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ABSTRACT

NASA’s Mars Telecommunications Or-
biter (MTO) will relay broadband commu-
nications from landers, rovers and space-
craft in the vicinity of Mars to Earth. MTO
features the most advanced communica-
tions system ever launched on an inter-
planetary mission. It will have high per-
formance UHF and X-band relays and X-
band and K;-band Direct-To-Earth (DTE)
links, as well as a DTE laser communica-
tions demonstration. MTO’s K,-band DTE
link will be the first operational K,-band
system at Mars. This paper describes the
MTO communications system and how the
MTO K,-band system will be operated.

INTRODUCTION

NASA has been developing a K,-band
deep space communications infrastructure
that will soon include 34-m ground stations
capable of receiving K,-band communica-
tions at all three Deep Space Network
(DSN) complexes.’k NASA has tested deep
space K,-band links to Earth on DS-1,
Mars Observer', and Mars Global Survey-
or.> NASA’s Mars Reconnaissance Orbiter
(MRO), to be launched in 2005, will do an

* The DSN’s three antenna complexes are
located near Madrid, Spain and Canberra,
Australia and in Southern California.

extensive K,-band operational demonstra-
-3
tion.

NASA’s Mars Telecommunications Or-
biter (MTO),* to be launched in 2009, will
bring several firsts to interplanetary com-
munications:

e Interplanetary communications satel-
lite — the first spacecraft whose pri-
mary mission is to provide relay com-
munications services to other missions
in the vicinity of another planet.

¢ Interplanetary laser communications —
the first demonstration of laser com-
munications from another planet.

e The first Mars mission to rely on K,-
band communications for its primary
link to Earth.

The severe effects of adverse weather on
Ka-band links raise unique link manage-
ment issues for deep space communica-
tions. The long two-way light time to Mars
(6 to 40 minutes) precludes feedback con-
trol of the K,-band link, necessitating the
use of predictive weather models to esti-
mate link performance and adjust link pa-
rameters in advance. Given our limited
ability to predict weather outages, and the
severity of such outages at K,-band, there
will be gaps in the returned data. It will
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thus be necessary to use an automatic re-
peat request system with long latency ca-
pability to ensure reliability. This drives
memory requirements on the spacecraft.

This paper reviews the motivation and
challenges behind using K,-band for plane-
tary communications and the K,-band
demonstration on MRO. It then describes
the MTO radio frequency communications
subsystem and MTOQ’s reference K,-band
operating strategy, which combines
weather forecasting and automatic sglec-
tive retransmission to_maximimize data
volume while ensuring ré te” communi-
cations.

Ka.-BAND FOR PLANETARY
EXPLORATION

K.-band offers a large improvement in
deep space communications performance
and operates in a less congested frequency
band than the S-band and X-band frequen-
cies currently used by deep space missions.

Assuming perfectly steered antennas on
both ends of a communication link and
fixed aperture size, the link equation’ pre-
dicts that performance improves with the
square of frequency. Thus moving from S-
band at 2295 MHz to X-band at 8425 MHz
theoretically improves deep space commu-
nication performance by a factor of 13.5.
The actual performance improvement seen
by real missions tracked by the DSN has
been close to this, with additional advan-
tages accruing from the smaller size of X-
band equipment.

The link equation predicts that moving
from X-band to K,-band at 32 GHz would
lead to another factor of 14 times perform-
ance improvement for links between fixed-
aperture antennas. However, due to a num-
ber of relative inefficiencies, deep space
K,-band links show an improvement of just
3 to 5 times relative to X-band. These inef-
ficiencies arise from greater sensitivity to

antenna surface variations and imperfect
antenna pointing, less efficient power am-
plifiers, higher receiver noise temperature,
and increased susceptibility to atmospheric
disruptions (adverse weather) at K,-band.

