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PREFACE

Justification of this simultaneous mission approach is based, in part,
on an assumed communications advantage when using the orbiter to
relay data from the lander to Earth. The total data accrual capability
of this approach is thought necessary to support the many high-data-
rate experiments proposed for surface exploration of Mars.

Philip Eckman of the Advanced Missions Staff provided the initial
and continued drive for this study. Without his help, direction, and
support, this study would have been impossible. Discussions with
Lloyd Nalaboff of the Telecommunications Division have added much
to the preparation of Section 3. Also, special mention goes to Thomas
Hamilton, Systems Analysis Section Manager, who helped this report
over some rough spots.
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ABSTRACT

2447/ 3

This report analyzes advanced planetary missions using a Saturn IB

and simultaneous orbiting and landing spacecraft. An analysis of the

relative data return capability of two alternate modes is given. One

mode (named the relay link) uses transmission of the lander produced

data to a planetary relay communications satellite, then transmission
to the Earth; the other (named the direct link) uses transmission
directly from the lander to the Earth. Numerical results are given for

sample advanced planetary missions to Mars.

1. INTRODUCTION

Eventually, an advanced planetary program will try
highly sophisticated experiments to find out the esoteric
characteristics of the Martian surface. These experiments
can be described by their support requirements and, for
this study specifically, their data gathering potential. A
basic premise of this study is that there will be require-
ments for the collection of much data (perhaps 10° to 10t
bits) over a relatively long time (6 mo). Once this premise
is set, it is necessary to study the feasibility of systems
that might be used to return these data to Earth.

Two such systems proposed are the direct link (where
the data is transmitted from the surface of Mars directly
to Earth) and the relay link (where the data is sent from

the landed capsule to an orbiting spacecraft and then to
Earth).

To compare these two system approaches, this study
uses three standards: (1) a measure of the effective data-
rate capability of each system, (2) a measure of the
probability that each system will survive to perform its
intended mission, and (3) a combination of items (1) and
(2) that gives a measure of the average amount of data to
be expected from each system approach. The first stand-
ard, effective data-rate capability, demands a knowledge
of the bit rate at which each system can operate and the

time available for communications at that bit rate. The
second standard, success probability, calls for postulating
a mission sequence with the functions and hardware
needed to successfully perform the mission sequence.
Evaluation of these standards calls for geometric analyses
of lander-orbiter and lander-Earth view times and ranges,
comparison of potential designs of telecommunications
systems to bring about transmission, and reliability analy-
ses of the representative systems and subsystems to carry
out the stated objectives.

1.1 Outline of Problem
1.1.1 Basis of Comparison

The following paragraphs outline the problem in terms
of the mathematical parameters chosen for the system
comparisons.

1.1.1.1 Instantaneous bit rate. The instantaneous bit
rate is defined as the actual mechanical (or electrical)
bit rate at which the system operates when communica-
tions are being carried out. For this study, instantaneous
bit rate is thought to be dependent on two basic factors:
(1) the geometric characteristic, range; and (2) the per-
formance of the telecommunications systems that support
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a bit rate at a given range. The gain needed from the
telecommunications system is expressed as a function of
range and desired bit rate in Section 3, and the range
characteristics for the direct and relay link are derived in
Section 4.

There are bit rates characteristic of each of the two
systems, one bit rate for the direct link, and two bit rates
for the relay system corresponding to the lander-orbiter
and orbiter—Earth legs of the link. It may be desirable to
choose several levels of operation for the Mars-to-Earth
leg of either link because of the change in the Mars—Earth
range over the mission life.

Instantaneous bit rate is not a valid comparison param-
eter for a mechanization that includes storage capability
because the instantaneous bit rate does not directly relate
to the overall long-term system cumulative information
capability. It is used only as a stepping stone to more
representative comparison functions.

1.1.1.2 Effective bit rate. Because neither the direct
link nor the relay link system can transmit data when
occulted by Mars, the instantaneous bit rate that the sys-
tem is capable of supporting is not enough to describe the
long-term total bit capability of either system. To deter-
mine the total bits received at Earth, the instantaneous
bit rate must be multiplied by the time that communica-
tions are being carried out. If this total number of bits is
regarded as the product of some average bit rate times
the total time elapsed, then this average might be termed
the effective bit rate. Therefore, the effective bit rate is
defined as the rate at which a hypothetical system would
have to continuously broadcast to accumulate the same
data as the real system.

If storage is provided to keep the data being collected
during the times when there is no visibility, the com-
munications link may be operated at full instantaneous
bit rate when possible and so transfer the most informa-
tion. The idea of effective bit rate relies on the provision
of enough storage. Effective bit rate is defined as:

ip:ii v

where I, is the instantaneous bit rate and v is the frac-
tional viewing time. Note, there are three effective bit
rates defined: one for the direct link, and two for the
relay link. By a continuity condition (i.e., finite storage),
the two effective bit rates for the relay link are really
only one (see Section 6.1.4).

1.1.1.3 Viewing fraction. The average fraction of time
two stations are intervisible is a main factor in the cal-
culation of the effective information rate I.. As with I,
there are three pertinent viewing fractions in this prob-
lem: that for the lander-orbiter link, the orbiter-Earth
link, and the lander—-Earth link. In these applications the
viewing fractions are, in general, less than unity because
the line of sight between the two bodies of interest is
interrupted by the planet Mars. The viewing fraction
is discussed more thoroughly in Section 4.1.3.2 where
methods for its calculation are given.

1.1.1.4 Reliability function. Reliability functions are
produced for all components that have a typical direct
link and relay link mission. The reliability functions are
either discrete, where a component is estimated to per-
form satisfactorily with some probability that is inde-
pendent of time, or time-dependent, where a component
is estimated to have some constant failure rate and fail-
ures occur randomly with time.

The reliability functions are then combined as the
mission requirements dictate so that conclusions about
the absolute and relative reliabilities of the direct link
and relay link missions can be drawn.

Because the short and long term survivability of the
equipment used in the two mission approaches may be
different, parameters reflecting this difference are in-
cluded in the reliability analysis. The inclusion of these
degrees of freedom allows measuring the relative effects
of the complexity of the hardware used for each of the
approaches. Also, the sensitivity of each approach to
various reliability levels is assessed.

1.1.1.5 Expected cumulative bits. The average amount
of information that can be expected from the direct link
and the relay link missions is defined as the expected
cumulative bits. This parameter is a measure of the degra-
dation in data gathering potential due to the unrelia-
bility of each mission approach and is shown to be a
function of the mission reliability function, the effective
bit rate, and the length of the surface operation by the
following relationship:

T = 1. / " R(t) de

where t, is the start of data accumulation mission and T
is its termination.

The behavior of this integral as a function of T is of
interest because one may identify T directly as the length
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of the mission. Therefore, one may answer the question:
“How much data can I expect over a mission of time T'?”
and get the answer for all T from zero to infinity. If the
expected cumulative data rises rapidly to its asymptotic
value, this system of data retrieval may be more desirable
than one that exhibits a slow rise. A judgment on the
relative value of early and late bits is needed to assess
which behavior is more desirable.

1.1.2 Alternate Mission Modes

1.1.2.1 Relay satellite orbit selection. Two classes of
orbits are considered for the relay link mission. These
classes are: (1) favorable communication orbits and (2)
orbits that are selected for scientific experiments (or
might be characteristic of partial orbit insertion failures).
The communications orbit is chosen mainly to maximize
the amount of data obtained from the lander, giving an
upper bound on the relay link approach. A variation in
the orbit affects two of the comparison parameters: the
viewing fraction and the range. Section 4 shows the be-
havior of these parameters as a function of the selected
orbit. The science orbit parameters are chosen to try and
satisfy some orbit science constraints as well as to maxi-
mize lander data transmittal. By showing the relay data
characteristics of the two types of orbits, the penalty paid
in lander data to get lander and orbiter science data
simultaneously can be assessed. Also, either of these
data rate numbers to the direct link data rate may be
compared.

1.1.2.2 Data requirements. The amount of data to be
sent back to Earth and the time to do so fixes the needed
rate of data transmission. As will be seen later, the as-
sumption of 10 bits calls for large antennas and high-
power transmitters. The effect of relaxing this requirement
to 10° bits or lower is qualitatively studied in Section 6.1.1.

1.2 Limitations of Approach
1.2.1 View Fraction Calculations

The major mathematical limitations of the approach
are due to the averaging process used in calculating the
viewing fraction v. Because the averaging process is used
only in calculating the lander-orbiter viewing param-
eters, the limitations mainly apply to the relay link.

This model does not have the ability to represent
adaptivity of the mission sequence, (i.e., a change of scien-
tific experiments) or a change in instantaneous bit rate
because of unforeseen circumstances. In this approach,
the averaging is performed before the calculation of the

system behavior rather than computing an average as a
result of many outcomes. Therefore, an increase or de-
crease in effective bit rate caused by a nonplanned cir-
cumstance (i.e., an adaptive policy) has not been
represented.

Because the viewing fraction does not converge to the
actual percentage view time for several days, short mis-
sions are not accurately represented. However, under
most circumstances, the value of v is quite well behaved
and it is felt that this approach is representative of mis-
sions that are more than a week long.

Furthermore, it is possible to set a favorable first phas-
ing between the lander and the orbiter by a wise choice
of injection geometry. Thus, the early part of the mission
may involve partial view fractions, which are greater than
the average; therefore, the value of v calculated here
would be pessimistic for short missions.

The actual storage needed to support a given effective
bit rate is a function of the input rate (the effective bit rate)
and the sequence of view and nonview times. In general,
the process that produces the length of the view times acts
as an infinite memory Markov source; therefore, in theory,
the whole history of the process is needed to properly
size the memory to avoid any loss of lander data. The
averaging process allows only a calculation of the average
length of view time (or average time between views). In
general, for a nondegenerate process (passes of differing
lengths), this parameter is not sufficient to give any in-
formation on the needed size of the storage unit. Thus, a
simulation of the ephemeris is necessary for this type of
calculation. Section 6.2.3 shows some actual storage re-
quirement calculations using the first 10 days of the orbit
as a basis of estimation.

1.2.2 Reliability Calculations

Because the basic tool of the reliability model is the
assumption of random failures, no wear-out or infant
mortality phenomena are simulated. This assumption may
be particularly restrictive for the steering mechanism of
the lander high-gain antenna.

Because the reliability analysis is also done on an
averaging basis, no failure distributions are available.
This approach was adopted instead of a direct simulation
because the orbit view time calculations were done on an
average basis. The computer time needed for a direct
simulation of the mission is too prohibitive to make it
attractive as a study tool here.
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A rather gross limitation in the reliability approach
adopted is the inherent low confidence in the model itself.
Because there are no actual designs or design data avail-
able for the prediction of system reliability, the model
has been constructed as an extension of existing hardware
into the needed functions. It is most likely that the hard-
ware cannot be made to operate in the mode needed by
the functional sequence, but perhaps there is no better
estimate available. For example, none of the existing
subsystems are designed to withstand sterilization, yet
all the lander subsystems are assumed sterilizable. Also,
the survivability of the present day subsystem has not
been proved to the potential shock levels to be encoun-
tered at landing. In general, a note of caution must be
adopted when dealing with the reliability figures pro-
duced in this report. Their main function is to provide
an equivalent basis for comparing the two system ap-
proaches. It is hoped that any failure to represent reality
is equal for both the direct and relay links.

There is one area where this assertion is not valid and
should be reemphasized. The Mars surface environment
certainly has a differing effect on the two approaches. If
there is great uncertainty in the surface slope, the strength
of the surface winds, and similar surface parameters, the
direct link is much more at their mercy than is the relay
link. One can say that the comparison is between the
uncertainty in the direct link high-gain antenna environ-
ment and the complexity of the relay link equipment.
Because of this, the confidence in the direct link analysis
will be low until the surface and atmospheric data are

2. ASSUMPTIONS

2.1 Applicable to Both Direct and Relay Links
2.1.1 Science and Engineering Mission Support

It is assumed that, eventually, in the Mars exploration
program, a primary mission objective will be recovery of
large amounts (10' bits total) of Mars surface data from
a landed spacecraft for 6 mo. This same basic mission
objective is assumed for either data recovery approach.
For the relay link approach, the spacecraft orbit is chosen
mainly to support the relay communications function.
Also, it is assumed that there are no scientific experiments
that need the simultaneous operation of an orbiter and a
lander. Because there is no scientific payload specified
now that does need simultaneous operation, this assump-
tion does not appear particularly restrictive.

made available. Once there is 2 good estimate of what
is there, even though the data shows an unfavorable
environment, there is a much better chance of designing
equipment that can survive with a high level of confi-
dence.

Therefore, one must evaluate the direct link reliability
results because a surface suitability of 0.9 means we are
0.9 sure that the surface is suitable as far as the design
goes, not that the system is 0.9 reliable operating on the
surface. Contrast this with the relay system failure rate
that says there is a 0.9 probability that the satellite station
will last through the needed time. For the lander, either
the surface is suitable or it is not. If not, every lander that
we send will fail with 1.0 probability. If the surface is
suitable, no degradation will be suffered. A 0.9 proba-
bility of surface suitability merely represents an estimate
of the ratio of favorable to unfavorable cases. This in-
equity in comparisons will persist until further definition
of the Mars lower atmosphere and surface environment.
Now, one can only qualitatively say that there is a larger
uncertainty associated with the direct link approach than
in the relay link approach.

1.2.3 Cost

There is one more important parameter that has not
been included in the comparison, yet needs mentioning:
the cost of the two system approaches. This comparison
can be made without dependence on the remainder of
this report.

AND CONSTRAINTS

2.1.2 Equipment State of the Art

To make reliability analyses of both communications
schemes on an equivalent basis, it is assumed that both
systems need the same equipment state of the art. Be-
cause the assumed mission is in the 1975-1977 period
(see Section 2.1.7), equipment may be considered to be
1970 state of the art.

2.1.3 Launching Vehicle

This study has not been restricted to only those tra-
jectories or satellite orbits peculiar to a particular launch-
ing yehicle. It is assumed that the launching vehicle has
enough injection energy to deliver either a direct lander
or a combination lander—orbiter in the 1975 or 1977 launch
times with equivalent injection success probabilities.




2.1.4 Environment

To compare the reliabilities of the two systems on an
equivalent basis, it is assumed that both systems are
properly designed to withstand the fabrication, test, in-
jection, and transit environments; and that these phases
of the program affect the reliabilities of the two systems
equally. Note that this includes lander sterilization. But,
the surface environment is assumed to affect the two
landers unequally as discussed in Section 6.1.2.

2.1.5 Lander Descent Data

Because this study is mainly concerned with the re-
covery of data from long-term, high-data-rate surface
experiments, neither system has been constrained to get
lander descent data.

2.1.6 Landing Site

Some of the interesting features on the surface of Mars
are the dark areas lying between 10°N latitude and 30°S
latitude. For calculations it is assumed that a landing
site at.2-10° latitude has been selected.

2.1.7 Trajectory Geometry

The trajectory geometry is chosen to be characteristic
of 1975 and 1977 opportunities. This does not mean to
imply that such a mission would actually be undertaken
during these years, but rather is simply to cite two typical
opportunities. Range safety restrictions normally limit
the launch azimuth to 90 to 114 deg; this limitation
eliminates all Type I trajectories for both 1975 and 1977.
However, if it were possible to obtain a waiver to use
north—east launch azimuths up to 45 deg, then both 1975
and 1977 Type I trajectories would be available.

The Mars approach geometry characteristics of the
1975 and 1977 trajectories result in minimum inclination

orbits (with no injection plane change) in the range of
3 to 20 deg.

Nominal transfer trajectories are assumed correspond-
ing to minimum hyperbolic excess energy at Earth. It
seems likely that a launch time for either the 1975 or
1977 opportunities would be approximately centered
about these trajectories.

Table 1 summarizes the characteristics of 1975 and
1977 Type II minimum launch energy transit trajectories.

JPL TECHNICAL MEMORANDUM NO. 33-228

Table 1, Characteristics of 1975-1977 Type Il
minimum energy trajectories

Minimum
orbit
Flight Earth—Mars Earih—Mlom—Sun inclination
T e sl s
days plane
km deg change,
deg
1975 378 376 X 10° 10.5 19
1977 340 339 X 10° 21.5 2.8

2.1.8 Guidance Requirements

To simplify the reliability analysis, the guidance ac-
curacy requirements for the direct lander and the orbiter-
relay lander are assumed to be the same. Therefore, the
same subsystems and functional sequence to separation
are assumed for either mission profile.

2.1.9 Communications Backup Mode

Engineering diagnostic telemetry is assumed to be
carried on a low-bit-rate direct link on both the relay
and the direct landers. This link is not dependent on
orientation of the capsule or survival of the orbiting
spacecraft, so the probability of recovering failure data
from either approach will be considered identical. This
backup link for the later mission is assumed to be the
low-data-rate FSK (frequency shift keyed) system devel-
oped for earlier Voyager missions.

2.1.10 Sterilization

As mentioned in Section 2.1.4, it is assumed that both
approaches use a completely sterile lander. The direct
link bus and the relay link orbiter, however, are assumed
to be unsterilized.

2.1.11 Storage Requirements

For analytic simplicity, it is assumed that enough stor-
age is available to make efficient use of the bit-rate
capability of either the direct or relay link approach.
Storage requirements for each approach are shown for
typical systems in Section 6.2.3.

2.1.12 Deep Space Network Capabilities

It is assumed that all Deep Space Network stations are
equipped with 210-ft-diameter antennas and are continu-
ously available to receive data from either a lander or an
orbiter.
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2.2 Direct Link

2.2.1 Transmission System

Because of potential ionization breakdown problems
in the Mars atmosphere, it is assumed that transmitter
power is limited to 20 to 50 w. It will be shown (Section 3)
that this power constraint makes necessary a very high-
gain antenna because of the data requirements and
ranges involved. This direct consequence of the power
limitation assumption is fundamental to the whole analy-
sis of this report.

2.2.2 Prime Data Link

For reliability calculations, it is assumed that the prime
high-data-rate link from the lander to Earth is a coherent
S-band link.

2.3 Relay Link

The largest single difference between the direct link
lander and the relay link lander is in the communications
equipment. Differences in the equipment used to support
the two links, such as power and temperature control,
are considered secondary for this analysis.

2.3.1 Lander Radio System

The relay link will incorporate different radio equip-
ment showing the best approach to the solution of the
relay problem. This equipment may operate on a VHF
band, and may have solid-state components only.

2.3.2 Antennas

It is assumed that the lander antenna is erected to the
local vertical and that its pattern is symmetric about
the local vertical. It is also assumed that the orbiter has a
local vertical tracking antenna to receive the lander signals
and a large high-gain antenna to return the data to Earth.

2.3.3 Orbit Considerations

It is assumed that the orbiter will not be sterilized;
therefore, all orbits considered must satisfy the 50-yr non-
contamination constraint. This limits the lowest orbital
altitude to the range of 2000 to 5000 km and places a lower
bound on the lander-orbiter communication distances.

It is also assumed that proper orbiter operation is not
dependent on continuous onboard tracking of the various
reference bodies. Therefore, one or more of the references
can be occulted without interrupting Earth-orbiter
communications.

3. TELECOMMUNICATIONS

The telecommunications problems divide into three
parts, each. part corresponding to one of the legs of the
data retrieval schemes under consideration. Each of
the links has particular design requirements that are
quite distinct. In the relay link, data is transmitted to the
satellite when a receiver on the ground detects a beacon
from the satellite. This data is stored on the orbiting
spacecraft and then relayed to Earth by an S-band trans-
mitter and a high-gain antenna. In the direct link, a
high-gain steerable antenna on the ground tracks the
Earth and transmits on Earth command when the Earth
is in view,

The telecommunications parameters given in this scc-
tion are wholly based on those derived in Ref. 1.

3.1 Lander—Orbiter Communications
3.1.1 Radio System

3.1.1.1 Lander transmitter. Optimization studics show
that a high-reliability, low-weight transmitter for the

power range under consideration (~ 10 w) would, most
likely, be solid state operating in the 200 Mc frequency
band.

3.1.1.2 Orbiter receiver. Because the lander-to-orbiter
communications are started by command, the orbiter has
a radio beacon that operates continuously. When the
lander receives the beacon signal it starts to transmit to
the orbiter. The orbiter then automatically acquires the
lander carrier, and goes on to detect and store the lander
data. Because rapid automatic acquisition is needed, a
wide bandwidth receiver is necessary. The data rate
from the lander to the orbiter is an order of magnitude
higher than the data rate from the orbiter to the Earth;
therefore, a storage device on the orbiting spacecraft is
needed.

3.1.1.3 Radio system parameters. Table 2 lists the per-
tinent parameters of the lander-orbiter radio link. The
parameters are based on VHF link with enough band-
width to allow acquisition with the doppler shift because
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Table 2. Lander-to-orbiter communication parameters

Parameter Valve Tolerance | Comment
Transmitting circuit loss 0.5db *0.2db
(Total losses between transmitter
and antenna terminals. Includes
losses mentioned in antenna
discussion.)
Transmitting antenna gain Variable | & 2.0 db
Transmitting antenna pointing loss Variable | %= 1.0db
Transmitter frequency 200 Mc
Polarization loss 1.5db *1.2db
Axial ratio transmitter = 10 db
Axial ratio receiver = 5db
Receiving antenna gain Variable | = 1.0db
Receiving antenna pointing loss Variable { = 1.0db
Receiving circuit loss 0.8 db *+0.2db
Receiver noise spectral density —169 *10db} S5db
dbm/cps noise
figure
Carrier automatic phase control 75 cps +=75¢ps
noise bandwidth
Required carrier signal-to-noise ratio 6.0 db
in 2B.o for data transmission
Required data ST/N B* 7.2db + 0.5
PP =5X10? — 0.0 db
1.5 db RF losses, 0.5 db
miscellaneous losses)
Total transmitter power Variable | = 1.0db
*Signal power per bit divided by noiste power per unit bandwidth.

of the radial motion of the orbiter about the lander. The
90% probability acquisition time is approximately 20 sec
for the parameters chosen.

3.1.1.4 Lander—orbiter bit rate vs power-gain product.
Figure 1 shows the bit rates possible using the system
parameters of Table 2. The bit rates are given as a func-
tion of power-gain product and lander-orbiter range.
Note the low power-gain products give slightly less bit
rate than the usual linear relationship. This is due be-
cause optimum modulation index needs more power in
the carrier at low-bit-rates, lowering the availabie power
for the data.

3.1.2 Antenna System

3.1.2.1 Lander transmitting antenna. Several types of
antennas are available for use as a lander transmitting
antenna. Typically, the antenna will be a simple turn-
stile over a ground plane, helix, or crossed slot of low to
medium gain and relatively wide beamwidth. The actual

choice of beam pattern is dictated by the choice of the
orbit, landing site, the orbiter antenna pattern, and (most
important) physical constraints such as size and rugged-
ness. The relative data retrieval capabilities of several
beam patterns are discussed in Section 6.2.1.

The most efficient antenna system is one that produces
a constant signal level at the input to the receiver
throughout the time of communications. This implies
that the antenna system should have gains proportional
to the square of the range. Although this is generally not
physically feasible, the combined shaping of the lander
transmitting and the orbiter receiving antenna gives
enough degree of flexibility so the lander—orbiter antenna
system may be made quite efficient.

3.1.2.2 Orbiter receiving antenna. The orbiter receiv-
ing antenna is located on the planetary horizontal plat-
form (PHP) and, therefore, is oriented to the local vertical
at all times. Because the orbits are relatively high, and
because the lander-orbiter transmission does not occur
down to the horizon, it is possible to make the orbiter
antenna somewhat directional. The pattern chosen for
the orbiter is cosine-squared, operating between highest
off axis limits of 35 deg. The theoretical on-axis gain of
the antenna is 7.7 db. Note, a polarization loss of 1.5 db
(Table 2) is incorporated into the bit rates of Fig. 1.

3.2 Orbiter—Earth Communications
3.2.1 Radio System

The orbiter-Earth leg of the relay link communications
can be mechanized using the techniques developed in
the Mariner series spacecraft. The system will operate at
S-band with power levels on the order of 35 w needed
to give the desired bit rates. Table 3 lists the radio system
parameters, and Table 4 lists the receiving station param-
eters of the 210-ft-diameter ground antenna.

Table 3. High-gain antenna orbiter and direct
communication parameters

Item Valve Tolerance

Total transmitter power, db Variable *1.0
Transmitting circuit loss, db 2.5 *+0.5
Transmitting antenna gain, db 367 *1.0
Transmitting antenna pointing loss, db 0.5 *o0s5

— 0.0
Antenna axial ratio, db 1.0
Frequency, Mc 2295

7
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Fig. 1. Information rate vs lander-to-orbiter range for various power-gain products

Table 4. Orbiter-to-Earth deep space instrumentation facility parameters

Standard deep space

Low noise listen

Standard deep space

Low noise listen

station station station station
ltem 85-ft antenna 210-ft antenna ltem 85-ft antenna 210-ft antenna
Value | Tolerance | Value | Tolerance Value | Tolerance | Value | Tolerance
Antenna gain, db 53.0 + 1.0 610 | £1.0 Transmitter noise contribution, 10 *3
— 0.5 °K
Axial ratio, db 075| *0.25 0.5 Carrier automatic phase control| 12 + 0.79 12 + 0.79
Feed line loss to low noise 0.18| *o0.05 002 + 0.01 noise bandwidth, cps — 0.97 — 0.97
amplifier, db Required carrier signal-to-noise 6.0 6.0
(Includes diplexer loss) ratio in 2BLo, db
Antenna temperature, °K 16 *3 10 + 2 {for data reception)
(zenith) Required data ST/N B*, db *7.2 +05 |*7.2 + 0.5
Maser temperature excess/ 18 *3 18 *+3 (P* = 5 X 107, includes — 0.0 — 0.0
second stage, °K 1.5 db RF losses)

aSignal power per bit divided by noise power per unit bandwidth.




JPL TECHNICAL MEMORANDUM NO. 33-228

9
10~ < ~C - ~ <]
S WHEES \\\\‘ \\\\‘
AN SN RS DN OSSN MAXIMUM MARS
N N N N N N NS COMMUNICATION
S~ L NN N N | RANGE
RN SN 0 T NS A \
L S N DO DN S SO N DAANERIEEEE
\\si N >\\\ E 8 D E\\\\\\“\g
™ N
N \\ ™~ N \\ \ 86\88 N
X\\\\\\\ \\\\\\\\\\\ \\\\ 7 M\\‘N < N
\\\ \\ ~N \\\\\\ \\ N\ \\\\\\
\\\ T N TN TR ~ \\ SN
\ LY \ N[N \ ™~ ™N
IE'DI 10 \\\ ™ L \\\ s N \\70 Y \\ s N N “
z h N~ o N S TSN TN N
o AN Y ‘\\ . ~_ \\\ \\\ o
\&0\6"\ S~ \\\ \\ N S
A \\ P ™
SPACECRAFT POWER-GAIN PRODUCT = +60dbm J\\\‘\\ N \\\\\:\‘\\:\ N
™~ \\ \\\ \ \\ NN
. b P
N ~ 3
N ™ N
N N
\\\\\\\\\\\\ \\\
\\\\\\\’\\
[N
\E\ \\ N
10" N
10? 103 104 i0°

INFORMATION RATE, bits/sec

Fig. 2. Information rate vs range with 210-ft-diameter ground antenna

3.2.2 Orbiter Transmitting Antenna

The orbiter transmitting antenna is a 12.5-ft-diameter
parabolic dish that is Earth-oriented by an active radio
tracking loop. The on-axis gain is 36.7 db, and the max-
imum pointing loss is 0.5 db.

3.2.3 Bit Rate as a Function of Power-Gain Product
and Range

Figure 2 shows the power-gain  product needed to
transmit at a desired bit rate over a given range. Note
the Earth-Mars range is approximately 350 million km
for Type II arrivals. The needed power-gain product at
this distance for a bit rate of 3300 bits/sec is 80 dbm.

3.3 Lander—-Earth Communications
3.3.1 Radio System

Because the direct link system must operate over the
same range at approximately the same data rate, the

radio system is similar to the orbiter radio system. How-
ever, to get a data rate matching that of the orbiter,
it is necessary to operate at higher power. The basic unit
will operate at S-band and Table 3 displays representa-
tive parameters.

