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Abstract—The'! Lunar Hydrogen Mapper (LunaH-Map) will be
one of 13 CubeSats to launch on the first integrated flight of
NASA’s Space Launch System and Orion spacecraft in 2018.
The goal of the LunaH-Map mission is to map the hydrogen
content of the entire South Pole of the moon, including
permanently shadowed regions at high resolution. The
spacecraft is a 6 U CubeSat and the main instrument is a
neutron spectrometer which will be used to perform the
measurements required to accomplish the primary science
objective. Once LunaH-Map reaches the Moon, the spacecraft
will perform a 60-day science mission, consisting of 141 science
orbits during which the measurements will be taken. In the
design of the LunaH-Map spacecraft, one of the main challenges
is the telecommunication system as the spacecraft needs the
ability to relay data during the long cruise phase and during the
science phase. In addition, the telecommunication system needs
to support the main navigation functions required to reach the
Moon and to insert in the highly elliptical orbit required for the
science phase. This paper covers the main aspects of the
telecommunication design for the mission including: link and
coverage analysis, waveform selection and spectral constraints,
hardware selection and ground station coordination.
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1. INTRODUCTION

LunaH-Map spacecraft [1] [2] is a mission designed to map
the distribution of hydrogen-abundances within permanently
shadowed craters at the Lunar South Pole. In addition,
LunaH-Map will determine the hydrogen-layering structure
of permanently shadowed craters at the Lunar South Pole.
The value of the LunaH-Map mission is tied to the
unprecedented high spatial resolution that will be achieved
for neutron counting data at the Moon. LunaH-Map will, in
fact, acquire the highest spatial resolution neutron data ever
acquired from an orbital spacecraft platform anywhere in the
Solar Systems. The resulting hydrogen maps will respond to
a variety of NASA science goal and push the boundaries of
the capabilities of small spacecraft.

LunaH-Map is designed as a 6 unit CubeSat that will orbit the
lunar South Pole at low altitude and produce high spatial
resolution maps of the lateral and vertical distribution of
hydrogen in the lunar regolith. LunaH-Map will use a new
neutron detector material that can easily be accommodated
within a CubeSat due to its small size. This instrument,
designed and produced by RMD, will function similarly to
the detector on lunar prospector (LPNS) but a significantly
higher resolution.

The mission architecture, designed by KinetiX and NASA
Ames, allows for 60-day science missions in a highly
elliptical orbit with perilune centered on Shackleton Crater at
5 km altitude. There is sufficient fuel to allow for 141 science
orbit which will cover craters identified as high priority
science targets.

The spacecraft components selection was based on what is

currently available for CubeSats plus some developments for
any needed capabilities. Components currently selected for
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LunaH-Map spacecraft include: the deployable solar panel by
MMA, the XACT attitude and control determination by BCT,
and the IRIS radio by JPL. In particular, JPL is contributing
to the LunaH-Map mission by providing the
telecommunication subsystem (IRIS radio, LNA, SSPA and
low gain antennas) and by providing DSN ground services.

The paper is organized as follows: Section 2 outlines the
telecommunication requirements for LunaH-Map mission.
Section 3 presents the telecommunication analysis. The
components selected are described in Section 4. Section 5 is
dedicated to integration and test. Section 6 provides a
summary and details on future work.

2. TELECOMMUNICATION REQUIREMENTS

The telecommunication subsystem for LunaH-Map needs to
be designed as to be able to support both telecommunication
and navigation functionality for all the duration of the
mission. Specifically, LunaH-Map needs to be able to have
regular contacts with the ground during both the cruise and
the science phase and such contacts need to allow for
sufficient tracking time (the estimated need is between 4 and
6 hours per pass) as well as to download the entire amount of
telemetry information and science data required by the
mission.

As a result, one of the main requirements is the compatibility
with the ground station network which for LunaH-Map is
composed by the 34 m Deep Space Network (DSN) dishes
located in Canberra, Madrid and Goldstone [3], plus the 21 m
antenna at Morehead State University (MSU) [4].

