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PREFACE

Options are presented for Space Shuttle flight tests of large deployable antennas. Sizes
in the range 50 to 200 meters were studied, and test programs were defined to support future
" systems that will need large deployable antennas. Applications that were assessed to be
most important were communication, radar and radiometry. To cover the wide variety of
future systems defined in the requirements analysis, the deployed diameter selected for test
is 100 meters and the flight experiment is designed to allow the test results to be extra-
polated to larger or smaller antenna diameters,

One flight test option is a deployable bootlace-array that will be operated shuttle-
attached., Static, dynamic and thermal measurements, followed by RF pattern tests, can be
conducted in a seven-day flight. Less than 25 percent of the payload bay volume and 10 per-
cent of the allowable payload mass is used, the launch could be shared with other payloads.

A delta option is also defined in which the deployable primary structure recovered
from the bootlace array test could be used again, after ground modification, to deploy a
parabolic reflector, in a second seven-day flight program.

Other options are: (1) a multibeam shuttle-attached radiometer test and (2) a free-
flying multibeam communication antenna test. The shuttle-attached radiometer experiment
4 is a low altitude earth-looking radiometer that uses the parabolic reflector antenna, with a
‘ multiple beam feed and multiple receivers, to map ground temperature profiles. The free-

flying experiment uses the bootlace array with the addition of a communication feed system
and ACS, RCS, propulsion and telemetry.
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The study activities included the layout of a 100-meter mesh deployable reflector
designed to be effective at 14 GHz (K-band)., This design is not recommended as an early
flight experiment. It was made to establish an approach to a deployable parabolic reflector
system that represents an order-of-magnitude advance in deployable antenna technology.
Data from the recommended flight experiments will support further effort in that direction,

Presented in the report is data gathered on future NASA applications, assessment of
the good and bad features of various antenna types, selection of parameters to be measured

in the flight experiment, preliminary design of the necessary instrumentation, and estimated
N schedules and costs.

The study period was from June 1977 to March 1978.
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Section 1

SCOPE AND PURPOSE

1.1 OBJECTIWES OF STUDY

The objective of the study was to define a Space Shuttle test of a large deployable
antenna for future space systems. One premise of the study was that the technology largely
exists, and awaits only demonstration, for extremely large lightweight antenas that hold
precise tolerances in weightless space. Large precise antennas which produce narrow
beamwidths will be a major forward step in space communication, radar and radiometry,

An assessment was made of potential future applications of large deployable antennas,
and of the capabilities and limitations of various antenna configurations, The most promising
types were selected for flight test, and test program options were defined, including the

necessary instrumentation, shuttle interfaces, schedule and cost.

The study was limited to passive self-deployable antennas. That is, after deployment
the figure of the deployed structure is determined only by the dimensions of the elements
as-built; no on-board systems are provided to physically correct the deployed figure.

1.2 TEST OBJECTIVES
The test objective and related flight test activities are listed in Figure 1-1.
1.3 STUDY TASKS

The study was performed in five tasks, with some interaction, as follows (see Figure
1—2)0

Task 1 - Performance Requirements Analysis - assessed future systems being

studied by NASA, DOD and others, that need large antennas, to define deployable antenna
performance characteristics as a basis for a Space Shuttle deployment test program,
(See Bibliography, Section 8),

Task 2 - Concept Evaluation and Assessment - selected and recommended antenna

systems that are compatible with the Space Shuttle, defined the critical characteristios of
these antenna systems requiring demonstration, and related the test objectives to the needs
of future systems. ‘

1-1
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PRIMARY OBJECTIVE

TEST ACTIVITY

DEMONSTRATE DEPLOYMENT

SEQUENTIAL DEPLOYMENT
VISUAL & PHOTO COVERAGE
STRUCTURAL & MECH. MEASUREMENTS

STRUCTURAL TOLERANCE MEAS.