3.3.2 Bit Rate vs Power-Gain Product

Because the basic system parameters are assumed to
be similar, Fig. 2 may be used to calculate the needed
power-gain product as a function of desired bit rate and
transmission range.

3.3.3 Antenna System

It is assumed that the antenna structure used on the
orbiter may also be used in some form for the lander.
Coarse acquisition of the Earth may be made using geo-
metric information such as the position of the Sun. Note
that, for the 1975 arrival, the angle between the Earth
and the Sun is quite small (10 deg), making it relatively
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simple to locate the Earth. The fine acquisition and track-
ing can be done using the same RF pointing system that
would be developed for the orbiter.

3.4 Backup Communications

In either the relay link or direct link, there will be a
relatively low-data-rate backup system that transmits

directly to the Earth. A separate antenna system will be
used for this transmitter; therefore, the retrieval of the
failure and diagnostic data can be made independent of
the working of the high-gain antenna in the direct link
or the orbiting relay satellite in the relay link. It is quite
likely that this direct link system will be the system de-
veloped for the earlier Voyager missions. If so, it may use
frequency shift keying as a data modulation technique.

4. RANGE AND VIEWING CHARACTERISTICS

The following section discusses the effect that the
relative geometry of the transmitting and receiving sta-
tions has on the performance of both the relay and direct
links. The section is broken into two parts: the first treats
the lander-orbiter relationships and the second treats the
Mars-Earth relationships. In the second part, the simi-
larities and differences of the lander-Earth and orbiter-
Earth parameters are delineated.

4.1 Lander-to-Orbiter
4.1.1 Characteristics

The problem of communication from a ground station
to a satellite is not new. Television transmission by the
Relay, Syncom, and Early Bird satellites is now almost
routine. Various authors (e.g., Ref. 1) have proposed
satellite retrieval of meteorological data from simple
remote ground stations, a situation closely analogous to
the lander-orbiter portion of the Voyager relay link.

The most important geometric characteristics of the
line-of-sight communications of the lander-to-orbiter por-
tion of the link are the distribution and length of the
times of intervisibility and the range during these times.
The first item is necessary for calculating how much time
is available for transmission, and the second sets the rate
at which this transmission can be made. A combination
of these two factors is used to find the effective informa-
tion rate, I,, one of the bases for comparison discussed
in Section 1.1.1.2.

4.1.2 Osbit Selection Standards

The following paragraphs discuss the various con-
straints and standards for selecting an orbit about the
planet. These standards fall into four broad categories
with overlapping or conflicting requirements: noncon-
tamination, engineering, communications, and science.
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An orbit that meets the mandatory requirements of each
of these can be found but, beyond that, tradeoffs must
be made to raise one capability at the expense of another.

4.1.2.1 Noncontamination. One of NASA’s constraints
is that the Voyager mission should have a probability of
contaminating Mars of less than 10 until manned mis-
sions can be flown to the planet. The orbiter is assumed
to be unsterile so its lifetime must be greater than the
time needed for the high probability of a successful
manned flight. This time gap is usually taken to be 50 yr.
Using the NASA Model 11 atmosphere, this implies that
a satellite in a circular orbit must have an altitude greater
than 5000 km and, in an elliptic orbit of eccentricity of
0.5, minimum elements are hp = 4000 km and h, =
20,000 km. Therefore, the NASA Model II atmosphere
constrains the orbit to quite a high altitude.

The NASA maximum atmosphere may be unrealisti-
cally dense. Mr. R. A. McClatchey of JPL’s Space Science
Division has formulated an atmosphere model that allows
circular orbits down to 2000 km altitude. This low alti-
tude orbit is used as a sample for calculations in Sec-
tion 6.2.1.1.

4.1.2.2 Engineering. Assumptions have been made(Sec-
tion 2.3.3) that occultations of the various reference
bodies do not preclude proper operation of the orbiter.
It would be desirable, however, to avoid occulations if
this can be done without harmfully affecting the com-
munications ability. In particular, it may be necessary to
avoid interrupting the Earth-orbiter line of sight if this
largely decreases the time available for returning data to
Earth (it is presumed that by 1975, RF occultation by
the Martian atmosphere will no longer be needed). It
should be said that, for the postarrival conditions of
Type 1I trajectories, Earth and Sun occultations by the
planet Mars are closely correlated because the three




bodies are roughly in a straight line. Table 5 shows the
threshold inclinations of the bodies of interest for two
communications orbits. This only shows the first orbit
after injection and does not apply to conditions several
days later. Note, a 5000 km altitude circular orbit inclined
40 deg to the equator occults none of the reference bodies
on the first several revolutions. Then, no plane change
maneuver (Table 1) is needed for injection into this
orbit,

Table 5. Threshold inclinations for occultations
on the first orbit

Minimum inclination, deg
To avoid To avoid To avoid
Orbit Year Earth Sun Canopus
occultation | occultation | occuitation

5000 km, 1975 24 30 48
circular 1977 10 10 46
2000 km, 1975 39 53 22
circular 1977 18 27 27

4.1.2.3 Communications. If a satellite is to be put in
orbit about Mars for relaying information from the planet

surface to Earth, then it is desirable that it maintain

line-of-sight communications for a large fraction of the
mission. Assuming there are n viewing times or lander-
orbiter sightings after a time t,, then the partial viewing

fraction v, is defined as i 7:/t, where r; is the length

=1

of the ith view time. That is, v, equals the ratio of the
time in view to the total time at ¢, and lies between zero
and one. The limit of v, as n goes to infinity is defined as
the viewing fraction v and is thoroughly treated in Sec-

tion 4.1.3.2,
—lim Yy 2 1
o= Im % g
The best viewing fraction is obtained from a satellite
orbit that matches the planet’s rotation time. This orbit
has a v of unity if the satellite is in view and a v of zero

otherwise.

Disregarding the synchronous satellite, the viewing
fractions for circular orbits increase with the altitude as
shown in Fig. 3.

Besides the viewing fraction characteristics, it is
desirable to have the lander-orbiter range as low as
possible to minimize the inverse square power loss in
transmission. This implies low altitude orbits to get high
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data rates. Note, this conflicts with the viewing require-
ments stated earlier for circular orbits. The tradeoff
between gain in view fraction by going to higher orbits
vs the inverse square loss is discussed in Section 6.2.1.1.

If the lander-to-orbiter is the saturated link (see dis-
cussion on the limiting link in Section 6.1.4), then it may
be necessary to eliminate Earth occultations to raise the
Earth-orbiter viewing fraction. This implies adjusting
the orbit inclination to the ecliptic; the longitude of the
ascending mode is nearly fixed by the arrival conditions.
Table 5 has shown the minimum inclinations to the Mars
equatorial plane for nonoccultation of the Earth.

Another communication standard is the length of the
sighting (the size of r; in Eq. 1). If the time needed for
lockup is significant compared with the total viewing
time, then the function v, is not representative of the
fraction of time available for transmission. This would
mean raising the satellite’s altitude to lower its angular
velocity with respect to an observer on the ground. An
estimate of the sighting times and the time between
sightings is also needed to set data storage requirements
for both the lander and the satellite. Actual storage re-
quirements are discussed in Section 6.2.3.

4.1.24 Science. The satellite may have functions be-
sides relaying information from the lander to Earth. In
particular, it may be needed to gather science data from
orbit through such instruments as television, Mars scan-
ner, fields and particles probes, etc. Here, an eccentric
orbit may prove more useful.
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4.1.3 Computation of Range and Viewing
Characteristics

The fraction of time the lander and orbiter are in view
and the lander-orbiter range have both been discussed
as standards for orbit selection in Section 4.1.2.3. The
following section shows methods for calculating these
characteristics and numerical results.

4.1.3.1 Range characteristics. Because range character-
istics are needed for communications calculations, it is
necessary to develop methods for producing them. This
is greatly helped by the concept of the surface on which
the satellite always lies, or simply the satellite surface;
this concept is developed in the following paragraphs.

4.1.3.1.1 Satellite surface. In an inertial coordinate
system, the set of all possible satellite positions can be
thought of as a closed curve, an ellipse. Essentially, this
curve is the collection of all possible satellite locations.
Similarly, in a planet rotating system, the set of all pos-
sible satellite positions can be thought of as a surface.
Analogously, this surface is the collection of all possible
satellite orbits. To an observer on a rotating planet, the
motion of a satellite consists of its elliptical movement in
its orbital plane and a constant rotation of this plane
about the planet axis. Therefore, the spatial locus of all
possible satellite positions is produced by rotating the
orbit ellipse about the planet axis. The rotation of any
curve about a fixed axis produces a surface. The surface
produced by the rotation of the orbit ellipse is therefore
referred to as the satellite surface. Note again, this is the
locus of all positions that the satellite can possibly
occupy. Figure 4 is an isometric representation of a
typical satellite surface.

w=-30 deg
/= 40 deg
¢=03

Fig. 4. Satellite surface and planet
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Because the satellite surface is a surface of revolution,
a complete description may be obtained by studying its
intersection with a plane containing the axis of sym-
metry. This intersection is defined as a cross section of
the satellite surface. A cross section may be analytically
produced by plotting r, the satellite planet center dis-
tance, as a function of its latitude. From celestial me-
chanics the range, r, is given by the orbital elements and
the true anomoly, f. The true anomoly, in turn, is related
to the satellite latitude, ¢, through the inclination, 4, and
argument of periapsis, ». These producing equations are:

P

r:(l + ecosf)

sin ¢ = sinisin (f + o).

These equations were programmed on the analog com-
puter and plots of cross sections are shown in Fig. 5,
reprinted from Ref. 2. In each of the plots, the value of
the eccentricity is shown at the location of the periapsis.

Figure 5 shows that the satellite surface is, in general,
double-sided (i.e., there are two values of r at the same
latitude, ¢). It should be emphasized that the satellite
never falls within the volume enclosed by the surface but
only on its boundary.

Two special satellite surfaces occur. When periapsis
lies at minimum or maximum latitude, there is only one
satellite radius associated with each latitude and the
double surface degenerates to a single one. Figure 6
shows an isometric representation of this. Where peri-
apsis is at minimum latitude (shown in Fig. 5d), the
satellite surface cross sections are simply single lines, as
opposed to closed loops. The second special surface
occurs when the orbit is circular; here the satellite sur-
face is just a spherical zone.

4.1.3.1.2 Lander—orbiter range. Next, consider the pos-
sible lander-orbiter ranges. The lander can be thought
to have a distorted umbrella over it on which the satel-
lite, when in view, always lies. A different umbrella-like
pattern is associated with the inner and outer surfaces
but, unlike the circular orbit where the umbrella is just
a spherical cap, the surfaces for the general orbit are not
necessarily symmetric about the lander’s local vertical.
The general shape of the umbrella-like surfaces may be
seen by imagining a planet, lander, and lander viewing
cone superimposed on the satellite surface cross sections
of Figs. 5a through 5c. Figure 7 shows the conically
shaped volume, where the lander and orbiter are covisible
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Fig. 6. Degenerate satellite surface periapsis
at minimum latitude

Fig. 7. Viewing cone on satellite surface

(referred to as the viewing cone), and its two intersec-
tions with the satellite surface.

4.1.3.2 Viewing characteristics. The partial viewing
fraction v, has been defined in Eq. (1) (this equation is
repeated below) as the fraction of time the satellite has
been in view at time t,, and the view fraction v, as the
limit of the partial fraction when t, goes to infinity.

v = lim Z m

oo oy

The function v depends on the lander latitude and mini-
mum elevation angle, 8 and y, and the orbital elements
a, e, i, and o: the semi-major axis, eccentricity, inclina-
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Fig. 8. Lander—orbiter geometry

tion, and argument of periapsis, respectively. (See Fig. 8
for lander-orbiter geometry.)

Reference 2 analyzes this long term average fraction
with the aid of the satellite surface concept developed.
For view fraction calculations, the satellite surface is
separated into two distinct parts (referred to as the inner
and outer surfaces) at the minimum and maximum lati-
tudes. Separate view fractions are associated with each
of these two surfaces and are called v, and v.; the sum of
v, and v, equals v. The following expressions are derived
in Ref. 2 for the inner and outer fractions:

| — e2)3/2 f
v, = ey~ ) / * cos
f

2”2 11
cos a (f) — sin ,B sin i sm + )} df
{ cos 8 [1 — sin®isin® (f + w)]™ f (1 + ecosf)

(i — ez) 372 [T, )
UV, = —3— Cos™
2 O ;

21

cos a (f) — sinsinisin (f + o) ) df
{cosﬁ [1 —sin?isin® (f + o)1 f (1 + ecosf)

v= v, + U,

where

cosa (f) = \[ o

r0 = Vr(f) + 17 cos’y — 1, siny

_al—e)
nf) = 1+ ecosf

COS"’ Y
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r, = planet radius

fll) fl'.!

the limits of the true anomoly when the
satellite is on the inner surface

f21, f22 = the limits of the true anomoly when the
satellite is on the outer surface

For a circular orbit of radius R, the integral for v sim-
plifies to:

Iy cos a ~— sin B sin i sin
Ocire = cos™ B. — ‘,f df
1 cos B /1 — sin®isin? f

where

a

r 2
L0 cos?y

2

TLo = VR* + 1% cos*y — r, siny

1—

cosa =
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Circular orbit view fraction is shown as a function of
h (= R — r,) and the inclination in Fig. 3. The inner and
outer view fractions for elliptic orbits are plotted sepa-
rately in Fig. 9. This figure shows the variation of v with
eccentricity for constant periapsis altitude of 4000 km.
Note, the view fraction increases with eccentricity up to a
certain critical value and then decreases. In all the plots
the total view fraction v may be obtained by adding v,
and v.. Note, in Fig. 9d the inner and outer view fractions
are equal. This is because the argument of periapsis
equals 90 deg, periapsis occurs at maximum altitude, and
the satellite surface degenerates to the single-sided sur-
face similar to that of Fig. 6.

4.1.4 Communications Implications

The concept of the satellite surface and its implications
for possible lander-orbiter ranges allows certain observa-
tions to be made about the ground-satellite antenna

SEMI-MAJOR AXIS o

Fig. 9. Viewing fraction vs eccentricity for constant periapsis altitude of 4000 km: (a} periapsis argument = 0 deg,
(b) periapsis argument = 30 deg, (c) periapsis argument = 60 deg, (d) periapsis argument = 90 deg

o350 8200 9225 10543 12300 14760 18450
) ! (a)
o2 % /=30°
Z olo "
2 oos|—<] I
g 006 | ¥
g ™ = —_7-30°
; / \\
> 004 [ ——
! L]
— 2 /=60°
002 | LANDER LATITUDE B =10 deg ——
MINIMUM ELEVATION 7 = 30 deg —
P H R S T
0 ol 02 03 04 05 06
ECCENTRICITY e
SEMI-MAJOR AXIS @
7380 8200 9225 10543 12300 14760 18450
O2[" ANDER LATITUDE 8- 10 deg (a0
o10| MINIMUM ELEVATION = 30 deg
z | T | /=300
5 co8 —
@
: 006
§ ) /=60°
Z 004 —]
>
002
0
) ol 02 03 04 05 0%
ECCENTRICITY e
15




JPL TECHNICAL MEMORANDUM NO. 33-228

system. Note, the power radiated at the transmitter would
be used most efficiently if the received signal-to-noise
ratio were at its lowest acceptable value during the whole
time of lander—orbiter communications. This implies that
the antenna system gain product divided by the range
squared should be a constant over the angle of transmis-
sion; the product of the antenna gains at any given ele-
vation angle should be proportional to the lander-orbiter
range squared. Unfortunately, shaping the transmitter
beam exactly to the range profile squared may be impos-
sible, but this can serve as a guideline in the design of
the antenna system. It should be noted that there are two
antennas involved and only the product of their gains is
the parameter of interest; therefore, a wide range of
choices is available. In particular, one antenna can have
a region of low gain in the center of its pattern if the
other matches this hole with a high-gain lobe. This idea
has been developed in Ref. 1, where one of the antennas
is a four-arm balanced conical spiral.

The combination of the viewing fraction developed
earlier and the range profile from the satellite surface
allows calculation of the best use of a given antenna
system, The figure of merit of the system (and, therefore,
the variable to be maximized) is the effective information
rate, I,, discussed in Section 1.1.1.2. Assuming that the
lander antenna is oriented to the local vertical and that
the orbiter antenna is pointed at the center of the planet,
the power received at the satellite is':

Gr (9, o) G (8(4, 0))

P, =
N r 20 (‘l”")

T

¢ = 90-y is the angle of the lander zenith
¢ = azimuth angle
8 = lander-orbiter-planet center angle (see Fig. 9b)
Gy = transmitting antenna gain
G, = receiving antenna gain
rro = lander-orbiter range
K = a proportionality factor
P; = transmitted power
'Two other angle-dependent quantities, the polarization loss and
the atmosphere attenuation, have been assumed constant. These
quantities, if included, would decrease Prx monotonically with in-

creasing ¢ and would make the best value of ¢ (calculated above)
slightly smaller,
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The minimum power received at a given angle from
the zenith is:

Pornls) = Ko {Gr(w, o) Ge8(y, a)]}

7 (42 0)

Therefore, if the information rate I; is constant over the
whole angle of transmission y, and is governed by
the minimum received power during the transmission
time?, then the effective information rate I, is:

ie m) = =90 — m.ii i Pmin
(¥m) = vly Ym) min [Puin(y)]

where I; (---) shows that the instantaneous bit rate is
some function of the minimum of the received power. In
particular, if the constant I; is simply proportional to this
minimum received power, then:

Gr(y, o) Ge(y, o)
rio (‘% 0)

Lym) _ . _on_ -
Xrp, — by =90~ yn) min

=T'm

(2)

This expression can be maximized with respect to y,, to
find the best angle through which transmissions should
be made. This has been done for three representative
situations described in Section 6.2.1.1.

4.2 Mars-to-Earth

The following section discusses the geometric aspects
of the Mars-to-Earth portions of both the direct and relay
communication schemes and delineates similarities and
differences between the two.

4.2.1 Range Characteristics

For communications, the distance from a Mars lander
to Earth is essentially the same as that from a Mars
satellite to Earth; ie., distances comparable with the
dimensions of the planet can be neglected when com-
pared with the astronomical distances involved.

As seen earlier, the arrivals for the proposed trajectories
occur with Earth and Mars on nearly opposite sides of
the solar system. This is unfortunate because of solar
noise and communication range. Figure 10 shows the
Earth~Mars range as functions of time. The arrival dates

*A much more involved scheme for maximizing the exchanged in-
formation is possible. If the bit rate were adaptive with the signal-
to-noise ratio, then it could always be adjusted to the value of
highest acceptable bit error probability.
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of the two trajectories of interest are marked on each of
the plots. Note, distances are in the order of 350 million
km. Furthermore, the two ranges do not change appre-
ciably over the 6 mo of expected operation. For the 1975
launch opportunity, where the variation is the largest,
the range decreases by only 20%.

4.2.2 Viewing Characteristics

The Earth-viewing characteristics of a lander and an
orbiter are quite different. The problem of Mars inter-
rupting the orbiter-Earth line of sight and how this is
brought about by inclination has been discussed earlier.
For sample calculations it will be assumed that the orbit
has been chosen to eliminate Earth occultation, at least
in the early parts of the mission. The orbits discussed in
Section 6.2.1.1 meet this requirement.

Therefore, the orbiter—Earth viewing fraction as defined
in Eq. (1) is equal to unity. This is certainly desirable
from a lockup standpoint because one-way communica-
tion times are in the order of 20 min and if no data is
sent until lock has been made, then a large portion of the
view time could conceivably be lost.

Unfortunately, the only way to maintain uninterrupted
communication by a direct link is to choose a landing site
near one of the poles. These locations have not been of
particular interest; therefore, the view fraction for the
direct link must be less than unity.

The declination of the sub-Earth point in aerocentric
coordinates for both the 1975 and 1977 arrival dates is
+21 deg. A plot of view time vs minimum elevation
angle is given in Fig. 11 for the geometry and landers at
latitudes of +10 and — 10 deg. Very little definite knowl-
edge of the Martian topography is available, therefore,
the quantitative estimate of the amount of masking by
terrain features is impossible. A reasonable guess of the
minimum elevation angle governed by terrain protuber-
ances is 30 deg. These conditions yield view fractions of
0.34 and 0.29 for landing sites of +10 and —10 deg,
respectively.

During the year, the declination of the sub-Earth point
fluctuates while always remaining within =26 deg. These
fluctuations cause the lander viewing fraction to change
although it too remains within bounds. Table 6 shows
the lowest and highest possible viewing fractions for a
lander within 10 deg of the equator for various minimum
elevation angles.
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Table 6. Viewing fraction extremes for landing site
within 10 deg of Martian equator

Minimum elevation angle, deg 10 20 30 40
Highest fraction 0.46 0.40 0.34 0.28
Lowest fraction 0.41 0.34 0.28 0.20

4.2.3 Deep Space Network Requirements

The Deep Space Network (DSN) requirements for the
relay and direct links are different. For the relay, a track-
ing station must maintain continuous communications
with the orbiter to assure contiguous data, but communi-
cations with a direct lander need only be maintained
one-third of the time. One system uses the DSN capa-
bilities all the time, the other does not.

The appearance of the direct lander is very predictable,
allowing regular scheduling of the DSN stations. The
rotation time of Mars is 24.62 Earth hours, so the viewing
will slowly shift from one station to the next. Often, two
stations will be needed to track in series, with the third
station idle for 8% days.

4.3 Summary

This section has discussed the geometric aspects of
both direct and relay communications. For the relay, the
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concept of the satellite surface has been developed; this,
in turn, has led to certain observations on the fraction of
time the satellite and lander are intervisible and the pro-
file of possible lander-orbiter ranges. An averaging analy-
sis rather than an emphemeris simulation has been applied
to calculate the viewing fractions, which have been shown
to fall in the range of 0.10 to 0.25. The satellite surface
and viewing fraction concepts have been used to develop
a method to optimize antenna system use. This optimiza-

tion technique is applied to representative orbits and a
sample communications system in Section 6.2.1.

The geometric characteristics of the Mars—Earth por-
tion of both links have been shown to be much simpler
than those mentioned earlier. The Earth-Mars range for
the situations studied is on the order of 350 million km
and the lander-Earth viewing fractions are approximately
one-third.

5. DIRECT LINK AND RELAY LINK RELIABILITY

5.1 Introduction

The intent of this section is to evaluate, for designs
proposed in current studies (Refs. 3 and 4), absolute and
relative reliabilities at critical points in an advanced plan-
etary mission.

Reliability will be used throughout this section to
denote the probability that a system successfully satisfies
the requirements for which it was designed. It should be
emphasized that the reliability models and values used
in this analysis are built on very uncertain ground. The
hardware is undefined, the future state of the art is not
established, and the past analyses are not universally
accepted. Therefore, confidence in the numbers used is
low. To provide for this uncertainty, a number of param-
eters are introduced. The parameters are then varied so
the sensitivity of the system reliability can be seen.

5.2 Andalysis
5.2.1 Summary of Analysis

Because the advanced planetary spacecraft subsystems
are not designed now, a reliability analysis cannot be
strictly representative. However, there are sequences in
the advanced planetary mission that are functionally
similar to deep space missions flown previously. There-
fore, one can produce a partial reliability model based
on these functional similarities. Where no previous de-
sign exists because of novel requirements imposed by the
advanced planetary mission, subsystem designs were
obtained from advanced planetary spacecraft systems
studies.

Two typical missions, one using direct link communica-
tions and the other using relay link communications, were
taken from material in Refs. 3 and 4. The major sequen-

tial events that occur throughout the mission were
acquired from these mission descriptions. Each event
was then analyzed to find the set of subsystems that must
work properly at some time before or during the event
to assure its accomplishment. Note, the analysis assumes
that knowledge of the reliability of all the subsystems at
a particular time implies knowledge of the overall system
reliability.

5.2.2 Mission Sequence of Events

Here, the typical direct link and relay link missions
will be described in general terms. The mission events
analyzed are extracted from this description. Possible
sequences of events for both the direct and relay link
missions are shown in Table 7 and described in the fol-
lowing paragraphs. Functional block diagrams for the

Table 7. Sequence of major events for typical Voyager
mission (assuming successful launch and injection)

Direct link Relay link

Flyby bus Orbiter

Deployment and acquisition Deployment and acquisition
Midcourse trajectory corrections Midcourse trajectory corrections
Lander separation Lander separation

Orbiter trim and retro maneuver
Orbiter deployment and
acquisition

Orbiter operations

Lander Lander

Flyby bus separation Orbiter separation

Entry and landing Entry and landing
Lander deployment and acquisition| Lander deployment and acquisition

Lander surface operations Lander surface operations
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direct and relay link events are shown in Figs. 12 and
13, respectively. The time of occurrence assumed for
each event is depicted in Table 8.

5.2.2.1 Launch and transit mission description. Both
missions begin by being launched from the Eastern Test

Range (ETR) during 1975-77. Trip times to Mars range
from 200 to 400 days for Type I and Type II trajectories,
respectively.

For this analysis, the sequence from injection through
capsule release for both missions is assumed to resemble

FLy ey| THERMAL ELECTRIC CBAC ccas R EVENT
CONTROL #  POWER » > A
BUS A3 A4
Al a2
/¢
As
{a) DIRECT LINK DEPLOYMENT AND ACQUISITION - EVENT A
FLy By| IHERMAL A GBAC ccas . /¢ o PROPULSION
BuS bt > 23 o > e uL
8l 82
T/C
85
(b) DIRECT LINK MIDCOURSE TRAJECTORY CORRECTIONS —EVENT B
FLY By| (oERMAL ELECTRC GBAC ccas . T/¢ PROPULSION
BUS o ' c3 ca - ce 87
cl c2
T/C
cs
THERMAL ELECTRIC RELEASE STABILITY
LANDER [ CoONTROL #  POWER # MECHANISMS SYSTEM o B o EVENT
D21 022 D23 D24
{c) DIRECT LINK LANDER SEPARATION—EVENTS C AND D
THERMAL ELECTRIC RELEASE STABILITY RETARDATION T8
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(d) DIRECT LINK ENTRY AND LANDING -EVENTS C AND E
Fig. 12. Direct link events and required operating subsystems
20
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that of the Mariner series of spacecraft. The spacecraft
is separated and the launch vehicle is retarded by retro
rockets. Storage batteries supply electrical power until
solar panels are deployed and Sun acquisition occurs;
then the principal axis of the spacecraft is pointed toward
the Sun, and the solar energy collection and conversion
system supplies power.

After the Sun acquisition, a Sun-Canopus sensing sys-
tem is used for full three-axis attitude control. First
Earth-spacecraft communications are conducted over an
omnidirectional antenna but, sometime during the transit
phase of the flight, a 12.5-ft antenna radiating 35 w at
S-band frequencies and pointed toward Earth becomes
the main communications link between the spacecraft

and Earth.

One or more midcourse maneuvers, based on Earth-
based radio tracking data are made during transit;
enough maneuvers are performed to ensure that the
trajectory is accurate for mission requirements. The mid-
course propulsion system, as in the Mariner systems, uses
storable liquid propellants; however, the thrust level is
raised to a level compatible with orbit insertion require-
ments.

