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The problem of achieving a high bit rate science data return from a magnetospheric Constellation microspacecraft, in a cost
effective, robust way is not trivial. A relatively uniform gain over a large solid angle area is required for launch-and-early orbit
operations. A typical approach would be to include more than one antenna. In that case, the distance between antennas is typi-
cally a few wavelengths in the S-band range, leading to deep interference nulls in the antenna pattern. In this paper we consider
a realistic, self-justified scientific mission, that imposes specific requirements on the RF system. The classical solution to the
intereference problem is to consider antenna combinations that minimize the nulls and power split and phase lags between the
antennas to optimize the pattern. Along those lines we use a commercial electromagnetic simulator for the specific spacecraft
geometry considered and achieve an acceptable gain pattern from a two antenna combination. However, for such small space-
craft dimensions considered, diffraction of waves from a single radiator around the microspacecraft may, in some cases, cause
a single antenna configuration to outperform a multiple antenna system. We show that rigorously and argue that for certain Con-
stellation class microspacecraft geometries the optimum solution is a single S-band whip antenna.

1. INTRODUCTION beyond the means of Constellation microspacecraft.
In this paper we chose to address the above issues with a

The magnetospheric Constellation mission poses signifiparticular mission design in mind. Being specific rather than
cant challenges for spacecraft design from the point of viewgeneral allows us to identify clearly the steps that need to be
of cost, power and weight [Angelopoulos and Spence, 1998}aken towards the final solution and to be explicit regarding
Constellation spacecraft are required to achieve a factor ahe compromises made. The QUATRO mission [Delory et
10 reduction in weight and power than typical spacecraftal., 1998, Angelopoulos et al., 1998] whose study we under-
However, the required transmission rates are not much diftook, is composed of four identical spacecraft in highly ellip-
ferent than those of traditional spacecraft. Whether datdéical (1500 km perigee altitude by ~12.5 Re geocentric
transmission is taking place from perigee, from inbound andipogee) orbits. Data which are accumulated throughout the
outbound legs of an elliptical orbit or from any other part of orbit are transmitted over a 12 minute period in the inbound
the orbit, coverage of a large part of the solid sphere ir outbound leg of the orbit. We require a pattern that is iso-
desired. This is because routine attitude control for stationtropic enough but can lead to a sufficient link margin both for
keeping is outside the scope of inexpensive operationgengineering data downlink throughout launch and early orbit
Moreover, if attitude control capability is desired for launch operations and for science data downlink in the absence of
and early orbit operations, inadvertent spacecraft mispointattitude control throughout the year-long mission lifetime.
ing during spacecraft release or maneuvers can also result in The RF system for QUATRO and the resultant link margin
significant link margin losses. Thus, a low-cost, light RF sys-for ideal spacecraft orientation were discussed briefly in
tem solution with a relatively uniform antenna pattern is aAngelopoulos et al. [1998]. There, an RF solution with two
guest common to all Constellation missions. antennas was chosen because it was most evident that in the

