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ABSTRACT

This Report discusses the trajectory design for a spacecraft which
returns to the vicinity of the Earth after the Mars encounter. It is
possible to fly a purely ballistic roundtrip mission with relatively short
flight time. A wide variety of encounter geometries at Mars is possible,
some of which are suitable for television pictures and other scientific
experiments. If it is necessary to carry out a velocity correction ma-
neuver at Mars due to the dilference in asymptote of approach and
departure, the roundtrip trajectory is called “impulsive.” By using a
velocity increment, it is often possible to improve the trajectory char-
acteristics or mission payload.

The Report also describes the method and associated computer
programs used to analyze Earth-Mars-Earth trajectories based on the
patched conic model. The return probe can transmit up to 1000 times
more data during the Earth-encounter phase than the non-return flyby
probe such as the JPL Mariner IV.

Due to the large communication distances and small transmitter
powers involved, the Mars flyby spacecraft can return severely limited
quantities of data. The Mars orbiter can obtain a great deal more data
and has been the topic of much investigation.

It has been concluded that the 1971 Earth-to-Mars launch period is
most advantageous for Earth-return missions, compared to the 1969,
1973 and 1975 Mars opportunities.

AUTHOR
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I. INTRODUCTION

It was the purpose of this Report! to design working
charts showing characteristics of Earth-Mars-Earth tra-
jectories which would enable the user to make some of
the important tradeoffs. The intent was to generate
working graphs similar to those used for the actual
design of interplanetary missions such as Mariner II to
Venus and Mariner IV to Mars (Ref. 1), and also pres-
ently being used to design one-way missions to Jupiter
and Mercury. Such data consist of contour plots of vari-
ous trajectory parameters plotted as a function of launch
date from Earth and arrival date at Mars.

'This Report was presented as a technical paper to the American
Astronautical Society at the Space Flight Mechanics Specialist
Conference held at the University of Denver, Denver, Colorado,
July 6-8, 19686.

A very extensive summary (Ref. 2) was delivered on
the most important work in the design of trajectory
analysis for one-way and multiple planet-trajectory
missions.

The first attempt to generate trajectory design plots
for ballistic round-trip missions to Mars and Venus
(Ref. 3) was probably made by Stanley E. Ross. The data
are presented in the form of contour charts which show
loci of constant launch energy, periplanet distance, and
hyperbolic excess speed at Mars in the Earth launch
date—Mars arrival date plane. The present Report can
be regarded as an extension of the data for the 1969
and 1971 Mars opportunities to the case of impulsive
Earth-Mars-Earth trajectories.

Il. MATHEMATICAL MODEL

The Earth-Mars-Earth trajectory will be assumed to
consist of three patched conics: the heliocentric Earth-
Mars leg, the Mars-centered conic trajectory, and the
heliocentric Mars—-Earth leg. The launch date at Earth,
arrival date at Mars, and arrival date at Earth are de-
noted by TL, TA, TA’, respectively. The total trip time
is designated by T 2.

Given TL and TA, the Earth-to-Mars conic trajectory
is readily computed, and results in the following trajec-
tory parameters:

DVL - the AV at launch beginning in Earth parking
orbit®.

DLA - the declination of the outgoing asymptote at
the Earth,

VHP - the asymptotic speed at Mars upon arrival.

*The principal notation is summarized at the end of this Report.

*DVL is easily converted to conventional energy units C, or hyper-

bolic excess velocity at Earth VHL by means of the following
equation:

C: = (VHL)* = (7.8 + DVL)* — 121.7 (km/sec)®
where DVL and VHL are in km/sec.

ZAPA - the angle between the incoming asymptote at
Mars and the Sun-Mars line, Fig. 1.
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Fig. 1. Lighting conditions for Mars flyby
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Given TA, the day of the departure from Mars, and
TA’, the Mars-Earth return conic is easily found and re-
sults in the following trajectory parameters:

VHL’ - the asymptotic speed with respect to Mars at
the beginning of the return trajectory.

¢ — the angle between the incoming asymptote
and the outgoing asymptote at Mars, some-
times called the bending angle.

VHP’ - the asymptotic speed at Earth encounter.

ZALD - the angle between the outgoing asymptote at
Mars and the Sun-Mars direction, Fig. 1.