DISCRETE ELECTRO-OPTICAL DISTANCE
MEASURING EQUIPMENT MEASURE-
MENTS

PHOTOGRAMMETRIC SURFACE CONFORM-
ITY MEASUREMENTS FOR VARIOUS
DYNAMIC AND THERMAL CONDITIONS

DETERMINE DYNAMIC
CHARACTERISTICS

SPECIFIC SHUTTLE INDUCED
DISTURBANCES

STRAIN MEASUREMENTS

PHOTOGRAMMETRIC
MEASUREMENTS

DETERMINE THERMAL
CHARACTERISTICS

VARY ANTENNA ORIENTATION TO
VARY DIFFERENT THERMAL
CONDITIONS

TEMPERATURE MEASUREMENTS

ELECTRO-OPTICAL DISTANCE
MEASUREMENTS

?g,
|

DETERMINE ANTENNA FAR
FIELD PATTERN

FREE-FLYING RF TEST GENERATOR
DEPLOYED PRIOR TO ANTENNA
DEPLOYMENT

ADJUST ORBIT SO THAT RF GENERA-
TOR CROSSES ANTENNA ORBIT
TWICE A DAY

MEASURE MAIN BEAM AND SIDE LOBES

OBTAIN MISSION USAGE DATA

REFLECTOR MULTIBEAM RADIOMETER

BOOTLACE LENS SPACE FED MULTIBEAM
COMMUNICATION

1416-137V

Figure 1-1 Orbital Demonstration Program Objectives
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Task 3 - System Definition and Design - produced designs of selected deployable

antennas, analyzed the critical design problems of various antenna types, selected several
options for flight tests, and defined the flight test articles and associated flight systems.

Task 4 - Orbital Test and Operations Analysis - selected test instrumentation

compatible with the test article and test objectives and defined the flight test program.

Task 5 - Programmatics - generated a work breakdown structure and dictionary,

developed schedules for the various flight test options, and made parametric cost estimates
for the options and combinations of options.

1.4 PRINCIPAL ASSUMPTIONS
The following assumptions were used in the performance of the study:
1. Applicable data and results from other studies were used whenever possible.

2, Maximum utilization of existing hardware, technology, experience, and facilities
is desired.

3. Payload accommodations provisions of the Space Shuttle are defined by JSC 07700,
Volume XIV, Revision D.

4, Flight date is targeted for late CY 1982 or early CY 1983, with a single dedicated
Shuttle flight for the initial test.

5. Design and operations emphasis is on packaging, deployment and structural
accuracy measurements of the antenna system.

6. Antenna design is for NASA and other Civil user applications.

7. Reference space environmental data required for design purposes are derived
from NASA TMX-64627, "Space and Planetary Environment Criteria Guidelines
for Use in Space Vehicle Development, " ‘

1.5 SUMMARY OF STUDY RESULTS

The major result of the study was definition of flight test options, which are sum-
marized below, All flight tests would be conducted in low earth orbit, at 300 nautical
miles altitude. The options include flight tests of arrays and reflectors, tested separately
or as part of limited mission demonstrations, as follows: (see Figure 1-3).

1. Flight test of a passive bootlace array antenna only (Figure 1-4), including test
of the structural and thermal properties of the antenna followed by measurement
of RF properties. The deployable antenna would be recovered for possible future
use in a communication antenna test.
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ANTENNA CHARACTERISTICS
DEPLOYMENT/STRUCTURE TYPE — WIRE WHEEL
DEPLOYED SIZE — 100 m DIAMETER
SURFACE — THREE PARALLEL PLANES (TWO DIPOLE ARRAY AND
CENTER GROUNDPLANE)
SURFACE CONTROL — CONSTANT GORE TENSION MAINTAINED BETWEEN
RIM AND HUB
ESTIMATED SURFACE TOLERANCE — (A/16 RADIAL)
ELECTRICAL CONFIGURATION
ARRAY TYPE — SPACE FED PASSIVE BOOTLACE ARRAY
FREQUENCY — 1.4 GHz
F/D - 0.65
DELAY LINES — 20 k (CONNECTING 4 X 4 DIPOLE SUBARRAYS)
FEED TYPE — DIPOLE ARRAY
FEED PLACEMENT — ORBITER PAYLOAD BAY ‘
PAYLOAD PACKAGE DIMENSION — LENGTH = 12.2m, DIA = 1.83 m
PAYLOAD WEIGHT POUNDS {kg)
ANTENNA 4690 {2 132)
FEED INCLUDING STRUCTURE 40 {18)
RF SOURCE SUBSATELLITE 180 (82)
INTERFACE STRUCTURE 4740 {2 155)
INSTRUMENTATION 215 (98)
1416-147V TOTAL PAYLOAD 9865 (4 484)

Figure 1-4 Bootlace Array Configuration — Antenna Development Flight
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2. Flight test of a multi-beam communication antenna configuration (Figure 1-5),

using the same passive bootlace array as above, either as an initial flight or

using the antenna previously tested, with the addition of multiple feeds for

multiple independent beams, and with EPS, ACS, RCS and propulsion for free ;
flight. The flight test article would be operated shuttle-attached for initial tests,
and free flying for communication tests with the shuttle and with ground stations, :

as orbital opportfunities permit,

3. Flight test of a mesh deployable reflector antenna only (Figure 1-6), as de-
scribed above for the passive bootlace array. This test would use the same
deployable structure, either initially or modified to a reflector after recovery

from the bootlace array test.

