NASA /TM—2003-212703

‘rlﬁ:,v‘» A

%

Angular and Range Deviations for the Earth
Science Afternoon Constellation

Bryan Welch
Glenn Research Center, Cleveland, Ohio

November 2003



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA's scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA's institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

¢ CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following;:

e Access the NASA STI Program Home Page
at http:/lwww.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

e Fax your question to the NASA Access
Help Desk at 301-621-0134

e Telephone the NASA Access Help Desk at
301-621-0390

e Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076



NASA /TM—2003-212703

‘rlﬁ:,v‘» A

%

Angular and Range Deviations for the Earth
Science Afternoon Constellation

Bryan Welch
Glenn Research Center, Cleveland, Ohio

National Aeronautics and
Space Administration

Glenn Research Center

November 2003



Acknowledgments

Many thanks to Obed Scott Sands and Sandra Johnson for discussion and insight in obtaining resources

NASA Center for Aerospace Information

7121 Standard Drive
Hanover, MD 21076

and proper calculation techniques used in this analysis.

Trade names or manufacturers’ names are used in this report for
identification only. This usage does not constitute an official
endorsement, either expressed or implied, by the National
Aeronautics and Space Administration.

Available from

Available electronically at http://gltrs.grc.nasa.gov

National Technical Information Service

5285 Port Royal Road
Springfield, VA 22100



ANGULAR AND RANGE DEVIATIONS FOR THE EARTH SCIENCE
AFTERNOON CONSTELLATION

Bryan Welch
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

ABSTRACT

This paper investigates the angular spread
between the five satellites that will make up
the Earth Science Afternoon Constellation
starting in October 2004. Simulations are
performed to propagate the satellites for a
time period of one year to observe the
position for each satellite. Small angular
spread between the satellites together with
the variability in the angles suggests the use
of adaptive array antennas for inter-satellite
communication links.

1 INTRODUCTION

The Earth Science Morning (AM) and
Afternoon (PM) constellations are being
assembled to provide near-contemporaneous
observation by multiple sensors, on different
spacecraft for the purposes of obtaining
‘greater than the sum’ science return [1].
However, the short distances between the
satellites are suspected of leading to small
angular spreads between the elements of the
constellation, thereby complicating inter-
satellite communications—if the angular
spread between two spacecraft transmitting
in the same band (e.g. CDMA transmission)
is small then receiver capacity is reduced
due to in-band interference.  This
interference can be significantly reduced
through the use of advanced antenna designs
such as adaptive arrays.

In this memo, the angles between spacecraft

in the constellation are estimated over a
period of one year. This is accomplished by
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propagating satellite orbits to obtain the
satellite locations. Satellite position vectors
are used to calculate the angular spread
between satellites in the constellation as well
as the range between the satellites. These
geometric parameters, when combined with
assumptions concerning communications-
gear parameters (such as antenna type,
transmit power, etc), can be used to estimate
link margin. However, the current focus is to
interpret the geometric parameters (i.e.
separation angles between transmitting
spacecraft and their temporal variability)
qualitatively to determine if further
investigation is warranted.

2 SETUP

There are four satellites that make up the
AM Constellation: Landsat-7, EO-1, SAC-
C, and Terra. There are five proposed
satellites to be part of the PM Constellation:
Aqua, Aura, CALIPSO, CloudSat, and
PARISOL. All of the satellites in each
constellation have their orbit planes offset so
that each spacecraft passes over the same
point on the ground [1]. Currently, every
satellite in the AM Constellation is in
orbit, while only the Aqua satellite is in orbit
for the PM Constellation. The AM
Constellation and Aqua’s orbits were
propagated in STK using two-line element
set data from June 13, 2003 [2]. By knowing
their orbital parameters and the ground trace
time separations between all of the satellites
in each constellation, the orbits for the
remaining four satellites are estimated.



The Landsat-7 satellite is the leading
satellite for the AM Constellation. All of
the satellites have a Low Earth Orbit (LEO).
Table 1 below, lists the proposed time
separations in the ground trace for the
remaining three satellites relative to the
leading Landsat-7 satellite [1].

