
AAS 03-179 

Gary Noreen, Stuart Kenidge, Roger Diehl, Joseph Neelon and Todd Ely, Jet Propul- 
sion Laboratory; Andrew Turner, Space Systems Loral 

ABSTRACT 

This paper derives orbits at Mars with ground traces that repeat at the same 
times every solar day (sol), A relay orbiter in such an orbit would pass over in- 
situ probes at the same times every sol, ensuring consistent coverage and simpli- 
fying mission design and operations. 42 orbits in five dasses are characterized: 

14 circular equatorial prograde orbits 
14 circular equatorial retrograde orbits 
1 1 circular sun synchronous orbits 

2 eccentric equatorial orbits 
1 eccentric critically inclined orbit 

The paper reports on the performance of a relay orbiter in soma of the orbits. 

INTRODUCTION 

NASA has been building a Mars relay network to facilitate comunications between 
~arscraft* and Earth and to provide navigation and timing services. This network cur- 

rently includes UHF relays on two 
NASA orbiters - Mars Global Sur- 
veyor (MGS) and Mars Odyssey1 - 
both in low orbits selected to opti- 
mize the collection of remote sci- 
ence rather than relay performance. 
The network will be augmented by 
UHF relays on the ESA Mars Ex- 
press orbiter in 2004 and by the 
NASA Mars Reconnaissance Or- 
biter (MRO) in 2006. 

Figure 1 Atist  Conception of Mars Telesat 

NASA plans to send a telecommunications satellite to Mars in 2009. This Mars Tele- 
sat (Figure 1) will be placed into an orbit optimized for Marscraft relay support. While 
the Telesat may carry 4 CNES NetLanders to Mars and may also support a deep space 

' A M m a f t  is  a lander, rover, aerobot or small orbiter in the vicinity of Mars. 



optical communications experiment and some scientific instruments, its primary mission 
will be to relay communications to and from Marscraft. It thus will be placed into an orbit 
optimized for its relay communications mission. 

Marscraft operators typically desire repeated contacts at the same time every day. 
This enables them to design their missions and operations based on an invariant pattern of 
relay contacts. To identify desirable Mars Telesat orbits, we have characterized orbits 
with ground traces that repeat every sol. This paper describes the Mars orbits we charac- 
terized and reports on the performance of the Mars Telesat operated in several of these 
orbits. 

Similar collections of orbits with daily repeating ground traces could be easily assem- 
bled for other planetary bodies. 

CIRCULAR EQUATORIAL ORBITS 

An object in a circular equatorial orbit repeats the same ground trace every orbit. We 
wish to find orbits that have daily repeating ground tracks, i.e. which pass over the same 
locations at the same time each solar day. For this to happen, the orbiter must pass over 
the same spot on Mars that it passed over one sol earlier. 

In order to pass over an object on Mars at the same time each sol, the time it takes for 
a circular prograde equatorial orbiter to complete Q periods PQ (where Q, the Trace Repe- 
tition Parameter, is an integer), plus the amount of time it takes for the orbiter to cover 
the angular distance traversed by an object on Mars between a sidereal day and a solar 
day, must add up to a Mars sol. In equation form, 

Rearranging, 

For a retrograde orbit, 

The Keplerian orbit period is equal to 

where 



a = semi-major axis of the orbit, 

p = gravitational constant of the planet (GM), and 

n = mean motion. 

Rearranging equation 4, 

Values for p and other Mars constants are given in Table 1. 

Table I 

MARS PLANETARY CONSTANTS 

We can now find daily repeating ground track circular equatorial orbits by first com- 
puting orbit periods from equations 2 and 3 and then orbit radii fkom equation 5. Table 2 
shows the basic characteristics of all such orbits at Mars. 

Gravitational constant p 

Equatorial radius R, 

Constant of oblateness J2 

Sidereal rotation period Psid 

Solar rotation period P,,, 

Orbit period around sun (Mars year) 

Mean rotation rate of Mars around the sun nxOl 

42,828.376645 km3/s2 

3,396.2 km 

0.001 958705252674 

24.6230 hours 

24.6598 hours 

668.6 sols 

1.059 x 1 o - ~  radls 



Table 2 

Circular equatorial orbits 

These orbits are illustrated in Figure 2. The equatorial circular prograde orbit with 
Q=l is an areostationary orbit, akn to geostationary orbits on Earth - an orbiter in this 
orbit will always be over the same location on the equator of Mars. 