The situation is more complex for Constellation absence of big interference nulls that combination of anten-
microspacecraft whose linear dimension may be a few Snhas would provide a fairly uniform coverage. In this paper
band wavelengthsh€13 cm). When multiple antennas are we study a single antenna pattern as well and show that for
considered to radiate simultaneously, deep interference nulthe specific spacecraft structure studied it outperforms a two
in the radiation pattern can result from destructive interfer-antenna system and probably all reasonable combinations of
ence, since the distance between the body mounted antenmasiltiple antennae for the given spacecraft configuration.
is a few wavelengths. Moreover, diffraction of the wave First, we expand on the main elements of the mission, the
power around the spacecraft can be effective at those spaceF system and the requirements on tracking in Section 2.
craft sizes (may depend also on shape). As a result the nulBased on an orbit study we find the possible spacecraft ori-
may extend beyond the directions expected by simple gecentations and the acceptable losses during planned transmis-
metrical optics, exacerbating the problem. Experience fronsion times. In Section 3, we use an electromagnetic
past missions indicates that when inadvertent mispointingimulation software package, to perform an analysis of the
occurs, such dropouts not only hinder communications buantenna EM structure. We initially study a symmetric space-
may be disastrous for a mission, because spacecraft cororaft to test solution convergence. Next, we use a realistic
mands may be misinterpreted unbeknownst to the operatorspacecraft model to look for asymmetries due to diffraction.
further aggravating a problematic situation. Communicationg-ollowing a parametric study of antenna combinations,
at higher frequencies (such as X- or K-band) may alleviatgpower distribution, and phase difference we present a few
this interference problem. However, aside from being expenacceptable solutions. We explain how the three antennas
sive, components in those frequencies are also bulkiestudied (1/4, 1/2 and 3/4 wavelength) result in the interfer-
because of the use of waveguides, or the increased powence patterns of the previous section. We argue that a single,
dissipation and the use of more involved filters. Both weightl/4 wave antenna does as good (or better) a job in both null
and cost considerations could render X- and K- band®limination and uniformity as the best case scenario of a two
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antenna system and verify that the gain away from the limitloser than the maximum allowable range. The spacecraft-to-

of geometric optics is indeed due to diffraction. ground view angle§, measured on the spacecraft frame, var-
ies from one contact to another. As this angle changes away
2. MISSION REQUIREMENTS from 9P where maximum gain occurs, gain decreases and

the total link margin decreases with it.
Figure 2 shows the link margin plotted as a function of
ime for the orbits of Figure 1, assuming a constant gain ver-
usB. Time is shown relative to the nearest perigee or apogee,

The QUATRO mission spacecratft is built on a simple, ro-
bust design and a philosophy of integrating all instrument an

spacecraft functions on a single data processing unit (DPU}y i hever is closer. We can see that the link margin during

A magnetometer on a 0.5m-long boom, a plasma ion an erigee maneuvers is range-dominated. For L&EO maneu-
electron spectrometer and two energetic ion and electron telez rs this is by design, because those are scheduled to be very
scopes are the instruments on board. Data are collected at Abse to perigee so a’s to minimize the time the spacecraft is

times in the orbit and are stored for transmission at the in_ 5~ ; : ;
bound or outbound leg. There is no requirement for data Cc)Ipomtmg in an unfavorable orientation for power. For science

lection during t mission and acecraft operation downlink this is by design: if an antenna can see the space-
Corlnmancﬂ: g’s ﬁ:}‘%;;‘ng cons'stzpof? 1§rlnstr Pnerntlans raft inside of 20000 km (upper limit) it can typically see it
DPU model—s:qvvlitchilnI for automaticlexecdtion durilrj1 scienc Iso near perigee. All 12 min long science contacts were se-

; 9 . 9 NC8acted from much longer contact opportunity intervals to be
operations, and 2) Thruster operation sequences for orbit a’kﬁs close to perigee as possible. This was done to take advan-
attitude control during the launch and early orbit phase als?age of the associated range increase; however this does not
for automatic execution. !

o . ._necessarily lead to the optimum solution, as the effect of the
The maneuvers are classified as either spacecraft reorie

tations or orbit chan Reorientation nsist of two kind Hiispointing has not been folded into the choice of the contact
ations or orbit changes. Reorientations consist OTtwo KiNASqayment. The choice of science contacts can be further opti-
1) Aligning the main thruster along th®/ direction of the

next orbit change maneuver, and 2) Re-positioning the spacg—“Z(ad after the selection of the antenna pattern.

craft spin plane on the ecliptic plane after a maneuver, i.e.

along a direction favorable for solar panel illumination. Re- mmm First Apogee Burn Contacts (2)
orientations are taking place in “neal-real-time” i.e., with op- Perigee Burn Contacts (12)
erator monitoring of the attitude and position and with an Wmm Apogee Burn Contacts (8)
ability to cease the maneuver in case of a deviation away from mm Science Downlink Contacts

planned spacecraft attitude and performance as analyzed with
a spacecraft simulator model. Modeling of the orbit and atti- ,

tude data was performed using the Goddard Trajectory Deter-
mination System and the Generalized MANeuver program
both developed for other NASA missions at GSFC. Addition-
ally, a NASA-developed spacecraft simulator is under modi-
fication for inclusion of the fuel motion effects on the attitude
and will be the next step-up in modeling.