Another important requirement is a downlink data rate
greater than 100 Kbps during the science phase. As we will
see in Section 3, a data rate of 256 Kbps can actually be
achieved only using the DSN stations, while the MSU
stations allows for 8 Kbps at lunar distance. It is important to
notice that while currently the possibility of achieving 256
Kbps using DSN is sufficient to satisfy LunaH-Map
telecommunication, upgrades are currently in progress at
MSU to improve the receiving capability. Hence, the MSU
station may be able to support 128 Kbps at lunar distance by
the time LunaH-Map is launched.

Other requirements concern the frequency spectrum: LunaH-
Map is in fact a NASA sponsored mission. As a result,
LunaH-Map has to operate in the government X-Band Near
Earth Band (8.45-8.5 GHz in downlink and 7.19-7.235 GHz
in uplink). This affects the selection of the hardware
components which have to be compatible with the spectrum
regulation.

In terms of quality of service, the requirement is to maintain
a minimum of 3 dB margin (for a Bit Error Rate of 10"-5) for
both uplink and downlink at maximum range (1,002,900 Km)
and with worst case antenna angle +/- 90 degree off boresight.
This case is considered the safe mode, since no assumption is
made on the pointing and the gain of the antenna is
considered at its minimum (-10 dBi). Table XX summarizes

the results for the safe mode and shows how the LunaH-Map
design satisfied this requirement.

In terms of components design, the main requirement is to fit
in the CubeSat form factor for volume, power and mass. This
requirement is accomplished by selecting components
specifically designed for CubeSats as described in Section 4
of this paper.

3. TELECOMMUNICATION ANALYSIS

Two main telecommunication analysis were performed for
LunaH-Map at this stage of the development: link analysis
and coverage analysis.

The link analysis aims to verify that the link can be closed
between the spacecraft and the ground in several
circumstances.

Link analysis assumptions for downlink and uplink are as
follows:

e Spacecraft: transmitter power is 2 W, line losses at -
1dB and peak gain at 7.16 dB. Pointing is considered
very loose (conservative case) and the assumption is
to be able to point at least into the 3dB beamwidth
of the patch antenna (+/- 45 degree). Hence, the
transmitting pointing loss is set at 3 dB.

e Ground stations: 2 type of ground stations are
considered.

o DSN 34 m dishes: for these ground stations
all the assumptions are consistent with [3].

o Morehead State University 21 m dish: for
this dish an uplink power of 10 KW,
waveguide loss of 1 dB, pointing loss of
0.5 dB and a noise temperature of 215K are
assumed. These assumptions are slightly
conservatives as the dish is currently being
upgraded. Follow up papers will cover
updated analysis on this dish.

e Path length: it is consistent with the trajectory
simulations and it ranges between 1,002,900 Km
(worst case) and the lunar distance (400,000 Km). It
is worth noticing that the trajectory is constantly
being updated. As a result, also this analysis is
sensitive to changes in the path length.

e  Waveform: BPSK modulation has been selected for
both uplink and downlink. The uplink signal is
uncoded. Turbo % coding is added on the downlink
so as to lower the required Eb/NO from 9.6 dB to 1.1
dB.

