, so prediction is limited
to this interval.

4. Discussion of Polynomial Fitting Method

As an example of the method, consider the desire to fit
the polynomial:

A0+A1°ti+A2't%+As't?+A4't§:Di (1)

where ¢; is the argument corresponding to data point D;
for some set of observations D. Consider further the de-
sire to include known values of the derivatives for certain
arguments, i.e.,

Ai+ 24,0t + 8A, 142 44,412 =D,
2A,  +6A -t + 124,82 = Dy

6A;  +24A,*t, =D,

24A, =D,

(2)

The generalization to higher- and lower-order cases is
obvious.

Such a least-squares polynomial fit with constraints
can be solved by minimizing the Euclidean length of the
vector R, where

R=A-X-D

X = vector of coeflicients (A,, A;, Az, As, A,) to be solved for

D = vector of data points (D;, D;, Dy, D, D,,) corresponding to the rows of A

L, ¢, &, £,
0, 1, 2, 8,
A=1lo, o0, 2, 64,
o0 0, O, 6,
o, o, o, o0,

JPL SPACE PROGRAMS SUMMARY 37-49, VOL. i

t? | < data points

4% | < first-derivative points
12¢2 | < second-derivative points
24t,, | <« third-derivative points

24 | <« fourth-derivative point
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The inclusion of derivative constraints, as they might
be called, should be noted in the above. This means that
one may force the polynomial to fit, subject to any of
these constraints; they may be weighted heavily or not
as the application requires. Construction of the A matrix
in this fashion will achieve the desired result, noting the
weighting method below, using any suitable scheme for
minimizing the residual vector R.

The various derivatives may be thought of as distinct
data types in the more conventional and well-known
sense of least-squares fitting to a data set. Each row of
the A matrix, when multiplied by the X vector of coeffi-
cients, clearly produces the simultaneous Egs. (1) and (2)
above. It may be noted that trigonometric or other func-
tions may be included just as well, and each data point
need not involve all the terms in the coefficient set.

If it is desired to separately weight the data, whether
the usual kind or the constraints themselves, it is neces-
sary only to multiply each row of the A matrix and D
vector by the square-root of the weight, and proceed
with the minimization. The result is an increase in the
Euclidean length contribution of the weighted terms in
the amount of the “weight” itself. This is the desired
result, and will have the same effect as a weight used in
standard least-squares work. It should be noted that, if
the user desires an exact constraint, he need only in-
crease the weight sufficiently to guarantee the desired
precision of the answer. Some schemes for minimization
of the R vector include exact constraints as a special
option, and such can be used. Less-sophisticated systems,
without the constraints provision, can still be used to
advantage, as noted above.

The subroutine MOPOLY, written under the MOP
system (SPS 87-42, Vol. 111, pp. 12-15) is used to minimize
the R vector. It is capable of doing so with the so-called
normal equation method or the subroutine LSQSOL
(SPS 37-48, Vol. 111, p. 26), which uses orthogonal trans-
formations (a superior scheme).

The method described is used to fit each interval of
the timing data, as further explained below.

5. Data-Reduction Methods

The derived method is not an iterative process, and the
solution coeficients are obtained directly by constructing
A, the entire data matrix, which can include data points
based on higher derivatives. This interpretation of these
well-known expressions is distinct from the so-called
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“normal equations” scheme used in the JPL OD pro-

grams. The latter never constructs the entire data matrix

because it is too large, and, since the A matrix changes -
with each fit, iterative techniques are employed.

The program MOPATS (Fig. 13) calls the subroutine
MOPOLY. Since the separate fitting of each interval will
result in “open” polynomials at the end points, an itera-
tive method is used for the simultaneous fitting of a
string of polynomials to a continuous data span. For the
A.l — WWYV data, linear polynomials are used. Iteration
“0” fits each interval separately, in sequence, with the
Al — WWYV data points plus the average slope for
the month in the fit. The slope average over the month
is a strong data type a