As the spacecraft approaches Mars, trajectory refine-
ments may be made. Again, any maneuver uses Earth-
based radio tracking techniques; no onboard approach-
guidance systems are considered. About 80 hr before
impact, the capsule is separated from the remainder of
the spacecraft and set on an impact trajectory with the
planet. Then, the direct link and the relay link systems
are dissimilar.
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Fig. 12. Direct link events and required operating subsystems (cont'd)
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Table 8. Event times
(assumed for numerical calculations)

Sym-
bols
Trip time 200 days 400 days (see
Appen-
dix B}
Direct link
Flyby bus
Deployment and 6 hr 6 hr ta
acquisition
Midcourse trajectory 14 days 14 days ts
correction
Lander separation 200 days 400 days tc
Lander
Flyby bus separation 200 days 400 days tn
Entry and landing 203 days 403 days te
Deployment and 6 hr after 6 hr after tr
acquisition landing landing

Surface operations

Surface operations

Up to 1 yr after
deployment and

Up to 1 yr after
deployment and
acquisition

deployment and

Up to 1 yr after
deployment and
acquisition

Up to 1 yr after | ¢

acquisition acquisition
Relay link
Orbiter
Deployment and 6hr 6 hr tn
acquisition
Midcourse trajectory 14 days 14 days t
correction
Lander separation 200 days 400 days ty
Orbiter trim and 203 days 403 days tae
retro maneuver
Deployment and 6 hr after 6 hr after ty
acquisition retro refro
Orbiter operations Up to 1 yr after |Up to 1 yr after | ¢
deployment and | deployment and
acquisition acquisition
Lander
Orbiter separation 200 days 400 days tx
Entry and landing 203 days 403 days to
Deployment and 6 hr after 6 hr after
acquisition landing landing to

5.2.2.2 Post separation direct link mission description.
The direct link lander, which is completely sterilized, is
assumed to be passive during entry and makes an uncon-
trolled aerodynamic entry into the atmosphere of Mars.
The lander consists of structure, ablation and heat pro-
tection material, a parachute for final descent, an impact
absorption device, a capsule timer and sequencer, an
orientation and erection device, power supply, a data
handling system, an S-band telecommunications system
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with a FSK low-bit-rate backup, a high-gain antenna
system with erection and Earth-tracking capabilities, and
a scientific payload.

The capsule enters the atmosphere and is slowed by its
retardation subsystem. After impact, the capsule dis-
cards the remainder of its retardation and impact atten-
uation system, orients itself, and erects its high-gain
antenna and omnidirectional antenna.

All lander systems are then activated and the system
transmits science data over the high-gain antenna system
until failure. For certain types of failure that incapaci-
tate only the primary telecommunications system or high-
gain antenna system, the backup FSK system is assumed
to transmit at a low-bit-rate over an omnidirectional
antenna. The direct link lander’s operations are inde-
pendent of the spacecraft bus as soon as it is separated.

5.2.2.3 Postseparation relay link mission description.
After lander separation, the relay link lander performs
identically (to the direct link lander) through entry,
impact, and postimpact erection and deployment with
two exceptions. It does not use a high-gain antenna sys-
tem but communicates with an orbiter over an omni-
directional antenna that is erected to the local vertical
only. Also, its telecommunications system does not nec-
essarily operate at S-band, but on whatever frequency is
selected for lander-orbiter communications.

After capsule separation, the spacecraft bus is injected
into orbit to serve as a relay satellite. To do this, the bus
retracts its solar panels and high-gain antenna, performs
a retro maneuver, then redeploys its system and reac-
quires the Sun, Canopus, and Earth. The orbiter receives,
stores, and transmits to Earth the data obtained from the
lander. The relay link lander detects when the orbiter is
visible and transmits the accumulated science data in
response to an orbiter command.

The exact time of rising and setting of the lander (from
the orbiter’s frame of reference) is a random variable
and, therefore, the orbiter has enough storage for long
intervisibility times as they happen. Also, the relay link
and lander data storage system are large enough to hold
all the science data accrued when the time between
intervisibility becomes large.

The basic orbiter attitude control will be similar to the
Mariner spacecraft with proper changes to cope with the
times of Sun or Canopus occultation. A quasi-omnidirec-
tional antenna for lander-orbiter communications is
mounted on a gimbaled platform that points toward the




planet center. Orbiter—Earth communications are assumed
to be conducted over the same high-gain antenna and
S-band telecommunications system used during transit.

As in the direct lander, a backup communication link
(using an FSK system transmitting over an omnidirec-
tional antenna oriented only to the local vertical) is used
to transmit low-bit-rate information from lander to Earth.

5.2.3 Necessary Subsystems for Major Events

Table 9 shows the subsystems considered necessary to
support the mission sequences of Table 7. Combinations

Table 9. Voyager subsystems and sources of
reliability models

Reliability model

Direct link system
source

Relay link system

Fiyby bus Orbiter

Thermal control

Passive; reliability] Thermal control

assumed vnity
Ref. 5 (PRC)

Guidance and attitude| Ref. 5 (PRC)
control (G&AC)

Electrical power Electrical power

Guidance and atfitude
control (G&AC)

Central computer and | Ref. 5 (PRC) Central computer and
sequencer (CC&S) sequencer (CC&S)
Propulsion Ref. 5 (PRC) Propulsion
Telecommunications Internal JPL Telecommunications

(r/C) document /<)

Ref. 3 {Avco) Planetary horizontal

platform (PHP)

Lander Lander
Thermal controf Ref. 4 (GE) Thermal control
Electrical power Ref. 4 (GE) Electrical power

Release mechanism®

Stability system

Ref. 3 (Avco)
Ref. 3 {Avco)

Release mechanism®

Stability system

Retardation system Ref. 4 (GE) Retardation system
Capsule timer and Ref. 5 (PRC) Capsule timer and
sequencer® (CT&S) sequencer® (CT&S)
Ground orientation Ref, 4 (GE) Ground orientation
Data handling® Ref. 5 (PRC) Data handling®
Telecommunications Internal JPL Telecommunications
(r/Q) document (r/c)
Omnidirectiona! Parameterized Omnidirectional
antenna antenna
High-gain antenna Parameterized

*1f a portion of the rel hani: are ted on the flyby bus or orbiter

ins.h;qd of totally on the lander, as depicted here, there is no affect on the prob-
ability that the bus {or orbiter) and lander will separate.

"ThelCT&S parts were assumed to be identical to the Mariner C CC&S parts for this
analysis.

€The lander data handling subsystem ports were assumed to be identical to the
Mariner C dota handling system parts.

JPL TECHNICAL MEMORANDUM NO. 33-228

of the subsystem functions are assumed to satisfy all
mission events. Where similar sets of subsystems are used
in both systems, equivalent reliability is realized.

Figures 12 and 13 show the subsystems needed to
operate for successful accomplishment of each of the
events in the direct and relay links sequences, respec-
tively. Every solid lined subsystem must operate through
the event for a successful event; every dashed lined sub-
system is needed to perform adequately at some time
before the event.

5.2.4 Parameters

Flexibility is incorporated into the analysis by the
introduction of several parameters that modify the more
uncertain parts of the model. Areas that are felt to be
uncertain enough to warrant representation are: opera-
tional component failure rates, stored component failure
rates, relay link complexity factor, relay lander power
amplifier, relay omnidirectional antenna, direct lander
high-gain antenna. These parameters are introduced in
detail now.

5.2.4.1 Operational component failure rates. Because
the basic mode of analysis uses an exponential failure
model, an estimate of a range of representative failure
rates is needed. Uncertainty in the failure rates causes a
concomitant uncertainty in the reliability. To reflect this
uncertainty, a parameter g is introduced to modify oper-
ational component failure rates.

5.2.4.2 Stored component failure rates. In general, a
stored component does not have the same failure rate as
an identical operational component. Therefore, a param-
eter a is introduced that adjusts the failure rate of stored
components to a level more representative of their stor-
age failure rate history.

5.2.4.3 Relay link complexity factor. Because the or-
biter telecommunications subsystem carries added com-
ponents to provide relay communications, there is a
greater probability that the relay orbiter will fail during
transit. This added potential degradation is represented
by the reliability multiplier ».

5.2.4.4 Relay lander power amplifier reliability. The
relay and direct landers do not necessarily carry the
same power amplifier. The difference in their reliability
is represented by the factor x, which multiplies the fail-
ure rate of the direct lander power amplifier.
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5.2.4.5 Omnidirectional antenna reliability. This pa-
rameter reflects the uncertainty in the ability of the
omnidirectional antenna erection mechanism to work on
the Mars surface after landing.

5.2.4.6 Direct lander high-gain antenna reliability. A
little understood factor in this analysis is the ability of
the high-gain, erectable, steerable antenna to perform
properly in an unknown environment. Unlike «, 8, and u
(which represent failure rate multipliers), R;¢ represents
the reliability of the high-gain antenna system and is
assumed to be independent of time.

5.3 Assumptions and Constraints

To mold the advanced planetary mission into a form
that can be represented by a mathematical model, a
number of assumptions are made and constraints im-
posed. The following paragraphs detail each of these
assumptions and constraints.

5.3.1 Functional Block Spacecraft Configuration

The advanced planetary spacecraft is assumed to be
broken into functional blocks, each of which is opera-
tionally independent. The components in each functional
block are assumed to be serially connected unless other-
wise noted; the failure of any component results in total
mission Tailure unless a redundant functional path is
provided.

5.3.2 Failure Model

With the exception of the direct lander high-gain
antenna system, all electronic components are assumed
to obey a random failure model. In this model it is
assumed that the probability of any given component
failing in a fixed time interval is constant. One-shot
components such as pyrotechnics and mechanical devices
operating for a short time are assumed to obey the bi-
nomial probability law. (The mathematics used to produce
the failure model are described in Appendix A. Appendix B
gives the failure model for each of the subsystems.)

Component failures are assumed to be catastrophic; no
marginal failure cases are studied. Once a part fails it is
assumed to remain so for the length of the mission. No
partial mission successes are considered except the acqui-
sition of low-bit-rate information if any part of the pri-
mary telecommunication system fails.
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5.3.3 Similarity of Subsystems

Whenever subsystems in both the relay and direct
systems have enough common functional requirements,
their designs are assumed identical for this reliability
analysis.

5.3.4 Science Subsystems

Reliability figures are computed exclusive of science
subsystems.

5.3.5 Sterilization Requirements

The reliability analysis of the lander system does not
includes the effects of sterilization requirements.

5.3.6 Launch Operations

The reliability figures are calculated assuming that the
spacecraft has been successfully launched and injected.
All probabilities given are then contingent on a success-
ful completion of this phase of the mission.

5.3.7 Trajectory Accuracy Requirements

The trajectory accuracy requirements from launch
through lander separation are assumed identical. It is
assumed that only Earth-based radio tracking is neces-
sary for trajectory correction; no onboard guidance sys-
tem reliability is considered.

5.3.8 Lander Reliability

It is assumed that there are only two basic areas of
difference between the lander systems: the primary radio
systems and the transmitting antennas. Differences in
other equipment for the two landers are not considered.

5.3.9 Lander Configuration

The weight, size, shape, and other physical character-
istics of both the direct and relay landers are assumed
to meet all necessary constraints. For the direct lander,
therefore, it is assumed that any high-gain antenna
configurations are compatible with the operation of all
other subsystems. Also, the application of surplus pay-
load capability to the improvement of reliability through
redundancy is not considered.

5.3.10 Degraded Communications

Both the direct link and relay link landers are assumed
to carry a backup S-band FSK communications system
transmitting over a quasi-omnidirectional antenna that
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must be erected to the local vertical. This backup system
is assumed to work completely independent of the main
communications system.

5.3.11 Relay Orbiter

Any reliability degradation due to orbital trim ma-
neuvers is not considered.
5.3.12 Design Adequacy of Subsystems

It is assumed that all spacecraft subsystems are de-
signed well enough to meet their design objectives.
5.3.13 Support System

The DSN equipment, procedure, and personnel are
assumed to be perfectly reliable and, therefore, do not
degrade the outcome of the mission in any manner.

5.4 Results
5.4.1 Effect of Parameters

The following sections discuss the effect of exercising
each of the parameters introduced into the model in
Section 5.2.4. Results for all parameter variations exer-
cised can be found in Appendix C. The effects of the
seven parameters are detailed in the following para-

graphs.

5.4.1.1 Effect of trip time. In Fig. 14, the typical effect
of trip time can be seen. The relay link’s reliability is

0.95 times the reliability of the direct link because of the
assumption of a more complex telecommunications sub-
system. At approximately 200 days there is a sharp
decrease due to the reliability of the functions corre-
sponding to the landing phase. This comes from the
failures that occur from capsule separation, entry, land-
ing, and first activation of systems stored since launch.

The transit reliability function of the 400 day trajec-
tory closely follows the 200-day trajectory until the
separation sequence is started. A monotonically decreas-
ing trend continues for the 400-day trajectory until the
time when its separation sequence begins. Notice that the
sharp degradation after 400 days of transit is larger in
the relay link mission than its 200-day counterpart. This
increase comes from the requirement placed on the relay
link system to delay its retro maneuver and to store a

planetary horizontal platform and lander system for an
added 200 days.

5.4.1.2 Effect of operational failure rates. The param-
eter 8 is used to modify the operational failure rates. A g8
of 1.0 corresponds to the first estimates of Mariner R
failure rates and is the most pessimistic estimate of 8 to
date. The current estimate is approximately 0.19; the
range in the analysis goes from 1.0 to 0.01, which may be
representative of failure rates in the future.

The effect of g is illustrated in two distinct ways.
Figure 15 illustrates the effect of the assumed operational
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Fig. 14. Effects of flight time on reliability

27




JPL TECHNICAL MEMORANDUM NO. 33-228

1.0 T T T
(a) R (OMNIDIRECTIONAL )=0.99
oty
=0l D
08 8 =019 v =095
\ \ p=10
T os N\g=05
>
=
5 \
z N
S o4 8=l
w
x
o2 \
\
0 [~
[+ 200 400 600
TIME, days
1.0 T T |
(b) R (OMNIDIRECTIONAL)=0.99
RHG=O.75
a =028
08 - v =095
B=0.19 p=10
=
<
0.6
: N peo
5 R=05
2
S5 04 7\
w
o B=10
> b \
o N [
0 200 400 600

TIME, doys

Fig. 15. Effects of operational failure rates: (a) on direct
link reliability, (b) on relay link reliability

failure rates on the direct and relay link reliabilities; three
distinct values of g8 were chosen so its influence on the
total mission can be seen. It should be noted that a con-
stant change in 8 produces a greater change in the relay
link liability than the direct link reliability. Therefore,
higher operational failure rates tend to favor the direct
link mission over the relay link mission even though the
absolute reliabilities decrease with increasing failure
rates. The physical reason for this effect is because the
more complex lander—orbiter combination used by the
relay link mission is degraded more by poor failure rates
than the direct link configuration.
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In Fig. 16 the effect of g8 at certain selected mission
times is shown. A remarkable aspect of Fig. 16 is that the
reliability functions cross at a particular value of 8. As
the mission time progresses, this crossover value of g
becomes smaller. This happens because it is assumed
that the direct link high-gain antenna system reliability
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is independent of time, so the direct system relia-
bility asymptotically approaches the high-gain antenna
system reliability as 8 goes to zero; while the relay link
system reliability goes asymptotically to unity.

5.4.1.3 Effect of storage failure rates. The parameter
a was used to see the effect that storage failure rates have
on the probability of mission success. The highest chosen
value of a was 1.0, corresponding to storage failure rates
equal to operational failure rates. It was felt that this is
a proper upper limit for a because, in general, stored
components do not fail at a faster rate than operating
ones. An a of zero would correspond to no degradation
to components during storage, and is a suitable lower

bound.

The effects on reliability that storage failure rates pro-
duce are shown in Appendix C. Portions of this data are
plotted in Fig. 17, which illustrates the effect of a on the
direct and relay link reliabilities. It should be noted that
a constant change in a produces a greater reliability
change in the relay link than in the direct link reliability.
Therefore, higher storage failure rates relatively favor
the direct link over the relay link mission even though the

absolute reliabilities decrease with increasing a.

The physical reason for this effect is attributed to
the requirement for a terminal retro maneuver and storage
of the planetary horizontal platform.

5.4.14 Effect of relay link complexity. Because the re-
lay link orbiter telecommunications subsystem is poten-
tially more complex than its direct link counterpart, the
relay link system is perhaps more prone to fail during
transit. Both were considered to have identical parts and
functions during transit; however, the relay link telecom-
munications subsystem may carry added components for
conducting lander—orbiter communications after arrival at
Mars. Therefore, the parameter v represents the added
complexity of the relay link telecommunications sub-
system.

A value of v = 0.95 was arbitrarily chosen. It has the
effect of degrading all results pertaining to the relay link
by 5%. To get results for different values of , multiply
any relay link results given in this analysis by »/0.95,
because v is purely a linear multiplier.

54.1.5 Effect of relay lander power amplifier relia-
bility. Because the relay link lander might use a more
reliable lander—orbiter power amplifier design in its tele-
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Fig. 17. Effect of storage failure rates: (a) on direct
link reliability, (b) on relay link reliability

communications subsystem, the parameter p was intro-
duced. A value of u = 1.0 corresponds to the relay link
power amplifier having the same failure rate as the
S-band power amplifier in the direct link lander. When
was reduced to 0.2, showing that the relay link’s power
amplifier’s failure rate is estimated at only one-fifth that
of the S-band power amplifier, essentially there is no
effect on the mission reliability, This can be confirmed
by comparing the relay link result in Table C-1 with
those in Table C-8, C-5 to C-9, and C-7 to C-10, where
all assumptions in each pair of tables (with the exception
of the value of u) are identical.
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5.4.1.6 Effect of omnidirectional antenna reliability.
Because the relay lander omnidirectional antenna must
operate for the lander to communicate with the orbiter,

its reliability multiplies the reliability of the relay link

primary communications system. This effect can be noted
in Tables C-1 through C-11.

5.4.1.7 Effect of direct link high-gain antenna relia-
bility. The reliability of the direct link is directly propor-
tional to the reliability of the high-gain antenna system. Its
reliability is a measure of its ability to withstand impact,
erect itself in an uncertain environment, and detect and
track the Earth daily. Tables C-1 through C-11 show the
reliability of direct link for three values of the reliability
of the high-gain antenna system.

5.4.2 High-Gain Antenna Requirements for Equivalent
System Reliability

Because the high-gain system reliability is a major
question, it is instructive to consider what requirement
should be placed on it to get equivalent relay and direct
link reliability. This condition may be calculated ana-
lytically by forming the ratio of the relay system relia-
bility to the direct system reliability. In this ratio, the
direct system reliability is calculated exclusive of the high-
gain reliability. The validity of this approach can be seen
by considering the conditional reliability function:

Rpr = Ruy X Rye
where
Ry, = direct link reliability
Ry, = direct link/high-gain antenna works reliability

Ryue = high-gain antenna reliability

The high-gain antenna system reliability that equates the
relay and direct link systems reliabilities is therefore
given by:

HRL

Rye =
Rpy

where

Rp. = relay link reliability
Note, the denominator is exactly equivalent to calculat-

ing the direct link reliability, assuming that the reliabilities
of the high-gain antenna system are unity. Remember
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this function is sensitive to the assumptions made in the
analysis.

In Fig. 18a, the function that corresponds to the as-
sumptions and results of Table C-1 can be found. In
Fig. 18b, the function that corresponds to the assump-
tions and results of Table C-2 is illustrated. The only
difference in the assumptions between these two tables
is that one refers to a 200-day transit and the other refers
to a 400-day trajectory. Note, by comparing Figs. 18a
and 18b, that longer trip times reduce the minimum relia-
bility requirement of high-gain antenna; longer trip times
cause the direct link system’s reliability to improve rela-
tive to the relay link system even though both absolute
reliabilities drop. Also, the reliability requirement on the
antenna system is quite low, never exceeding 0.8 at land-
ing, and dropping to 0.4 or less at 6 mo.

5.5 Summary

Of the several parameters introduced, two seem to
dominate the effect on reliability; the failure rate multi-
plier 8, and the reliability of the direct link high-gain
antenna system. The failure rate multiple has the greatest
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effect on the relay link and the high-gain antenna system
is the largest contributor to direct link unreliability.

For the assumed value of 8; (8 = 0.19) the maximum
reliability requirement on the high-gain antenna system
(for equivalent direct and relay reliability) is less than
0.8. This requirement is a function of both flight time

and the assumed failure rate. Lower failure rates tend to
increase the reliability requirement on the high-gain
antenna system. This is true because the more complex
relay link benefits more by the lower failure rates. Longer
flight times have an adverse effect on the relay link relia-
bility; therefore, the high-gain antenna reliability re-
quirement is lessened.

6. SYSTEM COMPARISONS

There are two general classes of comparisons that can
be made from the preceding sections. The first class has
the results that are direct consequences of (or observations
from) the assumptions; they are given in Section 6.1. The
second class, discussed in Section 6.2, has the analytic
comparison functions: effective bit rate, reliability, and
expected cumulative bits.

6.1 Observations

This section has material that, although pertinent to
the comparison of the relay and direct mission approach,
is not embodied in the mathematical comparisons.

6.1.1 Data Requirements

The design requirements of both the direct and relay
missions are dictated largely by the data rate needed to
transmit 10*° bits of data within a 6-mo mission lifetime.
It is instructive to consider the effect on the design of a
reduction by a factor of ten in total data needed. A direct
result is the reduction in power-gain product by 10 db,
making it possible to either reduce the transmitted power
or to reduce the high-gain antenna size. Because there is
much uncertainty in the direct lander high-gain antenna
system, it is likely that the antenna size would be reduced.
For antennas below 8 ft in diameter, an active RF point-
ing system to reduce pointing losses is no longer needed.
Therefore, the reduction of the data requirement by a
factor of ten allows passive pointing, and gives a potential
gain in reliability. Also, it is likely that smaller antennas
yield lander designs less sensitive to surface uncertainties
and can be made to survive more stringent landing en-
vironments. To land a large (~ 12 ft) high-gain antenna
system with a high probability of survival, it is possible
that the method of descent would be limited to those
needing active retro-propulsion near the surface. A reduc-
tion in antenna size makes alternate descent schemes,
such as parachutes, more attractive.

Although the relay orbiter also benefits from the
reduction in data requirement, the radio steerable antenna
is not subjected to the environmental uncertainty of the
direct link; therefore, the total reliability is affected less.
The relay approach still has the same problems of lander-
orbiter link design; for example, automatic acquisition
and the planet-oriented antenna. Therefore, it is probable
that more uncertainty is removed from the relay ap-
proach, showing that lowering data requirements favors
the direct lander approach. This is certainly true in the
limit when the needed data rate can be supported by low
powered transmitter and a nonsteerable antenna; because,
here, the orbiter is not useful as a relay satellite and
merely adds to the unreliability of the mission.

6.1.2 Hardware Development

It is apparent that there is extensive hardware develop-
ment to be undertaken for either approach.

A broad categorization of development effort results in
the following observations. The direct link requires the
development of a large steerable high-gain antenna sys-
tem and a relatively high-power S-band transmitter that
are capable of surviving the landing shock. The lander
design configuration will be dictated to a large extent by
the requirement of the antenna system. It is possible that
an active descent system such as propulsion and descent
control might be needed to ensure a high probability of
an upright attitude during and after landing. Also, it may
be necessary to get detailed information about the Mars
surface before committing to a higher data-rate direct
link. Therefore, the hardware development of an eventual
advanced planetary direct link mission may be keyed to
the acquisition of surface data characteristics.

The hardware development for the relay link is char-

acterized by the development of two major systems, the
lander and the orbiter, which must be RF compatible.
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The relay link lander is not as open to surface uncertain-
ties as its direct link counterpart, because transmission is
made without the use of high-gain directive antennas.
However, there is some possibility that the relay link
development schedule will be dependent on more definite
information on the Martian upper atmosphere because
the altitude of the relay satellite orbit is limited by a
noncontamination constraint. First calculations (see Sec-
tion 6.2.1.1) show there is some latitude in selection of
orbits that have enough communications capability; there-
fore, this constraint is not restrictive. Data from the
Mariner C occultation experiment should resolve this
uncertainty.

6.1.3 Trajectory Dependent Parameters

It is worthy to note that the flight time for the Type II
trajectories in 1975 and 1977 is on the order of 400 days,
showing that a premium is placed on reliable long-life
operation. Because the relay approach is more complex
on a part-count basis, this observation tends to favor the
direct lander.

If Type I trajectories are attempted in the 1975 and
1977 opportunities, the injection energy requirements
dictate a larger vehicle than now programmed to inject a
combined lander—orbiter. Also, the fuel needed to place
a relay satellite in a favorable communication orbit is
higher for the Type I trajectories, causing an increase in
the satellite weight. Thus, an orbiter-lander on a Type 1
trajectory demands more launching vehicle capability
than now planned, and a Type II trajectory results in a
reliability penalty.

Therefere, from the standpoint of trajectory considera-
tions, direct landers seem to be favored for both 1975
and 1977. The 1975 Type II arrival is almost diametrically
across the solar system from the Earth, so the Earth—
Mars—Sun angle is only 10.5 deg at encounter and drops
to 0.5 deg after 58 days. This will present a serious solar
noise problem; one possible solution might be to fly a
higher-energy trajectory that gives an earlier Mars en-
counter date. However, the higher energy requirement
again tends to favor the direct lander approach. This
condition does not exist for the 1977 encounter.

6.1.4 Limiting Link Relay Operations

Some general observations about the extremes of oper-
ation of the relay link may be made using the definition
of the effective bit rate. First, note that the relay link
operates most efficiently when the unconstrained effective
bit rates of the two legs are equal. In any event, the actual
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bit-rate capacity of the relay link is dictated by the
lowest capacity leg. A mathematical statement of this is:

Loy, = min (Lo o, Ie, ) (3)

The regimes of operation of the relay link are seen to
fall into two categories from Eq. (3); either the lander-
orbiter leg is saturated and the total effective bit rate is
equal to iew, or the orbiter-Earth leg is saturated and
the total effective bit-rate is equal to I.,,. Because each
of these circumstances present interesting and distinct

properties, let us consider them further.

6.1.4.1 Orbiter—Earth leg saturated:
ICLo > IeOE

When the orbiter-to-Earth link is saturated, alternate
orbits can be chosen that decrease the lander-orbiter
viewing time without decreasing the overall lander data
retrieval capability of the relay link. This implies that, if
the original orbit were chosen at the expense of orbit
science, one is free to choose a new orbit more favorable
to the orbit science data. This effort is in vain, however,
because (by the original hypothesis) the orbiter-to-Earth
leg is saturated, and the orbit science data could not be
returned anyway. Therefore, the region of operation
where the orbiter-Earth leg is saturated is not condu-
cive to the gathering of orbit science data.

One further observation may be made if it is assumed
that the lander—Earth direct link and the orbiter-Earth
link have equivalent power-gain products. The equation
defining the effective bit rate of the direct link is:

1 =

epL

P

. .
ipr UbL

and a similar equation defines the relay link effective
bit-rate.

(e

Lepy, = Legp = Ligg " Vo

Because the orbiter-Earth link is saturated, the
effective bit-rate is given by the orbiter-Earth effective
bit-rate. Now, by assumption of equal Mars-Earth

power-gain product,

. .
Iior: = Iil)L

It can be seen that the effective bit rates of the direct
link and the relay link are related solely by the ratio of
the view fractions.

_ UpL I
epL €oE
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The best view fraction of the direct link is about one-
half, with a reasonable value being about one-third. The
maximum view fraction of the orbiter is unity because
it is likely that an orbit that does not occult the Earth
can be chosen (see Section 4.2.2). Therefore, an upper
bound on the ratio of effective bit-rates of about three
can be derived for the relay link. Note, this ratio of three
rests on the assumption that the power-gain product of
the direct link and the orbiter-Earth link are equal. Fur-
thermore, this ratio is a function solely of the relative
geometries of the relay and direct missions.

6.1.4.2 Lander-orbiter leg saturated:
IeLO < I‘OE

Here, any change in the selection of the orbit other
than the one yielding optimum lander-orbiter communi-
cations will result in further degradation of the relay
link capacity for lander data transmission. However, if
there are some orbit science experiments that can accom-
modate the low-altitude and low-inclination orbit that

is best for communications, their data can be carried on
the orbiter-Earth link.

Assuming equal power-gain products as in Section
6.1.4.1, when I.,, drops to one-third I.,; the two ap-
proaches are equivalent in lander data transmission
capacity. The lander data transmission capacity of the
relay link can drop below the direct link capacity only
when the lander-orbiter link is the saturating link.

6.2 Mathematical Comparisons

This section is to evaluate representative systems for
their effective bit rates, expected cumulative bits, and
storage requirements. For the relay link, three possible
orbits have been chosen and their communications capa-
bility analyzed. Expected cumulative bit calculations
have been made for both systems with reliability as a
parameter. An approximate analysis of the data storage
requirements for both systems is given in Section 6.2.3.

6.2.1 Effective Bit-Rate Calculations
6.2.1.1 Relay link.

6.2.1.1.1 Lander-to-orbiter. Three particular orbits have
been chosen for a detailed study of their information
exchange characteristics. The first two of these are de-
sirable from a relay communications standpoint and are
circular with altitudes of 5000 and 2000 km. The third, a
4000- by 20,000-km orbit, is considered for nonstandard

orbit injection, or possible utility for scientific measure-
ments.