Figure 2 Equatorial Circular Daily Repeat Ground Track Orbits 

CIRCULAR SUN SYNCHRONOUS ORBITS 

For a circular inclined orbit to have a daily repeating ground trace, the node regres- 

sion rate h must be equal to the rotation rate fid of Mars about the sun. Such orbits are 
generally denoted sun synchronous because they always maintain the same orientation 
with respect to the sun. 

Assuming that node regression at Mars is dominated by the oblateness of Mars, the 
node regression rate is given by 

a= - ~ J , & R ~ '  cosi radls, 
2u7I2 (1 - e2)' 

where 

J ,  = constant of planet oblateness, 

e = eccentricity of the orbit (0° for a circular orbit), and 

i = orbit inclination. 



Setting equation 7 equal to nSoI and solving for i, we have 

We wish to calculate the inclination of each sun synchronous circular inclined orbit 
for which Q is an integer, i.e. all circular inclined orbits with daily repeating ground 
tracks. We need the nodal period P, (the period between crossings of the equatorial 
plane) to be a submultiple of the solar rotation period of Mars, i.e. 

The nodal period of an orbit P, is related to the Keplerian period P, b$ 

pQ = pK 

1 L 3~ , '~ , (4 -5s in~  i+&7(2-3sinz i)) 

For a circular orbit, e = 0 and we have 

Equations 4, 8 and 11 can be solved iteratively to find a for each orbit with a nodal 
period equal to a submultiple of a sol (equation 9). The inclination of each orbit can then 
be computed from equation 8. Table 3 characterizes these orbits. 

Table 3 

CIRCULAR SUN SYNCHRONOUS ORBITS 



Figures 3 and 4 illustrate these orbits. 

Figure 3 Circular Sun Synchronous Orbits Viewed Perpendicular to Nodes 

- rn 
Figure 4 Circular Sun Synchronous Orbits Viewed Along Nodes 



EQUATORIAL ECCENTRIC ORBITS 

Assuming that rotation of the line of apsides of an eccentric orbit at Mars is domi- 
nated by the oblateness of Mars, the line of apsides rotates with respect to the line of 
nodes at a rate given by3 

The rotation rate r of the line of apsides projected onto the equatorial plane is then 

For a prograde equatorial orbit, we set i = 0' and combine equations 7, 12 and 13 to get 

Setting r = nml so that the line of apsides rotates in inertial space at a sun synchronous 
rate and solving for e, we have 

For an equatorial orbiter, i = 0 and the nodal period is related to the Keplerian period by 

As for the sun synchronous circular orbits, 15 and 16 can be solved iteratively to find 
orbits with nodal periods equal to submultiples of a sol. There are just two such orbits, 
both prograde. Their characteristics are shown in Table 4. ~ u r n e r ~  denotes such orbits at 
Earth Apogee at Constant time-of-day Equatorial (ACE) orbits; at Mars, we use the same 
acronym to denote Apoapsis at Constant time-of-day Equatorial. 

Table 4 

MARS ACE ORBIT CHARACTERISTICS 

Orbit period, sols 

Orbit period, hours 

Semi Major Axis a 

Eccentricity e 

Periapsis Altitude 

Apoapsis P,ltitude 

% Sol 

12.32 hours 

12,890 km 

0.691 

582 km 

18,400 krn 

% Sol 

8.21 hours 

9,835 km 

0.402 

2,480 km 

10,400 km 



CRITICALLY INCLINED ECCENTRIC 

At the critical inclinations, i = 116.565" or 63.435", r3 = 0 and there is no apsidal ro- 
tation with respect to the line of nodes. Setting b = n,, and cos i = -fi ,t we can solve 
equation 7 for e: 

Setting sin i = 4 I5 in equation 10, the nodal period is 

We can now find values of a whch result in nodal periods that are submultiples of a 
sol as before through iteration. There is one such orbit at Mars (see Table 5). We denote 
this orbit Apoapsis at Constant time-of-day Critically Inclined, or ACCI. A similar orbit 
at Earth has been called in the past "triply ~~nchronous."~ 

Table 5 

MARS ACCI ORBIT CHARACTERISTICS 

The Mars ACCI orbit and both Mars ACE orbits are illustrated in Figure 5. 