If the approach and departure asymptotic velocities
at Mars are equal, no velocity increment has to be im-
parted to the spacecraft near Mars, and the unique fly-
by altitude above the Mars surface is given by:

L 1
p= - - Ty 1
He=<up ( sin (y/2) 1) ' @)

If the approach and departure asymptotic velocities
at Mars are not equal, a velocity correction in the vicin-
ity of Mars is necessary to achieve the desired Earth-
return trajectory. We shall consider encounter trajec-
tories where, at most, one impulsive maneuver is car-
ried out. Table 1 shows the flyby altitudes and required
velocity increments for maneuvers carried out at the
following three points on the Mars encounter trajectory:

1. A great distance from Mars before encounter.

2. The common periapsis of both encounter hyper-
bolas.

3. A great distance from Mars after encounter.

For 1 and 3, the maneuvers are colinear. The flyby
trajectory consists of a single hyperbola only. For 2, the
flyby altitude H, is specified by the transcendental equa-
tion, Fig. 2:

|
+ sin”! [1 + ——”((‘Z”H-;,;IP) ] | )

(a) DARK-SIDE FLYBY
(APPROACH ANGLE + DEPARTURE ANGLE > 180 deg)

APPROACH
ANGLE

ZAPA

DEPARTURE
ANGLE

VHP vHL'

{b) SUNLIT—SIDE FLYBY
(APPROACH ANGLE + DEPARTURE ANGLE < 180 deg)

[]
DEPARTURE A vhL

ANGLE

APPROACH

vHP SUN

Fig. 2. Mars encounter geometry

and the encounter trajectory consists of two hyperbolic
segments patched at periapsis. The velocity increment is:

9 1/
DV = (VHP'-’ + —")

Tao + Hl’
2‘“ 12
- | VHL + ———— 3
( ry + Hp > ( )

It is easily shown that:

Hp > Hp > Hp,
DV < |VHP — VHL/|
if
VHP < VHL'

In general, it is possible to reduce the velocity incre-
ment somewhat below DV (Ref. 4).
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lll. PRESENTATION OF TRAJECTORY DATA

Trajectory data for one-way transfer from the Earth to
other planets are most conveniently presented in the
form of contour charts, as shown in Fig. 3. This figure
shows contours of constant injection AV, DVL, for
Earth-Mars Type I trajcctories to be launched in 1969.
The region of Mariner Mars 1969 trajectories is indicated
in the same figure.

Similar charts have been prepared for Earth-Mars,
Earth~Venus, Earth-Mercury and Earth-Jupiter transfer
and represent a valuable tool in the design of such tra-
jectories (Ref. 1). It is important to note that each point
in Fig. 3 represents exactly one Earth-Mars trajectory.

With the consideration of Earth-Mars-Earth trajec-
tories, a new independent variable—the total trip time
T—is introduced. For a given TL and TA, we are not
interested in all possible Earth-Mars-Earth trajectories,
but only the optimized one which results in:

1. A reasonable value of T, the total trip time.

2. The maximum payload or minimum energy; i.e., the
minimum velocity increment DV at Mars.

3. One of the flyby altitudes HP, Hp,, Hp, being
greater than zero.

4. The total AV requirement, DVT = DVL + DV,
not to be excessive.

In this Report, the upper limit on DVT was arbitrarily
selected to be DVTM = 7.1 km/sec [C, = 100 (km/sec)?].
In our optimization, it does not matter how DVT is dis-
tributed between DVL (the AV at launch) and DV (the
AV at Mars). Actually, it is much easier to impart a
large AV at Earth and a small AV at Mars, rather than
vice versa.

The actual mission payload (exclusive of the propul-
sion system) will depend not only on DVT but also on
the way DVT is distributed between DVL and DV. The
DVT can be used as a parameter which specifies pay-
load as a first approximation, just as DVL is used to
evaluate mission payload for one-way trajectories.

IV. COMPUTER PROGRAM DESCRIPTION

For each Mars opportunity to be studied, the region
in the TL-TA plane, with DVL less than DVTM, is
found from available Earth-Mars trajectory data. The
minimum and maximum values of T, Ty, and Ty.x
must be specified, as well as the minimum altitude at
Mars Hyy. In this study, we use T),» = 350 days,
Tuax = 650 days, and Hy,y = 0.