For a typical apogee-raise maneuver taking place at peri-
gee, the green thick lines in Figure 1 show the location of re-
orientation maneuver that has to take place to orient the’—_
thruster in thedV direction. A similar reorientation takes
place during a typical perigee-raise-and-inclination-change
maneuver, which takes place near apogee as shown in the
same figure. Before and after the apogee burn, thruster reori-
entations take place at the blue thick lines. During each reori- . . ] o
entation maneuver ground-contact is necessary to ensure Figurel. L&EO operations and final orbit in the Geo-
proper pointing throughout its course. Finally, the sciencecentric Equatorial Inertial frame. Each orbit-change burn is
data transmission takes place during the inbound or outbour@ccompanied by two reorientation maneuvers on either side.
legs of the final orbit. The red heavy line on the same figur€Contacts are required during reorientations. Typical locations
indicates a typical inbound-leg contact for science downlinkfor these contacts are marked by heavy lines. Typical location

A fixed 200 kbps transmission rate is used for sciencdor science downlink is marked by a red line.
downlink. From a range of 20000 km the link margin is 5.7 ) ) _ )
dB using a two-antenna RF system (see Angelopoulos et al. It is evident from Figure 2 that all perigee L&EO con-
[1998] for details). This link margin is based on a working hy- tacts and most science downlink contacts can survive a 15dB
pothesis of a 2.7 dBi antenna gain (maximum gain achieve@rop from imperfect antenna pointing at a typical distance of
near the spin plane) derived from an early antenna patterfommunication. The apogee maneuvers do not have much
simulation with a relatively isotropic pattern. A fixed 2kbps gain from range decrease, but because the link margin is 13
rate used for engineering downlink allows a 13 dB link mar-dB at apogee, communications can survive an 8dB loss from
gin for communications with the spacecraft at apogee (80,008ntenna mispointing that may arise from spacecraft reorienta-
km). Uplink margin is a couple of dB smaller, but this factor tion during those maneuvers. In particular, perigee contacts
is not mission-critical because a more powerful transmittecan withstand even a 30 dB loss from such mispointing.
can always be chosen at a small cost increase. In this paper we Figure 3 shows the possible angkduring L&EO ma-
are concerned with the engineering downlink margin. neuvers and during science downlink. All maneuvers are

Decreasing the spacecraft-ground antenna range increaglotted versus time, centered at the nearest perigee or apogee.
es the link margin. This happens when a contact is schedulgderigee maneuvers habevalues with larger deviations from
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90° than apogee maneuvers. the spacecraft attitude remains fixed as no external torques
S are applied. Thus deviations of the an@laway from the val-
r | | |=—First Apogee Bur ues derived in the previous discussion can only arise from in-
- | | Perigee Burn advertent mispointing.
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Figure2. Spacecraft link margin as a function of time e T N

since the closest perigee or apogee, assuming a uniform o . o0
spacecraft antenna pattern. The color scheme of Figure 1 is Minutes since closest perigee or apogee
used to signify the contact type (i.e., red curves are science Figure 3. Ground view angles in the spacecraft frame.
contacts, blue are L&EO apogee contacts etc.). Elevation angle$ are plotted for all L&EO and science mis-
sion contacts, versus time from the closest perigee or apogee.
Since the perigee contacts are range-dominated, perigee
operations can withstand such reorientations more easily than During L&EO, routine pulse firing of the thruster results

apogee operations where the range decrease is minimah 5 maximum 2 spin axis change from each pulse. Near-real
However, apogee operations are easy for another reason: Thge operations should take no more than 2 such pulses to
fire direction is near the orbit-normal. As a result, the antici-yerify that the ACS system is performing outside the specifi-
pated drop in link-margin during apogee reorientation ma-ation on the basis of comparison with the spacecraft simula-
neuvers is small, because the reorientations to the firg) Adding one more pulse for margin we get a maximum