4, An earth looking radiometer test using the deployable reflector antenna described
in No. 3 above (Figure 1-7), either as an initial flight or using the antenna re-

covered from the previous flight,
Program options, ranging from one to four flights, were defined including:
® One Flight Program - Antenna development

e Two Flight Program - Two antenna developments or antenna development and

associated application experiment
e Three Flight Program - Two antenna developments plus one application experiment
@ Four Flight Program - All flight configurations,

Multiple flight programs are accomplished by system retrieval after each flight and
reconfiguration between flights for the next mission.

1,6 SUMMARY SCHEDULE

A summary schedule covering a program which may include up to three flights is
shown in Figure 1-8. Assuming a program start in the last ‘qukarter of 1979, design, de-~
velopment, fabrication, assembly and test activities are shovn leading to first launch in
late 1982.

Activities to provide hardware for possible second and third flights (if flown) are timed
to maintain continuity of staff levels. After completion of first-flight mission operations,
disassembly, inspection and data analysis, components are refurbished as required, and
combined with hardware developed for the second flight. In a like manner, activities are
scheduled leading to a third flight (if flown).

1-7
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3 UPPER SYSTEMS PACKAGE
X e COMM SUBSYSTEM
e e EPS
s e THRUSTERS
& e DOCKING MECHANISM
FEED ARRAY *
|
y
ANTENNA CHARACTERISTICS
SAME AS BOOTLACE ARRAY
ELECTRICAL CONFIGURATION
ARRAY TYPE — SPACE FED PASSIVE BOOTLACE ARRAY
FREQUENCY — 1.4 GHz
DELAY LINES — 20K BETWEEN 4 X 4 DIPOLE SUBARRAYS
F/D — 0.65 .
FEED TYPE — 6 DIPOLE ARRAYS, 4 DIPOLES EACH
FEED PLACEMENT — PLATFORM ON EXTENDABLE MAST
LAUNCH CONFIGURATION DIMENSIONS — LENGTH = 13.4m, DIA = 1.83 m
PAYLOAD WEIGHT SUMMARY POUNDS  (kg)
ANTENNA 4690 (2132)
COMM SUBSYS 70 (32)
TT&C -~ 88 (40}
AVCS 122 (55)
EPS 830 (377)
FEED STRUCTURE 655 (298)
INTERFACE STRUCTURE 4150 (1 886)
PAYLOAD TOTAL 10605 (4 820)

Figure 1-5 Multibeam Communications Experiment Configuration
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FEED Cen OUALITY

15Cm

j¢——— 100m DIA,

COMPRESSION MAST (2)
L~

RIM
//
. |_—~ 10 CONE APPROXIMATION OF
‘ SYMMETRICAL PARABOLOID
4]
’f‘“" ¢
2
t;;
5]
g:
-
E W 45m
¥
[
:
ANTENNA CHARACTERISTICS
DEPLOYMENT/STRUCTURE TYPE — WIREWHEEL
; DEPLOYED SIZE — 100 m DIAMETER
| ; SURFACE — MESH IN 10 CONE APPROXIMATION OF PARABOLOID
j SURFACE FIGURE CONTROL — POSITION CONTROL WITH AXIAL CONTROL LINES
‘, ESTIMATED SURFACE TOLERANCE — (A/16 AXIAL)
, ELECTRICAL CONFIGURATION
E FREQUENCY — 1.4 GHz
F/D 1.5
: FEED TYPE — ON AXIS MULTIBEAM
FEED PLACEMENT — EXTENDABLE MAST
3 PAYLOAD PACKAGED DIMENSIONS — LENGTH = 16.8 m, DIA = 1.83 m
‘; PAYLOAD WEIGHT
. POUNDS (kg)
| , ANTENNA 3090 {1 405)
| FEED (AND SUPPORT STRUCTURE) 190 (86)
: g . RF SOURCE SUBSATELLITE 180 (82)
| INTERFACE STRUCTURE 3650 {1 659)
- ‘ INSTRUMENTATION 215 (98)
' 1416-149V TOTAL PAYLOAD 7325 {3330}

Figure 1-6 Reflector Configuration — Antenna Development Flight
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. - 60 SPOT BEAM FEED

e
97.4m BEAM DIA

VERTEX OF PARABOLOID

SAME AS PARABOLIC REFLECTOR WiTH MODIFIED RIM ATTACHMENT
FOR OFF-SET PARABOLOID

ELECTRICAL CONFIGURATION

FREQUENCY — 1.4 GHz

F/D-15

FEED — OFF-SET MULTIBEAM DIPOLE ARRAYS

NUMBER OF BEAMS — 50

BEAMWIDTH — ~ 0.16 DEG

BEAM ARRANGEMENT -~ PUSHBROOM COVERAGE WITH 40 N MI SWATH
{300 N M1 ORBIT)