6.2.1.1.1.1 Communications orbits. The two orbits
selected correspond to the lowest altitude circular orbits
allowable by two proposed noncontamination constraints
(see Section 4.1.2.1). They are both at an inclination of 40
deg so that neither occults the Earth on the first orbit
using the nominal approach conditions (see Table 6).
Therefore, for a time at least, uninterrupted transmissions
can be made to the Earth without time losses due to
occultation and relock.

The fractional viewing time v, the largest maximum
possible lander-orbiter range, and the angle & (Fig. 8)
are plotted vs the elevation angle y for the 5000- and
2000-km orbits in Fig. 19. Figure 20 shows elevation
angle vs time past arrival for the 5000-km orbit and the
nominal 1975 approach conditions.

Optimum transmission policies for these two orbits
have been developed using the method outlined in Sec-
tion 6.1.4. It is assumed that the satellite has an antenna
pointed at the planet center with a cosine-squared radia-
tion pattern. The angle off axis for the orbiter antenna,
8, for a given elevation angle has been shown in Fig. 19.
In Case A the lander has a similar antenna whose gain
is proportional to cos® (90-y). Case B will treat a lander
with an ideal turnstile over ground plane at height
0.35 » where A is the wavelength, and Case C an ideal
turnstile over ground plane at height 0.45 . Cases A, B,
and C have progressively wider radiation patterns on the
ground antennas. Figure 21 shows the radiation pattern
of the transmitting antenna for Cases A, B, and C. Op-
timization of the transmission policies has been carried
out using Eq. (2) and assuming the communications
parameters listed in Table 2 and the bit-rate vs range
plot of Fig. 1. Recall the Eq. (2) assumed that bit rate is
proportional to lowest received power. The results of the
calculations for the two orbits under consideration are
given in Table 10 assuming the transmitter power is 10 w.

Several general properties of the optimum lander-
orbiter communications policy are revealed in Table 10.
Note, the view fraction tends to become larger for higher
altitude orbits. At the same time, the communication
range becomes larger resulting in lower effective bit-rate
capability for higher orbits. It can also be seen that the
general tendency is to transmit over a smaller angle for
the higher orbits, showing that more directional antennas
are better.
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Fig. 20. Elevation angle vs time for 5000 km circular orbit
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Fig. 21. Antenna radiation patterns {gain over isotropic, db)

Table 10. Effective bit rates for 10-w transmitter and 40-deg inclination orbit

Orbit Ym, _ ! Grly), Gz(d), (rz0) max, L, I,
i Case deg 3 deg | v(y=90—yn db db km bits/sec bits/sec

5000 km circular A 50 18 0.096 39 74 5800 28,900 2780
B 54 19 0.118 4 73 5950 28,300 3340

c 70 22 0.202 2.1 7.1 6000 12,300 2480

| 2000 km circular A 43 25 0.023 5.1 69 2360 210,000 4830
B 51 29 0.038 45 66 2560 143,000 5450

c 65 35 0.084 3.6 60 2990 72,900 6120

4000 X 20,000 km A Q 55 0.099 53 77 20,700 3470 343
B 48 6.2 0.124 46 77 21,000 2930 364

c 68 78 0.212 2.8 77 21,900 1430 304
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Conversely, lower altitude orbits would need broader
beam antennas and transmission over a larger angle.

It is interesting to note that the effective bit rates for
a given orbit are nearly equal when the antennas are
used optimally. Suboptimal use degrades the results con-
siderably. Had the cosine-squared antenna of Case A and
the 5000-km orbit, for instance, been used to transmit
down to 20 deg off the horizon (y = 70 deg), then its
effective bit rate is only 1200 bits/sec.

6.2.1.1.1.2 4000- X 20,000-km orbit. An analysis similar
to the one mentioned has been run on an elliptical orbit.
This orbit has the following elements:

a 15380 km
e 052
i 30deg
o —9%0deg
h, 4000 km
hs 20,000 km
periapsis  30°S latitude

Using the three antennas of Cases A, B, and C mentioned,
an optimization was made; the results are given in
Table 10.

6.2.1.1.2 Orbiter-to-Earth. The set of orbits chosen have
the property that line-of-sight communications with the
Earth can be maintained continuously for at least several
days after injection. Therefore, the viewing fraction for
all of these is unity and the effective orbiter-to-Earth
information rate is the same as the instantaneous infor-
mation rate. The range is about 350 million km. Assuming
that the transmission system on board the satellite has the
parameters shown in Table 3 and a 50-w transmitter,
the information rate (from Fig. 2) is 4800 bits/sec. Note,
for a 5000-km circular orbit around Mars (Table 10), the
lander—orbiter and the orbiter-Earth effective information
rates are matches if the lander has a 10-w transmitter
and the satellite has a 35-w transmitter.

6.2.1.2 Direct link. The direct link range and viewing
characteristics have been discussed in Section 4.2, where
a lander at 10° North latitude may view the Earth for
approximately 8.4 hr per Martian day, or one-third of the
time. The Earth-Mars range is about 350 million km.
Assuming that the lander antenna transmission system
has the same parameters as those of Table 3, then the
effective information rate for a 50-w transmitter is 1600
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bits/sec. Note, for this direct link to have the same effec-
tive information rate as the 5000-km orbit relay link cited
earlier, it must have a transmitter power of 100 w. The
comparison is shown in Table 11. Note further, that an
effective bit-rate of 3340 bits/sec is enough to return the
needed data over the time of the mission. Table 12
shows the effective information rates and total accumu-
lated bits over 6 mo for equal Mars-to-Earth S-band
power for the direct and relay links.

Table 11. Necessary transmitter powers for ie
of 3340 bits/sec, w

) 3 Relay link
Direct link 5000 km, 40-deg inclined circular orbit
Lander Lander Satellite
100 10 35

Table 12. Effective information rates and total bits
for 35-w S-band transmitters

System Bit-rate, bits /sec Total bits
Direct link 1110 1.7 X 10"
Relay link: 5000-km circulor orbit 3340 52 X 10°

(10-w transmitter on lander)

6.2.2 Expected Cumulative Bit Calculations

In this section, two derivations of the average amount
of information expected from a mission will be given,
numerical results will be shown, and the particular solu-
tions of Table 12 will be treated.

Because, in Section 5, time-dependent reliability func-
tions of both the direct link and relay link configurations
were found, it is now possible to use them to derive the
average total bits expected over missions of fixed duration.

6.2.2.1 Derivation of I(T). From Section 5, R(t) was
found to have the general shape of Fig. 22. Recall that
R(t) represents the probability that the system will work
properly to time . From the definition of R(t + at), the
difference, R(t) — R(t — At), represents the probability
that the system will fail in the interval, ¢ to ¢ + At. Let-
ting At approach 0, and taking the limit, —R(t) is ob-
tained. Therefore, the probability that the systems will
fail during the time interval dt is —R(t) and this function
is shown in Fig. 23.




R (1)

Fig. 22. Typical reliability functions

- (1)

Fig. 23. Typical failure density function

The average information expected from a system trans-
mitting data at a fixed rate of I. is:

i) = ﬁ "It — ) (— R de

" f‘” I.(T —t) (- R@))defore > 1, (4)

=0 fort <t,
where
t = 0 represents mission start
t = ¢, represents beginning of surface data accumulation
t = T represents total mission time
The first term on the right side of the equation represents

the average information obtained from that percentage of
the systems that fail between t, and time T. The second
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term represents the information obtained from that per-
centage of the systems that work for the length of the
mission. Not given in the expression is the average infor-
mation obtained from the systems that fail before time ¢,
because they accrue no information at all. This equation
can be reduced to:

IT) = I, [ ! R@t)dt for T >t, (5)
ta
=0 forT <,

Another argument that yields the results of Eq. (5)
follows. The eercted increase in information between
tand ¢t + dt is dI where:

dT = I, dt R(t)
=0

fort, <t<T
elsewhere

In other words, the expected increase of cumulative bits
is equivalent to the bit rate, times the increment of time
over which the system transmits at this bit- rate, times
the probability that the system is working at this time.
Solving for I:

Tzf'” dl

- T -

I(T)=/ dl
to

- . T
T = 1. / R dt,  forT>t
tﬂ

=0, forT <t,.

Note, as T—> o, T(T Y>E[I], where E [I] is the statis-
tical expectation of information returned by a system
allowed to transmit until failure.

6.2.2.2 Results. For every set of model parameters
studied in Section 5, the normalized average information,
I(T)/1, was computed. Results can be found in Appen-
dix C. Note, I(T) is normalized for effective information
rate given in bits/hr. To get I for a 6-mo mission, merely
multiply the value corresponding to average accrued bits
in 6 mo by the effective bit rate in bits/hr.

Figure 24 depicts results given in Tables C-1 and C-2.
With everything else equal, this figure shows the effect
of the trip time on the average information returned.
Although the absolute sizes of the expected information
decreases with increasing flight times, it can be noted
that the ratio of expected information between the direct
link and relay link systems favors the direct link approach
as flight times are lengthened.
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Fig. 24. Normalized expected information from N day
surface mission: (a) for 200 day trajectory,
(b) for 400 day trajectory

Another interesting result of the analysis is obtained
from manipulating Eq. (5). From the discussion in Sec-
tion 6.1.4, it can be said that I, for the relay link will not
go beyond I, for the direct link by more than a factor
of three for equal Mars-to-Earth radiated powers. Now
the average information expected from a direct link mis-
sion can be equated to that expected from a relay link
mission whose effective bit rate is n times that of the
direct link. In this manner the minimum reliability func-
tion for the direct link high-gain antenna can be obtained.
If the high-gain antenna designer can assure that its
reliability function exceeds this lowest value that will be
found, then the direct link will always yield a greater
expectation of total bits than the relay link. From Eq. (5):

i), = I, / " R(), dt
t()

- . T

i), =i, / R(1), dt
t()
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where:
I"R = nIeI)

Equating f(T)D to I—(T)R yields:

\
/ R(t), dt = n / "R(Y), dt
tﬂ tl'

or:
/T [R(t)u —n R(t)R] dt =0

The only condition under which this expression holds
for all T > ¢, is for:

R(t), = nR(t),

Now, if the time dependent reliability function for the
direct link system is separated into two parts, Rye(?),
which is the time dependent reliability function of the
high-gain antenna, and R(t),, which is the reliability
function of the direct link system excluding the high-
gain antenna:
Rm;(t) = 'n—,\‘m‘
R(t)o

This relationship is shown in Fig. 25 for 200- and 400-day
trajectories. The middle curve of these two plots repre-
sents the smallest reliability function to which the high-
gain antenna must be designed to make the direct link
mission more favorable whenever both systems’ effective
bit rates are equal, i.e., n = 1. The upper curve repre-
sents this minimum function when n = 3, and the lower
for n = ‘. From the results of Section 6.1.4 it seems un-
likely that n will be less than %; therefore, the direct link
mission should not be considered if a high-gain antenna
system cannot be made more reliable than the lower
curve. If the high-gain antenna system reliability func-
tion falls anywhere within the shaded areas of Fig. 25,
then further refinement of the relative effective bit rates
is necessary before a conclusion can be drawn as to
which mission is more favorable, based on expected infor-
mation. One further comment is in order about Fig. 25.
Because the reliability of the high-gain antenna system
must exceed unity for the direct link to be the more
favorable over certain surface mission times (all missions
less than 208 days in the surface for a 200-day trajectory),
this shows that missions of less than 7 mo should use the
relay link approach to get more average total informa-
tion. For surface missions greater than 7 mo, the direct
link mission should be advocated whenever the high-gain
antenna system reliability is shown to go beyond the
upper curve.
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link lander can be handled by the orbiter with only 4 w
radiated power for this particular orbit. If higher power
is used, the remaining capacity would most likely be
filled with orbiter science data.

The expected cumulative bits and the total bits (reli-
ability not included) for a 6-mo mission for these three
systems is given in Table 13 for 200- and 400-day transit
trajectories and the following assumptions:

1. The reliability of the direct link high-gain antenna
is 0.75 and time independent.

9. With the exception of the high-gain antenna and
parts of the telecommunication subsystem, the relay
lander is identical to the direct lander from a reli-
ability standpoint.

2 i %.?
> _ . ) A
L = 3
o ol % . % 3?&2?5::))'_ Table 13. Expected cumulative lander bits over 6-mo
o .. . .
z 7 % mission using 35-w S-band Mars—Earth transmitter
2
@ o4
5 ; A % Di link, Relay link Relay link,
w JIe {DIRECT)= Jg (RELAY) irect link, elay link, elay link,
@ % 7 Mission high-gain antenna 5000 km 4000 X 20,000
0.2 % reliability = 0.75 circular* km*
Ig (DIRECT)=2 Jg (RELAY) %
1 ¢ e 200-day transit 51 X 10° 118 X 10° | 1.29 X 10°
o400 500 600 700 800 400-day transit 3.3 X 10° 6.3 X 10° 6.6 X 10°
TIME, days Yotal bits® 1.7 X 10" 52 X 10" 57 X 10°
: H HHR H - . . 210 w lander radiated power.
Fig. 25. Reliability goals f?r high-gain antenna: SPertact rolrabiiit,
{a) for 200 day trajectory, (b) for

400 day trajectory

6.2.2.3 Sample calculations. Section 6.2.1 has given
effective bit rates for a sample direct link system and
three sample relay link systems (Tables 10 and 12).
Tables C-1 and C-2 have given results of the expected
cumulative bit calculations and these are repeated in
Fig. 24. From these various data it is possible to calcu-
late expected total information for several sample systems.
Recall that the information in Fig. 24 is based on the
assumption that the S-band amplifier on board the orbiter
and the direct link lander are, from a reliability stand-
point, identical. (The multiplier, p, = 1.) Effective infor-
mation rates for the direct link and a 5000-km circular
orbit relay link using a 35-w, S-band transmitter are
1110 bits/sec (4.0 X 10° bits/hr) and 3340 bits/sec
(12 X 10° bits/hr), respectively. The effective informa-
tion rate for the relay link having a 20,000-km elliptic
orbit is 364 bits/sec (1.27 X 10° bits/hr) for S-band
Mars-Earth radiated power greater than 4 w. It should
be noted that the information capacity of a 10-w relay

6.2.3 Storage Requirements

6.2.3.1 Relay link. The length and spacing of the
lander—orbiter viewing times have been mentioned in
Section 4.1.2.3. These two quantities fix the data storage
requirements for both the landed capsule and the satellite.

If the system has a viewing fraction v and an average
time between sightings T, then the fraction of time out of
sight is (1-v) and the average amount of data stored at
the beginning of a sighting is approximately T(1-v) 1.
where I. is the rate of data collection. The maximum
data collection rate I, is equal to the effective bit rate I,
but it seems likely that information would be gathered
at a somewhat lesser rate to assure complete return of
all data.

Unfortunately, a closed analytic expression for the

quantity T has not yet been found, but average storage
requirements for the example systems can be produced.
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Figure 20 has shown the time history of the elevation
angle for the 5000-km orbit, and Table 10 has shown
that the Case B antenna can transfer an average of
3340 bits/sec by starting transmission at 36 deg off the
horizon. Assuming the lander collects data at a constant
rate of 3000 bits/sec, the status of the storage unit for
the first 10 days can be derived from Fig. 20 noting
that the unit is discharged at 28,300 bits/sec (Table 10
and 10-w transmitter) when the satellite is above the
minimum elevation angle.

The initial condition of the storage unit is the subject
of some question. It seems likely that by 1975 atmos-
pheric entry data will no longer be needed, but there
may be some descent television system storing rather
than immediately transmitting the pictures. If, for in-
stance, ten pictures were taken before landing, the initial
complement of data would be in the order of 10® bits.
Figure 26 shows the time history of the status of the
storage unit assuming no initial data and 10® bits for
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the nominal 5000-km circular orbit. Note that the most
data stored for both is 2.65 X 10® bits.

The storage requirements for the satellite are similar
to those of the relay lander. Here the storage unit is
discharged rather than charged at a constant rate with
occasional inputs of data. Therefore, its time history is
more or less the inverse of Fig. 26a.

The 4000- X 20,000-km orbit has not been treated in
detail because of its low effective bit rate. Figure 27
shows, however, that the mean time T is roughly four
times greater than that for the 5000-km orbit.

6.2.3.2 Direct link. The storage necessary for the direct
link can be calculated immediately. The relation for the
stored data at the start of transmission, T(1-v) I., can be
used because T is just the time of the planet in rotation.
Assuming that I, = 3000 bits/sec and v = % (Section 4.2),
then the necessary capacity is about 1.8 X 10° bits.
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Fig. 27. Elevation angle vs time for 4000 X 20,000 km elliptic orbit
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7. CONCLUSIONS

The following general conclusions can be drawn in
terms of the three comparison parameters: effective bit
rate, reliability, and expected cumulative bits. For equal
radiated power to the Earth, the relay link has about
three times the data retrieval capability of the direct link.
The reliability of the relay link system is always lower
than the direct link, and is twice as likely to fail within
the 6-mo mission as the direct link. However, the in-
creased data rate of the relay link causes the expected
number of bits recoverable from the relay link to be
higher than the direct link. But, this difference is negli-
gible when the accuracy of the data used to produce
the answers is considered. Therefore, the relay link is
better (by a factor of three) in absolute data rate capa-
bility; worse by (at most) a factor of two in reliability,
and within a factor of two in terms of expected cumu-
lative bits. Thus, neither data retrieval approach shows
a clear advantage in terms of the comparison parameters.

Several observations specific to the relay link may be
made. The lander transmitter power needed to saturate
the orbiter—Earth leg is only 10 w for a 5000-km altitude
orbit dictated by the present contamination constraint;
it is clear that there is no degradation suffered in the
relay link potential due to this constraint, There is no
reason to seek a lower altitude orbit because the orbiter-
Earth leg cannot handle the added bit-rate capability.

The major constraint on the data retrieval capability
of the relay link is the orbiter—Earth communications.
If the problems inherent in the orbiter—Earth communi-
cations are solved, some of the problems of the direct
link are also solved. The main areas in common are the
pointing of an extremely directional high-gain antenna
and the construction of long-life, high-power, S-band
transmitters.

The effect of departing from an optimum communica-
tion orbit on the relay link data-rate capability can also
be seen. Section 6.2.1 shows that the selection of an orbit
to meet some science requirements (4000- X 20,000-km
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altitude) decreases the lander-orbiter data-rate capabil-
ity by almost a factor of ten. This is not as serious as
it might first seem because some data-rate capability
must be forfeited for the orbiter science data. One might
think of raising the lander transmitter power but, unless
one is considering a VHF transmitter on the order of
100 w, the goal of 10" bits of lander data must be set
aside.

Interesting and important results have been obtained
in the area of optimizing the use of antenna beam pat-
terns. Table 10 shows that, contrary to intuition, it is not
generally best to transmit over as large an angle as pos-
sible. Rather, the transmission policy is dependent on the
beam shape of the lander and orbiter antennas and the
elements of the orbit. The general results of Section 6.2.1.1
may be applied to any given pattern, or may be used to
derive wanted pattern shape.

It is also seen that the longer flight time associated
with the Type II trajectories penalize the success proba-
bility of the relay link mission more harshly than the
direct link mission. This is true because more compo-
nents are needed for the relay link communications sys-
tem to operate successfully. This larger failure potential
must be weighed against the uncertainty in the ability
of the direct link lander to operate in the relatively
unknown Mars surface environment.

Preliminary calculations show that the storage unit bit
requirements are about the same for both the relay and
direct links and are on the order of 3 X 10* bits for a
mission objective of 10" bits. The size of the storage unit
scales directly with the wanted total bits for a given
length mission.

In summary, no definitive conclusion can be drawn
between the direct and relay links when using the stan-
dards of effective bit rate, reliability, and expected cumu-
lative bits. Therefore, the decision should be made on
different and, possibly, more pertinent considerations.
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APPENDIX A

Background Mathematics

A.1 INDEPENDENT EVENTS

Let A and B represent the successful operation of two
subsystems that are physically and functionally inde-
pendent over a given time gap. The probability (Pr) that
both subsystems operate successfully over the time gap
is given by:

Pr (A and B) = Pr (A) X Pr(B) (A-1)
where Pr (A) is the probability that the first subsystem

works properly and Pr (B) is the probability that the
second subsystem works properly.

A.2 DEPENDENT EVENTS

If C, and C; represent the successful operation of two
subsystems over a given time gap, and if these subsystems
are interdependent, then

Pr(C,and C,)= Pr (C,) X Pr(C,/C,) (A-2)
where Pr (C,) is the probability that the first subsystem
works properly over the time gap and Pr (C./C,) is the
probability that the second subsystem works properly
over the time gap, if the first subsystem has worked
properly over the same time gap. If the second subsystem
has the same components as the first, Pr (C,/C,) is unity.

A.3 REDUNDANCY

If several subsystems are designed so they are function-
ally redundant in a given spacecraft system, the space-
craft will work successfully as long as at least one of the
sets of functionally redundant subsystems continues to
operate successfully. Let D and E represent the successful
operation of two redundant, but independent, subsystems.
Then the probability that at least one of the subsystems
will work properly is given by:

Pr(Dor E) = Pr (D) + Pr(E) — Pr (D) Pr (E)
(A-3)

where Pr (D) = probability that the first subsystem works
properly over the time gap

Pr (E) = probability that the second subsystem
works properly over the time gap

Pr (D) Pr (E) = probability that both will work
properly over the time gap (Section A.1).

Equation (A-3) holds whenever both subsystems are acti-
vated at the outset of the mission. If the redundant sub-
system is activated only on failure of the primary, the
expression is obtained through a technique calling for
the integration of their failure density functions and con-
sideration of the presence of failure detection and switch-
ing circuitry. Usually, where redundancy techniques are
used in this analysis, they will be of the first type.

A.4 RELIABILITY MODELS

The reliability models used in this analysis come from
two basic probability distributions. One is the exponential
distribution that is used to represent the reliability model
of electronic components; the other is the binomial dis-
tribution that is used to represent the reliability model of
short time mechanical and chemical devices.

A 4.1 Exponential Reliability Model

If an electric component is known to have a failure
density function of re™!, then the probability that the
component will not fail between ¢t = 0 and ¢t = ¢, is:

R(t,) =1 — /h)x exp(—At) dt

= exp(—At,) (A-4)

Parameters 8 and o have been introduced (Sections
52.4.1 and 5.2.4.2) to modify the failure rate A in the
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stored and energized modes, respectively. If the time a
component is energized is £z and the time stored ¢; where
ts + tz = t, then the application of o and g8 changes
Eq. (A-4) to:

R(ts, te) = |:1 - /tsaxexp(—axt) dt:l

[1 [ nexp(—g D) dti| (A-5)

= exp(—aAits — B Atg)

A.4.2 Binominal Reliability Model

A component obeying the binomial probability law will
work properly with some probability p, where:0 <p <1,
and will fail to work with probability, 1—p.

A.5 CONDITIONAL PROBABILITIES

If the probability that a component will work at least
for time ¢; is R(¢;), then the probability that it will work
for time ¢, is if it has successfully operated for time ¢, is:

R(z.)

RE/5) = R

(A-6)

APPENDIX B
Subsystem Reliability Models

B.1 INTRODUCTION

The following sets of functions represent the reliability
models of the individual subsystems appearing in Figs. 12
and 13.

The reliability of a time-dependent subsystem can be
obtained by solving the functions at the time of interest.
The probability that subsystem X will work through
Event A is denoted by Ry. The times at which the major
events take place are a function of the trajectory chosen,
therefore the models are derived for arbitrary event times.
The time of occurrence of Event A is represented by ¢,.
For a given time of occurrence of Event A, the reliability
of all subsystems that are functions of ¢, can be obtained.

The reliability models of the direct link and relay link
subsystems were obtained from various independent
sources, and, therefore, the assumptions on which the
several models are based are not necessarily consistent.
Because the authors are not familiar with every sub-
system configuration on board a typical direct link and
relay link spacecraft, it was necessary to accept these
models as best estimates of the subsystems. Further
refinements of subsystem definition for advanced plan-
etary missions will be made in the future and, later, the
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reliability models used to represent them can be made
more accurate.

An IBM 1620 program was used to get numerical
results from the analysis. The program was written with
enough flexibility so that any subsystem model thought
unrepresentative can be removed and a better model put
in with little effort.

B.2 BUS AND ORBITER SYSTEMS

The following models cover all subsystems in the direct
link flyby bus and the relay link orbiter. Note that numeri-
cal subscripts 1-7 refer to the subsystems of the direct
link configuration, and subscripts 51-58 refer to the
subsystems of the relay link configuration.

B.2.1 Thermal Control Subsystem

A passive thermal control subsystem was assumed to
be ample to meet the advanced planetary mission require-
ments. Such a passive system, when designed well, should
be a very reliable device. Therefore, it was assumed (for
this analysis) that the thermal control system in both the



direct link configuration and relay link configuration was
perfectly reliable.

Riy,=1 R; =1
Rp, =1 Rus; =1
Rs, =1 Rys» =1
Rys =1 Ren =1
Ri =1

B.2.2 Electrical Power Subsystem

The model for a solar photo-voltaic electrical power
subsystem was taken from Ref. 5, which analyzed the
Mariner C electrical power (EP) system.

R(EP): P1P2(P3P4 +P5— P3P4P5)P6
(P'r + P8P9 —P7P8P9)P10
Failure rate,

Symbol Unit

times 10-¢/hr
P, Solar panel circuitry 29.36
P,  Power distribution 2.96
P, 38.4 ke CC&S 12.42
P, Synchronous source transfer 4.85
P; Local oscillator 2.421
P; 2.4 kc synchronous 449
P, Booster regulator 1 16.10
Ps Switch for booster regulator 2 8.26
P, Booster regulator 2 16.85
P, 2.4 kc main inverter 11.44

P, = exp(—48.25 X 10~ gt,)[exp(17.27 X 10~ 8t,)
—exp(—19.69 X 10 8t,) +exp(—2.42 X 10 gt,)]
[exp(—16.10 X 10~ gt,)
+exp(—25.11 X 10-° Bt,)—exp(—41.21 X 10 8t,)]

Py, = sameas P, witht,— ¢,
Py, = sameas P, with £,— ¢,
Pys, = sameas P,, witht,— ¢,
P, = sameas P, witht,— ¢,
Py;, = sameas P, witht,— ¢,
Pys, = sameas P,, with t,— ¢
Pys, = sameas P, witht,— ty

Pg:» = sameas P, witht,~— ¢
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B.2.3 Guidance and Attitude Control Subsystem

The model for a guidance and attitude control (G&AC)
subsystem was taken from Ref. 5 (Mariner C).

R(G&AC) = P,P,P,P,P,P,P,P.P,P,,

ymbol  Uni tmes 10-7h

P, Canopus sensors and electronics 24.64
P, Canopus gate 8.89
P, Cone angle update circuits 571
P, Derived rate damping (roll) 1.54
P, Switch amplifiers and switch (roll) 10.22
P, Cruise sun sensors and regulator 3.68
P, Attitude control transformer/

rectifier 1.94
Py Derived rate damping

(pitch and yaw) 2.33
P, Switch amplifiers and switch

(pitch and yaw) 32.81
P,  Valves, nozzles, and gas 0.00

R4s = exp(—91.76 X 10-¢ gt,)
Rg, = exp(—91.76 X 10-° Btz)
Res = exp(—9L1.76 X 10-° gtc)
Russ = exp(—91.76 X 10~ 8ty)
R;s; = exp(—91.76 X 10-¢ gt;)
Ry = exp(—91.76 X 10-¢ gt,)
Ryss = exp(—91.76 X 10-° gty)
Rys; = exp(—91.76 X 10-° Bty)
Rgss = exp(—91.76 X 10-¢ 8t)

B.2.4 Central Computer and Sequencer
Subsystem

The model for a central computer and sequencer (CC&S)
subsystem was taken from Ref. 5 (Mariner C).