direction and back to the ecliptic normal do not involve any . . . £ 6 Eurth . h firi
near-alignment of the spacecraft spin axis (also the wire aiSPoInting of 6. Furthermore, continuous thruster firing
tenna axis) and the Earth look direction (also the ground stac@uses @ helical motion of the spacecraft with a spiral angle
tion direction). Thus, although at apogee the link margin isfequired to be $maximum. That represents the maximum
antenna-pattern-gain-dominated, the reorientation maneuve@gigle of nutation at the end of the continuous thrusting orbit
are benign, maintaining good Earth illumination by the maneuver. Nutation will damp shqrtly thereafter, and certain-
spacecraft antenna radiation lobes. Finally, science downlinky by the time routine re-acquisition of the spacecraft com-
contacts that cannot withstand a drop more than 15 dB (Figmences. However, this angle must be added to the total
ure 2) are precisely the ones further removed from perigegincertainty, in case |m_med|a'_[e acquisition aft_er a f|re_|s_re-
where the angl@ is near 96. In summary, maximum devia- quired for troubleshooting. This leads to a maximum pointing

: £ th 160 f 90° duri ' . uncertainty of 11 degrees to be adde®fgyax and 8 max

tion of the ang.e rom .ur|ng apogee maneuver.s 'S For science phase the uncertainty is equal to the attitude
36, mac25° while during perigee maneuvers and scienceknowledge uncertainty of 0.5 degrees.

downlink it is 59p,max'-595,max'-60°- The above discussion In addition to the telemetry requirements discussed
can result in the gain required within a certain angular width?P0Vve, volume requirements were placed on the spacecraft

for the mission to achieve communications with adequate Iinl??]d those alzo p:ayed a rolefin thehchoice of_?ntenna system.
margin. This is summarized in Table 1. e restricted volume arose from the co-manifest opportunity

The requirements derived from the orbit analysis mus ature of the mission, i.e., by the fact the spacecraft had to fit

also take into account on our ability to maintain spacecraft at?€/0w the main spacecraft on the launch vehicle, and stay
titude at the desired orientation. Attitude knowledge within€l€@r of the primary spacecraft and the Centaur stage control
0.5 degree (three sigma error) or better is possible as derivegeCtronics and other equipment also mounted on the same
from an error analysis of the attitude sensor data (courtesy F@yload adaptor. Cost also factored heavily on our system se-
Harman). Attitude control is possible to the same level or bet/€ction, as well as development time. Linear polarization for

ter by controlling the pulse width of the reorientation thrustertn® spa_lcecraf:j antenna, and cir(I:uIardpolﬁ_rizart]io_n for grounéj
to be arbitrarily small. Finally, during science mission phasgfansmitter and receiver were selected. This choice was made
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despite the 3dB link margin losses due to polarization miss- 3. ANTENNA SIMULATIONS
match because it allows spacecraft communication at any - - - -

> ; . X Figure 4 shows a three-dimensional outline of the space-
spacecraft orientation, and because by using different han raft V\?hich will be spinning about an axis passing frorrf)the
edness in the polarization of the ground receiver and transmit:

: ; o . . . center of the top and bottom shells. The position of the anten-
ter we achieve inexpensive isolation of the two signals durlnqw1 mountings (glong the spin axis) is alsg shown. The top and
the planned two-way communications. :

. . ._bottom shells are covered with metallic foil, which makes
i _The antenna systems that were considered for their si hem conductive. Thus the body-mounted antennas behave as
plicity were awraparound belly-band (coke-can shape), aling o |4 hjane antennas. The question we ask is: what s the as-
(whip) and a combination of whip antennas. The belly-ban ociated radiation patte'rn and what is the choice of power and
antenna was dismissed despite its radiation uniformity anth, - <o 4 to the two antennas which optimizes that pattern?
low weight, because it had to be mounted at a distance of '

few wavelengths from the spacecraft body, along the spin ax-
is. This was forbidden due to volume requirements. A deploy-
able antenna solution was also dismissed so as to eliminate
mechanical failure points. Thus, only body-mounted whip
antennas were chosen for further study.