For communications between a fixed aper-
ture antenna (i.e. a DSN antenna) and a
fixed-gain antenna (i.e. a spacecraft omni-
directional antenna), performance is rough-
ly invariant between S-band and X-band.
However, K,-band suffers major degrada-
tions due to many factors, including in-
creased sensitivity to carrier frequency
variations, which make K,-band communi-
cations through deep space omnidirectional
antennas impractical at present. As a result,
X-band communications will be retained
for the foreseeable future for communica-
tions with spacecraft in deep space for both
commanding and telemetry when the
spacecraft is unable to point a K,-band
High Gain Antenna (HGA) towards Earth.
Furthermore, command data rates for deep
space missions are low enough that X-band
continues to be sufficient for deep space
uplink (Earth-to-spacecraft) communica-
tions. Our discussion about K;-band in the
rest of this paper will thus be limited to
spacecraft-to-Earth K,-band links (teleme-
try) through an HGA.

Though K,-band links are challenging,
there are two major benefits: the aforemen-
tioned 3 to 5 times performance improve-
ment and greater spectrum availability. The
deep space allocation for K,-band is 500
MHz, while just 50.5 MHz is allocated at
X-band.

The limited X-band allocation is especially
problematic at Mars. By the end of Janu-
ary, 4 orbiters, a lander and two rovers will
all be operating at Mars. In 2006, MRO
will send vast quantities of data to Earth at
data rates as high as 5.3 Mbps; it could



send much more when close to Earth' were
it not for hardware limitations. There is
little X-band spectrum left at Mars for
other users.

The sensitivity of K,-band links to weather
degradation has major operational implica-
tions. Previous deep space missions have
rarely needed to arrange special procedures
to work around bad weather because S-
band links are impervious to weather ef-
fects and X-band links are nearly so. How-
ever, K,-band links can be completely
wiped out by adverse weather — noise tem-
perature can increase by 100 K or more.
Missions relying on K,-band for sending
telemetry to Earth must be operated in
ways that accommodate this increased
weather susceptibility.

MRO OPERATIONAL
DEMONSTRATION

MRO will demonstrate K,-band operations
with a 35 W K;-band transmitter provided
by JPL’s Interplanetary Network Director-
ate (IND). The intent of the MRO demon-
stration is to verify that the anticipated K,-
band benefits can be realized under real
operating conditions and, if possible, to
enhance MRO data return. In preparation
for this demonstration, MRO is studying
several possible K,-band telemetry operat-
ing scenarios,” including:

e Just send the data and collect what
comes through successfully.

e Site and time diversity — receive the
data at more than one site or more
than one time.

e Selective retransmission.

e Adapt the data rate transmitted to
forecasted weather.

" Path loss to Mars can vary by a factor of
nearly 50 between inferior and superior
conjunction.

o Error-control coded operations.

The MTO Project is working with the
MRO Project to ensure that everything
learned about K,-band operations on MRO
is carried over to MTO.

MTO SPACECRAFT

The MTO spacecraft will be built by an
industry contractor. This section describes
JPL’s reference spacecraft design.

Figure 1. MTO Spacecraft Artist Concept

The MTO spacecraft (Figure 1) is sched-
uled to be launched in 2009 and will be
inserted into a highly elliptical orbit around
Mars in 2010. At least two propulsive
delta-V maneuvers, a periapse raise fol-
lowed by an apoapse lower, will place the
MTO spacecraft into its final orbit. The
MTO spacecraft will have a design life of 6
years in Mars orbit, and will carry enough
consumables for 10 years in Mars orbit.

MTO carries two principal payloads:

1. An Electra transceiver which, together
with steerable UHF and X-band prox-
imity antennas, provide data relay ser-
vices and navigation support to other
Marscraft (landers, rovers, aerobots and
other orbiters in the vicinity of Mars).

2. A 30 cm aperture telescope and associ-
ated laser and electronics that will be
used to demonstrate high data rate
communications with Earth at optical
wavelengths.