Table 1.—AM Constellation Ground
Track Time Separation

SATELLITE | TIME SEPARATION
Landsat-7 Lead Satellite

EO-1 1 Minute

SAC-C 27 Minutes

Terra 28 Minutes

In the PM Constellation, the Aqua satellite
will lead, until 2007 in which OCO will lead
without line of sight range to Aqua, the
remaining satellites in the constellation. All
of the satellites will be in LEO. Table 2
below, lists the proposed time separations in
the ground trace for remaining four satellites
relative to the leading Aqua satellite [1].

Table 2.—PM Constellation Ground
Track Time Separation

SATELLITE | TIME SEPARATION
Aqua Lead Satellite
CloudSat 1 Minute

CALIPSO 1 Minute, 15 Seconds
PARISOL 3 Minutes

Aura 8 Minutes

Satellite Tool Kit (STK) was used to
propagate the orbits and to collect position
vectors every 10 minutes for one year’s
time. MATLAB was used to determine the
ranges and angles between the satellites.
MATLAB was also used to plot the
histograms of the ranges and angles for the
entire set of data.

Starting with the Keplerian parameters for
the Aqua satellite, the Right Ascension of
the Ascending Node (RAAN) and Mean
Anomaly (MA) were iteratively adjusted
until the specified temporal displacements
from the Aqua orbit were achieved for each
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satellite in the constellation. This technique
proved to be sufficient for the purposes of
the developing the simulation in which
geometric constellation was maintained for a
year. Figure A.l in Appendix A shows a
side view of the AM Constellation orbits,
while Figure A.2 shows the PM
Constellation orbits. As seen from figure
A.1, there is no line of sight between the
EO-1 and SAC-C satellites in the AM
Constellation, and therefore the AM
Constellation will not be analyzed further as
the need is non-existent.

The next step after creating the orbits for the
PM Constellation was to propagate the
constellation for a one year’s worth of time.
This was done at the starting date of
June 13, 2003 and the end of the
propagation was at June 13, 2004. A year’s
worth of data averages out the effects of the
variations in the Earth’s orbit and the orbit
of the satellites repeat their ground trace
several times in one year.

3 CALCULATIONS AND RESULTS

J2000 Position data was collected at a
sample period of 10 minutes throughout the
propagation. Range vectors between the
satellites are used to calculate the angles of
the constellation geometry. Histograms of
the ranges in the satellite triangles
(3 satellites that can form a receiver-source-
interference combination) are shown in
Appendix B, with the angles in the satellite
triangles shown in Appendix C. The
minimum and maximum ranges and angles
were calculated for satellite pair or triangle,
respectively. The spread of these values are
shown in table D.1 in Appendix D. It is
assumed that the central satellites in the
constellation will have two antennas for the
purpose of pointing towards the leading and
lagging sides of the constellation. Thus, the
large angles in the satellite triangles are not
of concern.



A central angle calculation was done as the
average of the minimum angle and
maximum angle for each of the thirty
distinct angles in the PM Constellation. The
distribution of these angles can be illustrated
in figure 3 below.

Central Angle Distribution
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Figure 3.—Central Angle Distribution

As can be seen in Figure 3, the angles are
concentrated near zero and 170 degrees.
These distributions of the angles are caused
from the spatial arrangement of the
satellites. The satellites that are in the
central portion of the constellation will have
large angles around 170 degrees, to the outer
satellites, due to the co-linearity of the orbits
of the satellites. These angles are not of
concern in the inter-satellite
communications problem due to the spatial
separation of the satellites in the
constellation. However, all of the satellites
except CALIPSO would have to
accommodate the interference of the inter-
satellite transmissions due to the small
angles between sources and interferers. The
next two figures, figures 4 and 5, will
illustrate the small and the large angles that
occur within the PM Constellation,
respectively.
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Figure 5.—Constellation Angle
Distribution—Large Angles

4 CONCLUSIONS AND FUTURE
WORK

Figures 4 and 5 illustrate the small
variations of the angles that exist within the
movement of the PM Constellation. These
small variations in the angles can be
hazardous to the communications for a
standard phased array antenna in which
fixed nulls are directed towards the
directions of interferences. This is due to
the steep slope that exists at the locations of
the nulls along with the narrow width of the



null. Therefore, if these issues are not dealt
with in the design of the communications
system, then the bit error can be high.
However, adaptive antenna arrays have the
ability to redirect nulls to decrease the signal
strength of interference. It is from these
small variations of the angles and ranges
that were calculated in this analysis, along
with the small angles between possible
transmitters, which illustrate a need for
adaptive antennas to be used for the inter-
satellite links in the PM Constellation. In
the AM Constellation however, there would
be no need for research into the use of
adaptive  antennas  for inter-satellite
communication links due to the lack of line
of sight between the two central satellites.