FEED PLACEMENT — TWO EXTENDABLE MASTS TO PROVIDE OFF-SET
LOCATION

FEED STRUCTURE — 15.5 m DIAMETER WIRE WHEEL

FEED ELECTRONICS — 50 CHANNEL RECEIVER/INTEGRATOR

PAYLOAD PACKAGED DIMENSION — LENGTH =17.1m, DIA = 1.83 m

PAYLOAD WEIGHT POUNDS (kg)
ANTENNA 3090 (1405)
FEED (INCLUDING MASTS) 430 (195)
INSTRUMENTATION 215 (98)
INTERFACE STRUCTURE 3650 {1 659)

TOTAL PAYLOAD 7385 {3357)

Figure 1-7 Radiometer Experiment Configuration
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Section 2

PERFORMANCE REQUIREMENTS ANALYSIS (TASK 1)

2.1 MISSION REQUIREMI'NTS ASSESSMENT

The objective of Task 1 was to gather and assess future applications of large deploy-
able antenna systems, analyze the requirements imposed on eritical antenna parameters,
and recommend concept candidates for evaluation in Task 2, The task approach with primary
inputs and outputs is shown in Figure 2-1.

The initial effort was to summarize potential requirements for large deployable
antennas by applications, based on inputs from NASA (primarily MSFC, LaRC, JPL, GSFC)
and the military. Typical applications include multi-beam radiometry, a deep~space relay
satellite, geostationary communication platform, and multi-beam multi-frequency frequency-
reuse communications as depicted in Figure 2-2, plus radar systems, a target system for
space solar power microwave transmission experiments, and a sunlight reflector. Typical
characteristics considered are: frequency, antenna size, radiated power, beamwidth, scan
field of view, bandwidth, and the requirements for multibeam, multi-frequency or multi-
channel operation. Salient characteristics of each mission application are tabulated in
Figure 2-3. Applications are summarized in the following sections.

2.1.1 Communication Antennas

Antennas in the range of 45 to 120 meters, covering the frequency range from UHF
(240 MHz) to K band (14 GHz) are needed for a variety of future communication systems,
Figure 2-4, The UHF systems are envisioned to provide voice service to remote~area

-Civil or Government mobile radios via a large geostationary multibeam satellite. Thousands

of hand-held transceivers, vehicles, aircraft and ships could communicate via the satellite,
which would have an on-board switching system, Under the control of a ground station, this
telephone-terminal-in-the-sky would interconnect authorized users in pairs or nets, would
provide small earth spots and thus interference-free frequency reuse, and would work with
low powered ground terminals that have small whip, blade or dipole antennas.

The higher frequency antennas are applicable to single-antenna or multiple~antenna
satellites. Single-antenna satellites would provide: (1)a deep space relay satellite to replace
the present ground stations, such as the 64-meter antenna at Goldstone and similar stations
overseas, (2) K-band fixed-service communication satellites to handle very wideband signals

such as for teleconferencing and computer-to-computer data exchange, (3) very long baseline

2-1
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interferometry for radio astronomy, and (4) other applications such as search for extra-
terrestrial intelligence. Multiple antenna satellites, or orbital antenna farms, are stable
geostationary-orbit platforms that would be shared by all of the above communication
services, with common utilities such as electrical power, TT&C, and propulsion, and would
have provisions for docking, undocking, replacement and servicing of the antennas and elec-

tronics of the various on-board systems.

2.1.2 Radar Antennas

- For radar to operate it space, large antennas are needed to provide narrow beamwidth,
high angular resolution, and to reduce the required radar transmitter power to practical
levels, Future radar systems to operate in space need antennas in the diameter rkange from
60 meters to 300 meters in the frequency range from 600 MHz to 10 GHz. Non-military
application of radar includes soil moisture measurement, severe weather tracking, snow
depth on watersheds, water polluticn and salinity monitoring, measurement of atmospheric
moisture content and rainfall rates, and coastal zone monitoring. In other words, the Civil
applications are mostly weather-radar-in-the-sky, with multiple uses. The military appli-
cations similarly need large antennas, and they must have electronic beam steering (such
as provided by phased arrays) because it is not feasible to physically reorient the satellite
to steer the beam at a useful rate. Radar satellites, depending on the application, can
operate in low, medium or high orbits, including geostationary.