Results are shown in Table 1 and

Table 2for the downlink and in



Table 3 and

Transmit Antenna Gain (net) dBi 7.16 7.16
. . Equiv. Isotropic  Radiated
Tablfa 4 for the uplink. For both the ana}ysm, two cases are Power dBW 9.16 9.16
considered: the one at the farthest distance from Earth E Gh 2.4 2.49
. . requenc . .
according to the trajectory (1,002,900 Km), and the one at the quency £
lunar distance (400,000 Km). These two points are in fact Receive Antenna Diameter m 21.00 21.00
representative of the cruise phase and the science phase. Receive Antenna Gain dBi 6321 6321
Table 1: Link analysis for downlink, using DSN, for Propagation Path Length km 1,002,990.00 | 400,000.00
maximum range and for lunar distance. Free Space Loss dB 231.05 223.07
Transmit Antenna Pointing
Downlink Downlink Loss dB -3.00 -3.00
Maximum Lunar
Range Distance Receive Antenna Pointing Loss | dB -0.50 -0.50
Item Units (DSN) (DSN) Receive Antenna Pol. Losses dB -1 -1
Transmitter Power dBW 3.00 3.00 .
Atmospheric Losses dB -0.17 -0.17
Line Loss/Waveguide Loss dB -1.00 -1.00 .
Implementation Losses dB -3.29 -3.29
T it Ant i t Bi 1 .1 .
ransmit Antenna Gain (net) __| dBi 716 716 Total Additional Losses dB -7.96 -7.96
Equiv. Isotropic  Radiated
Power dBW 9.16 9.16 Data Rate bps 1,000.00 8,000.00
Frequency Ghz 849 8.49 System Noise Temperature K 215 215
Receive Antenna Diameter m 34.00 34.00 dB -
SNR (Pt/N0) Hz 41.93 49.91
Receive Antenna Gain dBi 68.37 68.37 Modulation index deg 77,00 77,00
P tion Path Length k 1,002 . 4 . .
fopagation a1 ~eng L 002,990.00 00,000.00 Telemetry data suppression dB -0.23 -0.23
Free Space Loss dB -231.05 -223.07 . .
Transmit _Antenna _Pointing Ranging data suppression dB -0.83 -0.83
Loss dB -3.00 -3.00 Eu/N, dB 7.58 6.53
Receive Antenna Pointing Loss | dB -0.10 -0.10 Ey/N, required dB 1.10 1.10
Receive Antenna Pol. Losses dB -0.03 -0.03 Margin dB 6.58 5.43
Atmospheric Losses dB -0.17 -0.17
Implementation Losses dB -3.29 -3.29 Table 3: Link analysis for uplink, using DSN, for
Total Additional Losses dB -6.59 -6.59 maximum range and for lunar distance.
Data Rate bps 32,000.00 | 256,000.00
Uplink Uplink
System Noise Temperature K 29.60 29.60 Maximum Lunar
dB - Range Distance
SNR (Pt/N0) Hz 57.06 65.05 Item Units (DSN) (DSN)
Modulation index deg 77.00 77.00 Transmitter Power dBW 43.00 43.00
Telemetry data suppression dB -0.23 -0.23 Line Loss/Waveguide Loss dB -0.6 -0.6
Ranging data suppression dB -0.83 -0.83 Transmit Antenna Gain (net) dBi 66.98 66.98
Equiv. Isotropic  Radiated
Ew/N, dB 7.66 6.61 Power dBW 109.38 109.38
Eu/N, required dB 1.10 1.10 Frequency Ghz 7.23 7.23
Margin dB 6.56 5.51 Receive Antenna Gain dBi 7.16 7.16
Propagation Path Length km 1,002,990.00 | 400,000.00
Table 2: Link analysis for downlink, using MSU, for Free Space Loss dB -229.66 -221.68
: : Transmit Antenna Pointing
maximum range and for lunar distance. Loss B 01 01
Downlink Downlink Receive Antenna Pointing Loss | dB -3.0 -3.0
Maximum Lunar
Range Distance Receive Antenna Pol. Losses dB -0.04 -0.04
Item Units (MSU) (MSU)
Atmospheric Losses dB -0.17 -0.17
Transmitter Power dBW 3.00 3.00
Implementation Losses dB -3.29 -3.29
Line Loss/Waveguide Loss dB -1.00 -1.00
Total Additional Losses dB -6.6 -6.6




Data Rate bps 1,000.00 1,000.00
System Noise Temperature K 460 460
SNR (Pt/N0) (PIIE ] 85.54 93.52
Modulation index deg 1.5 1.5
Telemetry data suppression dB -2.06 -2.06
Ranging data suppression dB -3.01 -3.01
Ew/N, dB 51.69 59.67
Ey/N, required dB 9.6 9.6
Margin dB 42.09 50.07

Table 4: Link analysis for uplink, using MSU, for
maximum range and for lunar distance.