The program then computes all the Earth-Mars—Earth
trajectories beginning with the lowest value of TL and
the highest of TA. TL is first increased over the range of
TLs, and TA is then decreased. For each TL and TA, T
is varied between T,y and T,y with a certain incre-
ment DTF. If the launch energy and flyby altitude con-
straints are met, the trajectory parameters are computed
and printed; otherwise the trajectory is rejected. Simul-
taneously, for each TL and TA, a buffer is provided
which, at any time, contains the trajectory data corre-

sponding to the minimum DVP trajectory. Of course, the
purely ballistic trajectory which corresponds to DVP = 0
is the most interesting one. Consequently, if the program
detects a change in sign in DVP, a lincar interpolation in
T is performed, and the corresponding trajectory data
are computed and are then stored in the buffer. The
program then continues with the computation of all
Earth-Mars-Earth trajectories until T = Ty y.

After all desired Earth-Mars-Earth trajectories have
been computed, the program prints out a convenient
trajectory matrix containing 13 important trajectory pa-
rameters contained in the buffer, corresponding to the
optimized (minimum DVP) Earth-Mars-Earth trajec-
tories. In this matrix, the abscissa is TL, and the ordinate
is TA. These data are then used to generate the contour
charts used in the trajectory design. Machine plotting
routines are available.
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V. DISCUSSION OF CONTOUR PLOTS

Figures 3-16 are the contour charts of the trajectory
parameters used to design the Earth-Mars-Earth trajec-
tories for launch in 1969 and 1971. Figures 3 and 10
show the total AV requirement for these missions in 1969
and 1971, respectively. Figures 4 and 11 show the pa-
rameter DVP for both opportunities. In Figs. 4 and
11, the regions corresponding to DVP = 0 are indicated.
Within these regions, the Earth-Mars-Earth trajectories
arc purely ballistic after injection near the Earth. If the
contour charts are compiled in the form of convenient
transparent overlays, it is possible to read off several
trajectory parameters at the same time. For example, by
overlaying Figs. 3 and 4, one finds the AV requirement
for the purely ballistic Earth-Mars—Earth trajectories. It
can be seen that for the 1969 opportunity, the regions of
zero DVP are somewhat removed from the regions
of minimum DVL. The DVT is the total velocity incre-
ment required for the mission. It will be seen that, in
1971, these regions are closer together, which results
in much more favorable Earth-Mars—-Earth trajectories.
Figures 6 and 13 show contours of flyby altitude at Mars
if a periapsis mancuver is performed.

The parameter ZAPA gives approximate approach con-
ditions at Mars (Fig. 2). If ZAPA is smaller than 90 deg,

the sub-vehicle point on approaching the planet lies over
a dark region; if it is greater than 90 deg, the sub-vehicle
point lies over a sunlit region. Similarly, the departure
angle ZALD is an indication of lighting conditions when
leaving Mars. Depending on whether ZALD is smaller
or greater than 90 deg, the sub-vehicle point at depar-
ture lies above a dark or sunlit region of Mars.

Lighting conditions during Mars encounter are indi-
cated by the sum of the approach angle ZAPA and the
departure angle ZALD. If the sum, ZAPA + ZALD, is
greater than 180 deg, the vehicle periapsis point lies
above the dark region of Mars (Fig. 2). If the sum,
ZAPA + ZALD, is smaller than 180 deg, the periapsis
point lies above a sunlit region at Mars. We thus refer
to dark side flyby and sunny side flyby. Regions of dark
side and sunny side flybys at Mars are also indicated in
Figs. 5 and 12.

The one-way Earth-Mars trip time contours, which
consist of straight lines running from the upper right to
the lower left of the diagrams, have not been indicated
here. Finally, the trajectory parameter T, the total trip
time, is of interest.