As an example of a large radar antenna in low orbit, a satellite at 300 nautical miles
altitude with a 300 meter diameter operating at 6 GHz would produce an earth spot 450 feet
in diameter. For soil moisture monitoring of farmland, 450 feet is larger than would be
desired, but larger diameter and higher operating frequency is beyond the present limits
of the Space Shuttle and deployable antenna technology. Figure 2-5 is a summary of key
radar antenna sizes and frequencies,

2,1,3 Radiometry Antennas

Radiometry satellites projected for future systems need antennas 100 meters in diam-
etei‘ or larger, to operate at one or more discrete frequencies 0.6, 1.4, at 6.6, 10.69, 18,
21, 37 GHz. ‘These systems are passive, receive only, but provide some of the services,
although less quantitatively, that are mentioned above for radar systems. Radiometers and
radars work well together.

A radiometer is capable of remote measurement of temperature. Any surface above
absolute zero radiates energy at all frequencies from radio frequencies up to infrared fre-

quencies. The radiated energy is noise, and the noise level is proportional to the absolute

2-2
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Figure 2-1 Task 1 Logic Flow Chart — Performance Requirements Analysis
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5 COMMUNICATIONS
[ MOBILE COMM 806-890 GSO 200 150 MILES 8 MHZ 50 FDX .1 W/CHNL 0,13W ON-AXIS 79m
E REF 1 MHz (4 MKz PARABOLIC {224))
UpP, 4 REFLECTOR
MiHz
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MOBILE COMM 806-890 GSO 72 250 MILES 8 MHz 50 FDX .3 W/CHNL 0.37W ON-AXIS 47m
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PARABOLIC (83
REFLECTOR
RADIOMETRY 1.48GHz LEO 1km N/A N/A REFLECTOR  30-
(REF 5)
E,
INTER- 401 MK2Z LEO CROSS ARRAY 50-
; FERROMETRY (as°
; (COASTAL INCL)
] MONITORING)
‘ REF 16
RADIOMETRY 06-14 LEO PHASED 100
(REF 16) GHz ARRAY
, RADIOMETRY SBAND  LEO PARABOLIC 100
., (REF 11) REFLECTOR

1416-011(2)V

r




ORIGINAL PAGE IS
OF POOR QUALITY

S 10N g |yt N St ST S K

o
gy gy

ANTENNA CHARACTERISTICS

: NO
; CHNLS S/C USER BEAM-
D- PER RADIATED RF CONF 1ST TOLER- GAIN WIDTH
';"H .BEAM RF PWR POWER TYPE DIA F/D SL ANCE dB {DEG) REMARKS
N/A N/A OFFSET PARA- 100m 0.25 A/32 74dB 013 70| BEAM EFF > 90%
BOLIC REFLEC- (467 (.25 IN.} (50m 0.14 V&H POL POINTING ACC,
TOR (CASSE- AT 14 DIA AT .005 DEG (30) SENS
GRAIN) GHz) 9.4 GHz) .05°K(10-S INT TIME)
‘ CONICAL & SPIRAL SCANS
+5 BW SCAN
N/A N/A ON-AXIS —100m 0.5 A/50 .084 OCDA FAB
PARABOLIC (833x) (.25 11y}
REFLECTOR
N/A N/A REFLECTOR 30-300m 0.5-5 .03 IN. 68dB 0.110 50-200 KM SWATH WITH
AT {30m (30m .5-5°K, REFLECTOR CONFIG
8GHz AT AT 8 NOT DEFINED
8GHz) GHz)