Figure 2. MTO RFS Block Diagram

The reference MTO Radio Frequency Sub-
system (RFS), illustrated in Figure 2, is
very similar to that of MRO. To provide
high data rate Direct-To-Earth (DTE) ca-
pability, MTO will utilize a combined K,-
and X-band HGA. Redundant 35-watt K,-
Traveling Wave Tubes (TWTAs) support a
data rate in excess of 400 Mbps at maxi-
mum Earth-Mars range. The MTO tele-
communications system also incorporates
redundant 30-watt X-band TWTAs and a
single 100-watt X-band TWTA.

MTO K,-BAND OPERATIONS

The MTO RFS receives commands for it-
self and other Marscraft from Earth over its
X-band Direct-From Earth (DFE) link and
forwards commands to other Marscraft
over a UHF relay link. It receives data
from other Marscraft at UHF and/or X-
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band and forwards this data to Earth, along
with its own data, over X-band and K,-
band Direct-To-Earth (DTE) links. The
RFS also makes radiometric measurements
on relay links that can be used for Mars-
craft navigation.

Figure 3 (next page) shows average data
return for similarly powered X- and K,-
band transmitters as a function of cumula-
tive weather distribution for a single pass
at a Madrid 34-m DSN ground station. The
data rate was optimized at each assumed
weather distribution to ensure maximum
data return. For example, if the data rate is
optimized for 80% availability — in other
words, so that the threshold Ey/Ng is ex-
ceeded 80% of the time and thus data can
be received 80% of the time — the average
data return is 57.38 dB. Similarly, if the
link is optimized for 90% weather at X-
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Figure 3. Average Data Return vs. Percent Weather, Madrid Pass gaps.

band, the average data return is 52.15 dB.
These estimates of average data return are
relative.

Note that there is a 4.7 dB difference be-
tween 99% weather and 80% weather at
K,-band, but only a 1.17 dB difference be-
tween 90% weather and 99% weather at X-
band. This means that in order to ensure
that the data will get through with high re-
liability (i.e. with 99% weather), there is a
4.7 dB penalty at K,-band and only a 1.17
dB penalty at X-band.

Current practice is to design X-band links
for 3 dB margin at the lowest elevation an-
gle. As illustrated in Figure 3, in this case
the average data return with current prac-
tice is nearly 6 dB lower than the peak data
rate possible at X-band.

Ki-band exhibits much greater variation
with elevation angle than does X-band, as
illustrated in Figure 4, which shows the
receive G/T of a 34-m ground station in the
Madrid DSN tracking complex at X- and
K,-band for 95% weather.

One of the reasons that X-band links have
been operated with such large margins is
that lowering the margin can cause inter-
ruptions and incomplete datasets. This has

MTO will use the CCSDS File Delivery
Protocol (CFDP)® on both relay and Earth
links to ensure reliable end-to-end data de-
livery. This protocol supports selective re-
transmission of frames at the application
layer. With this protocol, lost data will be
automatically resent, enabling efficient use
of link capabilities by operating close to
the optimal design point. This capability is
particularly important for K,-band opera-
tions due to the inherently greater sensitiv-
ity of K,-band to adverse weather.

MTOQO evaluated the alternative K,-band
operating strategies which will be demon-
strated by MRO in a decision tree and se-
lected selective retransmission with CFDP
as its reference K,-band operations strat-
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Figure 4. G/T vs. Elevation Angle
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Figure 5. Initial G/T Prediction and Data Rate Profile

egy.

MTO’s relay customers, like the 2009
Mars Science Laboratory, typically send
telemetry for two reasons: as needed to op-
erate their Marscraft, and to return science
data to Earth. Operational data are gener-
ally needed quickly and with high reliabil-
ity so that they can be acted upon. Science
data, on the other hand, can normally be
delayed for days, if necessary. Science data
exceeds the data needed for operations by
one to two orders of magnitude.