Nodal period in sols 

Nodal period in hours 

Semi-major Axis a 

Eccentricity e 

Periapsis Altitude 

Apoapsis Altitude 

cos(i) must be negative for positive regression, so only 116.565" is viable. 

?A sol 

6.165 hours 

8,114 km 

0.464 

953 krn 

8,483 km 



Figure 5 Elliptical Daily Repeat Ground Track Orbits 

RELAY PERFORMANCE 

Figure 6 compares the connectivity to Mars Science Laboratory (MSL) from various 
orbits. Note that connectivity through the Mars Telesat is typicaIly much longer than 
bough MRO, which is representative of the other low polar science orbiters now at 
Mars. 

Figure 6. MSL Connectivity 

The '/2 sol ACE orbit bas some interesting attributes that make it attractive for mid- 
latitude Mars rovers. Its highly eccentric orbit can be relatively easy to get into, and if 
appropriately set up, the orbiter can be in view every day for essentially all the time that 



the rover is in sunlight. This could enable continuous rover monitoring and control capa- 
bility. 

Figure 7 shows the data volume that could be relayed from MSL through various or- 
biters. The Mars Telesat will increase the amount of data that can be relayed to Earth 
from MSL by more than an order of magnitude. 

U H F  X-Band 

Figure 7 MSL Data volume' 

Figures 8 and 9 show mean pass lengths for links between landers and the '/2 sol ACE 
and 1/4 so1 ACCl orbits, respectively. The tentative locatioxrs of the CNES NetLanders are 
shown as black crosses and MSL at its challenge location is shown as a black dot in Fig- 
ure 8. 

Figure 8 Mean Pass Length of l/s Sol ACE Orbit 



Figure 9 Mean Pass Length of '/r Sol ACCI Orbit 

While daily repeat ground track orbits are generally desirable for landers for o m -  
tional reasons, they have some limitations that must be considered. Coverage tends to be 
granular in latitude and longitude - i.e. it is not uniform over all of the planet. 

Because the orbit passes over the same areas each day, secular perturbations caused 
by Iumps in the gravity field of Mars can build up over time. Exact repeat ground tracks 
are not important operationally for relay users, so it is likely this effect can be tolerated. 
Since the orbiter passes over landers with the same geometry each day, there is a reduc- 
tion in the diversity of radiometric data that a n  be corlected by the orbiter and a conse- 
quent reduction in the accuracy of radiometric-based navigation. 

FUTURE WORK 

MSL wiII be JPL's flagship mission of this decade and will be the dominant initial 
user of the Mars Telesat. The Mars Telesat and MSL teams at JPL are jointly construct- 
ing computer simulations of MSL operations using the Mars Telesat in various candidate 
orbits to characterize the science products that MSL couId return through the Mars Tele- 
sat in each orbit and to help assess other operational implications of the candidate orbits. 
The Mars Telesat team is also simulating data returned from the CNES NetLanders 
through the Mars Telesat. The results of these simulations will be used to help select a 
find orbit for the Mars Telesat. 

Mars Telesat mission designers are also determining the delta V required to place the 
Telesat into various candidate orbits. This depends on arrival geometry and m y  other 
factors. 

The Mars Telesat will be just one part of the Mars network, albeit a key part. NASA 
requires a relay radio on every orbiter sent to Mars with a design life in orbit of more than 
one year. NASA science orbiters are generally put into low polar orbits, which provide 
excellent relay coverage in polar regions (up to 1 3 contacts per day per orbiter) but lim- 
ited coverage of mid-latitude regions (1 contact per day or less). If  put into an equatorial 
orbit, the Mars Telesat could fill in the gaps left by the other orbiters. On the other band, 
the Mars Telesat is to be a long-li fe orbiter and might be the only orbiter available to sup- 
port important polar missions, so it may require global coverage - precluding an equato- 
rial orbit. 



Final selection of the Mars Telesat orbit will await the results of the simulation stud- 
ies, assessments of the longevity of the other Mars orbiters, and consideration of how the 
Mars Telesat can best fit into the mix of future orbiter and lander missions to Mars. 
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