When using the MSU station, the data rates drop to 1 Kbps at
the farthest distance and to 8 Kbps during the science phase.

Results in uplink show that it is possible to close the link at 1
Kbps data rate at any point of the trajectory when using either
DSN or MSU. Margins are really high in uplink which is very
important given that pointing losses and tumbling scenario
can always occur.

In addition to these cases, an analysis of the safe mode was
developed. Safe mode analysis looks at the case in which the
antenna is not pointing. In that particular case, the gain of the
antenna drops to -10 dBi. The safe mode analysis verifies
whether or not it is possible to close the link at the minimum
data rate supported by the radio (62.5 bps) for both uplink and
downlink. The analysis performed for the LunaH-Map
mission confirmed the availability of plenty of margin at any
point of the trajectory to allow for uplink and downlink at the

Results show that in downlink it is possible to close the link
with a data rate of 32 Kbps for the cruise stage and of 256
Kbps for the science phase when using the DSN stations.

Uplink Uplink .. . L.
Maxi::llum Lm::r minimum data rate without any pointing. Results are shown
Range Distance in Table 5 for the maximum range, which has to be
Item Units (MSU) (MSU) considered a worst case scenario. It is possible to notice that
Transmitter Power dBW 33.00 33.00 in all these cases the margin is greater than 3dB.
Line Loss/Waveguide Loss dB -1.00 -1.00 Table 5: Safe mode summary table.
Transmit Antenna Gain (net) dBi 61.82 61.82
Equiv. Isotropic ~ Radiated Case Eb NO Eb NO
Power dBW 93.82 93.82 margin when | margin when
Frequency Ghz 7.23 7.23 using DSN using MSU
Receive Antenna Gain dBi 716 716 Safe mode in downlink | 17.71 dB 436 dB
Propagation Path Length km 1,002,990.00 | 400,000.00 at maximum distance
Free Space Loss dB -229.66 -221.68 (Ranging on,  no
Transmit Antenna Pointing pointing, 62.5 bps data
Loss dB -0.1 -0.1 rate)
Receive Antenna Pointing Loss | dB -3.0 -3.0 . -
£ Safe mode in uplink at | 39.95 dB 23.32dB
Receive Antenna Pol. Losses dB -1 -1 maximum distance
Atmospheric Losses dB -0.17 -0.17 (Rfanging on, no
| ‘ pointing, 62.5 bps data
Implementation Losses dB -3.29 -3.29 rate)
Total Additional Losses dB -7.56 -7.56
Data Rate bps 1,000.00 1,000.00 Another apalysm perforrped for the LunaH-Map
telecommunication system is the coverage analysis. The
System Noise Temperature ]d<B 460 460 objective of the coverage analysis is to gain a better
SNR (P/NO) Ha 69.02 7701 under’standlng of the passes duration anq range proﬁ!e in
. function of the orbit. In fact, the range is highly variable
Modulation index deg L5 1.5 across the entire LunaH-Map orbit, which means that not all
Telemetry data suppression dB -2.06 -2.06 the data rate modes can be supported at all times. The
Ranging data suppression B 301 301 coverage analysis allows to'1dent1fy, for the dlffereqt groupd
stations used and for the different parts of the orbit, which
Ey/N, dB 35.17 43.16 data rates can be supported. For the coverage analysis, an
Ey/N, required dB 9.6 96 STK simulation was ;etup, gsing the latest avgilable orbit
computed by the mission design team. Information from the
Margin dB 25.57 33.56

