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Fig. 1 Minimum number of satellites required as a
function of altitude and desired measure of effectiveness.
Note: Costs of achieving all orbits are equal.

meaning, the integer approach is attempted. In actuality, a
linear programing solution will generally conform quite
clnsely to the one obtained using integer programing tech-
nigues. s

Example 1

The first problem selected for the purpose of illustrating the
outlined technique of obtaining a minimum-cost satellite
overlay consists of seven links that form a global belt of sta-
tions having a small varation in latitude. These links are:
Japan L Midway Hawaii 3, California 2 Washington,
D. C. 2 Azores 2 France -~ Turkey. Itisassumed that all
links require the same MOE. That is, the satellite overlay
will provide a probability of outage which 1s less than 0.01
‘dy = 0.01). Inclination angles of 0°, 30°, 45°, 60°, and 90°
and dizerete altitudes from 2000 to 10,000 naut miles at 2000-
naut-mile intervals were chosen. Assumed cost values used
in this problem are found in Table 1. Values for P, were
obtained using the technique outlined previously. The re-
<ults for this example show a mix consisting of a single alti-
tude and inclination.  The optimum orbit is 6000 naut miles
at 30° inclination. The svstem overlay required 35 satellites
at a total cost of $105,000,000. Results obtained by linear
programing rather than integer programing gave 34.78 satel-
lites at an orbit of 6000 naut miles and 30° inclination; round-
ing this off, results are identical. This is not the case for
example 2 below.

Example 2

Slichtly different cost figures are assumed (see Table 1),
and the orbit altitude is fixed at 6000 naut miles. The in-
clination angle was permitted to vary as in example 1. The
P (for H = 6000 naut miles) and A« are the same as those
in example 1. The results show an optimum mix of 27 satel-
lites at a 60° and one satellite in a polar orbit (90°) for a total
cost of 366,000,000. The linear program results for this
problem indicate 25.36 satellites at a 60° and 2.01 satellites at
90°. Roundoffs to the next highest integers which guarantee
satisfaction of the constraint equation give 26 at 60° and 3 at
90°, which would raise the cost by $3.7.000.000 or 6%, com-
pared to the integer-program results. The cost estimates of
example 2 were used in the integer program to obtain min-
mum cost mixes of satellites in various fixed altitude eon-
firurations; resuits are aiven in Table 2.
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Example 3 )

The minimum number of satellites required to satisfy all
coverage conditions simultaneously was also obtained. The
method in this case assumes equal costs for placements of
satellites. Under this assumption, minimum ecost criteria
will result in the minimum number of satellites for a specified
MOE. Results are shown in Fig. 1 for each of the altitudes.

Conclusion

A method has been developed using integer programing
techniques for optimizing a satellite configuration to sutisfy
global communication systems using minimum cost criteria.
The technique may also be applied to any satellite overlay
used to optimize presence of two satellites in the line-of-sight
path of ground observers, as in navigational or satellite
weather systems. Several examples have been presented,
both for satisfying minimum cost eriteria and for minimum
number of satellites.

References

! Bennett, F. V., Coleman. T. L., and Houbolt, J. C., “Deter-
mination of the required number of randomly spaced communica-
tion satellites,” NASA TN D-619 (January 1961).

* Bennett, F. V., “Further developments on the required
number of randomly spaced communication and nawigation
satellites.”” NASA TN D-1020 (Februarv 1962).

3 Crickmay, C. J., “Optimizing the geographical location of
satellite tracking stations,” ARS J. 32, 107-113 (1962).

4 Levitan, R. E., “Integer programming 3, 7090 (PK IP93 and
PK IPMS3),” Share Distribution Document 1190 (September
1961).

Venus Swingby Mode for Manned
Mars Missions

RoBerT L. Soux*

TRW Space Technology Laboralories, Redondo Beach,
Calif.