MTO’s reference downlink operating strat-
egy is to send operational relay data and its
own engineering data to Earth at X-band
with the link designed to tolerate very ad-
verse weather (99%). Bulk science data
will be sent to Earth at K,-band using a
link design optimized to send back the
largest total data volume possible. The K-
band link will be designed to tolerate a
cumulative weather distribution of 80% to
90%, depending on the local weather fore-
cast and automated analyses which will
find the optimal operating point. The K-

band link design will be changed automati-
cally over a short period of time to reflect
changes in forecasted weather.

The following steps are taken for K,-band
operations:

Before the end of the previous pass, the
MTO Mission Operation System (MOS)’
sends a K;-band link parameter command
file to the spacecraft setting the initial K,-
band link parameters (data rate, coding,
etc.) for the pass (Figure 5). These initial
Ka-band link parameters are derived using
DSN G/T predictions based on the most
recent weather forecast.

The spacecraft begins transmitting with the
initial K,-band link parameters so that its
transmission begins to be received by the
DSN at the beginning of the appointed
pass. Just before the beginning of the pass,
the MTO MOS again derives optimal link
parameters based on the most recent
weather forecast. If these parameters are
significantly different than the previously
sent initial link parameter file, the MOS
formulates and then sends a new K,-band
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link parameter command file to the space-
craft as soon as an uplink is available (Fig-
ure 6).

Telemetry received from MTO is sent by
the DSN to the MTO MOS, where it is
checked for completeness using CFDP.
Incomplete frames are identified and the
MTO MOS automatically formulates and
sends command files requesting retrans-
mission to the DSN for transmission to
MTO.

The MTO MOS automatically monitors
weather forecasts during the pass and for-
mulates and sends a new K,-band link pa-
rameter file to MTO whenever necessary.

This operating strategy assumes that an
uplink will be readily available for re-
transmission requests and for sending new
data rate profiles. However, the uplink will
often need to be shared with other mis-
sions. The DSN has implemented a Multi-
ple Spacecraft Per Aperture (MSPA) capa-
bility that enables several spacecraft to use
the same ground station. The current
MSPA implementation can support up to
two downlinks simultaneously; this is to be
upgraded to four simultaneous downlinks

in 2007. At present, there are no plans for
simultaneously sharing an uplink between
multiple spacecraft, though the uplink can
be switched between spacecraft.

MTO’s reference K,-band operating strat-
egy requires short-term weather forecasts.®
New weather forecast services are being
developed which promise to make reliable,
inexpensive short-term forecasts of local
areas.” In the case of K,-band tracking of
Mars missions, and MTO in particular, we
are principally interested in the columnar
weather on Earth between Mars and the
ground antenna receiving the signal from
Mars — i.e. the weather above the ground
station in the direction of Mars. MTO will
normally be tracked by only one antenna at
a time, a 34-m Beam Wave Guide station
at one of the three DSN complexes.

MTO is initiating a study of its reference
K,-band operating procedure in conjunc-
tion with JPL’s Interplanetary Network Di-
rectorate. The study will address the fol-
lowing issues:

o How quickly can data rate changes be
made during a pass?



e To what degree can data rate changes
be automated?

e How many data rate levels should be
used?

e Would it be possible to continuously
change data rate?

e How can predictions of K,-band per-
formance incorporating weather fore-
casts be automated?

e Will improved weather forecasts sig-
nificantly improve K,-band perform-
ance?

e Would the ability to change the data

rate profile after a pass begins signifi-
cantly increase K,-band performance?

¢ How much spacecraft memory will be
necessary to retain data which may
need to be retransmitted?

e What algorithm should be used to de-
termine K,-band operating points?
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CONCLUSION

K,-band telemetry offers a large increase in
data return from Mars and will mitigate
frequency congestion at this intensively
explored planet. MTO will rely on K;-band
telemetry as its principal means of return-
ing science data from several other Mars
missions. To mitigate the effects of adverse
weather on Ka-band operations, MTO
plans to develop operating procedures not
heretofore used on deep space missions,
such as changing data rates in response to
weather predictions and using automatic
selective retransmission to recover lost
data.
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