R(CC&S) = P,P,P,P,P,P.P.P;
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Failure rate

Symbol Unit times 10~ /hr
P, CC&S transformer/rectifier 4.60
P, Oscillator 7.80
P, 1 pps, 25 pps, 1 ppm counter 25.44
P, Magnetic/1000 6.33
P, Magnetic/2000 8.19
P, Master time matrix 10.09
P Driver 1.70
P, Relay 0.75

R, = exp(—64.90 X 10 g¢,)

64.90 X 10~ pty)
64.90 X 10 gt)

(
Rg: = exp(—64.90 X 10-° pty)
Rei = exp(—64.90 X 10-° Bt.)
Ryss = exp(—64.90 X 10 gt,,)
Ry, = exp(—64.90 X 10 gt;)
Ryss = exp(—64.90 X 10 gt,)
Ryse = exp(—64.90 X 10-° gty)

(
Ry;, = exp(
(

Rgss = exp

B.2.5 Propulsion Subsystem

The model for a propulsion subsystem was taken from
Ref. 5 (Mariner C). For this analysis, the propulsion sub-
system’s reliability is degraded only when it is stored.
If it has not failed during storage, it will work properly
with probability 1.0 when activated. A failure rate of
187.00 X 10-°/hr was given in the reference. Therefore:

Pay = exp(—187.00 X 10° at,)
P157 = exp(—'187.00 X 10_“ at1>
Pus: = exp(—187.00 X 10 aty)

B.2.6 Telecommunications Subsystem

Besides fulfilling the normal communications require-
ments for a typical direct link and relay link spacecraft,
the telecommunication subsystem (in conjunction with the
Deep Space Network, DSN) is also assumed to back up
the CC&S. So, where more than one telecommunication
subsystem appears in the block diagram for a successful
event (Figs. 12 and 13), they are not independent. Wher-
ever this happened, the technique described in Section A.2
(Appendix A) was applied in the analysis. Whenever the
same component was found in more than one telecom-
munications subsystem, its reliability was assumed to be
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unity in all subsystems except for the one serially con-
nected to the rest of the spacecraft. The model for the
various telecommunications (T/C) subsystems was ex-
tracted from a JPL internal document.

Failure rate,

Symbol Unit times 10-/hr

P, Omnidirectional antenna (S-band) 4.0

P, High-gain antenna (S-band) 7.0
P, Circulator (S-band) 2.0
P, Receiver (S-band) 70.8
P, Command detector and decoder 43.7
P, Power supply (S-band) 5.2
P, Power amplifier (S-band) 16.3
P, Exciter (S-band) 26.4
P, RF switch 2.0
P,, Diplexer (orbiter-lander) 3.0
P..  Receiver (orbiter-lander) 36.4

P Buffer and storage

(orbiter-lander) 157.0
P,;  Modulator 2.54
P, Data select switch 2.0
P Exciter 2 (S-band) 26.4
P..  Power supply (orbiter-lander) 5.2
P,.  Tone generator and power

amplifier (orbiter-lander) 16.3
P.. Detector (orbiter-lander) 16.54

R, = (P, + P, — P,P.) P,P,P.P,
= exp(—120.7 X 107 t,) [exp(—4.0 X 107 gt,)
+exp(—7.0 X 10~ gt,) —exp(—1L.0 X 10-° gt.)]
Rp; =1
Res =1
Ry = (P, + P, — P,P.) P,P,P.P,
= exp(—120.7 X 10-° gt,;) [exp(—4.0 X 10~ Btu)
+exp(—7.0 X 10-° Bt;) —exp(—11.00 X 10- gt;)]
Ry =1

Rys =1
Ryss = 1
Ryss = P,P;

= exp [ —114.5 X 10% B(ty-- t,,)]
Ry = exp[ —114.5 X 10 Bt —tu)]
Ry, = (P, + P, — P,P.,) P,P,P.P.P:P
exp(—164.4 X 107 pts) [exp(—4.0 X 107 Bts)
+exp(—7.0 X 10-° Btz) - exp(—11.0 X 107" Bts) ]

il



Res = same as Ry, with £5—¢,
R;ss = v(P, + P, — P,P,) P,P,P.P,P,P:P,
= vexp(—166.4 X 10~ gt;) [exp(—4.0 X 10-° gt;)
+exp(—7.0 X 10-° gt;)—exp(—11.0 X 10-° gt,) ]
R;sc = same as R, with {51,
Ryse = same as Ry, with t,—1y,
By;s = v P,P,P,P;P.P,P,,P,,P,.P,;P,,P,;P.;P:P:s
= exp(—140.9 X 10-° Bty){exp[— 32.5 X 10-° Bty
— (253.1 + 163p) X 10 aty]}
Rsi6 = vexp(—140.9 X 10° Bty ) (exp { — 32.5 X 10-° gt
— (253.1 4 16.3p) X 10 [aty + B (t — t3)]})

B.2.7 Planetary Horizontal Platform Subsystem

The model for a planetary horizontal platform (PHP)
subsystem was taken from Ref. 3, which analyzed a
proposed Voyager-class mission.

R(PHP) = P, P, P, P, P,

Failure rate,

Symbol Unit times 10-5/hr
P, Accelerometer block and associated
electronics 64.36
P, Computer 196.90
P, Planet tracker 08.80
P, Horizon scanner 62.50
P, Auxiliary star tracker 28.53

Ryss = exp (— 451.09 X 10 aty)
Ryss = exp { — 451.09 X 10~ [aty + B(t — ty)]}

B.3 LANDER SUBSYSTEMS

The following models cover all subsystems in the direct
link and relay link landers. Note, numerical subscripts
21-41 refer to direct link lander subsystems and sub-
scripts 71-84 refer to the relay link configuration.

B.3.1 Thermal Control Subsystem

The model for a lander thermal control (TC) subsystem
was taken from Ref. 4 (Voyager).

P(TC) = R,R,R,R,R;R.R; (1 + At + Ast) R

[1— (1= R)(I— Ru)][1—(1 — Ru) (1 — Ru)]
RIZ Rl3 R14 RlS (]- + Alét + Al5t) RIG R17 RlS
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Failure rate,

Symbol Unit times 10-°/hr
R,  Water tank (not used on surface) 0.35
R,  Water boiler (not used on surface) 1.10
R,  Solenoid valves (not used on

surface) 113
R, Radioisotope thermoelectric

generator heat exchanger 1.10
R, Liquid-to-liquid heat exchanger 1.10
R, Pump 1.12
R:  Direct current motor 1.12
R.  Solenoid valve 1.13
R,  Solenoid valve 113
Ri;  Squib valve and guillotine 118
R,; Check valve 0.11
R.- Intransit radiator (not used on

surface) 1.10
R,;  Reservoir 0.35
R,,  Modulation valve 145
Ri; Direct current motor 1.12
R,.  Temperature sensor 0.15
R.: Temperature controller 0.47
R;s  Plumbing, fittings, tubing, and

component surface plates 1.10

Ry» =exp( — 13.89 X 107¢ at,,) (1 + 2.24 X 10 at,)[2 exp
(— 113 X 10 aty) — exp (— 2.26 X 10-° at,)]
lexp (— 1.13 X 10-° atp)
+ exp (— 0.11 X 10°° at,)
—exp (— 1.24 X 10-° atp)] (1 + 2.57 X 10-° atp)

Ry =

(exp { — 3.68 X 10 atp, — 10.21 X 107
[at, + B(te — t1)] 1

{1+ 224 X 10 [aty + Blts — t)])
(2exp { — 1.13 X 10 [at, + B(ts — tD)]}
—exp {— 2.26 X 10~ [aty + B(tr — tu)1})
(exp { — 113 X 10~ [aty, + B(ts — )]}

+ exp {— 0.11 X 10°° [atp + Bty — t,,)]}
—exp { — 1.24 X 10~ [aty + B(tr — tn)1})
(14257 X 10 [at, + B(ts — )]}

Ry
R(Iﬁl
Ry,
R.:
Ron
RTTI

= same as R;., with t;, — ¢,

= same as R;., with#, = ¢,

same as Ry., with t, — tx
same as Rg., with t; = ¢,
same as Rz, with t; = ¢,

same as Rg., withtz — ¢
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B.3.2 Electrical Power Subsystem

The model for a lander electrical power (EP) subsys-
tem was taken from Ref. 4 (Voyager).

R(EP) = P, P, P, P, P,

Failure rate,

Symbol Unit times 10-¢/hr
P, Radioisotope thermoelectric
generator 0.28
P, Battery charging regulator 2.11
P, Nickel-cadmium battery 0.50
P, Harness, cabling, connectors 1.00
P, Power conversion and control 1.75

Ry = exp (— 5.64 X 10°° atp)

R, = exp { — 5.64 X 107 [afp + Btz — t0)]}
Ry, = exp {— 5.64 X 107 [atp + B(tr — to)]}
= exp { — 5.64 X 10 [atp, + B(t — tp)]}

Rir. = exp (— 5.64 X 107 aty)

BRi:» = exp {— 5.64 X 10 [atx + B(tr, — t,\-)]}
Ror: = exp { — 5.64 X 10 [atx + B(to — tx)]1}
Ryr, = exp {— 5.64 X 10 [atx + B(¢ — tx)] }

=
-
5
©

!

B.3.3 Release Subsystem

The reliability estimate for a capsule release subsystem
was taken from Ref. 3, Volume 1V, page 316. The compo-
nents of the release subsystem (RS) are time-independent.
When energized, they will work properly with the fol-
lowing probabilities:

R(RS) = P, P, P, P, P, P, P, P, P,

Symbol Unit Reliability
P, Flexible linear shaped charges  0.98200
P, Explosive bolts 0.99974
P, Ball lock bolt 0.99790
P, Mechanical latches 0.97850
P; Marmon clamp Not available
Py Spring 0.99160
P; Gas generator 0.99435
Py Cartridge activated device 0.98900
P, “Fly-away” 0.98188

Reliability estimates are based on Avco reliability dem-
onstration tests and the FARADA Handbook (Ref. 6).
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B.3.4 Stabilization Subsystem

The reliability estimate for a capsule stabilization sub-
system was taken from Ref. 3, Volume IV, page 316.
When activated, the stabilization subsystem (SS) will
work properly with the following probability.

R(SS):P1P2P3

Symbol Unit Reliability
P, Spin rockets 0.99070
P, Momentum wheels Not available
P, Attitude control system 0.98430

Reliability estimates are based on Avco reliability dem-
onstration tests and the FARADA Handbook (Ref. 6).

Ry, = 0.9751
Ry = 0.9751

B.3.5 Retardation Subsystem

The reliability estimate for a capsule retardation (R)
subsystem was taken from Ref. 4, which analyzed a heat
shield and parachute retardation technique. All com-
ponents of the retardation subsystem have a discrete
probability of working properly when energized.

R(R) = [1—(1—P.P.P1P4)?] P;PP:PP;P4 PPy,
[l - (1 - P]4)4] P15

Symbol Unit Reliability
P, Remote activated batteries (2) 0.9980
P, Arming relays (2) 0.9999
P, Acceleration switches (14) 0.9980
P, Timers (8) 0.9990
P Trajectory time delay (1) 0.9999
P; Drogue mortar (1) 0.9990
P, Deceleration chute (1) 0.9990
P In-flight disconnect (1) 0.9990
P, Time delay (1) 0.9999
Py Aft cover explosive bolts (4) 0.9990
P, Deceleration chute explosive 0.9990

bolts (4)
P, Main parachute (1) 0.9990
Py Swivel (1) 0.9999
P Reef line cutters (4) 0.9999
Py Cutoff fittings (4) 0.9999
Ry.; = 0.9872
Ry.; = 0.9872



B.3.6 Surface Orientation Subsystem

The reliability estimate for a capsule surface orienta-
tion (SO) subsystem was taken from Ref. 4. All compo-
nents of the surface orientation subsystems are time-
independent.

R(SO) = P1P2P3P4P5P6P7PSP9P10P11P12P13

Symbol Unit Reliability
P,  Impact acceleration-switch (1) 0.9990
P, Arm relay (1) 0.9999
P, Disarm relay (1) 0.9999
P, Mercury switches (3) 0.9999
P, Motion detectors (3) 0.9990
P Time delay (1) 0.9999
P, Motion and gear train (1) 0.9990
Py Deployment mechanisms (10) 0.9990
P, Electromechanical activator (1) 0.9990
Py,  Tilt bar (1) 0.9999
P Harpoons (2) 0.9980
P,, Solid rockets (2) 0.9980
P,;  Shaped charges (1) 0.9990

Ry = 0.9895
Roze = 0.9895

B.3.7 Data Handling Subsystem

The lander data handling (DH) subsystem was
assumed to consist of a Mariner C tape recorder and
real-time data automation system.

R(HD) = P,P,
. Failure rate,
Symbol Unit times 10-¢/hr
P, Tape recorder (Mariner C) 187.00
P, Real-time data automation
system (Mariner C) 537.34

Rgar = exp {— 724.34 X 10-° [atr + 8(t — 1)1}

Ree = exp { — 724.34 X 10 [at, + B(t — t0)]1)
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B.3.8 Capsule Timer and Sequencer Subsystem

The capsule timer and sequencer (CT&S) was assumed
to consist of the same components as the Mariner C
central computer and sequencer (CC&S). So, the same
reliability model as described in Ref. 5 for the Mariner C
CC&S was picked to represent the CT&S (Section B.2.4).

Rpss = exp (— 64.90 X 10-° atp)

Rgss = exp {— 64.90 X 10-¢ [atp + B(tz — tD)]}
Rpzs = exp { — 64.90 X 10~ [otp + B(tr — 25)]}
Rezs = exp { — 64.90 X 10-° [atp + B(t — £5)]}
Rgze = exp (— 64.90 X 10-° at)

Riis = exp { — 64.90 X 10° [atx + B(tr — )]}
Rors = exp {— 64.90 X 10 [atx + B(to — tx)]}

RT']g = exp {_ 64.90 X 10-¢ [(ltK + B(t - tK)]}

B.3.9 Telecommunications Subsystem
(Excluding Antennas)

The telecommunications (T/C) subsystem consists of
components that have a primary communication link and
components that form a backup FSK S-band link. No
component in the lander is shared by both the primary
and backup configurations. The model for the T/C sub-
systems for the various lander events was taken from an
internal JPL document.

Failure rate,

Symbol Unit times 10-/hr
P,  Receiver (S-band) 70.8
P,  Capsule command detector

and decoder 52

P,  Circulator (S-band) 2.0

P,  Power amplifier (S-band) 16.3

P;  Exciter (S-band) 26.4

P,  Power supply (S-band) 5.2

P.  Data encoder (Mariner C) 100.0

P;  Diplexer (lander-orbiter) 3.0

P,  Power amplifier (lander-orbiter) 16.3

P,,  Exciter (lander—orbiter) 105
P,,  Power supply (lander-orbiter) 52
P,.  Receiver (lander-orbiter) 36.4
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Rpyo = P, P,
= exp (— 75.7 X 10~ atp)
Roso = P, P,
= exp { — 75.7 X 10~ [atr + B(t — t)] }
Ros: = P, P,
= exp (— 75.7 X 10-° aty)
Rys; = P, P,

exp {’— 757 x 10 [(lto + B(t - to)]}

Rpsy = P, P, P, Py
exp (— 49.9 X 10-° aty)

Ryyy = P, P, P, P,
= exp (— 49.9 X 10-° aty)

R¢sy = P, P, P,P; P;
exp { — 149.9 X 107 [at, + B(t — t5)] }
R¢sy = P, P, PP, P,
exp { — 149.9 X 10~ [atr + B(t — tr)]}
Ross = P, P, P, P,
exp (— 49.9 X 10~ at,)
Bysy = P,P,P,P; P
€Xp {— 149.9 X 10-* [O.t(, + ﬁ(t - to)]}
Roso = P, P, P, Py
= exp (— 83.2 X 10~ aty)
RTSO = P1P2P3P6
exp { — 83.2 X 107 [ato + B(t — £0)]}
Ros; = P, PsPyP, P, Py,
exp [— (60.3 4 16.3u) ato]
Rysy = P, P; PP, P,, Py, Py,
= exp {* (160.3 + 16.3u) [ty + B(t — to)]}

Il

Il

B.3.10 Omnidirectional Antenna Subsystem

The omnidirectional antenna used in the relay link pri-
mary communication mode and in the direct link and relay
link backup mode was assumed to have a discrete proba-
bility of working. The following probabilities arc used to
represent the operation of the lander omnidirectional
antenna where it is needed to support an event; Rj.,
Rius, Rore, Rowi, Rrpies Rpai. These reliabilities assume
different values, and the effect on the overall probability
of mission success is studied. It was assumed that an
omnidirectional antenna on board a direct link lander
was the same as one on board a relay link lander even
though their operating frequencies, and then their phys-
ical dimensions, may be different.
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B.3.11 High-Gain Antenna Subsystem

The high-gain antenna subsystem has been discussed
in Sections 5.2.4.6. The following functions are used in
the models to represent the probability of the high-gain
antenna subsystem surviving impact, erecting, and track-
ing the Earth: R, Res..

B.4 DERIVATION OF MISSION EVENT
PROBABILITIES

From the block diagrams of Figs. 12 and 13, and the
probability analysis techniques of Section A.1 (Appendix
A), the functions representing the probabilities that the
mission events will happen may be produced. Note, they
are expressed in the subsystem reliabilities. This permits
use of alternate subsystem reliability estimates if new
information were to become available.

B.4.1 Direct Link Event Probabilities
Probability of deployment and acquisition (Event A)

PT(A) = RuR..Rys (Ru + Ry, — RJJRJG)

Probability of midcourse trajectory corrections (Event B)
PT(B) == R[{lﬂngn;; (R/n + R[;:, - RIMRR;'») RBGRBT
Probability of lander separation (Events C and D)

PT(CD) = ReRe:Rey (Res + Res — R¢iRes)
X ReoRez RpniRpooRoasRoasRoas

Probability of entry and landing (Events C and E)

PT(CE) = ReRe:Rey (Rm + Res — RmR('r.)
X ReoRes Reoi RpwaRoes Ross Rias Rigas

Probability that primary communications link is estab-
lished (Events C and F)

PT(CF) = R('lR(':R(r:s (R(‘-x ’+ R('n - R(an(;;,)
>< R(‘<;R1'7RF:1RI~ """ Rl)‘_’:lRl)z-lRE‘_‘nRF:ﬁ

(RI":s + RI-".'SRI”:m - Rr‘:sRF:uRlv:m> Rr:uRF:s:

Probability that degraded communications link is estab-
lished (Events C and F’)

PT(CF') = Rt'1R(':R(':s (Rm + R(‘5 - RNR(‘n)
X R(";Rm er‘:1er‘z:Rmeu:aRE:nRF:‘;
(Rms + RI-':m - RF:SRFSO) RF‘.!‘.)RF41
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Probability of surface operations (Events C and G)

PT(CG) = Rclﬂccha (Rc4 + Res — 304305)
X R(‘<;R('7 RGZIRG22RD23R024REZSRF26RG27
(R(:zs + RG:!‘JRG:M - R(:zsRG:QRGm) RGmRGsz

Probability of degraded surface operations (Events C and
G)

PT(CG’) = Rleccha (Rm + RCs - R04Rcs)
X RCGB(‘T RGZ1RGZZRDZSRD24R525RF26RGZ7
(BGZS + RG30 - Rczsﬁcso) R(;zsRGu

B.4.2 Relay Link Event Probabilities
Probability of deployment and acquisition (Event H)

P"(H) = Rys1Bus:Russ (RH54 + Russ — Rnsqﬂm;—.)

Probability of midcourse trajectory corrections (Event I)

PT(I) = R!slﬂlszﬂlsa (Rla4 + R155 - RI54R155) RISGRIST

Probability of lander separation (Events J and K)

PT(IK) = Rys:Rus2Rus5, (RJ:'M + Ry — RJ54RJ55)
X RJSGRJ:')TRKTIRKTBRKTSRKT-!RKTS

Probability of entry and landing (Events ] and L)

PT(]L) = Ry:s:1Rys:Rys5 (RJ;')J + Ryss — R.I;’.4RJ55)
X RJ;}GRJS7RL71RLTQRK73RK74RL75RL7S

Probability of orbital trim and retro maneuver (Event M)
Pr(M) = Ry BRasaRuss (RM54 + Ruyss — Ru54Ru55)
X RyseBuyse

Probability that primary communications link is estab-
lished (Events N and O)

Pr(NO) = Ry;1Rys2Ryss (Ryss + Ryss —RyssByss)
X RyseRus:Rxss
X RonRor:Rir3RgrsRii5Roz6 (Rors + RorsRoso
+ Ros2— Ro:sRorsRoso — RorsBos: — RozeRosoRos:
X Ros: + RorsRorsRosoRosz ) Ros1Ross

Degraded communications link is established (Events ]
and O’)

Pr (]O') = Ry5:Ry5:Rus5 (RJ54 + Ryss — RJ54R.155)
X RJSGRJST ROTIRO72RK73RK74RL75ROTG
(Rms + ROHQ - ROTSRONZ) RO'ZQROH

Surface operations (Events S and T)
Pr(ST) = Res:Rss:Rsss (Rsss + Rsss — ResaRiss)
X RssoRusiRsss
X Rr:1RrzsRg:3RirsRirsRote
(Rrzs + RrrsRreo + Rrse
— RyzsRrzoRrso — RrzsRrs: — RyroRrsoRrse
+ RrisBRrioRrsoRre:) Rro:RrsRicy

Degraded surface operations (Events ] and T*)

Pr (]T’) = Rys:Rs50Russ (RJ54 + Ryss — R154R.l55)
X RysaRysr RrriRreaRgraRys Rp:sRors
(RTTS + RTS’_' - RT7SRTSZ) RT77RT79R~T84
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APPENDIX C

Reliability Tables

52




‘SNQ @Yy WoJy peynindas A||njssed3ns SDM §1 i ‘sel|iqpqold JepuD] moys seseyjueind ul sJequInN,

JPL TECHNICAL MEMORANDUM NO, 33-228

141 Viq4! 6ESL €091 9¥9 owz|
¥sol y9z1 Seel 16€1 609 ow ¢
i1z8 ¥86 ovol €801 6Z§ ow g
1474 998 Slé €56 98y owg
Lo 1194 viL 908 oey ow
(114 z8$ 1414 or9 6S¢ owg
£re 484 1474 tA4 4 892 ow gz
181 81z o€z ore osi ow |
144 €5 9¢ 6§ 6¢ AM |
9 £ 8 8 9 Aop | wp (ayfsuq vy *f Aq pezypwiou)
$iiq penaddn aBpisay
(ri'0) 800 |(r1'0) 800 [(¥1'0) 800 |(ri'0) 800 (ri'0) 800 owz|
(1Z°0) T10 |{1z'0) z1'0 [{1Z'0) Z1'0](1Z°0) Zi'O|{1z'0) t1'0 ow 4
(0e°0) Z1'0 {(0€0) Z10 |{0€0) Z£1°0 { (0€'0) Z1'0{ (0€0) 910 ow ¢
(r€'0) 610 |(¥E'0) 61°0 | (¥E'0) 610 ] (rE0) 610 (¥Ye'0) 810 owg
(8€0) 0 |{8€'0) ZZ'O [(BE'O) ZZO |(BE'O} ZTO|(8E0) iZO ow ¥
(E¥'0) SZ°0 [(e¥'0) STO | (e¥0) SZ°0 | (ev'0) STO| (Ev'0) £TO ow ¢
(6¥°0) 8Z°0 |(6v°0) 8Z'0 [(6v°0) 8Z0 | (6¥°0) 8Z'O| (6¥°0) £z owyg
(S6°0) €0 |(sS0) zeo |(SS°0) ze'o|(Ss'0) ZTEO| ($6°0) 0€0 ow |
(19°0) $€0 | (1970) sc0 |(190) §€'0 ]| (190} S€0| (1970} ¢€€0 Am |
(z9°0) 9€°0 {(Z90) 9¢0 [(Z9°0) 9€0 [ (Z90) 9£0| (Z9°0) ¥E0 Aop | 04 suoypiado @3pyins pappiBap 3O
(r8°0) 8¥°0 |(r8'0) 8v°0 | (¥8'0) 8¥0 | (¥8°0) 80| (F8'0) 9¥'0 | PoYSGPIS® 1 UK UOYLIUNWWOD PRpPRIBap joy)
(11°0) 9070 |(e10) <400 |(¥1'0) 80°0 |(r1'0) 80°0( (¥i°0) 100 ow 71|
(91°0) 60°0 J{61°0) 110 [(0Z°0) 1LO((L1Z0) ZTI'0| {0Z0) ZTO'0O ow ¢
(€T°0) €1°0 |(£Z'0) 910 |(62'0) £t'0|(0€0) £I1'0O| (6Z°0) S0°0 ow ¢
(9Z°0) S1°0 {(1£°0) 810 |[(€€'0) 610 | (¥E°0) 61°0| (E€°0) £0OO ow g
(6T°0) £1°0 |{se’0) oz'0 |(£€0) 1Z'0 | (8€0) zZ'0| (££0) 60°0 ow ¢
(€0} 61°0 [(0¥0) ZZO |(Z¥'0) ¥T'0|(Ey'O) STO| (Z¥'O) L1'D ow ¢
(£€°0) 1T°0 |{¥¥'0) STO |(Z¥'0) £LTO| (6¥0) 8Z'0| (8Y0) ¥I'0 owg
{tr'0) ¥z°0 |{05°0) £Z0 |(€s'0) ©0€0|(5§°0) zeO| (SS0) 810 ow |
(97°0) 920 |(sS'0) 1€'0 | (85°0) €€°0 | {19°0) §€0| (09°0) ZZO L L}
(£y°0) £T°0 | (9S°0) Ze'o | (09°0) ¥eO| (29°0) 9£0] (z90) €0 Aop | 10} suoypiedo edoyns Aipwud 4O
(r9°0) 24870 |(£2°0) ¥¥'0 [(18°0) 9¥°0 | (¥80) 8¥0| (¥8°0) TEO| PIYsigPIse si yuy uoypduNWWed Aiownd joy)
(98°0) 6¥°0 | (98°0) 6¥'0 | (98°0) 6¥°0 ] (98°0) 6¥°0| (98°0) L¥O Bujpuo| pup Anus 30
(£8'0) 060 | (£8°0) 050 | (£8°0) 0S0| {£8°0) 0S°0| (£8°0) £¥0 uoypiodas J9pup| 3O
86°0 86'0 860 860 €60 SUOLY94103 Asopdlpl) asinodplu 4O
00°1 00°L 00°t 00°t 00't uoyisinbap pun juswioidep BlIUI $O
§20 = 060 = §6'0 = 660 =
Hom [m Bom (m Biom (M YoM Jim
puusjup ups | puuejun UPB | buusjup uB | Puusjun upd quy
4By oy -8y ioyy -4Byy yoyi ~yBy Joy; Aojey
Amaoqoad | Aunqeqesd | Aupqeqosd | Aupgoqesy sonlqRqe.d
Auy oaig
66'0 = YoM J)Im HuD |DUOHIIIP) 1y Ayliqegqo.g

(0'L=""'880'0="0'S6'0=""'61"0=¢ !SADP 00p = sy dii}) 4Si{nsa1 A}|igpIjel g 8sD) ‘- d|qPL

54




JPL. TECHNICAL MEMORANDUM NO. 33-228

‘snq 9y} woly pejnipdes A|[nysseddns SOM 3] 1 ‘SONI|IqDQOId JOpUD| MOYS S8SBYIULIDd UL SIAGUINN,