PROMISING new method for reducing Earth return
LA velocities from Mars stopover or flyby missions is the
Venus swingby mode, which utilizes the gravitational field
of Venus to decelerate the spacecralt on the return leg, or to
accelerate it on the outbound leg, to achieve a more favorable
calendar date for return from Mars. Earth entry velocities
are reduced from a maximum oi 70,000 to 50,000 fps or less,
without increases in mission propulsion requirements. Venus
swingby modes have been examined previously by Ross! and
others in connection with the 1970-1972 Mars-Venus dual
planet flybys; it is the purpose of this note to show the general
applicability of the Venus swingby technique to both Mars
stopover and flyby missions for all mission opportunities (14
opportunities were examined, covering the period from 1971 to
1999).

Launch opportunities for Mars missions are associated with
Mars-Earth oppositions, and precede by three to four months
the opposition dates, which occur on the average every 26
months. Because of the eccentricity of the Mars orbit, the
mission trajectory profiles change from one opposition to the
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the manned Mars landing and return mission for the NASA Ames
Research Center under Contract No. NAS 2-1409. The helpful
comments of C. A. Syvertson and H. Hornby of the Ames staff
are gratefully acknowledged.
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Fig. 1 Manned Mars spacecraft.

next. Earth entry velocities are particularly sensitive, and
range from 46,000 ips in a favorable opposition, such as 1971,
to 70,000 fps in an unfavorable opposition, such as 1980.
The eyclic pattern of mission profile variations repeats every
15 yr, or every seven oppositions. The slight inclination of
the Mars orbit causes the transfer trajectories to rotate out
of the ecliptic, but this effect is small except in one or two
special cases and was not found to constrain the selection of
optimum trajectories.

Direct Missions

The direct flights used as a basis for comparison with the
Venus swingby modes were based on a 10-day stopover mis-
sion to Mars. The spaceeraft departs irom an Earth parking
orbit and. after a 4- to 6-month transit, is decelerated into a
500-km circular parking orbit at Mars by means of aero-
dynamic braking (similar mission characteristic velocities are
obtained with retro capture). A surface landing on Mars is
made by means of an excursion module that returns to the
parking orbit for rendezvous with the main spacecraft.
After a 6- to 8-month return trip, the craft enters the Earth’s
atmosphere for landing by means of an Apollo or M-2-type
Earth entry module after jettizoning the main spacecraft
mission module. A typieal spaceeraft layout is shown in
Fig. 1.

Weight-scaling laws, based on the spacecrait design shown
in Fig. 1, were used in performing optimization analyses to
seleet the best combination of calendar date, total trip time,
and leg time to minimize total spacecraft weight on Earth
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Fig. 2 Manned Mars stopover mission characteristies.
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Fig. 3 Venus swingby return mode (1975 mission).

orbit. The results, shown in Fig. 2, indicate that Earth ar-
rival velocities increase rapidly during the late 70’s when
opposition occurs as Mars nears its aphelion. Since aero-
dynamic entry system weights are relatively small compared
to equivalent propulsion system weights, and the mission
module is about four times as heavy as the Earth entry
module, the mission is biased heavily in favor of reduced
propuision system requirements at the expense of high Earth
arrival velocities. Aero entry svstems capable of operating
at these high velocities (70,000 fps) will be exceptionally dif-
ficult to develop, primarily for reasons of navigation and
control.

Aerodynamic entry speeds at Earth return can be reduced
in several ways, all of which result in increased spaceecraft
gross weight. Biasing the trajectory optimization to reduce
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Fig. 5

the Earth entry speed from 65,600 to 60,000 [ps (for the 1975
mis=ion) increases the eross weight from 1.43 to 1.70 X 10¢
1h (249). TUse of a retrorocket to reduce speed by the same
anmount inereases gross weight to 1.61 X 10° Ib (139%). Re-
ducing the Earth entry speed to 50,000 fps by means of retro
propulsion increases gross weight from 1.43 to 2.05 X 10° b
+39%).