link budget analysis were used to compute the maximum
allowable data rate for each point of the trajectory and for the
different ground stations (DSN and Morehead State
University). The analysis was split between cruise and
science phase. Results are shown in Figure 1, Figure 2, Figure
3, and Figure 4. For pointing, the analysis assumes to transmit
and receive in the 3dB cone of the patch antenna which has



approximately a beamwidth of +/- 45 degrees. The DSN
results shown are computed using the 34 m antenna in
Goldstone, although simulations were also performed for
Madrid and Canberra producing almost identical results.
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Figure 1: Data rate vs. range during cruise phase when
using DSN 34 m dish.
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Figure 2: Data rate vs. range (zoomed plot) during
cruise phase when using MSU 21 m dish.
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Figure 3: Data rate vs. range during science phase when
using DSN 34 m dish.
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Figure 4: Data rate vs. range during science phase when
using MSU 21m dish.

It is possible to observe that during the cruise stage the
spacecraft quickly drifts farther from Earth until it reaches the
maximum distance which is approximately 1,000,000 Km. At
that distance, the link budget allows a supportable data rate
of 32 Kbps when using DSN and of 1 Kbps when using the
Morehead State University dish. As the spacecraft drifts away
from the farthest orbital point to come back into lunar orbit,
the distance between the spacecraft and the Earth is
progressively reduced and the supportable data rate becomes
256 Kbps when using DSN and 8 Kbps when using MSU.

Length of contacts was also computed using the STK
simulation environment, the orbital information and the
ground station locations. Results are shown in Table 6 for
DSN (Goldstone, Madrid, Canberra) and MSU.

Table 6: Summary of estimated contact length for DSN

and MSU.
Contacts | DSN DSN DSN MSU
(Goldstone) | (Madrid) | (Canberra)

Min. 7 hours 6.5 7 hours 7.5
duration hours hours
Average | 11 hours 11 hours | 11 hours 11.5
duration hours
Max. 14 hours 14.5 14 hours 14
duration hours hours

It is possible to observe that passes at MSU seems to be a

little longer. This is partially due to the fact that the STK
simulator already includes a mask for the DSN stations, while
information on MSU mask are not yet available. Refined
STK analysis will be performed when the information on
MSU mask becomes available.

4. TELECOMMUNICATION COMPONENTS

The telecommunication subsystem design can be
summarized in the diagram shown in Figure 5.
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Figure 5: Telecommunication subsystem block diagram.

The IRIS transceiver connects to the SSPA and the TX

LGA for transmission and to the LNA and the RX LGA
for reception.

The transceiver used for the mission is the JPL IRIS radio.
The IRIS radio [5] (shown in Figure 6) allows for
telecommunication and navigation support at X-Band Near
Earth and Deep Space frequencies. It provides coherent and
uncoherent uplink and downlink, BPSK modulation with
different coding options (Reed Solomon, convolutional,
turbo). It is also CCSDS compatible which allows for it to be
used with the Deep Space Network. IRIS has been developed
by JPL for previous CubeSat missions such as INSPIRE and
MarCO. The IRIS designed for LunaH-Map missions is a
slightly modified version of the MarCO design since it allows
for a 2W SSPA instead of a 4W SSPA. This feature is very
important for LunaH-Map as it allows to reduce the power
consumption which is very critical for the mission, especially
given the long tracking passes (4-6 hours).

Figure 6: IRIS radio [5].

The IRIS radio is connected to the low noise amplifier and to
the two receiving low gain patch antennas. The radio is also
connected to the 2 W solid state power amplifier and to the
two low gain transmitting patch antennas. The antennas are
patches, right-handed circularly polarized, 50 Ohm
impedance and 7.16 dBi peak gain. The antennas are placed
on opposite side of the spacecraft to guarantee better
coverage for the spacecraft. The switching mechanism will
be regulated by the flight software.