VI. 1971 OPPORTUNITY

Figures 10-16 show the contour plots of the trajectory
parameters for the 1971 opportunity. A comparison of
Figs. 10 and 11 shows that there is a larger region corre-
sponding to DVP = 0, and that, within this region, there
is a large number of trajectories with DVP on the order
of 6 km/sec. The region also includes primarily sunny
side flybys, of greater interest for photography missions.
Total mission times extend from 500 to 550 days. Flyby
altitudes are on the order of one Martian radius,

igher payloads and shorter missions can be achieved
with the use of dark side flybys. However, in this case,
substantial velocity increments at Mars are required. For
example, for TL = 2441080, TA = 2441230, the AV at
launch is DVL = 5.1 km/sec, and the velocity increment
is 2.1 km/sec. The velocity increment is imparted after
Mars encounter and the flyby distance is 448 k. The
total trip time is 420 days while the Earth-to-Mars tlight
time is 170 days.
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Fig. 14. ZAPA contours. Earth-Mars—Earth 19701971
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Vil. COMMUNICATION ADVANTAGE

After Mariner IV encountered Mars in 1965, about five
million bits of Mars encounter data comprising 22 photo-
graphs were transmitted back to Earth over a period of
7 days. The data rate was 8% bps during this period.

For example, we shall show the communication advan-
tage of a typical Earth-Mars-Earth trajectory launch in
1971. The Earth departure date is 2440936, the Mars
arrival date is 2441248, and the total trip time is 574 days.
The Mars-to-Earth flight time is 262 days. The projec-
tion of the Mars-to-Earth trajectory onto the heliocentric
plane is shown in Fig. 17. The probe departs from Mars
on October 21, 1971, at which time the Earth-probe
range is increasing. The maximum communications dis-
tance is reached on ¢ = 120 days from Mars departure.
From this point on, the communication distance decreases
up to Earth encounter, which occurs at t = 262 days.

In the following, we shall draw a comparison with
a Mars orbiter which is assumed to begin transmis-
sion on October 24, 1971. For the orbiter, the com-
munication distance is an increasing function of time
up to t = 262 days.

It will be assumed that the orbiter and the Earth re-
turn probe both begin transmission on October 24, 1971,
at a data rate of 50 bps. For both vehicles, the data rate
is decreased or increased by factors of 2 whenever pos-
sible, according to communication distance to the Earth.
For the orbiter, the data rate must be decreased three
times over the 262 days. Based on communication dis-
tance alone, the data rate of the Earth return probe
would have to be decreased once and increased 21 times
over the 262 days. This would result in a theoretical
maximum data rate at Earth encounter of 50 X 10° bps,
which is beyond the present state of the art.

Figure 18 shows the total information received over
the 262 days for the Earth return probe and the Mars
orbiter. The information returned was also computed,
assuming the maximum possible data rates were approxi-
mately equal to 10, 10, and 107 bps. Due to our assump-
tions, the actual data rates over the missions will be
multiples of 50 bps.

At the end of 40 days, the Earth return probe and the
Mars orbiter will have transmitted 1.73 X 10* bits and
1.65 X 10* bits, respectively. At t = 258.8 days, the data
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rate is increased to 102,400 bps. At t = 259.6 days, the
communication distance has decreased sufficiently so
that the data rate could again be doubled. If the data
rate is doubled, the information received follows the
upper curve. If it is assumed that the maximum data
rate is I,, = 102,400 bps, the information received dur-
ing the Earth encounter phase is shown by the lower
curve labeled I,, = 102,400 bps. Such a probe would
continue transmitting at this data rate during the entire
period of Earth encounter. At the time of Earth encoun-
ter (¢t = 262 days), the return probe would have trans-
mitted 495 X 10% bits. Because of symmetry, the
communication distance would not become too large for
this data rate until ¢ = 264.4 days, or 2.4 days after
Earth encounter. At this time, the total information re-
ceived would be 708 X 10* bits, or about 200 times the
amount of data sent back by the orbiter. If the maximum
data rate were I,, = 819,200 bps, the total information
received by Earth-encounter time would be 1432 X 10°
bits, and at the time of saturation, the total data received
would be 2069 X 10* bits. If the maximum data rate
were I,, = 13.1 X 10° bps, the total data received by
Earth-encounter time would be 5748 X 10* bps, and
8012 X 10¢ bits at t = 262.2 days. This latter figure is
2000 times the amount of data returned by the orbiter
over the 262 days.