Mars Stopover Missions with Venus Swinghby

The eravitational field of Venus can be used to reduce the
heliogentrie velocity vector of the spacecraft as it passes by
Venus, resulting in a more nearly tangential approach to
Iarth. The advantages of the Venus swingby return
modes can be demonstrated for the 1975 mission. which is a
iwpically unfavorable yvear for a direct return. In the direct
return mode the spacecralt passes inside the orbit of Venus to
sffect the rendezvous with Earth (Fig. 3) at a relative helio-
centrie flight path angle of 31°, which results in an entry
veloeity of 55,600 fps. By adjusting the return trajectory
dightlv. the spaceeraft can be made to rendezvous with
Venus, and if a dark side passage is made at an altitude of
about 3300 km, the spacecrart heliocentric veloeity i3 re-
dinced by 13,000 fps. The resulting Venus-to-Earth tra-
jectory approaches Earth at u relative heliocentric path anale
7 only 14° s0 that the enury velocity is reduced to 44,000 fp=.
Far manv of the 14 opportunities in the 1971-1999 period. the
~nacecraft does not pass ciose by Venus on rhe return trip.
However. the ancular rate of travel of Venus is rapid com-
sared o that of Mars (hy a fuctor of four when Mars'is near
it~ aphelion), and the spaeecrait can be parked on Mars tor
relatively short periods of thme to await a favorable rendez-
vous.  [n additon, the mission trajectory paths can be ad-
jsted to effect a more favorable position for Venus rendez-
“ous, which can be effected before or after perihelion passage
of the spacecraft.  Altogether, about two-thirds of the mis-
-ion opportunities can effectively utilize the Venus swingby
return mode 1o reduce Earth enny velocities,

[n the remaining opportunites, Venus swingbys can be ef-
‘seted by “reversing” the trajectory, that is, by following long
'>130°%) transfers out to Mars, and returning to Earth by
short (< 180°) transfers.  This mode is normally precluded
because the Earth-departure propulsion requirements are
axcessive, but can be reduced to near-optimum values, if,
-ubsequent to Earth departure. the whip effect of Venus is
nsed 1o aceelerate the spaceerait toward Mars (Fig 4.
he net resuit 1s again a reduction of the Earth entry velocities
io lesz than 43,000 ips.

Results of the 14 opportunities are given in Fig. 5. Very
sienificant reduetions due ro Venus swingby are apparent,
~ven in the favorable vears.  In those cases in which Venus
rendezvons is made before peribelion passage, trip time is ex-
tended to about 300 davs, 1V rendezvous is effected after
serthelion  passage, littde extension inoreip nime resuldts,
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Figz. 6 Effect of Venus swingby modes on characteristic
velocities (Mars flyby mission).

In certain cases it is possible to reduce the spacecraft gross
weight penalty associated with the unfavorable vears by
proper selection of trajectory paths. In 1980, for example,
using a Venus swingby on the outbound lez. total propulsion
AV (to leave Earth and to leave Mars) is 27.600 fps, which
compares with 27,500 fps for the 1971 vpportunity. Earth
entry velocity 15 maintained at 41,500 fp=. which also is less
than that for the favorable vears. Trip duration is extended
to 495 dayvs. which results in a 3.59 increase in gross weizht
because of increased life support system weigzht.

Mars Flyby Missions with Venus Swingby

Spacecraft arrive and depart from Mars near the aphelions
of transfer trajectories; during the Mars passage they are
moving at a refatively low veloeity. This sugwests that the
Mars stopover missions deseribed previously can be “‘con-
verted” to Mars flvby missions by the use of moderately
powered turns during the Mars passages (the sraviiztional
field of Mars i augmented by propulsive maneuvering).
As in the case of the Mars stopover missivns. the Venus
swingby mode is used to reduce Eurth departure and Earth
return velocities to near-minimum values. Hence, 2 class of
Mars flvby mussions can be derived which have much reduced
characteristic veloeities compared to those of the Eurth-Mars-
Larth direct fivby missions (Fig. 851, Propulsion require-
ments (which determine spacecraft sross weicht) and Earth
entry  syvstem  design requirements are reduced o ap-
proximately those of the favorable vears (1071 and 1986).
[Examination of missions throuzh a cvele of favorable 1o un-
favorable opportunities indicates that veloeity requirements
with the Venus swingby mode remain approximately the
same.  Powered turns at Mars vary between 1606 and 3000
fps.

Conclusions

[t is concluded that Venus swingby modes can be applied
systematically to all Mars stopover or flvby missions with
significant reductions in characteristic veloelties eompared
to those of direct Earth-Mars-Earth mission modes.
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