4881 [ 4244 06€7 oSt 0681 8977 Y6€T 1.1 44 S0zt owzl
LE91 961 €40 8801 6€91 £961 £20T y91T YeLl ow g
SLT1 0gst S19l Své LLT1 Tesl1 £191 §891 y86 ow 9
Tl 9vEL R4 4 498 [ XA} 8rel 124 41 €8yl v06 owg
6¥6 6tll ozt 894 056 orilt €0T1 1414} 008 ow y
[ 274 Y06 [£7:] (3474 1474 $06 [ 66 899 ow ¢
(43 8¢9 VL9 8LY (4% 6€9 L9 €04 86¥ owzg
T82 13> LSE 89T 87 6€€ 85S¢ €LE 082 ou {
69 €8 L8 69 69 2 48 16 TL M
ol Tl €l ol ol (4! £l £l ot Aop 1| i (ayfsiq vt °f Aq pezijouusou)
$j1q panidD BoISAY
(910} z1'ol| (910) zro| (91°0) zio| (910) zL'o| {£1'0) €10 | {£1'0) €170} {£1°0) €10 (£1'0) €10O| (£ 1’0} Z1'0 ow gl
(€z'0) 810 (€z0) 810 (€z°0) 8L'0| (€20} 10| (vZ0} 810 (¥T0) 810 | (Yz0) 810 (vz'o) 81°0| (vZ'0) 810 ow 6
(re0) 920 | (ve'0) 90| (¥€0) 9z'0| {(rc0) ¥T0|(S€0) £Lz'0|(SEO) LT |(5€0) £LZ0|(S€°0) £Z'0| (S€E'0} STO ow 9
(8€°0) 62°0 | (8€70) 620 (8£°0) 6Z0| (8€70) 8Z'0| (0¥0) 0€0 | (0r0) 00 | (0¥0) 0€0] (0y'0) 0€Of (0¥0) 620 owg
(ev'0) €€0 | {ev'0) €c0| (ev0) €g0] {€v0) LEO | (S¥'0) ve0 | (S¥O) ¥EO|(S¥0) vE0| (s¥°0) ¥eEO| (S¥0) TE0 ow ¢
(6¥°0) ££0 | (6¥°0) ££0 | (6¥°0) ££0| (6¥'0) s£'0 | (15°0) 8€0 | (150) 820 |{15°0) 8¢0 [ (1§0) 8€0| (150} £L£O ow ¢
{(ss'0) zv'o | (ss°0) zv'0 | (ss0) z¥ol {s50) o¥0 | (85°0) €+'0 | (85°0) €0 |(850) €¥°0| (85°0) €v'O| (850) VO owg
(90} £v'0{(z9:0) 2v0| (2900 £¥0| (2Z9°0) S¥0|(59°0) 6v'0 | (S90) 6¥0 | (590} 6¥0|(59°0) 6¥0| (§9°0} £¥'0 ouw |
(89°0) 250 | (89°0) ZSO| (89°0) ZS0| (89°0) 690 |(1£0) #S°0 |(1£0) ¥#S0 |(iL0) v§0 | (1£0} ¥5°0| (1£0} 1§50 Am
(0£0) €50 | (0£0) €50} (0£0) €S0 (0£0) 050 |(€L0) S50 |{€L0) S50 !(€L0) §50 [ (eL0) §S0| (€£0) 2SO Aop | 0y suoypiado 2d04ins papoIBap JO
(z8'0) 90 | (z8'0) 790 | (z8'0) 90| (28°0) 650 | (58°0) §9°0 | (58°0) §9°0 | (58°0) §9°0 | (S8°0) §9°0| (S8°0) 19°0 | PAYSUQRIsd 51 yuy uoHDIWNWWEd PappIBep oY)
(€1°0) 010 | (S10) Z1°0] (91°0) Z1'0f (91°0) Z0'0|(E1'0) 010 |(S1'0) ZI'O|(91'0) TL0| (£L°0) €L0 (91°0) 20O owgl
(81°0) ¥1'0|(zz0) Z10| (€T°0) 8BLO| (E20) ¥0'0 | (610) %10 |(ZT0) £1'0 | {€T’0) 810| (rz'0) 810 (¥rz0) SO0 ouw 6
(£z0) 0Z0 | (zeO) ¥zT0| (PEO) 9T0| (EE0) 600 | (£Z°0) 0Z0 |(Z€0) ¥Z'0|(re0) 9z°0 | (5€°0) ZZ'0f (§€°0) OLO ow 9
(0€'0) €Z°0 | (9€70) £z'0| (8€0) 6ZT°0| (8E°0) Z1'0} (0£0) €T'0|(9€'0) £LT'0|(Be'O) 6Z°0((0¥'0) OFO| (6£70) €1°0 ow ¢
{re'0) 9Z°0 | (1¥'0) LEO| (EP°0) €€0| (E7'0) 9170 | (¥E'O) 9Z°0 | {L¥0) 1E0|(EVO) €€0(SP'0) ¥EO| (¥F¥'0O) 910 ouw ¢
(6€°0) 6Z°0 | (97°0) SE€O | (6¥°0) £L£O| (8Y0) 00| (6£0) 62°0)(9v0) S€0 ) (6y0) £L£0)(150) 8E0| (050} 1ZT0 ow g
(yy'0) €£0 | (265°0) 6£0 | (S5°0) ZyO| (SS0) 9Z°0 | (¥¥'0) €£0| (250} Ov0 | (S5°0) T¥'O|{ (8BS0} €¥O| (£5°0) £LZO owyg
(6¥°0) £€0 | (6570} SvO{{Z90) «v0O| (Z90) €€0 |(6¥0) £LE0 |(650) S¥0|{T90) L¥O|I(s90) 6¥0[ {v9:0}) ¥rEDO ow |
(¥$'0) L¥'0 [ (§9°0) 6¥0 | (89°0) TS0 (89°0) OFO | (¥5°0) 1¥y'0|(§970) 6¥°0 | (89°0) TS0 |(1£0} ¥S0| {1£0) 1L¥O b Gl §
(ss'0) T¥o | (99°0) 050 | (0£0) €S0 (0£0) 1¥'0|(SS0) Z¥O |(990) 0S0 |(0£0) €50 |(€L0) $S°0| (€EL0) €VO Lop | :104 suoypiado adpyins Aowud 3O
(970} 6¥°0 | (8£0) 650 /| (z8°0) 790| (28°0) 6¥0 |(S9°0) &v°0 |(8£0) 650 [(Z80) T90 |(58°0) S9°0]| (580} 150 PAYsqDIsS 1 Ul uoyIUNWWEd Asowid 4oyy
(£8°0) 9970 | (£8°0) 9970 | (£8°0) 99°0| (£8°0) T9'0 | (£80) 990 | (£8'0) 990 |{£8°0) 9970 | ({£8°0) 99'0( (£8°0) T90 Buipupj pup Asus 30
(88°0) £9'0 [ (88'0) 90 | (88°0) «£9°0( (88°0) €9'0 | (88°0) £9'0 | (88°0) £9°0 {(88°0) 490 |(88'0) 90| (88°0) €90 uoyoindas Japupy 4O
86'0 860 86°0 €6°0 860 86°0 86°0 860 €60 SUOYID110D A10pI3)DU) SsInOIPIW 3O
001 00°1L 00°1 00°L 00t 00°1 00’1l 00°L 00°tL uoyisinbdp pup juswAojdap [Pyl 3O
§L0 = 06’0 = §6'0 = §L0 = 060 = $60 = 660 =
Riom |im HoM Jitm HOM JiIm Rom M Alom M HIoM Jlim HoMm |iim
Jup uInB jup uinb HupR uInB yu up uibs jup ulbb jup uies jun ub Fuig
-481y joyy ~4BIYy jouyy =yBiy joy; Abjay -yBiy oy 4By oy ~4Biy oy -yB1y oy Angay
Aypgnqoad Aljqeqosyd Amqoqoad Apqoqoag Apjiqoqoug Aujiqoqoud Apjiqeqoag sailjiqoqold
juy padig jquil pPanq
$6°0 = oM [[Im HUD [RUOHIIIPS oy Aijiqoqosd 66°0 = Hom |Im HuD [DUONIIIP) 1oy Apiqoqosd

(01="'66'0="'860°0=""61"0=4 ‘SADP 00T = 2wy} dis}) 4Si|ns31 Aj|iqoyj21 | 850D *|-D 3|qpY

53




JPL TECHNICAL MEMORANDUM NO. 33-228

'$NQ Oy} WOl POIDIDASS A[|nj530330S TOM 4] J| ‘SO[§)|IGP]OId 1OPUD| MOYS SITIYILRIDD ) SISQUINN,

(349 143 144} 6ty T8 98¢ 744 141 owzgl
1144 40§ (349 791 yey 60§ L85 09¢ 1£1 ow g
€8¢ o9y [3:14 19t 08¢ 19¥ L8Y 205 891 ow 9
6S¢ ¢]% 4 1434 8%1 09¢ $4 4 SSy Siy 9t owg¢
14 06¢€ Ly €51 9z¢ 16€ (484 oty 651 owy
84T €EE ise (441 64T 14> eS¢ 89¢ 14 ow g
€1z 95T (724 1zt 144 $414 04T [4:14 91 owg
141 8yl 91t 6L 1£4} 14} LS €91 €8 ow
14 6¢ (34 €T 14 6¢ 84 114 144 A |
S 9 9 14 (] 9 9 9 14 Aop | ) (4yfsiq vt ¥ Aq pezypwiou)
$41q poniddD 8BpIeAy
(10'0) 100 | (10°0) 100 | (10°0) 10'0] (10°0) 000 | (100} 1070 (100} 100 | (10'0) 100 | (10°0) 10°0} (L0°0) 100 owzl
(€0'0) 1070 | (€0'0) 10°0 | {€0°0) 10°0| {€0°0) 10°0 | (€0'0) 100 | (€0°0) 100 | (€0°0) 10°0 | (€00} 100} (€0°0) 10°0 ow 4
(80°0) v0°0|(80°0) ¥0'0 |(80°0} ¥0°0| (80°0) %00 | (80°0) ¥0°0 | (800} ¥0'0 | (80°0) ¢O'O |(80°0) ¥0°0| (80°0} ¥00 ow ¢
(t1'o} o0} (11’0} s00 {(L1°0) SO0 (L1'0) SO0 (L10} §0°0 | (Li'0) §0°0|(11'0) SO0 {(Lt1'0) §0°0| (11°0) €00 ouw ¢
(S1°0) £0°0 | {S1°0) £0°0 [ (S1°0} £0°0 [ (S1°0) «£0°0 | (S1°0) £0°0 [ (S10) £0°0 |(S1°0}) £0°0O [(S1°0) £0°O| (S10) ZO©O ouw ¢y
(oz'0) o010 |(0z'0) o0z0 |(0z0) OL'0| (0Z'0) 600 [ {tZ°0) OL'0 | {10} oOt°0]|(1Z0) oL0|(1Z'0) ot0| (tz'0) OL'0 owg
(820} €10 |{8Z'0) €10 |(82°0) €1'0| (8Z'0) €1'0 |(6Z°0) ¥1'0|(62'0) ¥UI'0|(6Z°0}) ¥i0]|(620) ¥vL'O| (62'0) €10 owg
(6€°0) 61°0 | (6€°0) 610 | (6€°0) 61°0| (6€°0) 810 | (LP0) 61°0] (170} 610 | (1r0) 610 (1¥'0) 610 (170} 810 ow |
(0s'0) ¥z'0 |(0s'0) ¥Z'0 |(0S°0) ¥Z'0 | {0S'0) €Z'0 | (z§'0) §Z'0 [ (2Z§'0) s€Z'0 |(ZS'0) S§Z°0 |(Zs'O) <SzO| (ZS'0) ¥ZTO A |
(€§°0) §T'0 | (€5°0) ST'O |(€S5°0) SZO| (€S0) ¥Z'0 |(SS0) 920 (S50} 920 |(SS°0) 920 |(§5°0) 9Z0| (S5°0) €T0 Aop | 10} suoynsedo edpyins pepoaBap 40O
{08°0) ot0 | (08°0) 8€'0 |(08°0) 8€'0 | (08'0) 9€0 |(¥8'0) OFO | (¥8°0) OFO |(¥8°0) OFO |(¥8'0) OFO| (F80) 8E°0 | POUsIGOIS® 1 Ul uOEDIUNWWOD POpRIBIp Joy)
(10°0) 00°0 | (L0°0) 000 | (10°0} 100 | (10°0} 000 {10°0) 00°0| (10°0) 00°0 | {100} 100} (10'0) 100} {10°0}) 000 owzlL
(20'0) 100 | (€0°0) (00 | (€0°0) 10°0 | (€00} 00°0 | (Z0'0) 10°0 | (€0°0) 10°0 | (€00} 10°0 | (€0°0) 10°0| (€0°0) 00°0 ow 6§
(90°0) €0'0 | (£L0'0) €0°0 | (80°0) ¥0°0| (£0°0) 00°0 | (90'0) €0°0| (£0°0) €0°0 | (80°0) ¥0'0O | (80°0) ¥O°O| (8O'O) 000 ow 9
(800} ¥0'0 | (01°0) €00 {(L1'0) 00 (0t'0) 100 (B0'O) ¥0°0| (01°0) SO0 |(L10) so00|{t1'0) SO0 (110} 100 ow ¢
(T1'0) 9070 | (¥1°0) £0°0 | (S1'0) <00 {¥1°0) 100 | (z1'0}) 900| (¥1°0} 00| (S1°0) £0'O| (S1°0) «£O'O| (SL°O) 10O owy
(91°0) 800 | (61'0} 60°0 |(0Z°0) 0i'0| (0Z'0) ZO'O|(91°0) 800 (61°0) é0°0 | (0Z'0} o1'0( (12°0) oL'0| {1Z'0} ZTO'O ow ¢
(zz0) 110 | (£z°0) €10 | (8Z'0) €1°0| (8Z'0) ¥0'0|(ZTO) 110 (£Z'0) €1'0| (8Z°0) €1'0 ] (6Z°0) ¥L'O| (62'0) ¥O'O ouwyg
(1€0) S1°0 ) (£€°0) 810 | (6£°0) 410 (8€'0) 800 | (L€0) S1°0 (££°0) 8L0| (6€0) 610 (L¥0) 610] {0OF0) 800 ow |
(6€°0) 6170 | (£¥°0) €Z0 | (0§5°0) ¥Z0| (6¥°0) €10 {6€°0) 610 {£¥0) €0} (0S0) ¥Z0|(zs0) szo| (1S0) €10 bl ¢
(Ty'0} 0z0 [ (0S50} vZ'0 |(€S°0) STO| (ES°0) S1'0 | (Z¥'0) 0TO] (0§'0) #Z'O|(€S°0) §ZO |{SS0) 90| (SS°0) S1'0 Aop | 104 suoynsado epyns Aiowud O
(€9°0) 0£0 | (9£0) 9¢0 |(080) 8E0| (6£0) €T0|(€9°0) 0€0[ (9£0) 9€0|(080) 8c0 | (re0) 0¥'0| (€80) €T0 POYsIiqRIse 5| jul| uonpOUNWWEd Aspwnd joy)
(s8°0) O¥0|(S8°0) Or'0 |(58°0) Ov0| (S8°0) 6¢£0|(S80) O¥0| (S8°0) Oro0|(S8°0) OFO|(58°0) O¥VoO| (580) 6€0 Bupup) puo Aus 30
(98°0) L¥'0 | (98°0) 1¥°0 |(98°0) L¥'0| (98°0) €0 (98°0) (ro0| (980) L¥O| (980} 1¥0|(980) I(¥0| (98°0) 6£0 uoypipdas Japudy 40O
Y60 ¥6°0 Y60 060 ¥6°0 60 ¥6°0 [ZX) 06°0 $uolOR.I0d A10plnu) 8sIN0IPIW JO
00’1l 00t 00°L 00°L 00°1 00°L 00°L 00°L 00°L uosinboo pun juswioldep 1Pyt 4O
§2'0 = 060 = £6'0 = §24'0 = 060 = §60 = 66'0 =
jom Jm oM jiIm jiom [iim Hom Jnm Hom nm Hom jiim joMm itm
puusjup uPB | PuUsuD BB | PUuUR upB nuy juo uipb o uinB Db unBh ub uioB Auyy
4By oy 4By Joy; -4B1y oy Aojey ~yByy jouy -yBry oy -4Bry Joy; Y8y 4oy Anjey
Aunqerqoid | Aniqeqosd | Aliiqpqold Aupqeqoad | Aujigoqosd | Aunqoqosd | Anjiqoqosd senngeqo.d
yuy| pediq yuy Ppeaq
$6°0 = YoM |||M DUUYUD [DUOIRRIPIUWC DY} All]iqRqo.d 66°0 = NioMm M HUD jpuoHIeIP) oy} Ajiqoqoug

0'L=""'0="1'G6'0="1'6'0=0 'sAop 007 = awu duy) ,sinsa1 Ajjiqpija g 850 ‘g-) 8|qp]

55



*sNq 9y} WoJ) PeIDIDAes A[|NySSEIINS SDM JI §1 ‘$S9H1|IGDGOId JOPUD| MOYS S9SRYIUIDD Ul SIOQUINN,

JPL. TECHNICAL MEMORANDUM NO. 33-228

89 z8 98 St 89 z8 48 06 91 owz|
89 z8 98 Sl 89 r4:] 98 06 9l ow g
£9 08 (1] St £9 08 S8 68 9t ow g
99 6L €8 St 99 Y4 €8 /8 91 owg
€9 9L 08 St €9 9L 08 ¥8 oL ow ¢
34 0L vL St &S 1£ 174 :74 91 ow g
oS 09 €9 14! oS 09 €9 99 St ow gz
€€ 6¢ 84 1 €€ 6¢ (84 1% 4 z1 ow
oL zl 4} 14 ot 4} 4% €1 14 L L
t z z 1 z z 4 z 1 Aop | Wi (4yfsuq w % Aq pazypuiiou)
siiq pansdon aBDIdAyY
(00'0) 00°0 { (00°0) 00°0| (00°0) 0070 | (00°0) 000 |{00°0) 000 |(00°0) 00°0 | (000} 000 | (00°0) 000 (00°0) 000 ow 71y
(00°0) 00°0 | (000} 000| (00°0) 000} {(00°0) 000 |(00°0) 00°0 |(00°0) 00°0 | (00°0) 00°0| {00°0) 000| (00°0) 000 ou ¢
(10'0) 000 | (10°0) ©00°0] (100} 00°0{ (1070} 000 |(10°0}) 000 [(10°0] 000 | (10'0)] 000 (100} 00°0( (10°0} 00C oug
(10'0) 00°0 | (L0°0) 00°0| (10°0) 00°0 | (10°0) 0070 | (10°0) 000 [ (1070} 000 |(LO'0} 000 (10°0} 000 (100} 000 owg
(£0'0) 10°0 | (E0'0) 10°0] (€0°0) 10°0 | {€0°0}) 100 |(€0°0) 100 |(€0°0) 100 | (€0°0) 100 (€0°0) 10°0| (€0°0) 100 ow y
(s0'0) 10°0 | {S0'0) 10°0( (§0°0) 10°0| (S0'0) 10°0 {{S0°0} 100 |{50°0) 100 |(S0°0) 10°0| (50°0) 10°0| (S00) 100 ow g
(o1:0) zoo | (o010} zoo| {010} Zo0| (0O1'0) 200 [(O1'0) ZTOO |(0OL'0) ZOO|(OoL'0) ZoO| (01°0) Zoo| (0L°0) ZOO owg
(81'0) ¥0'0 | {81°0) ¥o'0f (810} ¥0'0[ (810} ¥0'0 |(61°0) ¥0°0 |(61°0) #0°0 |(61°0) ¥0'0| {61°0) ¥0°0O| (610} ¥0O ouw |
(oe'0) <00 | (0£0) £o'O| (0€'0) £O'O | {o€'0) 90°0 | (1€°0) £0°0 | {1€0) £00 |(L€0) £0'0] (1€0) £0°0Of (1€0) £LOO L L1
(r€'0) 800 | (vE'0) 80°0| (FEO) 800 | (¥€0) £O°0 |{SE0) 800 | (SE0) 800 | (S€°0) 800 | (SE°0) 800 (SE'0) 800 | Aop | +ojsuoypiado 3anjns papoiBap 30
(820} 810 [(8£0) 8L0f (840} 8L'0| (8£0) £1°0 [(18°0) 81'0 [(18°0] 810 [(180) 810 ((80) 810 (180} LL'0 |Paysiqriss st juy uoypouawwos papoibap oy
(000} 000 | (00°0) 000 {00°0) 000 (00°0) 000 |(00°0) 00'0 | (00°0)}) 00°0 | (00°0} 00°0 | {(00°0) 00°0| (00°0) 000 owzl|
(000) 000 | (000} 000 (00°0) 000 | (00°0) ©00°0 | (00°0) 00°0 | (00°0) 00°0 | (00°0} 00°0 | (00'0) 00°0| (00°0) 000 ow g
(to'0) 00'0 | (00'0) 00°0| {10°0) 00°0{ (10°0) 10°0 [{10°0) 00°0 | (10°0) 00°0 | (10°0) 0070 (L0°0) 000} (10°0) 000 ow 9
(100} 000 | (10°0) 00°0| (10°0) 000 | (10°0) 00°0 | (10°0} 00°0 | (10°0) 00°0 | (10°0) 00°0 | (10°0) 00°0{ (10°0) 000 ouwg
{zoo) 000 | (z00) 100 (€0°0) 10°0| (ZO°0) 000 | (Z0°0) 000 | (Z0'0) 000 [ (€0°0) 100 | (€0°0) 00| (€0°0) 00°0 ow ¢
(r0°0) 10°0 | (S0'0) 10°0| (S0°0) 1070 | (S0°0) 000 | (¥0'0) 100 | (S0°0) 1070} (50°0) 10°0} (SO'0) 100/ (50'0) 000 ow ¢
(£0°0) 200 | {60°0) ZO'O| (60°0) ZO0O| (60°0) 000 | (£00) ZOO| (60°0) ZTOO| (60°0) TOO| (O1'0) ZO'O| (60°0) 000 owg
(ri'0) €00 | (£1'0) v0'0| (81°0}) ¥0°0| (8L°0) 100 |(¥L'0) €00 (L1'0} ¥00| (810} ¥0'0| (61°0) ¥0'0| (8L'C} (00 ow |
(€z°'0) so0'0 | {82°0) 90°0| (0£°0) Z0'0 [ (62°0) ZO0 |(¥T'0) SO0 |(8Z°0) 90°0 | (0£0) £0O| (LEO) £0O| (0€0) TOO L
(£z°0} 900 | (Z€'0) £0O| (re0) 80°0| (e£°0) €0°0 [(£Z'0) 900 | (z€'0) <00 [ (reo) 80'0| (S€'0) 80°0| (SE0) €0°0| Aop | o suoypiado 8304ins Asowud 3o
(19°0) ¥1°0 [ (€£0) ZL'O| (££0) 8L0| (9£0) 900 |(19°0) ¥1°0|(€£0) £1°0|(8£0) 81'0| (6£0) 810| (6£0) £00O| Pausuqise s1 yuy voubdwnwwo> Asowd joyy
(18'0) 810 |(180) 810} (180) 810 (18°0) 810 |{L80) 810[(180) 810 ]|(18°0) 810] (180) 8L0| (18°0) 810 Buipup| pup A3ue 3o
(€8°0) 61°0|(€80) 610 (€80} 61°0| (€8°0) 810 |{€80) 610}(€80) 610 |(€8°0) 6L0| (€8°0) 610| (€8°0) 810 uoypIndas 19pud| 40O
68°0 680 680 $8'0 68°0 68°0 680 680 $8°0 SUOIR110> As0p8loyy 951n0dPIW 4O
00t 00°L 00°L 00°L 00°L 00°'L 00°'L 001 001 uoysinb30 puo JuawAojdap jonul 3O
S0 = 060 = $6'0 = S20 = 060 = $6'0 = 660 =
Yom [m yom im Niom |itm Hom |iim Hom Jim Yom M Hom Jpm
juo uiob jup uloB | puusjup uLB i jub uioB uD uloB jup uinh uo uinb nu
-4Biy oy -yBiy oy -yBiy joyy Aojoy -yBiy oy ~yByy joyy -4Bry joyy -4Biy joy Aopoy
Aupgoqosd | Anpqoqosd | Anpqoqouy Aupqoqoid | Aunqoqoid | Aupaoqesa | Aunqoqoig seliqeqeld
Auy peag Auy peaq
§6°0 = YoM [lim NUD [DUOHIIPY oy Appiqoqoud 66'0 = oM jim NUD [DUOHSRILPY oy Aiqoqold

0'L="'20=0'660=""0"1 =g !SADp 00T = 3w diy) ,si|nsas AjgoI|21 p 9503 ‘-3 3|}

56




JPL TECHNICAL MEMORANDUM NO. 33-228

'$NQ Sy} WOJ) POIOIDAES A[INjSEIINT SDM || §| ‘SO|}||1GDGOId JOPUD| MOYS SESEYIUEIDd U| SJeQUNN,

0602 80SZ Lv9T 6irl £60Z zIsT 1592 £94Z 8Lrl ow gy
£181 SZ1Z 9622 SEEL sisl 8Z1Z 00€Z 96€T zéel ow g
Tirt v691 6821 6S1tL 1434 4691 1641 £981 8071 ow ¢
[4Z41 16¥1L risl ¥901 444! 14141 S4S1 Yol 6011 owg
1501 1921 1E€1L zré 1sol 1414} zeel 88¢l z86 ou y
ree 1001 9501 982 res 1001 4501 zoll 618 ouw g
68S 204 174 98¢ 685 204 Va7 844 Ly owg
Tie SL¢ 96¢ 6T¢ £le SL¢ 96¢€ 1404 £ve ow |
17 z6 26 4] 9L z6 26 101 88 LU
9t €l 14! Tl 1 £l ri St €l Aop | wy (ayfsiq w ®f Aq pezyowdou)
$1q PeNIID 9B0IIAY
(81'0) €1'0|(81°0) €10 [{81'0) €10 (810} ¥1°0 j(61°0) ¥10}(6100) ¥L0|(61'0) ¥10 [{610) ¥lO] (6£0) €10 owzl
(9z°0) 970 | (92'0) 0Z0 |(92°'0) 0TO0 |(9Z°0} 61'0 |{£Z'0) 0Z0 |(£z°0) 0Z0 |(£T'0) OO [{£Z'0) 0T0| {£Z0) 610 ow 4
(££°0) 8T'0 | (£Z€°0) 8T'0 [(££'0) 8TO |(££'0) £Z'0 [{6£0) 0€0 |(6€0) 00 [(6£0) O0L0 [(6€0) 0£'0| (6€'0) 8Z0 ow ¢
(zv0) zeo | (Zro) zeo |(zvo) Ze'o]|(Zy0o) OEO [(¥r0) €€0 | (¥¥°0) €€0 |(rro) €€0 [(r¥'0) €€0| (rro) €0 owg
(8¥°0) 9¢0 | {8¥'0) 9¢0 |(8y0) 9¢€°0 | (8¥'0) ¥eO [(05°0) B8E'O | (0S°0) 8€°0 [(0§°0) 8€'0 [(05°0) 8€'0| (05°0) 9€0 ow ¢
(7$°0) 170 | (¥S°0) 1¥Y'O [(¥S0) 1¥'O](rS0) 6E'0 [(9S0) €¥°0 ) (95°0) €¥°0 |(95°0) E¥O [(95°0) €¥'O| (950) Or0 owg
(19°'0) 970 [ (t90) 970 |(19°0) 9¥°0[ (19°0) ¥y0 |(¥9°0) 890 [ (¥90) 8¥0 ((r9:0) 8¥0 |[(r9°0} 8¥0| (¥9°0) 9¥0 oug
(69'0) TS0 | (69°0) ZS'O [(69°0) ZS'0|{69°0) &¥0 |(Z£0) ¥S0|(ZL£0) ¥S0 |(TLO) vs0 [(Z£0) ¥S°O| (TL0) 2SO ow
(9£°0) £5°0 | (9£°0) £S°0 |(9£0) £S°0| (940} ¥S°0 |(6£°0) 090 | (6£0) 090 | (6£0) 090 |(6£°0) 09°0| (6£0) £sC ML
(££0) 650 | (££0) 650 [{££0) 650 | (££0) 950 |(18°0) 190 | (18°0) 190 [ (180} 19°0 |(18°0) 190} (18°0) 850 | APP | o} suoypiedo eppns pepribep jO
(ce'0) €£9°0 | (€8°0) €9°0 |(€8'0) €90 | (€8°0) 450 [(98'0) 90 | (98°0) 90 | (99°0) §9°0 [(98°0) S9°0| {98°0) T9°0 | PousNGDIse 5| Yuy uouPIUNWIWOD PapRIBEP DY)
(r1'0) 110 {(£1'0) €1'0 [{81°0) ¥1'0 | (£1°0) €0°0 |(¥1'0) 110](Z1°0) €1°0 {(B10) %10 |{61'0) ¥L'0| {81°0) €00 ow 7|
{0z'0) S1'0| (S2'0) 610 |(92°0) 0Z'O| (SZ'0) £0°0 [(0Z°0) S1°0 | (92°0) 610 |(92°0) 0Z0 |(£Z°0) 0TO| (9T°0) 900 ou g
{08'0) TTO| (S€'0) £Z°0 {(£€0) BT'O| (£€'0) TIL'O |(0€°0) ZTTO|{S€°0} £T0 |(LE0) 8Z'0 |(6€0) O€0| (8EO) ZTi'0 owg
{ee'0) sz'0| (ov'0) 0€0 |(Zyo) ZTE£O| (Zv'o) S1°0 |(e€0) §zO| (O¥'0) O€O [(Z¥O) Zeo |(vy0o) €€0| (EF0) 910 oug
(8e'0) 620 (S¥'0) re0 |(8¥°0) 9€0] (£r'0) 610 |(8€0) 620 (S¥0) ¥e0 |(8r0) 9€°0 |(05°0) 8€°0} (0S5°0} 00 ow ¢
(ev'0) ze0o | (15°0) 6€0 |{rso) 1v0 | (€s°0) SZ'0 |(€¥'0) ZE0 | (1S°0) 6€°0 [(rS0} L¥0 |(95°0) €¥'0} (95°0) 9T0 owg
{8r'0) 9c'0| (850} ¥yo |[(19°0) 9¥'0|(19'0) 1€0 |(8r°0) 9€0|(850) ¥¥O |(19°0} 9¥°0 |(r9:0) 8yO| (€9°0) €E0 owg
{rs'0) 1r0| {59°0) 6¥°0 [(69°0) TS0 (69°0) O¥0 |(rs0) 1LyO|(59°0) 6¥0|(69°0) TS0 |{gL0) ¥s0| (L£0} ZvO ow |
(09°0) S¥'0| (T£0) ¥S'0 |(9£0) £50] (S£0) 6v0 | (0970} S¥O | (2L£0} ¥S°0|(9£0) 4S50 |(6£0) 09°0] (6£:0) 1§50 L
(19°0) 9v°0 | (££0) 950 |(££0) 650 (££0) 150 [(19°0) 970 | (€£0) 950 | (££0) 650 {(18°0) 19°0] (18'0) €50 4op I o} suoyoiado @dppns Aownd 30
{§9°0) 6¥0| (82°0) 650 |(€8°0) €9°0| (280} S0 [(S9°0) 6¥°0 | (8£°0) 650 [ (€8°0) €9°0 [(98°0) §9°0| {98°0) £S°0 | POYSURISS 51 HUl UOHLI) Asowpd joy
(88'0) 990| (88°0) 990 | (88°0) 99'0| (88°0) €90 |(88°0) 99°0| (88°0) 99°0 | (88°0) 99°0 | (88°0} 99°0| (88°0) €90 Buipup| puo Anue 30
(68°0) £9°0| (68°0) £9°0 | (68°0) £9°0| (68°0) ¥9°0 | (68°0) £9°0} (68°0) £9'0( (68°0) £9'0 | (68°0) £«9°0| (68°0}) ¥9°0 uolpJndss Jepun) 3o
860 860 86'0 €60 860 86°0 860 86°0 €60 $UOKI9110D Aiopdelnly asinodpiw JO
00°1 001 001 00t 00’1 00’1 001 00°L 001 uosinboo pup juswiojdep JoHul 3O
$2£0 = 06’0 = £6'0 = $20 = 06’0 = $60 = 660 =
Hom qim oM (lim oM im oM [jIm Rom jim yiom Jim Mom [lim
juo uinb jue ujpB | puusjun upsd yuy Duusjup uInBd | ouusjud uiph juo ujofl jup uips uyy
4By oy -yBy joyy -ysiy joy; Aojey 481y oy ~yBiy wyy -yB1y joys Yy joyi Aojey
Amgeqoig | Anngeqesd | Amiqpgoid Aimgoqoid | Aunqoqosd | Aungeqoid | Aunqeqoid sennqeqold
Jyuy) 28a1Q Nuj peq