The total mass of the telecommunication system is estimated
to approximately 1.3 Kg and the peak power consumption in
full transmitting/receiving mode is approximately 25 W.

5. INTEGRATION AND TEST

The patch antennas are currently being manufactured and
tested at JPL. The IRIS radio, SSPA and LNA are currently
in development. Before integration in the spacecraft, the
radio and the amplifier will be extensively tested to measure:
frequency, bandwidth, output power, radio telemetry, radio
command, coherency, ranging, noise figure, uplink and
downlink waveforms.

After the tests on the radio and the antennas are completed,
the components will be integrated on the LunaH-Map
spacecraft at Arizona State University. Environmental tests
will take place at Arizona State University and they will be
performed at the CubeSat level. End to end compatibility test
between the spacecraft and the DSN will be performed at
JPL.

6. SUMMARY FUTURE WORK

The paper describes the initial steps in the design and
implementation of a telecommunication subsystem for
LunaH-Map, one of the first interplanetary CubeSat missions
to be launch on EM-1. The paper contains an overview of the
main telecommunication requirements. The
telecommunication analysis detailed in the paper shows that
the design is able to provide up to 256 Kbps data rate
capability with more than 3 dB margin. The analysis includes
data rate and coverage profiles for the entire duration of the
LunaH-Map mission showing that it is possible, at lower data
rate, to close the link at any point of the trajectory. Safe mode
analysis shows that it is possible to transmit and receive at the
lowest IRIS supported data rate (62.5 bps) at any point of the
trajectory, even when doing ranging and without pointing.
Finally, coverage analysis shows that the duration of contacts
is sufficient to satisfy the need for 4-6 hours passes.

LunaH-Map telecommunication subsystem components have
been selected. They are currently in development and work is
ongoing to prepare for performance characterization tests.
Integration in the spacecraft will take place soon after, right
before the start of the environmental testing campaign.

Since interplanetary CubeSat missions are new, many aspects
of the telecommunication design are sometimes in flux.
However, LunaH-Map telecommunication subsystem design
has now reached a good level of maturity, passed the
preliminary design review and the peer review. The
telecommunication subsystem development is currently
focused on components manufacturing and tests, frequency
coordination, NTIA filing, and ground station coordination.
The critical design review is expected to take place at some
point toward the end of the 2016 calendar year,



ACKNOWLEDGEMENTS

Part of this work was performed at the Jet Propulsion
Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space
Administration.

REFERENCES

[1] C. Hardgrove, J. Bell, R. Starr, T. Colaprete, M.
Robinson, D. Drake, 1. Labzin, G. West, E. Johnson, J.
Christian, A. Genova, D. Dunham, B. Williams, D.
Nelson, A. Babuscia, P. Scowen, K. Cheung, M
Klesh, H. Kerner, A. Deran, R. Amzler, Z. Burnham,
J. Lightholder, P. Wren, A. Godber and M. Beasley,
"The Lunar Polar Hydrogen Mapper (LunaH-Map)
CubeSat Mission," in 47th Lunar and Planetary
Science Conference, The Woodlands, Texas, 2016.

[2] C. Hardgrove, J. Bell, J. Thangavelautham, A. Klesh,
R. Starr, T. Colaprete, M. Robinson, D. Drake, E.
Johnson, J. Christian, A. Genova, D. Dunham, B.
Williams, D. Nelson, A. Babuscia, P. Scowen, K. M.
Cheung, T. McKinney, A. Taits and Her, "The Lunar
Polar Hydrogen Mapper (LunaH-Map) Mission:
Mapping Hydrogen Distributions in Permanently
Shadowed Regions of teh Moon's South Pole," in
Annual Meeting of the Lunar Exploration Analysis
Group, Columbia, Maryland, 2015.

[3] Slobin, D. (NASA), "DSN 810-005," August 2016.
[Online]. Available:
http://deepspace.jpl.nasa.gov/dsndocs/810-
005/104/104H.pdf.