Future work on this project could include
the formulation of a link budget to compare
the SNIR ratios between various types of
antennas (aperture, non-adaptive, adaptive)
to determine the benefit in link margin for
adaptive antennas.
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APPENDIX A
3D Side Views

Earth

13 Jun .00 Time Step: 0.50 min

Figure A.1.—3-D Orbit Side View of AM Constellation.
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Earth In

13 Jun 20 .00 Time Step: 1.00 min

Figure A.2.—3-D Orbit Side View of PM Constellation.
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APPENDIX B
Range Histograms
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Figure B.1.—Aqua-CALIPSO-Aura Ranges.
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Figure B.2.—Aqua-CloudSat-Aura Ranges.

NASA/TM—2003-212703 7



Agua-PARISOL-Aura Ranges
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Figure B.3.—Aqua-PARISOL-Aura Ranges.
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Figure B.4.—Aura-PARISOL-CALIPSO Ranges.
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Aura-PARISOL-CloudSat Ranges
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Figure B.S.—Aura-PARISOL-CloudSat Ranges.

CALIPSO-Agua-PARISOL Ranges
200 ¥ ¥

867 6675 568 566.5 569
CALIPSO-Agua Range (km)

150 T T T

1355 1386 1387 1358 1389 1380 1361
Aqua-PARISOL Range (km)

200 T T T

1
7895 790 790.5 791 7915 792 7925 793 7935
PARISOL-CALIFSO Range (km)

Figure B.6.—CALIPSO-Aqua-PARISOL Ranges.
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CALIPSO-CloudSat-PARISOL Ranges
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Figure B.7.—CALIPSO-CloudSat-PARISOL Ranges.
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Figure B.8.—CloudSat-Aqua-CALIPSO Ranges.
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Figure B.9.—CloudSat-Aqua-PARISOL Ranges.
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Figure B.10.—CloudSat-CALIPSO-Aura Ranges.
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APPENDIX C
Angle Histograms

Aqua-CALIPSO-Aura Angles
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Figure C.1.—Aqua-CALIPSO-Aura Angles.
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Figure C.2.—Aqua-CloudSat-Aura Angles.
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Agua-PARISOL-Aura Angles
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Figure C.3.—Aqua-PARISOL-Aura Angles.
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Figure C.4.—Aura-PARISOL-CALIPSO Angles.
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200
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1 | 1 h

Aura Angle (deq)

| | | | | 7

167.04 167.08 167.08 167.07 167.08 167.09 16871 167.1 167.12 1687.13
PARISOL Angle (deg)

200

9.25
CloudSat Angle (deg)

Figure C.5.—Aura-PARISOL-CloudSat Angles.
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Figure C.6.—CALIPSO-Aqua-PARISOL Angles.
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Figure C.7.—CALIPSO-CloudSat-PARISOL Angles.
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Figure C.8.—CloudSat-Aqua-CALIPSO Angles.
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APPENDIX D
Minimum and Maximum Angles and Ranges with Deviations

Table D.1.—Minimum and Maximum Ranges and Angles with Deviations

Receiver Source Source Distance (km) Interference |Interference Angle (deg) Interference Distance (km)