First LREO|L&EO L&EO Science
Apogee Perigee | Apogee | downlink

Typical Excess Link 15 dB (most
Margin above 5dB|15 dB 30 dB 8d contacts|
Excess Margin Re

lative to Isotropic |17.7 dBi | 32.7 dBi 10.7 dBi 17.7 dBi

Maximum Theta <= =

Deviation from 90 |30 degree§ 60 degreps 25 degrees 60 dggrees ||

Angle Margin 11 degrees 11 degrges 11 degrees 0.5 dggrees |

Total Angle 41 degrees 71 degrdes 36 degrees 60.5 degrees <

Table 1.Mission summary of link margin and maximum 7\

antenna angles for L&EO and science communications. Ex- A

cess margin relative to isotropic is the typical excess margin o Y

above 5dB plus 2.7 dBi which was used in the computation of

Figure 2. Fall-back scenaria for the case of further mispoint- P

ing are dog-leg maneuvers and automatic sun acquisition. 9:1 Current Split

180 Deg. Phase Sh
f=2215 MHz

In our selection of communications frequency we were
confronted with a scarcity of choices. We soon realized that
the L-band frequency, which would have provided simple, in-
expensive and lightweight RF parts, was not available for
space communications any longer. NASA scientific missions
are now restricted to S-band or higher. Since X-band parts are
typically costly and weigh more than their S-band equivalents
(because of the aforementioned complexities arising from
power dissipation, and filtering) we started considering first
S-band communications.
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Figure 5. HFSS model and far field optimum solution
for a symmetric spacecraft model. The optimum solution re-
sults for a 1/4-3/4 antenna combination with a 9:1 current
split between the two antennas.

- Bottom Shell To answer that we used the commercial package High
Hinge Frequency Structure Simulator (HFSS) by Ansoft. The pack-
3/4\ bottom antenna age simulates currents on surfaces, rather than on wires. It

uses finite element methods to compute the field on each sur-

Figure 4. QUATRO spacecraft shape, with magnetome-face of a tetrahedron in the free space near the spacecraft. It

ter boom stowed. Dimensions are in inches. then propagates the waves away from the source. Consecutive
passes improve the solution by increasing the number of tet-
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rahedra at the locations where the field gradients are maxiwith the bottom antenna so that we minimized the nulls, while
mum. Convergence is proclaimed by the program once twatill keeping a useful amount of power diverted to the B/4
consecutive tetrahedral distributions differ in their results byantenna at the bottom hemisphere.

a specified error or less. This may require an inordinate ]

amount of disk space and computation time. Convergence of
the far field patterns may be reached at an earlier stage as ev
idenced by a set of tests we devised. Those consisted of
checking for gain pattern symmetry, and ensuring repeatabil-
ity of the gain pattern around cylindrically symmetric space-
craft with symmetry implemented slightly differently (e.g.,
120 degree symmetry, 15 degree symmetry).

‘Top 1/4A Antenna‘
PN I

N \
] Vv =1y

| | 22215 MHZ ,
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Figure 6. HFSS model and far field optimum solution
for a realistic spacecraft model. The optimum solution from
the symmetric spacecraft has developed nulls due to interfer-
ence but remains an acceptable solution.