[4] Morehead State UNiversity, "21 m antenna overview,"
August 2016. [Online]. Available:
http://www.moreheadstate.edu/uploadedFiles/Sites/M
ain_Sites/Academics/EASS/Space Science Center/2
1%20M%20Antenna%200verview.pdf.

[5] NASA Jet Propulsion Laboratory, "IRIS radio,"
August 2016. [Online]. Available:
http://www.jpl.nasa.gov/cubesat/missions/iris.php.

BIOGRAPHY

w_ Alessandra Babuscia received her B.S. and
M.S degrees from the Politecnico di Milano
and her Ph.D. degree from the
Massachusetts Institute of Technology
(MIT), Cambridge, in 2012. She is
currently Telecommunication Engineer in
the Communication Architecture Research
Group, NASA Jet Propulsion Laboratory in
Pasadena. She is PI for the Inflatable Antenna for CubeSat
project, telecom engineer for ASTERIA, LunaH-Map, and
RainCube missions, telecom chair lead for JPL TeamXc, and
involved in many CubeSat mission design concepts and
proposals.  Her  current research interests include
communication architecture design, statistical risk estimation,
expert elicitation, inflatable antennas, and communication
system design for small satellites and CubeSats.

Craig Hardgrove received is an Assistant
Professor in the School of Earth and Space
Exploration at Arizona State University.
He is the Principal Investigator for the
Lunar Polar Hydrogen Mapper (LunaH-
Map) mission, as well as a Participating
Scientist on the Mars Science Laboratory
Curiosity rover mission as a member of the
Dynamic Albedo of Neutrons instrument team. On Curiosity,
Craig uses neutron, geochemical, and stratigraphic data to
derive clay and hydrated mineral phase abundances in the
shallow subsurface throughout Curiosity’s traverse in Gale
Crater. Craig is also working to develop new neutron and
gamma-ray spectrometer instrumentation for use on future
planetary science missions. Craig is also the director of
research for the ASU NewSpace Initiative, which is working to
partner academia with the private commercial space industry

Kar-Ming Cheung is a Principal
Engineer and  Technical  Group
Supervisor in the Communication
Architectures and Research Section
(332) at JPL. His group supports design
and specification of future deep-space
and near-Earth communication systems
and architectures. Kar-Ming Cheung
received NASA'’s Exceptional Service Medal for his work on
Galileo’s onboard image compression scheme. He has
authored or co-authored 30+ journal papers and conference
papers in the areas of error-correction coding, data
compression, image processing, and telecom system
operations. Since 1987 he has been with JPL where he is
involved in research, development, production, operation,
and management of advanced channel coding, source coding,
synchronization, image restoration, and communication
analysis schemes. He got his B.S.E.E. degree from the
University of Michigan, Ann Arbor, in 1984, and his M.S. and
Ph.D. degrees from California Institute of Technology in
1985 and 1987, respectively.




‘ Paul Scowen is a Research Professor in
the School of Earth & Space
Exploration at  Arizona  State
University. He currently works on
astrophysics space mission development

¢ | as well as imaging, optomechanical and

optoelectronic ~ solutions for image
stabilization and detectors, as well as
next generation mirror coating technologies especially in the
ultraviolet. His science focus is on star and planet formation
in massive stellar environments as well as variations in the
efficiency of such formation as a function of environment and
local star formation history. He has worked intimately with
the Hubble Space Telescope during his 25 year career and
was co-author on the iconic Eagle Nebula images and the
papers that resulted. He currently serves on several NASA
advisory committees and is a member of the STDT for the
HabEx large mission concept study in process at NASA.

i Jim Crowell is a PhD student in the
 School of Earth and Space
Exploration,  developing  extreme
environment technologies  for
scientific exploration in deep sea,
volcanic, and polar regions of Earth
as well as deep space, lunar orbit,
and on the surface of the Moon.