§6°0 = NIOM |jIM DUUSIUD [DUOHISHPIUWO By} AJl)IGRqOId

66°0 = YOM [[IM DULSUD |DUCHIBIIPIUWO DY) AlIGBGOId

0'L="'610'0="2'§6'0=""'61'0=¢ ‘sA0p 00T = 2w diy) ,sijnse1 Ajjjiqpijes G 850D 'G-D 8|qpY

57



*SNQ @Y} WOJ) POIDIDASS A(|nysSaIINS SOM §1 31 ‘5911)190QO.Id JOPUD] MOYS $3sPYIUeIDd U} SIQUNN,

JPL TECHNICAL MEMORANDUM NO. 33-228

6€9 492 608 os¢ 19 694 118 or8 $9¢ owz|
219 (874 [4:74 6v¢ 619 €TL ¥8L 18 ¥9€ ow ¢
65§ 149 80/ 1447 09S TL9 olL ors 85¢ ow g
vzs 8z9 £99 8ce 1447 629 ¥99 T69 zse owg
viy 69S 009 9ze SLy 048 109 429 6¢¢ ow ¢
soy L8y 4% zoe 9or 8% 148 9€S sle ow g
1€ €48 ¥6¢ £5T Lig €L¢ y6€ Ly 89T owy
08t 9Lz 8zZ 691 081 912 144 8¢z 941 ow |
Vig LS 09 oS Ly L8 09 z9 zs ML
L 8 6 8 L 8 6 6 8 Aop | 0t (ayfsiq uy °f Aq pazypuuou)
silq panudOD aBDIIAY
{z0'0) 100 |{Z00) 1070 | (z0'0) 10°0 |{z0°0) 10°0 [{10°0) 10'0 | (10°0) 100 | (10°0) 10°0 [(i0°0) 10°0 | (10°0) 10°0 owz|
{r0'0) z00 |(¥0'0) TOO | (r00) ZO'0 [(rO0) ZO'O [{¥0°0) ZOO |(¥0'0) TOO |(¥00) zO'O |(¥O'0) ZTOO| (¥0'0) ZOO ow ¢
(11°0) §0°0 [{11'0) §0°0 | (11'0) SO0 [{L10) SO0 [(Z1'0) 900 |(Z1'0) 900 | (10} 900 {(Z1'0} 900 | (Z1'0) SO0 ow g
(91°0) 200 [{91°0) £00 | (91°0) £0°0 [(91°0) £OO |(91'0) 80°0 | (91°0) 800 | (91°0) 80°0 |(91°0) 80°0| (91°0) Z£0'0 owg
{zzo) 010 |(zz'0) oLo|(zz0o) o0 |(Zz0) 010 [(zz'0) 110 |(2Z0) L1'0|(2T0) L1'0 |(gz'0) LL'O| (ZZ'0) OL'0 ow ¢
(6£°0) ¥10 |(0€0) ¥10|(0€0) ¥1'0 |(0€0) €10 [(1€0) SL°0 [ (1€0) S1°0 {(L€'0) S10 |(1€°0) St°0] (1€°0) ¥1°0 ow ¢
(tv'0) 0Z0 | (170} 0z0 | (1¥0) 0Z'0 [{1¥0) 610 [(E¥'0) 120 |(€¥0) 1ZT°0 |(€¥°0) 1Z0 |{EVO) 1ZO| (E¥O) 61°0 owyg
(£S°0) £Z'0 [(£5°0) £T0 | (£5°0) £T'0 |(£5°0) 9Z°0 [(65°0) 8Z0 |(65°0) 8Z'0|(650) 8T0 |(650) 8Z0| (65°0) £LT'0 ouw |
(z£0) S€0 |(2£0) SE0 | {220} SE0 [(TL0) €€0 [(S£0) 9€0 | (S£0) 9€0|(SL£0) 9€0 |(s£0) 9€0| (5£0) ¥EO ML
(££0) ££0 |(££0) ££0 | (£2°0) 280 | (££:0) €0 |(08°0) 8€'0 | (08°0) 8€0 | (080} 8€0 |(080) 8€0| (08°0) 9€0| APOp | o} suoypIado 2o0pns papnibsp 3O
{€8'0) O¥'0 |(€8°0) Ov'0| (€8°0) O¥O | (€8°0) 8E0 |(980) 1¥0| (98°0) 1¥0O| (98°0) 1¥°0 | (98°0) 1¥'0| (98°0) 6E°0 | PRYSUGOIs? 51 juy UoyoOLRWWES PapDIBap 4oy)
{too) 100 [(L0°0) 100 | (zo'O} 100 | (10°0) 00°0 [(100} 10°0 | {100} 100 | (200} 10°0 |({20°0) 100 (Z0°0) 000 owzl|
(€0°0) TO'0 [(¥0°0) z0'0 | (¥0°0) TOO |(¥O'O) 000 |(€0°0) Z0'0 | (¥0'0) ZO'0 | (¥0'0) 200 |(r0'0) ZO0| (¥0'0) 000 ou ¢
(60'0) ¥0'0 [(11°0) §0°0 | (110} §0°0 |(L1'0) 100 [(600) ¥0°0 | (LL'0) SO0 |(L10} SO0 |(z1'0} 900 (110) 100 owg
(Z1'o) 90°0 }(S1°0) £0°0 | (S1°0) £0°0 { (St°0) 100 [(Z1°0) 90°0 | (SL1°0) Z0°0 | (91°0) £0'0 [(91°0) 80'0| (91°0) 100 owg
(Z1'0) 800 [(0Z'0) oOL'0|(1z°0) ©L'0 | (1Z°0) TO'O [{£1'0) 800 | (0Z'0) ©1°0 | (1Zz'0) 010 |(ZZO) 11'0] (ZZ0) ¢€O0 ouw ¢
(€2°0) 110 {(8Z°0) €1°0{ (0£°0) ¥1°0 ]| (62°0) ¥0°0 |(€2°0) 110 (82°0) ¥1'0|(0€0) ¥1°0|(1€0) S10| (0£0) SO0 ow g
(zeo) S10 [(6€°0) 610} (1¥'0) 0ZT'0 | (0¥°0) 60°0 |(Z€0) 91°0 | (6£0) 61°0 | (i¥'0) 0Z0 |(€y'0) 0TO| (T¥'0) 600 owg
(S¥'0) 120 [(€50) 9Z'0| (9570} L£T'O | (950} £1'0 |{S¥'0) 120 | (¥S°0) 920 {950) LZ0 |(650) 820 (8570} ZIO ow |
(£5°0) £z'0 [(89°0) €€0 | (2£0) SE€0 [(2£0) 8Z0 |{£6°0) £T0|(89°0) €€0|(TLO) S€0 [(SL0) 9€0| (5£0) LZTO L LY
{(19°'0) 6T0 |(€£0) SE0 | (££0) ££0 |(££0) 120 [(19°0) 620 (€£0) S€0 | {££0) &0 |(080) 8E0| (08°0) €€0 | Aop |  :ojsuoyosado 9a0puns Asowpd 4O
(59°0) 1£'0 [{8£°0) 8€0 | {€8°0) OF0|(Z80) #c0 |(59°0) LE0|(8£0) 8E0 |(€8°0) OF0 |(98°0) 1¥'0| (98°0) SE€O0 | POYsNqDIsa 51 quy uoyodUNWWO Asowud yoy)
(88°0) ¥ |(88°0) Zyro| (88'0) TrO|(88°0) OFO [(88°0) Z¥O| (88°0) Z¥O|(880) Zv'0 |(88°0) Z¥O| (880) OFO Buipup) pup Ayus 30
(68'0) €¥0 |(68°0) £v0 | (680) €v0 [(680) Oro0 |(68°0) €£¥0|(680) €¥0 |(680) €¥'0 [(68°0) €v0| (68°0) O¥0 uoypiodss Japun) 3O
$6°0 $60 $6'0 060 $6°0 $6°0 $6°0 S60 060 suoyd3.103 Asopaloy esinodpiw 30O
00°L 00°'L 00t 00°L 00°1 001 00°1 001 00°1 uoyisinbaD pup Juawhojdap jouiul 3O
L0 = 060 = 60 = $§20 = 060 = 60 = 66’0 =
Aom M oM Jm Hom [l oM [im Hom [iim Hom M Aiom m
jue uibB jup uInB juo uinB Au jup uipB jun uioB juD uinbB Jup uIné yuy
-yBiy 4oy -yBiy oy -yB1y oy} Aojoy -yB1y oy -yBy 4oy} -yB1y oy 4By joy; Abjay
Aunqoqoad Aungrgqoad | Anpqeqosd Anpqoqosd | Appgeqosd | Ampqoqoid | Aniigpqold seuliqeqoid
Ruy Ppallg Nuy Paang
S6'0 = HOM [Im HuD [PUCHIBPIUWO JOU} AIqDgO.d 66'0 = Yom Jim $uD [pUCHIIPY oys Aijiqoqoid

0'L="'61000="‘66'0=1'050=9¢ -

!sApp 007 = awl diaj) ,sj|nsal Apjigpijal 9 3sp) "9-) 3|qp]L

58




JPL TECHNICAL MEMORANDUM NO. 33-228

*$NG 9L} WOJ) PAIDIDAES A[]N48503InS SDM §| §| ‘S8)41{|9DGOId JBPUD| MOYS $93EYIUGIDD UY SIEqUINN .

951 281 261 08 951 281 861 90z ¥8 owz|
SS1L 981 261 08 951 481 261 907 {] ow §
€St €8l €61 08 €51 ¥8i ¥é1 4114 ¥8 ow ¢
oS5l 081 061 08 0s1 081 061 861 ¥8 ow ¢
144! €Ll £8t 08 S¥i €Ll £81 161 €8 ow ¢
veL 091 691 62 ¥EL 191 0zl L2 z8 ow ¢
€Ll 9t 44} (P4 el 9€l 144! 0S1 8L owg
174 68 vé 6¢ ¥e 68 vé 86 z9 ow |
44 9T :14 1z A4 74 :14 6% 144 L L
€ 14 14 € € 4 14 14 14 Aop | Wy (4y/snq vy °f Aq pezowiou)
sjiq ponson 8BDIIAY
(00°0) 000 |(00°0) 00°0 |(00°0) 000 { (00°0) 000 |(00°0) 000 |(00°0) 00°0 [(000) 00°0 | {00°0) 00°0 | (00°0) 000 owzgly
(00'0) 00°0 |(00°0) 00'0 |(000) 000 | (00°0) 00°0 |(00°0) 00°0 {(00°0) 00°0 {{00°0}) 00°0 | (00°0) 00°0 | (00°0) 000 ow 4
(z0'0) 000 |(z00) 00°0 |(Z0'0) 000 | (z0'0) 000 |{Z0°0) 000 |(Z0'0) 000 |(Z0'0) 00°0 | (Z0'0} 000 | (20°0) 000 ow g
(€0'0) 100 |(€0°0) 100 |(€00) 100 (c0'0) 100 {(€0°0) 100 |[(€0°0) 10°0 |[({€0°0) 100 | (€0°0) 10°0| (€0°0) 100 ow g
{90°0) 100 | (90°0) 10°0 {{90°0}) 100 | (90'0) 10°0 |{(90°0) 100 |{90°0) 10°0 |(90°0} 100 | (90°0) 100 {90°0) 10°0 ow ¢
(11’'0) €00 | (11’0} €00 |[(L1'0) €0°0 | (11°0} €0°0 |(Z1'0) €00 {(Z1'0) €00 |(TL'0) €0°0| (Z1'0) €0°0| (ZI1'0) €00 ow g
(1zo) <00 [(1z°0) s0°0 [{1Z°0) 00 | (zZ'0) 00 |(zz°0) §0°0 |(zZ0) SO0 |(ZZ0) SO°0| (ZZ'O) €O0| (zT'0) SO0 owg
(17'0) 600 |(1¥°0) 60°0 |{1¥7°0) 600 | (1¥'0) 600 {(€v'0) OL'0 |(€¥'0) OO0 |(E¥'0) OL°0 ([ (EP'0) OL'O] (EFO}) 600 ouw |
(£9°0) S10 [(£90) S1°0 |(£90) S1°0 | (£9°0) +v1°0 |(0£0) 910 [{0£0) 910 |(0£0) 9t0| (0£0) 91'0| (0£0) SO M |
1920) Z1'0 {{92:0) £1'0 | (9£0) 210 | (920) 910 [1620) 810 |(6£0) 810 [(6£0) 810 | (6£0) 810 (6£0) £1'0 | Aop | Hoj suoypsado 30408 popnibep 30
{€8'0) 61'0 | (£8'0) 61°0 | (€8'0) 610 | (€8°0) 810 [(98°0) o0z0 | (98°0) 0z'0 |(98°0) 0z'0| (98'0) 0Z'0| (98'0) 61°0 | PeysyqOIse st quy uoHDIUNWWOd PapDIBap oY)
(00'0) 000 {(000) 000 |{0070) 000 | (000) 000 |(000) 000 |(000) 000 |(000) 000} (00°0) 000| (00°0) 000 ow gy
(00°0) 000 | (00°0) 00°0 {(00°0) 00°0 | (00°0) 00°0 | (00°0) 000 { (00°0) 00°0 [ (00°0) 0070} (00°0) 00°0 (00°0) 000 ow §
(10'0) 000 |(10°0) 000 |({z0°0) 000 | (Z0'0) 00°0 | (10°0) 000 {(10°0) 00°0 |(Z0°0) 000 | {Z0'0) 00°0| {z0°0) 000 ow 9
{Zo'0) 100 |(£0°0) 10°0 | (€0°0) 10°0 | (€0°0) 00°0 |(z0'0} 100 |({€0'0) 100 |(€0°0) L0°0] (€0°0) L0O°O| (€0°0) 000 owg¢
(0'0) 100 |(90°0) 100 |(90°0) o0 | (900} 000 |[(s0'0} 100 |{90°0) 1070 |(90°0) 10°0| (90°0) 10°0| (90°0)} 00°0 ow
(60'0) zo0 [(L1'0) Z00 [(t1°0) €00 |{L1'0) 000 |(60°0) o0 |(01'0) 2zOO [(L1'0) €00} {Zt'0) €0°0| (Li'0) 000 ow ¢
(£1'0} v00 |[(0Z'0) SO0 |(1Z'0) §00 /[ (1Z0) 100 |(£1°0) vO'0 |(0Z'0) SO0 |(12°0) SO0| (ZZ'0) SO0 (z2Z'0) 100 owg
(ze'o}) £00 |(6€0) 600 | (1¥'0) 6070 ]| {0¥'0) ¥0°0 |(ZE0O) 20O |(6£0) 600 | (1¥y'0} 60°0] (EF'O) OL'0| (T¥'0} ¥OO ow |
(€5°0) Z1°0 |(€9°0) §1'0 | (£9°0) S1°0](£9°0) 110 |(€s°0) Z1'O|(€90) S1'0[(£90) SLOf (0£0) 90| (690} 110 L L
09°0) ¥1'0 [(Z20) 210 |{920) 210 | (9200 ¥1'0 | (09°0) ¥1'0 | {z£0) 210 |(9£0) £1'0| (6£0) 81'0| (640) §1°0| 4A°p 1 0} suoyniedo e3opns Liowyd 4O
(€9°0) S1'0 | (820) 810 | (£8°0) 61°0| (z8'0) 91°0 | (59°0) s10 | (8B20) 810 [(€8°0) 610] (98°0) 61°0| (98°0) 91°0 | PousqRIse st yuy uoyoIWAWWO Aiownd 4oy}
(£8'0) 0z'0 | (£8'0) 0z'0 |(£8'0) 0Z'0 | (£8'0) 81'0 | (£8°0) 0TO | (£8°0) 0Z0 | (£8°0) Oz0O| (£80) 0Z'0| (£80) 810 Buipup) puo Ajus 3O
(68°0) 0Z°0 | (68°0) 0Z0| (68°0) 0zZ0| {68'0) 410/ (680} 0z'0| (68°0) 0OZ'0 | {68°0) 0Z0| {68°0) 00| {680) 610 uoypipdas Jepuo) 4O
060 06'0 06°0 98'0 06'0 60°0 06'0 06°0 98'0 suold91100 Aiopeloi) esinodpiw O
00l 001 001 001 001 00"t 001 00°1 00’1 uoyssinbop pup juswiojdep PUII §O
$L0 = 06'0 = $60 = SL0 = 06'0 = $6'0 = 66'0 =
Niom [jim Fom Jim Niom Jiim Ao J)Im iom [IIm Jom |i1m Niom JiIm
uR uiRB jue uipB b Ui Huy puuuD uipb jup uioB jun ujph jup ujnb yuy
=4By joyi 481y oy =481y oy Anjey -yBy oy ~yByy oy -4B1y jouy -yBiy joyi Aojoy
Aupgeqosd | Aupqoqoig | Amqeqoig Anqoqoid | Aunqoqoad | Aungeqoid | Aunqeqosd soliIqRqodd
Aqu)| peyg Nuy Pedq
$6'0 = Yiom M HuD |DUOKIeIIP) iyl Aitpiqoqoad 66°0 = JOM ||Im Hup [DUOY284IPY o4 Ajjiqoqoig

(0'L="'6L0'0=D0'§6'0=1"'0"L =& ‘SADP 00T = 3wy di}) 4Si|nsa1 A}|IqpI|as £ 85D) "£-D 3qPL

59




SN ey} WOl} PayOIDARS A||NjSSEIINS SOM i 31 ‘SBNI|IGDQOID JOPUD| MOYS $9SOYIUSIDD Ul SJqUNN,

JPL TECHNICAL MEMORANDUM NO., 33.-228

£881 1474 062 9LLL 0681 344 P6ET 7144 9zZ1 owz|
£891 Y961 €402 solt 6€91 £961 £L0T ¥91Z TSIt ow 4
SLT1 0est S191 £86 LLT1 TES| 2191 $891 £66 ow g
TTIL 9veElL 1zri 848 €Tl 1491 XA 4! 1:1 41 S1é owg
6v6 6ELL zozl 9LL 056 orilL €0Z 1 ¥sTl 608 ow ¢
£€5L ¥06 ¥sé Ly9 ¥SZ S06 $56 $66 1744 ow ¢
Tes 8g9 VL9 §:14 zes 6€9 VL9 £0Z zos owg
z8z 6g€ £5¢ 0Lz 8z 313 8ce €48 18z ow |
69 €8 8 69 69 €8 48 16 L |
ol zl €l ol ol zL €l £l t Aop | wy (yfsnq ut °y Aq pazyouiou)
siiq pansodp a8piaay
(9100} zt'o [(91°0) zL'0 [(91°0) zZ1'0 | (91°0) T1'O |(9L0) ZL'O [{£1'0) €U0 |{£1'0) €L'0 (Z10) €10 (£1°0) zt'0 owzgl
(€z'0) 81'0 [(€z'0) 810 [(cz0) 810| (€20} Z1'0 [{rz0) 810 |(¥Z'0) 810 [(¥T'0) 810 |(rZ'0) 8L0| (¥T0) 81O ow ¢
(ve0) 9Z0 |(¥€0) 920 | (FEO) 9TO| (v€0) ¥Z0 |(SE0) £TO |(SE0) LT'O [(SE0) £LT0 (€0) £Z0| {se0) SzTO ow 9
(8€°0) 6Z°0 {(8€°0) 6Z°0 |(8€'0) 60| {8€°0) 8Z'0 j{(O¥V0) OEO |(0O¥'0) 00 [(O¥F0) 0€0 |{OF0) OE0} (0O¥0) 620 ow ¢
(c¥'0) €€£0 |(ev0) €€0 |{E¥'0) €£0| (E¥'0) LE0 |(S¥O} ¥EO [(SP0) ¥EO |(SP0) ¥#€0 |(S¥0) ¥E0| (S¥0) ZEO ow ¢
(69°0) ££0 |(670) ££'0 | (6¥0) £€0| (6¥°0) S€0 |(LS°0) 8€0 [(1S0) 8€0 [(1S0) 8€'0 |(15°0) 8€'0] (15°0) £LEO ou g
(ss°0) z¥O |(SS'0) T |($6°0) T¥O | (SS°0) OO [(85°0) €¥°0 [(850) €v0 |(85°0) €¥0 |(85°0) €v0 (8¢°0) I¥'0 owz
(29°0) 4¥0 | (290} £4¥y0 |(29°0) 4L¥O | (T90) S¥O [(S9°0) 6¥'0 | (590} 6v0 [(§9°0) 6¥0 [(S9°0) 6¥°0| (§9°0) 4¥vO ow |
(89°0) TS0 |(89°0) ZSO |(89'0) S0 | (89°0) 6¥0 [{1£0) ¥5°0 |(1£0) ¥SO {(1£0) #SO |(1£0} ¥SO] (1£0) 150 Am |
(0£0) €50 |(0£0) €50 |(0£0) €50 (0£0) 0§50 |(E£0) SO |(€E£0) §S°0 |{€E£0) $S0 {(€£0) §S°0] (€£0) TS0 | App | :40)suoypiodo 93p4ns papolbap 4O
(z80) 790 |(z8°0) Z9°0 |(z80) Z90| (Z8r0o) 650 [(580) $9°0 |(58°0) $9°0 |{580) 90 |(58°0) S§9°0| (S8°0) 19°0 | PoYsUqOISS 51 yuy uoyPIUNWWOD pIPDIBIP 4pyY
(€1°0) 010 {{S1°0) ZLO [(9t0) ZLO( (91°0) TOO |(EL1'0) OLO|(§1°0) ZTL'O|(91°0) ZL'O] (£10) €1°0| (£1°0) TOO owzi(
(61°0) ¥1°0 |(ZT0) LU0 |(€T0) 8L'0]| (€T0) SO0 [{61°0) ¥10|(ZT0O) Zi'0|(cz0) 8L0|(¥Z0) 8L0| (¥ZT'0) ¥0O ow 4
(£2°0) 0Z0 |(Z€0) ¥Z0O | (Ye0) 9TO| (FE0) OLO |(LZ0) 0TO |(ZE0) ¥TO |(re0) 90| (SE0) LTO| (S€0) OL'O ow ¢
(0£°0) €20 |[(9€0) £Z0 | (BEO) &Z'0| (BE'O) ZL'O |(0E0) €Z'0|(9e°0) £Z'0|(8€0) 6Z'0 [ (0¥0) o0€0| (O¥0) €10 ow ¢
(ve'o) 9z0 |(1¥0}) 1e0|{ev0) ec0f (E¥'0) £1'0 |{rE0) 920 | (1¥'0) 1€0 |(€¥0) €£0 | (S¥'0) ve0| (S¥0) LU0 ouw ¢
(6£°0) 670 |(9¥°0) S€'0 |(6¥°0) £LEO| (6¥°0) 0Z0 |(6€0) 6Z°0 | (970} S€0 ((6¥0) £e0| (150} 8£0| (1§0) 120 ow g
(v¥'0) €€0 [(ZS0) 6€£0 |(SS°0) ZT¥O| (SS0) 9T0 |(P¥0) €€0 |(ZS0) O¥O |(SS0) Z¥oO|(850) €vO| (£50) «£T0 owg
(6¥°0) £€'0 [(65°0) S¥O [(T9°0) L¥O| (Z9°0) €£°0 |(6¥°0) LEO |(65°0) S¥0 |(Z90) L¥0|(S9°0) 6¥0| (§9°0) sg0 ow |
(vS°0) L¥'0 |(S9°0) 6¥°0 [ (89°0) ZS°O| {89°0) O¥'0 [(rS'0) L¥O |(S9°0) &6¥°0 |(89°0) ZS0|(1£0) ¢SO0} (1£0) L¥oO L L
(§5°0) T¥'O |{99°0) 050 |(0£:0) €5°0|(0£0) Zv0 {(SS°0) Zv'O |(99°0) 0S0 [(0£0) €50 (€£0) SO (€£0) ¥ro0| Aep| 104 suoyo1ado dpyins Aouud 4O
(69°0) 6v'0 |(84£0) 650 |(Z80) Z9O/| (z80) 6¥°0 | (59°0) 6¥0 [(8£0) 850 |(Z80) T9O0 | (58°0) $9'0| (§80) LSO Pays|qisa 13Ul uoyDIUNWWES Aowid 4o
) ! L
{£8°0) 990 | (£8°0) 99°0 [ (£8°0}) 99°0| (£8°0) T9°0 | (£8°0) 990 | (£8'0) 99°0 | (£8°0) 9970 (£80) 99°0| (£8'0) T9O Buipup| puo Axus 40
(88°0) £9°0 | (88°0) L9'0 | (88°0) £9°0| (88°0) €9°0 | (88°0) /9'0 | (88°0) 490 |(88°0) 490 (88°0) £9°0| (88°0) €90 uoypipdas Japup} 4O
86'0 860 860 €60 860 860 860 86°0 £6°0 suoidaL0d Aiopdaloy ssanodpiw 3O
00°L 00°L 00'1 00°L 00°L 001 001 00°1 00'L uoyisinbop pup juauwikojdap |o
SL0 = 06’0 = $6'0 = SL0 = 06’0 = $60 = 660 =
Aiom jum Hom |pm Fiom Jim yiom M yom Jiim iom pm Hom m
juo uibB up uinB | puusjup uph Buy jup uipB juo ujpB jup uInB juo uloB yuy
-yBry joyy -yBiq oy 4By oy Aojay -yBy oy} -yBy oy} -4B1y oy -4Biy jouyy Aojoy
Amqoqoad Anjqpqoad Anjigpqoiag Anjqoqoag Aupiqoqoag Anpiqoqoug Anjiqpqoig seniqoqo.d
yuy pang Auy| peag
S6°0 = Yom [Im HUD |BUON3BI1P} i8Ys Appiqoqougd 66°0 = oM JiIm HUD |DUCKDR4IPY ioys Anjiqoqosd