180

We then optimized the gain pattern from all possible two- Figure 7. Single antenna pattern solutions mounted on
antenna combinations. Figure 5 shows on top the near-cylirthe same spacecraft geometry as in Figure 6.
drically symmetric spacecraft representation in HFSS. Differ-
ent antenna sizes were used: 1/4, 1/2 and 3/4 wavelength size. The next step is to run a more realistic spacecraft model
The power split was varied by changing the ratio of currentdo ensure that the pattern derived from the cylindrical model
fed to each antenna and the phase shifts were also varied. TFesults in acceptable gain pattern. We show the results from
optimum pattern for this antenna configuration resulted frorsuch a run in Figure 6. A similar pattern emerges, only that
a 1/4 and 3/4 combination of antennas, powered at 180 dédditional nulls appear partly due to the model used (space-
grees out of phase with a 9:1 current split. By diverting almosgraft shells are now modeled as planes at an angle) and partly
all the power to the top antenna we reduced the interferenc@ue to the instruments and the deployed magnetometer boom.
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Similar arguments explain the lack of cylindrical symmetry. the surface material properties and is affected by coatings and
However, the essential features of the gain pattern remain. F@pacecraft handling prior to launch. Conversely, diffraction

0 . only depends on spacecraft size, shape and wavelength.
d0=+41" away from 98 no nulls deeper than -10dBi appear, yFigEre 8 showg a snapshot of thepwave propagati%n ani-
mation. Consecutive time frames show that at angles the-
ta=120 degrees or greater the propagation of the wave is
round the spacecraft, not away from it, as would have been
e case for surface current radiation. Standing waves are set
p at the bottom antenna because the antenna acts as a reso-

while for 30=271° no nulls deeper than -18 dBi are present.

To understand why minimal power diverted to the bot-
tom antenna produces such a good pattern, we also study t
individual patterns from each antenna. Figure 7 shows th%

patterns from a single 1¥antenna (top) and a single 3/dn- nant object. There is no radiation moving away from the bot-

tenna (bottom). A 1/2 antenna is shown in the middle for 4, 2tenna. By repeating the simulation in the absence of
completeness. Itis evident that the combined network of ang,e 1y4ttom antenna the same radiation pattern emerges, i.e.
tennas of Figure 6 bares close resemblance to the gain of thge hotom antenna does not cause re-radiation of power at
single 1/4 antenna. The 3(4ntenna inclusion at a finite, al- 300 angles. Another way of expressing this is that the
though minimal, power results in producing nulls in the direc-p oy ting flux has a zero normal component to the spacecraft
tions theta=100 and 130 degrees. ody underneath the top shell. We have also plotted the

I_tThe original dchomeboftﬁ dzal gnt;anna system ofperatmg_ oynting flux to verify the above scenario. Additionally the
Split power was driven by the desire (o move away Irom a SiNg, i3 06 currents on the bottom shell were zero to within the

gle antenna system that is liable to radiate only within a fracy, e rica errors of the simulation. Finally, the same antenna
tion of a half a solid sphere. However, the above analysi '

shows unequivocally that a single, A/antenna has a uni- %attern results from running the simulation after introducing

form enough gain pattern that provides an adequate soluticsk?gcig::ﬁ space) between the top and bottom segments of the

for the mission. We can see that a combination of a 1/4 and
2 wave antennas will also lead to significant interference

nulls, as will a combination of a 1Xand 3/A antenna. At 4. CONCLUSIONS AND DISCUSSION
least within the context of this software package, no multiple
antenna combination can produce as uniform a pattern as
choice of a single antenna (NA41/2\, 5/8\, 1/4\ ground

In the selection of an RF solution for Constellation mi-
c%spacecraft, simplicity is an important consideration that
| ith stubs et influences all other aspects of the problem: schedule, cost, ro-
plane with stubs etc.). _— o bustness and fault tolerance. In this paper we started with a re-
The reason that this was not intuitively obvious is that al-yissic mission that has many elements common to proposed
though diffraction plays an important role in the formation of - ellation microspacecraft. By being a self-justified mis-
any single antenna gain pattern for the QUATRO spacecraé:ion with well focused objectives, QUATRO poses very clear
dimensions in the frequency selected, this is not typically thg, jirements on telemetry which must be met by a low cost,
case for Iargs}ge,wtzradnlonally built spacecraft. but robust RF system. By using a state-of-the-art electromag-
.0000es01 netic simulator and a realistic spacecraft model we have pro-
3 g1 duced solutions on the gain pattern that are compatible with
£ o launch and early orbit as well as routine science data trans-
- o00es0r mission requirements. In doing so we had to run a thorough
— parameter search because given our spacecraft geometry a
multiple antenna system in the S-band range suffers from in-
terference nulls for a large portion of the parameter space
considered. This limitation turns out to be the strength of RF
systems in support of microspacecraft missions: Interefer-
ence is aided by signal diffraction around the spacecraft body,
which is comparable in size to the RF wavelength. Since ra-
diation diffraction is sufficient to create interference nulls
from multiple antennas it must be that a single antenna must
produce sufficient gain at large angles to the line-of-sight di-
rection. This has been shown rigorously using the electro-
magnetic simulator by plotting the single antenna gain and
has been confirmed by animating the radiation propagation
and computing the Poynting flux.
For the microspacecraft size, shape and wavelength cho-
Sen, a single 1/4 antenna is sufficient for RF communications
uring all mission phases and superior to all two antenna