SO T EERTERIEER T

CROSS ARRAY 50-200m

PHASED 100-300m
ARRAY

PARABOLIC 100m
REFLECTOR

-Figure 2-3 Mission Applications 50-200 rm Range

(Sheet 2 of 5)
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SYSTEM CHARACTERISTICS
RF NO
FOV OR BAND- CHNLS S/C USER
, FREQ NO. OF SCAN 4, WIDTH PER RADIATED RF CONF
| APPLICATION (GHz) ORBIT  BEAMS BEAMCOV.  (MHz) BEAM  RF PWR POWER | TYPE
: COMMUNICATIONS
| BUSH VOICE 25/25 GSO
| REF 9
? CB/AMATEUR 24/24 GSO
‘{ REF9 . ‘
INTERSATEL- 55/55 GSO 2 REFLECT
LITE :
| REF 9
| STD. TIME/ 14/0.4 GSO 1 GLOBAL
~ FREQ/DISAS ;
g {REF 9}
‘ NAVIGATION 1.6/45 GSo 1 GLOBAL
REF 9
METEORCLOGY 14/17 GSO 1 GLOBA!
REF 9
EARTH 14/8 GSO 1 SPOT
EXPLORATION
REF 9
TLM/TRFING/ 14/ GSO 2 GLOBAL
CNTRL
REF 9
PSCS 14111 GSO a REGIONAL  100/30/10 100w REFLECT
REF 7
-., ‘ 14/11 GSO 3 ALAS/HAW/  100/30/10 -~ 30W REFLECT
i . . CAR
' ' 14/11 GSO 2 SPOTS 100/30/10 30/100 REFLECT
14/11 GSO 1 CONUS 100/30/10 30 REFLECT
1a/11 GSO 1 PACIFIC 100/30/10 30 REFLECT
‘ 14/11 GSO 2 ECH 100/30/10 30/100 HORN
823/868  GSO 1 CONUS 300 REFLECT
823/868  GSO. 1 CONUS 50 REFLECT
RADAR
: LONG RANGE SBAND  GSO 1 +11.25°/ 1MHz* 1 5 KW N/A PHASED
i SENSOR 3000 MHz 8.3NM (200 MHz) ARRAY L
; REF 3
4
SOLAR POWER
. SATELLITE )
SPS TARGET — 2.45GHz GSO 1 TBD TBD 1 N/A TBD PLANAR
; REF 6 : ARRAY
% SUNLIGHT 0.4 - 0.7 um LEO 1 N/A N/A N/A PLANAR
; REFLECTOR 2600 KM, ~ SURFACE
: REF 18, 19 0° INCL..

1416-011(3)V
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ANTENNA CHARACTERISTICS
: NO
, CHNLS §/C USER BEAM-
l PER RADIATED RF CONF 18T TOLER- GAIN WIDTH
: BEAM RF PWR POWER | TYPE DIA F/ID St ANCE dB (DEG) REMARKS
. :
:
5 47-55dBw EIRP
30dBw EIRP
REFLECTOR 1.3m 52dBw EIRP
L 20dBw EIRP
30dBw EIRP
44dBw EIRP
50dBw EIRP
7 dBw EIRP
/16 : : 1moow REFLECTOR 0.6X1.3m 32.9* 2.8 X *TRANSMIT ALL
: ‘ 1.8*
/10 T 30w REFLECTOR 1.8m 2 mm 37.9 1.2
;’110 30/100 REFLECTOR 1.8m 2 mm 38.4 1.2
/10 30 REFLECTOR  0.6X0.2m 27.3 3.0X
. 8.0
/10 30 REFLECTOR  0.15X0.15m 220 7.0 X
7.0
/10 30/100 HORN 0.1X0.1Tm - 15.0 20 X
{ ’ 20
300 REFLECTOR = 7X3.1m 26.1 36X
: 6.6
50 REFLECTOR 3.1X3.1m . 225 6.6 X
6.6
¢ 1 S5 KW N/A PHASED
Hz) ARRAY LENS 305m 25 22 dB 0.1 IN. 7948 023
RMS (15
FT
CORR
DIST)
1: N/A 8D PLANAR 360m
ARRAY
; : N/A N/A PLANAR 798m TYPICAL, 7 REFL.
: SURFACE : ] REQ 500 KM2 EA
| y

Figure 2-3 Mission Applications Qutside 50-200 m Range
(Sheet 3 of 5)
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SYSTEM CHARACTERISTICS

REF 9

RF NO
FOV OR BAND- CHNLS 3/C USER
FREQ NO. OF SCAN <, WIDTH PER RADIATED RF CONF
APPLICATION (GHz) ORBIT BEAMS BEAM COV (MHz} BEAM  RF PWR POWER | TYPE
COMMUNICATIONS ’ ELIPSOIDAL
FIXED 6/4 GSO 1 CONUS 250 2-40W REFLECTOR
COMMUNICATIONS | 6/4 . 40 250 40-.25W REFLECTOR
REF 8 14/12 40 200KM 500 40-4W REFLECTOR
14/12 4 500 4-4W REFLECTOR
30/20 1 1000 1-2KW HORN
30/20 10 CONUS 2500 10-4W REFLECTOR
2.6/2.5 1 CONUS 35 2-100W REFLECTOR
MOBILE 1.5/1.6 GSO 4 OCEANIC 4.0 200W REFLECTOR
REF 8 126/132 1 GLOBAL .55 100W REFLECTOR
1.5/1.6 1 GLOBAL 15 100W REFLECTOR
800-900 4 CONUS TIME 6 4-80W REFLECTOR
ZONES ;
BROADCAST 2.535-2.656 GSO" 1 CONUS 120 400 REFLECTOR
(REF 8) 12.2-125 1 CONUS 300 500 HORN
12.2-12.5 3 CONUS 300 HORN
INTERCONTIN- 14/11 GSO 5 SHARED 480 800-1000 2.5W REFLECTOR
ENTAL TRUNKING
REF 9
REGIONAL AND 30/20 GSO 14 SPOT 4000 100,000 W REFLECTOR
DOMESTIC .
TRUNKING
REF 9
REGIONAL AND 6/4 GSO
DOMESTIC
NETWORKS
REF 9
BUSINESS 14/12 GSO 2 CONUS 60 w REFLECTOR
NETWORKS
REF 9
MARITIME 1.6/1.5 GSO 1 GLOBAL 10 HELIX
SERVICES ARRAY
REF 9
AERONAUTIC 1.6/15 GSO 1 GLOBAL HELIX
SERVICES ARRAY
REF9 ,
TV/DISTRIBUTION 14/12 GSO
REF 9
TV/BROADCAST 14/UHF GSO 3 SHAPED HELIX
REF 9 ARRAY
EDUCATIONAL TV | 14/25 GSO 1 CONUS 20 1 100W REFLECTOR