(T°0="'880°0="‘§6'0=""'61"0=4 ‘SADP Q0T = dwil} d11}) ,sijnsa1 AyiqoIja1 g 3sp)

‘8- 9Iqol

60




JPL. TECHNICAL MEMORANDUM NO. 33-228

NG O} WOI POyRIDdRs A|jNjssedNs SOM 41 ji ‘SOiI{|1qPGOId JOPUD| MOYS SesaYIUeIDd U] SIEQWNN,

0602 8057 £LY9T 1341 €602 TIST 1592 £942 6671 owzgy
€181 SL1Z 9622 zsel siel 8412 662 96€T 0671 ow ¢
zivi Y691 6841 1411 rivi 9691 16£1 9981 ozzl owg
[4£A L1671 Y451 Y01 444! zovi S£51 14271 6L1L owg
1501 1921 1EEL 056 1501 (424! zeel 88¢l 066 ouw ¢
ves 1001 9501 162 ree 1001 4501 zoll sz8 ow ¢
68§ 204 12 74 68S 685 204 LvL 844 1484 owg
zie SL8 96¢ €o0¢ cle Sie 96¢ eLy 1447 ow |
9L 4] 26 4] 9L z6 26 101 88 Am |
1 £l rL zt i €l 14 St €l kop | wy (ay/suq uy ¥ Aq pezyouwiou)
$iiq panadon 9BniaAy
{(81°'0) ¥1°0 |{(81°0) ¥1°0[(81°0) L0 (8BL°0) €1°0 |(61°0) %10 [(61°0) ¥i'0 |[(61°0) ¥L1'0 |(61°0) ¥1'0[(61'0) €L'O ow g
(9z°'0) 0z0 |(9z'0) 0Z'0|(9Z°0) 00| (92°0) 410 {(£Z0} 00 |(£Z'0) 0OZ'O |(£LZ0) 0ZO |(£Z'0) 0OTO| (£Z'0) 610 ow ¢
(££'0) 820 |{££0) 8T'0|(Z€0) 8Z0| (££°0) ZT'O | (6€°0) OE0O | (6€0) 00| (6€0) 00| (6€0) 0€0|( (6€0) 820 ow 9
(Zy'o) zeo [(Zro) TEO | (Ty0) Teo| (Zv0) 0€0 | (rvr0) €€°0 |{F¥0) €€0 |(¥¥'0) €€0 |(¥¥0) €£0 | (¥¥0) ZTEO ow g
(8v°0) 9¢°0 | (87°0) 9€'0 | (8¥°0) 9£0| (8¥°0) ¥€£0 | (05°0) 8€0 | (0S°0) 8E'0 |(0S°0) 8€0 | (0§°0) 8€0| (05°0) 9€0 ow y
(v$°0) 170 | (¥S°0) 190 | {¥S°0) L¥'O| (FSO) 6€0|(96°0) €v0 |(95°0) €90 |{95°0) €¥'0 | (95°0) €¥°0| (95°0) OF0 ow ¢
(19°0) 9v'0 |(19°0) 9¥'0|(19°0) 9v'0| (19°'0} ¥rO|(r9:0) 8¥0 |(¥9°0) 8¥'0 | (¥9:0) 8¥0 |({¥9:0) 8¥0|[ (¥90) 9¥0 owyg
(69'0) TS0 [{69°0) S0 |(69°0) 50| (69°0) 6¥0 |(z20) vs0 |(2£0) vS0 |(2£0) ¥S0 |(T£0) vsO| (zLo) 2SO ow |
(92°0) 450 [(92£:0) £5°0 | (940) £5°0 | (9£0) ¥S5°0 |(6£0) 090 |(6£0) 090 [(6£0} 090 |(6£0) 090} (6£0) £SO A |
(2£:0) 650 [(£20) 650 | (££0) 650 | (££0) 950 |(18°0) 1970 |(18°0) 190 [ (18°0) 190 |(18°0) 1970 {18°0) 850| Aop | 04 suoyosado a304ins pappiBap 30O
(€8°0) €9°0 ](£8°0) €970 | (€8°0) €90 | (E8°0) 650 | (98°0) §9°0 { (980} 90 |(98°0) $9°0 |(98°0) S$9°0( (98°0) 90 | PoYsHqRIse 5} yuy UOKPdWAWWOD PIPDIBIP JDYY
(r1'o) 110 | (£1°0) €10 | (81'0) vLO|(BL1'0) €00 |(r1'0) 110 {{Z1°0) €10 |(81°0} ¥1'0 |{61°0) ¥1'0} (BL'0) €00 ow z|
(oz'0) <10 {(SZ°0) 610 | (920} 0Z'O [ (92°0) 90°0 | (0Z°0) 91°0 [ (SZ°0) 61°0 | (92°0) 0TO | (£L°0) 0Z'0 | {£Z0) 900 ow §
(0£0) 0 |(5€0) £T'0|(££0) 8Z'O| (£LE'0} TIO|(0€0) ZTTO|(SE0) £Z'0|(£Le0) 8Z'O | (6€°0) OFEO| (6€0) ZI'0 ow 9
(€€0) SZ°0 |(oy0) o€0|{zro) zeo| (Zr'o) <10 | (ec0) SZ'0|(0¥0) 00 |(Zyol ZTEO|(rro) €eo| (¥v¥0) 91°0 owg
(8€°0) 6Z'0 | (Sr'0) ve0| (8y0) 9c'0| (8Y'0) 610 | (BEO) &Z°0 |(SP0) ¥e'0|(8¥°0) 9€0 ] (05°0) 8E0| (05°0) 0TO ow ¢
(€¥'0) T€0 [ (150} 6€0 | (¥S0) 1yo| (¥S°0) ST0| (Zr'0) Ze0 | {150} €0 | (PS'O) 10| (95°0) €vy0| (95°0) 9T0 ow g
(8¥°0) 9€°0 | (85°0) ¥¥'0 ] (1970} 9v0| (19°0) ze0| (8¥'0) 9€0 | (85°0) ¥¥0| (190} 9¥0|(y90) 80| (€9°0) €€0 owyg
(r$°0) Ly'0 | (S9°0) 670 (69°0) ZS'O| (69°0) 1¥'0O| (FS°O) L¥O| (590} 6¥0( (6970) TS0 (z£0) ¥sOf (2£L0) ZvO ou |
(09'0) S¥'0 [(2£0) ¥S0|{9£0) £SO (9£0) 6¥'0| (090) S¥YO|(TL0) ¥S0|(9£0) £50| {6£0) 09°0| (6£0) 10 ML
(19°0) 9¥'0 | (E£0) 96°0 | (££'0) 650 (££0) 150] (190) 9v'0 | (E£0) S§S'0{ (££0) 65°0| (18°0) 190 {18°0) €50| 4ep | o} suoyosedo e3psins Aipund 40
{59°0) 670 |{8£0) 650 | (£8'0) €970 (€8°0) §5°0 | (§9°0) 6¥0 | (8£0) 650 (€8:0) €9°0 | (98°0) $9°0| (98°0) £S0| POYsqPIS 51 yuy| uoyedUNWWEd Aiwud oYL
(88'0) 990 | (88°0) 99'0 | (88°0) 99°0 | (88°0) €90 | (88°0) 99°0 [ (88°0) 99°0 | (88°0) 990 | {88°0) 99'0| (88'0} €90 Bujpuo| puo Ajus 40
(68°0) £9°0 | (68°0) £9'0 | {68°0) £9°0| (68°0) ¥9°0 | (68°0) £9°0 | (68°0) £9°0 | (68°0) £9°0| (68°0) £90| (68°0) ¥9°0 uoypindes J9pup| 3O
86°0 860 860 £6°0 86°0 860 86°0 86°0 €60 w9110 Atopasloy esinodpiw 3O
001 00t 00°L 00°L 00°L 00°'L 00"t 00°1 001 uolisinbao puo juswholdop |pHL 3O
$L0 = 060 = $6'0 = $L0 = 060 = §6'0 = 66'0 =
Niom Jlim Hom [iim yom [iim Nom |jm Niom [Im Niom jiim Aom [lim
DUus UL ujnB un upsd ue ups nuy OuusuUD uinB | puusjuD ulbs uo upd unp uiol yuy
~4B1y joig 481y oy 481y oy Anjey =481y 4oy} =484y iy 481y ioyi =yByy oY) Apjoy
Anqeqosd | Amiiqeqosd | Aunqeqeyg Annarqoid | Aunqeqosg | Aiiqoqosd | Aniqeqosd seHNIqRqold
AUy o1 Ny ol
$6'0 = YoM |]|M BUUNUD [BUOHISIPIUWIO DY AlfIqRqosd 66°0 = Jom |im HuR [DUCKIIP) 1oy Aynqoqoid

Z'0="'610'0=0'56'0=""61'0=0 ‘sAPpP 00T = oWl diky) ,si|nsai Ajjiqp|ja1 6 250D

'6-J 8qR}

61



JPL TECHNICAL MEMORANDUM NO. 33-228

*sNG 94 WoJy PeyOIDdes AJ|nysseIINs sOM §1 §I ‘S8H(|1qDqOId JBpUD| MoYyS sasayuasnd Ul SI8qWAN,

951 £81% 261 4] 951 £81 861 90T S8 owz|
§S1 981 261 z8 951 481 261 90Z S8 ow ¢
€51 €81 €61 4] €51 ¥8l ¥é1 Toz S8 ow g
0s1 081 061 z8 oSt 081 061 861 S8 owg
144! €1 €81 18 S¥lL 174 €81 161 c8 ow ¢
yelL 091 691 o8 rel 191l 0/1 LLL €8 ow ¢
€Ll 9¢1 144" 9L ell 9¢1 144 0sS1 6L owg
v 68 vé 09 174 68 ¥é 86 z9 ow |
44 9T :14 Te 44 9T :14 6T [44 Am |
€ ¥ ¥ € € ¥ v 1 v Aop | sut (4y/suq ut %1 Aq pazjjowiou)
sjiq penaoID abpiaay
(00°0} 00°0 | (00°0) 000 |{00°0) 000 |(000) 000 |(000) 000 {00°0) ©00°0 |{00°0) 000 | (00°0) 0070 | (0000) 000 owzgt
{00:0) 000 | (00°0) 0070 |(00'0) 000 | (00°0) 0070 |(00°0) 0070 |{00°0} 000 |{00°0) 00°0 | (00°0) 00°0 | (00°0) 000 ow §
{zo'0) 000 | (z0'0) 0070 |(z0'0) 00°0 | (z0°0) ©00°0 |(z0°0) 00°0 [(Z0°0) 00°0 |(T0°0) 00°0 | (200) 000 (zo'0) 000 ow 9
(€0°0) 100 | (€0°0) 1070 [(€0°0) 10°0 | (€0°0) 10°0 |(€0°0) 10°0 |(€0°0) 100 |(€0°0) 10°0 | (€0°0) 10O | (€00} 100 owg
(90°0) 100 | (90°0) 100 |(90°0) 100 | (90°0} 100 |(90°0) 100 |(90°0) 100G |{90°0) 1070 | (90°0) 1070 | (90°0) 10°0 ow ¢
(11'0) €00 | (110} €00 {{11'0) €00 |{L1'0} OO |(z1'0) €0°0 |(Z1'0) €00 |{Z1'0) €00 {{Z1°0) €0°0 | {Z1'0} €00 ow ¢
zz'0) soo | (zz0) so0 |{zzo) s00 |(zz'0) §0°0 |(zZ'0) SO0 [(zZ'O) SO0 [(ZTO) SO0 |(2Z0) SO0 | (2Z0) §00 owg
(17'0) 600 | (17°0) 600 |(1¥°0) 600 [ (17'0) 600 [(e¥'0) 010 [(€E¥0) 010 |[(E¥'0) OL'O |(Er0) OL'O | (E¥0} 600 ow |
(£9°0) §10 | (£970) 10 [(£970) S1°0 | (£9°0) ¥1'0 |(0£0) 91°0 {{0£0) 910 |{0£0) 910 [(0£0) 9L°0|(0£0} SLO Lot
(920) Z1°0 | (920) 210 |(9£:0) £1'0 | (9£0) 910 |(6£0) 810 |(6£0) 810 [{6£0) 810 |(6£0) 8L0|(6£0) £Z1O App | oy suoypiado 3dpyins papoibap 4O
(€8°0) 41°0 | (€8°0) 610 |(€80) 610 (€8°0) 810 |(98°0) 0z°0 |(98°0) 0Z°0 |(98°0) 0ZO|(98°0) 0T'0| (980} 61°0 |PIYsHqrIsa s qulf uoypAUNWILIOS pappibap 4oy}
{00'0) 000 | (00°0) 00°0 |{000) 0070 | (00°0) ©00°0 | (00°0) 00°0 |(00°0) 00°0 [{00°0) 00°0 | {00°0) 000 (00°0} 000 owzl
(00°0) 000 | (00°0) 000 |(000) 000 | (00°0) 00°0 {{00°0) 000 {(00°0) 000 |{00°0) 000 [(00°0) 000 (000) 000 ow ¢
{100} 000 | (z0'0) 000 [(z0'0) 00°0 | (z0'0) 0070 {(L0°0) 000 |(10°0} 000 |(Z0'0) 00°C |(z0°0) 000 | (z0°0) 000 ow 9
(zoo) 100 | (€00) 100 [(€0'0) 100 | (€0°0) 000 |(z00) 100 |(€0°0) 10°0 [(€0'0) 1070 |(€0°0) 100 | (€0°0) 000 owg
(50'0) 10°0 | (90°0) 100 {(90°0) 100 | (900} 000 |(S0°0) 100 |{90°0) 100 |(900) 10°0 | {90°0) 10°0 | {90°0) 00°0 ow ¢
(60°0) Z00 |(11'0) €00 [{(11°0) €0°0 | {L1'0) 000 [(60°0) 200 [(L1'0} ZO'0O [(LL'0) €00 |(Zt0) €00 (ZL'0) 000 ow g
(Z1'0) ¥0'0 |(12°'0) §0°0 |(1Z'0) SO0 [(1Z°0) 100 |{£1'0) ¥00 |(0Z'0) SO0 |(1Z°0) SO0 |(2Z0) SO0 | (2T0) 100 ow g
(ze'o) 200 | (1y'0) 6070 |(1¥°0) 600 | (L¥'0) ¥0'0 | (ZEO) ZO'O [(6€°0) 600 [(L+0) 600 [ (€¥0) OL'O| (zv'0) ¥0O0 ow |
(£6°0) T1'0 | (£9°0) S1°0 [(£970) S1°0](£90) LL'O|(€S0} ZTLO |(E90) SLO |(£9°0) S1°0 ]| (0£0) 910 (0£0} 110 L
(09°0) ¥10{(9£0) Z1°0 |(920) £1'0] (920) %10 | (09°0) ¥i'0 | {T£0) £i'0|(9£0) 10| (6£0) 8L0| (6£0) S1'0| 4oP | 1104 suoyoiado 33o4uns Asowid 40O
(59°0) S1°0](£8°0) 610 |(€80) 61°0] (€8°0) 910 |(S9°0) S1°0 | (8£0) 810 [ (€8°0) 61°0| (98°0) 0Z'0 | (98°0) 910 PusUGDII 51 yuy| uoyLAIUNWIWED Adwitid yoy)
(£8°0) 00 | (£8°0) 0Z0 |(£80) 0T0]|(£8°0) &61°0 |(£80) 0Z0 |(£80) 0Z'0|(£8'0) 0T'O| (£8°0) 0TO| (£80} 610 Buipup) puo Ajjus 4O
(68'0) 0z0 | (680) 0z0 |(680) 0ZTO] (68°0) 61°0 | (68°0) 0Z0 |(68°0) 0Z0 |{680) 0Z0| {680} 0T0| (680) 610 uoyolodas Japuoy 4O
060 060 060 980 060 060 060 060 98°0 sUOlI8110d AJopalby asinodopiu 3O
00'L 00°L 00'L 00°L 00°L 00°L 00°L 00°1L 001 uotsinbd0 pup juawAoldap jouut 4O
$20 = 060 = §6'0 = §$L£0 = 060 = $60 = 660 =
Niom qiim Niom [iim yiom [iim Hiom Jpm Niom s Hiom Jiim HHom |m
jup uiDB up uinB up uind yuy jup winB D uInB up uipB up uioB nuy
-yBiy oys -yBy oy -yBiy oy Anjey ~yBiy joyy ~yBiy joy} -yBiy yoyy -yBiy oy} Aojoy
Aupgoqoid | Anpgqoqoad | Anpqoqoud Aupqoqoid | Aupngoqoad | Aupqogoad | Anjiqeqoud s3ulIqRqod
yuyy 2021 yuy paag
$6'0 = Yiom |im HUD [DUOHDIIPY 1oy} Ajiqoq 0ag 66'0 = oM |im uD |DUOH>BIIP) inyi Ajprgeqolyd
(Z0="'S100="1'66'0=1'0"L =¢ !sApp 007 = 2wy diny) ysi|nsas Ajjiqoi|a1 0L 3sP) "01-J 2|qPL

62




JPL TECHNICAL MEMORANDUM NO. 33-228

"$sNQ 9y} Woiy paypiodes A||nJsS820ns SOM JI §| ‘39141140 GOId JOPUD| MOYs seseyjueidd Ul sIequnN,

4881 14244 06€T F4x4t 0681 89T 14124 S6vT 89C1 owzi
ZE91 961 €207 (24%} 6€91 4961 2202 Y91 vél1L ow §
SLTL 0ES1 Si9l v66 y724\ TESL Z191 €891 9€01 ow d
il 9¥EL 1zrt €16 XAN] 8reEl (144 %:} 41 1§56 ow ¢
6¥6 6ElL1L ToTl1 608 056 oril £0T1 1414} £¥8 ow y
€54 Y06 41 L9 1474 06 $S6 $66 €0L ow ¢
TES 8€9 1 744 €0S (439 6€9 v49 €04 1£49 owz
[4:14 6€€ 4S¢€ [4:14 82 6EE 8S¢€ €48 {14 ow |
69 £8 48 (74 69 €8 48 16 [74 AM |
ol zl €l it o1 A €l €l 1 Aop | wy (ayfsnq v % Aq pezijouuou)
siq pensIp eBDISAY
(91°0) Z10 |(91°0) ZT10 [{91°0) Z10|(91°0) Ti'O |(£1°0) €10 [(Z1'0} €10 |{£1°0) €10 J(£1°0) €10 |(£1'0) €10 owzij
(€z:0) 810 [(€z°0) 810 |(€T°0) 810 (€T°0) 810 [(¥z°0) 810 |(¥Z'0)} 810 |(¥Z'0) 810 |(rZ0) 810 |(¥Z0} 8L0 ouw ¢
(¥€'0) 9Z°0 [(¥E'0O) 9Z°0 | {FE0) 90 |(re0) 9Z'0 |(SE0) ZT0 |(SE0) 4£TO |(SE0) £LTO [(SE'0} 4LTO |(§€°0) LT'O ow 9
(8£°0) 620 |(8€°0) &Z°0 |(8€0) 6Z0 |(8£0) 60 |{o¥'0) 0€'0 | (Or0} o0€O [(0O¥'0) 0€0 {{0P0) OE0 |(0Ov0) 0E0 ow ¢
(€¥'0) €£0 |(E¥0) €£€°0 { (E¥°0) €€°0 | (E¥°0) €€'0 |(S¥'0) PEO [(S¥'0) ¥E'0 [(S¥'O} ¥EO |(SFO) ¥EOQ |(S¥0) ¥ED ow ¢
(67°0) ££0 [(6¥°0) £E'O |(6¥°0) £E'0 | (60} ££'0 [{15°0) 8€0 [(1§5°0) 80 [(150) 8£0 |{1§70) 8E0 [(150) 64€0 ow ¢
(56°0) T¥'o [ISS'0) ZT¥O |{§S0) TvO |(SS0) THO |(85°0) €¥°0 |(8S0) E¥O [{BS'O) €vO [(BS0) E¥O |(8S0) €E¥VO ow g
(Z9°0) 2v'0 |(Z90) £¥0 | (290} 4¥O | (Z9:0) 4yr'O |(S9°0) 6¥0 |(59°0) &6¥'0 [(§970) 6¥°0 |(59°0) &6¥°0 |(59°0) 6¥°0 ow |
(89°0) 250 [(89°0) TS0 | (89°0) TS0 |(89°0) ZSO |(L£0) ¢S50 {(1£0) ¥50 |(1£0) ¢SO |[(1£0) ¥5°0 [(1£0) ¥»S°O AM
(0£0) €S0 |{0£0) €S0 |(0£0) €50 [(0£0) €50 [(€£0) SO0 |(EL0) S§S°O [{€£0) €50 [(€£0) §SO (€£0) S§S§0 Aop | 0} suoypisdo @3pyins pepoiBap 30
(z8'0) z9'0 |(z8'0) Z90/| (z8'0) z90| (z80) 90 {(S80) S9°0[(S80) S9°0 |(S8°0) S9°0 | (§8°0) §9°0 | (§8°0) §9°0 | POUSQRISS §| Yuyj vouDIUAWIWIOD peppibap joy)
(€1°0) o010 [(s1'0) Tio|(p1'0) Z1'0| (91'0) Zo0O [(EL°0) O1°0|(SL0) Z1'0 |(91°0) ZL'O|(£10) €L0O (91°0) OO owegl
(81°0) ¥10 |(zz0) £1°0 | (€z'0) 81°0( (€2°0) SO0 [{61°0}) ¥10|(TT0) £1'0 [(eT0} 810 |(¥Z0) 810 (r2°0) €00 ow 4
(£Z°0) 0Z0 |(TE€0) ¥TO | (re0) 9T0 /| (€€0) OL'O [(£Z0) 0ZO|(ZE0) ¥Z'0 |(re0) 920 |(S€0) £LZ0 |(5€0) 010 ow 9
(0€'0) £2°0 |(9€°0) £Z'0 | (8E0) 6Z0|(8€0) €10 |(0€0) €Z'0 /| (9€0) £Z'0 |(8€°0) 6Z°0 | (0¥'0) OE0 (6e0) €1'0 owg¢
(ve'0) 920 |(1¥'0) 1€0 | (E¥°0) €€0] (E¥'0) 910 [(¥e0) 920 | (1¥'0) LE0 |{Ev'0) €€0 |(Sy0) ¥€0 [(ry'0) £L1'O ow y
(6€°0) 620 ((9¥0) S€0 | (6¥'0) £LEO| (8¥°0) 1T'0 |(6€°0) 6T°0 ((9¥°0) SE€O [(6¥°0) LEO (1s'0) 8¢0 { (0500 ZTO ow g
(vy'0) €€0 |(ZS0) 6£°0](S5°0) Z¥0](650) «£ZO |(v¥'0) €€'0 | (2Z50) Ov0 |(SS°0) Z¥O |(85°0) €VO {65°'0) 8Z0 owg
(6¥°0) ££0 [(65°0) S¥O|[1{Z90) £LyO | (Z9°0) SEO [(6¥°0) £LEO | (650) S¥O |(Z9°0) L¥rO |(59°0} 6¥0 (r90) 9¢€0 ow {
(¥$'0) 10 |(s9°0) 6%°0 | (89°0) €50 (89°0) T¥O [(¥S'0) (vO|(59°0) &¥0 |(89°0) 2SO [(L£0) ¥S'0 (t£o) v¥0 AM |
(SS'0) ZT¥O [(99°0) 050 | (0£0) €S0 | {0£0) vy'0 |(§50) ZTvO |(99°0) 050 [(0£0) €50 | (€£L0) S50 (€£0) 9v0 Aop | :10} suoypiado edoyins Aiownd 3O
{€9°0) 6¥0 |(82°0) 650| (z80) T9O| (£8'0) TS0 [(S9°0) 6¥0 | (820} 65°0 |(z80) 290 |(s8°0) §9°0|(58°0) ¥SO PoYsI|qDIse 51 Huy uolRdUNWWOD Asduwid oY)
(£8°0) 990 |(£8°0) 990 | (£8°0) 9970} (£80) 990 |(£8'0) 99°0| (£80) 990 | (£8°0} 99°0 [ (£80) 990 (£8°0) 990 Buipuo| puo Ajue 3O
(88'0) £9°0 | (88°0) £9'0] (88°0) £9'0] (88'0) £9'0 |(88°0) «£90{ (88°0) £9°C |(88°0) 49°0|(88°0) 490 (88°0) £9'0 uoypindas 19pud| 4O
86°0 86°0 86°0 8460 86°0 846°0 86°0 86°0 860 SUOI29.4403 Alopelpyy asinodpiw O
00’1 00°1L 00°'L 00°L 00°'L 00’ 00’1 00°L 001l uoyisinbop pup juewiojdep (DI} 4O
€20 = 060 = €60 = €20 = 060 = $60 = 66’0 =
RH0M M Hom jiim HOM 1M FioM JjIm oM iim Hom [Iim AIoM Jjim
DUujuUD UIDB | DUUNUD URB | PuusjuD uNB Buy Duuajun uinB jup ujob juo ujoB juD u|pf Auy
Y8y oy 481y joyi 4By oy Anjey 4By joyi 481y oy Y8y Joys 4By joyi Apjoy
Anjiqngqoad Aqeqosd Ayliqpqoid Ajjiqoqoig Ajjiqoqoag Ayjiqoqoayg ANpqoqoid selitjiqoqold
yuy pedia 3yuj| Padlg
$6°0 = YoM [IIMm DuusiuD |pUCHIVIPIUWS oy AljIqeqold 66°0 = YoM |iIm HUR |DUBHIIIPY 1y Ajiqegoly

(0'L=""'860'0="0"0'L=1'61"0=Y !sADp 00T =Wl dii) xsi|nsa1 AQ|iqpIjaJ || 850D *||-D 8|qpY

63



JPL TECHNICAL MEMORANDUM NO. 33-228

64

REFERENCES

. Stanford Worldwide Acquisition of Meteorological Information, Report No. 213,

Stanford University, Department of Aeronautics and Astronautics, June 1964.

. Bourke, R. D., Information Transmission from a Martian Lander to a Martian Relay

Communications Satellite, Technical Report No. 32820, Jet Propulsion Laboratory,
Pasadena, California, October 15, 1965.

. Yoyager Design Studies, RAD-TR-63-34, Avco Corporation, Wilmington, Massa-

chusetts, October 15, 1963 (prepared for NASA under Contract NAS-w 697).

. Voyager Design Study, Document No. 63, SD 801, General Electric Co., Philadel-

phia, Pennsylvania, October 15, 1963 (prepared for NASA under Contract NAS-w
696).

. Reliability Analysis of the Mariner C Spacecraft, PRC R-433, Planning Research

Corporation, Los Angeles, California, December 9, 1963 (prepared for JPL under
Contract 950759).

. Failure Rate Data Handbook (BuWeps), SP 63—470, U. S. Naval Ordnance Labo-

ratory, Corona, California, 1962.