Satellite Satellite Minimum _ |Maximum _ |Deviation  |Satellite Minimum _ |Maximum  |Deviation  |Minimum  |Maximum  |Deviation
Aura FARISOL 2257490 2265.40 10.50|CALIPSC 3.2103 32308 0.0205 3M33.70 3047.80 14.10
Alra FARISOL 225790 2265.40 10.50{CloudSat 36707 36934 00227 34420 3158.80 1460
Aura PARISOL 226790 2268.40 10.50|Aqua 55136 5.5485 0.0349 358740 320 13.80
Aura CALIPSO 333,70 3047.80 14.10|{PARISOL 3.2103 32308 0.0205 25790 226840 10.50
Alra CALIPSOD 3033.70 3047.80 14.10{CloudSat 04599 04631 0.0032 34420 3158.80 1460
Aura CALIPSO 3033.70 3047.80 14.10]Aqua 2.3034 23178 0.0144 358740 320 13.80
Aura CloudSat 3144.20 3155.80 14 60|PARISOL 36707 36934 00227 25790 226840 10.50
Alra CloudSat 3144.20 3158.80 14.60|CALIPSD 04599 04631 0.0032 3033.70 3047.80 14.10
Aura CloudSat 314420 3158.80 14.60|Aqua 1.8430 1.8881 021 358740 320 13.80
Aura Agua 358740 3R01.20 13.80|{PARISOL 55136 55485 00349 25790 226840 10.50
Alra Agua 3587 .40 3601.20 13.80|CALIPSD 2.3034 23178 0.0144 3033.70 3047.80 14.10
Aura Agua 3587 .40 3601.20 13.80|CloudSat 1.8430 1.8881 021 34420 3158.80 14.60
PARISOL  [CALIPSO 789 61 793.34 3.73|CloudSat 04588 0.4578 0.0090 902 65 906.86 421
PARISOL  [CALIPSO 7961 793.34 3.73|Aqua 23037 23182 0.0144 135480 136110 £.30
PARISOL  |Cloud3at 9002 65 90586 4 21|CALIRSO 0.4588 0.4578 0.0090 789 51 79334 373
PARISOL  |CloudSat 902 65 905.86 421 |Aqua 1.8430 1.8555 0.0125 135480 136110 6.30
PARISOL  |Aqua 135480 136110 B.30|CALIPSD 23037 2.3182 0.0144 789 51 79334 3.73
PARISOL  [Aqua 1354 80 136110 6.30|CloudSat 1.6430 1.8665 0.0125 902 B5 506.86 4.2
CALPSO  |Aura 3033.70 3047.80 14.10|PARISOL 9.2164 9.732 0.0568 789 51 79334 3.73
CALIPSO FARISOL 789 51 793.34 3.73)Aura 9.2164 9732 0.0568 3M33.70 3047.80 14.10
CALIPSO CloudSat 11325 113.73 0.48|Aqua 1.8359 1.9057 0.0693 56669 56333 2564
CALPSD  |Aqua 56569 5R9.33 264|CloudSat 1.6359 1.9087 00693 113.25 113.73 0.48
CloudSat CALIPSOD 11325 113.73 0.48|PARISOL 3.2004 3545 0.0641 902 65 906.86 421
CloudSat CALIPSD 113.25 113.73 0.48|Aura 124127 12,5095 0.0968 314420 3158.80 14.60
CloudSat FARISOL 9002 65 90586 4 21|CALIRSO 3.2004 32645 0.0641 113.35 113.73 0.48
CloudSat FARISOL 902 65 905.86 421 Aura 9.2152 973 0.0571 34420 3158.80 1460
CloudSat Aura 314420 3158.80 14.60|CALIPSO 124127 12,5095 0.0968 113.25 113.73 0.48
CloudSat Aura 3144.20 3155.80 14 60|PARISOL 92152 9.7 0.0571 902 B5 505.86 421
Afua CloudSat 45382 455,68 2.16|CALIPSD 0.4584 0.4755 0.7 5hk.BY 5E333 254
Agua CloudSat 45352 455,68 2.16|PARISOL 36708 36845 0.0237 135480 136110 6.30
Alua CloudSat 45352 455,68 2.16)Aura 12,8873 129671 0.0798 358740 3620 13.80
Afua CALIPSD 56569 5R9.33 264 |CloudSat 0.4584 0.4755 0.7 45352 455,68 218
Agua CALIPSO 566,69 569.33 264 |PARISOL 3.2101 3242 00211 135480 136110 6.30
Alua CALIPSOD 566.69 569.33 264 Aura 124260 12,5028 00778 358740 3620 13.80
Afua FARISOL 135480 136110 B.30|CloudSat 36708 36945 0.0237 45352 455,68 218
Agua FARISOL 1354 .80 136110 6.30|CALIRSD 3.2101 3242 00211 5669 5933 254
Alua FARISOL 135480 136110 6.30)Aura 9.2152 9xd 0.0575 358740 3620 13.80
Afua Aura 3587 .40 3601.20 13.80|CloudSat 12,8873 125671 0.0793 45352 455,68 218
Agua Aura 356740 JR01.20 13.80|CALIPSO 124260 12,5028 0.0778 5669 5933 254
Alua Aura 3587 .40 3601.20 13.80|PARISOL 9.2152 9xxd 0.0575 135480 136110 6.30
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