1416-011(8)V
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ANTENNA CHARACTERISTICS

NO
CHNLS 3s/C USER , BEAM-
PER RADIATED RF CONF 18T TOLER- GAIN WIDTH
BEAM  RF PWR POWER | TVYPE DIA F/D SL ANCE dB {DEG) | REMARKS
| ELIPSOIDAL
2-40W REFLECTOR  0.7X2m 2 ANTS ‘
40-.25W REFLECTOR  30m MULTIPLE FEEDS, OFFSET
40-aW REFLECTOR  12m MULTIPLE FEEDS
; 44w REFLECTOR  4.5m 4 ANTS
; 1-2KW HORN
104w REFLECTOR  2.0m MULTIPLE FEEDS
2-100W REFLECTOR  1X3m
;f 200W REFLECTOR  '3m MARISAT, 4 ANTS
100W REFLECTOR  10m AEROSAT
100W REFLECTOR 1m AEROSAT
4-80W REFLECTOR  12m MOBILE, 4 ANTS
400 REFLECTOR  1X3m
500 HORN 0.2X.6m
HORN 1.5m 3 ANTS
800-1000 2.5W REFLECTOR  10m 47 2 ANTS, 30-50 dBw EIRP
5m
100,000 W REFLECTOR  10m 61 60dBw EIRP
1]
E
; 43dBw EIRP
E w REFLECTOR  3m 50-55dBw EIRP
HELIX 40dBw EIRP
ARRAY
HELIX 43dBw EIRP
ARRAY
HELIX 75dBw EIRP
ARRAY
100w REFLECTOR  4X8FT 30 §3-56dBw EIRP

‘Figure 2-3 Mission Applications Outside 50-200 m Range

(Sheet 4 of 5)
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SYSTEM CHARACTERISTICS

NO
: FOR OR RF CHNLS S/C USER
NO. OF SCAN 4, BAND- PER RADIATED RF CONF
APPLICATION FREQ ORBIT BEAMS BEAM COV WIDTH BEAM RF PWR POWER TYPE D
SCIENCE
ORBITING VLB1 1.4-24 LEO FULL 2 MHz N/A N/A ON-AXIS 3
REF 1 GHz 400-5000 HEMISPHERE = 56 MHz PARABOLIC
KM REFLECTOR
>45° INCL
SUBMILLIMETER 1000 LEO FULL N/A N/A ON-AXIS 3
RADIO ASTRONOMY| GHz HEMISPHERE PARABOLIC
REF 1 REFLECTOR
EARTH
OBSERVATIONS
ACTIVE RADAR 15 GHz LEO TRAVELLING 8
REF 16 10 GHz 800KM WAVE 1
3 GHz 4
RADIOMETRY L-BAND NEAR 61 +14.88°, 24 MHz 1 N/A N/A PARABOLIC 5
REF 17 1.42GHz POLAR 1.071 KM TORUS {
1000 Km

1416-011(5)V




ANTENNA CHARACTERISTICS

NO
CHNLS S/C USER BEAM-
- PER RADIATED RF CONF 1ST TOLER- GAIN WIDTH
BEAM RFPWR POWER.| TYPE DIA F/ID SL ANCE dB (DEG) REMARKS
. N/A N/A ON-AXIS 30m .3-5 A/16 RCV ONLY
1z PARABOLIC CASSEGRAIN, POINTING
REFLECTOR 5-10 SEC (10)
B A N
N/A N/A ON-AXIS 30m 5 A/1S 28 21 CASSEGRAIN, POINTING
PARABOLIC SEC 4 SEC
REFLECTOR
TRAVELLING 8m MULTIPLE RECEIVING
WAVE 12m BEAMS
40m
2 1 N/A N/A PARABOLIC 575m 1.18 A/33 75.61 BEAM EFFICIENCY > 80%
TORUS (2721.7)) 1.07°K RESOLUTION