The above figures for information returned assumed
that the flyby distance at Earth was 10° km, assuming a
1-km circularly distributed error in the B-plane at Mars
arrival. The B-plane is the plane perpendicular to the
incoming asymptote at Mars which contains the center
of Mars. The ranges of data-range saturation for 102,400
bps, 819,200 bps and 13,107,200 bps are 2.24 X 10 km,
0.78 X 10% km and 195,000 km, respectively. If the flyby
distance at Earth is reduced below any of these values,
the corresponding information curves shown in Fig. 18
no longer apply. It is only possible to obtain the infor-
mation shown in Fig. 18 provided that the targeting
distance at Earth is less than the saturation distances.

If the targeting distance at Earth were as high as
107 km, data rate saturation would take place 10 days
before Earth encounter, and the probe would have to
transmit at 6400 bps during the 20-day Earth encounter
phase. The Earth return probe would thus lose its basic
asset, and the data collected would be only an order of
magnitude greater than that collected by the orbiter.
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The Earth return probe appears in an even more
favorable light if we make the realistic assumption that
the Deep Space Instrumentation Facility (DSIF) receiv-
ing net could not support a mission which required the
collection of data for over 14 yr. For example, suppose
the DSIF could be committed for 1 mo of continu-
ous data collection. According to Fig. 18, it would then
receive 1.3 X 10* bits of information from the orbiter
during this period. Assuming the targeting distance at
Earth to be 10° km, Fig. 18 shows that the return probe
could transmit 416 X 10" bits during the 4.8 days extend-
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ing from ¢t = 259.6 to 264.4 days, transmitting at a con-
stant data rate of 102,400 bps. If the data rate were
819,200 bps, the data collected over 1.8 days during
Earth encounter is 1.3 X 10" bps, or 1000 times the
amount of data collected by the orbiter. Finally, if
the data rate were 13.1 X 10° bps, the data collected
over only 0.4 days during Earth encounter would be
44 X 10" bps, or 3000 times the amount of data col-
lected from the orbiter in 1 mo. Figure 18 shows that by
beginning transmission even earlier, it is possible to
greatly increase the amount of data collected.
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VIil. FLYBY GEOMETRY

The flyby geometry for the 1971 Earth-Mars—Earth
trajectory discussed in the previous section is favorable
for an Earth occultation experiment. The sub-vehicle
point passes into the sunlit region of Mars, and at the
time of closest approach—where the altitude of Mars is
1000 km—the field of view is 40 deg and contains the
sub-solar point. During most of the encounter trajectory,
the sub-vehicle point remains Sun-illuminated and is
very close to the Martian equator.

NOMENCLATURE

Geocentric energy at launch from Earth, in
km/sec?

Declination of the outgoing asymptote at Earth,
in deg

Velocity increment if maneuver is carried out

at Mars periapsis, in km/sec

Velocity increment at Earth from parking orbit,
in km/sec

Difference in asymptotic speeds at arrival and
departure with respect to Mars, in km/sec

DVL + DV, total velocity increment require-
ment for impulsive Earth-Mars—-Earth trajectory
if maneuver is carried out at Mars periapsis, in
km/sec

Altitude above Mars when maneuver is per-
formed, in km/sec

Flyby distance at Mars, in km

Flyby distance at Mars if maneuver is per-
formed at Mars periapsis, in km

Flyby distance at Mars if maneuver is carried
out a large distance from Mars before Mars en-
counter, in km

As above, except after Mars encounter, in km

3310 km, radius of Mars

Total mission time for Earth-Mars-Earth tra-
jectory, in days

TA
TA
TF
TL
VHL

VHL’

VHP

VHP'

ZALD

ZAPA

AV

Time from Mars departure, in days
Julian date of arrival at Mars

Julian date of arrival at Earth
Earth-Mars flight time, in days
Julian date of launch from Earth

Hyperbolic excess velocity at Earth departure,
in km/sec

Hyperbolic excess velocity at Mars at Mars de-
parture, in km/sec

Hyperbolic excess velocity at Mars at Mars ar-
rival, in km/sec

Hyperbolic excess velocity at Earth at Earth
arrival, in km/sec

Mars departure angle or angle between the
outgoing asymptote at Mars and the Sun-Mars
line, in deg

Mars arrival angle or angle between the incom-
ing asymptote at Mars and the Sun-Mars line,
in deg

Bending angle at Mars or angle between the
incoming and outgoing asymptotes at Mars, in

deg

42906 km?*/sec?; gravitational constant of Mars,
in km?/sec?

Velocity increment, in km/sec

N
(5]
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