Figure 8. Snapshot from a near-field solution animation
for a realistic QUATRO spacecraft. Plotted is the electric
field vector magnitude. Consecutive frames show the prop
gation to be around, as opposed to away from, the spacecra

o . NSY diplexer, a hybrid and an additional cable. This minimizes
ble for the ability of a single, body mounted antenna to radiate;jgn,| josses that would have arisen from the added compo-
outside the boundaries imposed by geometric optics, we Proyants a5 well as from power division. The gain introduced

duced an animation of the electric field magnitude distribu-qn, avoiding the combined antenna system is ~1dB (0.3 dB

tion around the spacecraft (near field of view). The alternativg,j ., hybrid, 0.5 dB from power reduction, 0.3 dB from cable

explanation that we wanted to dispel was that the off-geomei,sses’on one additional cable). This gain was included in the

ric-limits radiation might be due to induced spacecraft SUrgriginal link margin analysis and should be removed if a sin-

face Icurrents_, v(;/hich (rjeradiated. That situation is difficult to4 12" antenna is used. Additional benefits over a two antenna
simulate, as it depends on a very accurate representation Qsiem are spacecraft weight and volume reduction, cost re-
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duction and robustness. Overall system simplification signif-Third, ground antennas in the L-band do not require solid
icant although its direct effects are harder to quantify. surface and are, again, much less expensive than solid sur-
As a final verification of the ability of a 1M body- face dishes. This opens up the possibility of building a small
mounted antenna to provide sufficient link margin during allnumber of large, identical, automated Constellation-specific
mission phases we plotted in Figure 9 that link margin as ground antennas around the world. The monetary benefits
function of time. The figure is constructed by taking into from circumventing the DSN and the existing large solid sur-
account the 1/4 gain pattern from Figure 7 subject to the face antennas are obvious. Currently, NASA has withdrawn
time series of angle8 from Figure 3 and the range-depen- from the L-band range, leaving it to commercial and military
dence from Figure 2. It includes the added 1dB benefit fronsatellites. However, it is possible that special agreements can
a simpler, single antenna. It shows that indeed a very smalle made for the purposes of Constellation, a matter requires
number of possible science contacts fall below the comfortfurther investigation.
able limit of 5dB link margin. The margin can optimized by
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Figure 9. Realistic link margin as a function of time for
the entire mission, using a single A/4body mounted
antenna (for antenna pattern shown on top of Figure 7).

While the specific solution studied in this paper was
derived specifically for the QUATRO mission, both the pro-
cedure we developed for mission analysis, and the lessons
learned in the process are applicable to Constellation
microspacecraft. It is noteworthy that decreasing the com-
munication frequency to the L-band can result in a number
of benefits: First, in the L-band wavelength, diffraction
around microspacecraft is even more pronounced. As a
result, the gain will become a smother function of elevation
while protruding instruments will have an even smaller
effect on the azimuthal symmetry of the radiation pattern.
This will result in a much more robust configuration, that
relaxes attitude control requirements from the main space-
craft. Second, RF components in the L-band range are less
expensive than those in the S-band range by a factor of 10.
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