ALTERNATE PHASED
ARRAY ANT

R

Fjgure 2-3 Mission Applications Outside 50-200 m Range
{Sheet 5 of 5)
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ANT
SIZE NO. OF ANTENNA
(M) FREQ BEAMS CONFIGURATION
79 806-890 MHz 200 ON AXIS PAR REFL
47 806-890 MHz 72 ON AXIS PAR REFL
45 S, X, K BAND 4 ON AXIS DUAL REFL
61 S-BAND 256 BOOTLACE LENS
120 823 MHz, UP TBD BOOTLACE LENS
868 MHz, DWN
50-100 240-400 MHz TBD BOOTLACE LENS
1416-175V
Figure 2-4 Summary Findings — Communications
ANT
SIZE NO. OF ANTENNA
(M) FREQ BEAMS CONFIGURATION
61 L-BAND 1 PHASED ARRAY LENS
180 L-BAND 8 PHASED ARRAY LENS
66.2 S-BAND 1 CASSEGRAIN
1416-176V
Figure 2-5 Summary Findings — Radar
ANT
SIZE, FREQ, NO. OF ANTENNA
M GHz BEAMS CONFIGURATION
100 1.4-40 1 OFFSET PAR REFL
100 25 1 ON AXIS PAR REFL
30-300 1.4-8 114 REFL
100-300 0.6-1.4 TBD PHASED ARRAY
100 S-BAND TBD PAR REFL

1416-177v

Figure 2-6 Summary Findings - Radiometry
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temperature multiplied by the emissivity. The atmosphere also radiates noise, except at
wavelengths where it is transparent. Thus radiometric satellites can measure earth-surface
temperatures at frequencies (600 MHz and 6.6 GHz) where the atmosphere is transparent,
and atmospheric temperature where the atmosphere is opaque (21 GHz). At low frequencies
the earth temperature is measured slightly below the surface because low-frequency waves
penetrate the earth to some depth, At high radio frequencies and at infrared, there is little
penetration, the temperature measured is at the surface, Similarly, atmospheric tempera-

ture vertical profiles can be obtained at frequencies (37 GHz) where the atmosphere is
translucent.

® Soil Moisture Radiometer

A passive receiver with a large antenna in low earth orbit can be used to estimate
soil moisture content by measuring the soil temperature., Multiple frequencies can
be used to estimate the sub-surface profile of soil moisture content. Accurate soil
moisture measurements can be obtained by measuring, at other frequencies, the
atmospheric moisture and correcting the soil moisture measurement,

The soil moisture measurements so obtained are averages over the earth spot
formed by the antenna beam. Small spots are highly desirable, to separate farm-
land from forests and lakes. Large antennas generate small spots, and at the
necessarily low frequencies for subsurface penetration the antennas must be very
large. It would be desirable, like the weather radar satellite, to use an antenna
diameter of 300 meters at a frequency of 6 GHz looking down from an altitude of
300 nautical miles, which would produce an earth spot about 450 feet in diameter.

It would not be desirable, on the other hand, to use such a system in geostationary

orbit, because the spot diameter would be about five miles.

Figure 2-6 is a summary of key radiometry antenna sizes and frequencies.
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2.1.4 Other Applications

Lightweight deployable antennas as defined in this study have two kinds of structure:
the primary deployable structure, and the working structure such as the reflecting mesh or
the array gores. An objective in the design of large lightweight deployable antennas is to
obtain a small weight per unit area; one-tenth of a kilogram per square meter is typical,

Very large sunlight reflectors have been studied (Reference 19). Deployable solar

arrays are needed (Reference 2). For space solar power microwave transmission experi-

ments, a target system (rectenna) has been proposed (Reference 6). These other applica-
tions have similar objectives of small weight per unit area and will be able to use the primary

deployable structures developed for antennas and the design data derived from deployable
antenna tests.

2,2 CANDIDATE ANTENNA SYSTEMS

Large lightweight deployable antennas for planned future systems require a good match
between the properties of the structure and the radio-frequency beam-formins configuration,
The lightweight structure must minimize blockage of the antenna beam, of course, and it
must minimize RF~critical structural deformations under dynamic and thermal loading.

This study explored the combined RF and structural properties of a number of deployable
antenna configurations.

Figure 2-7 is a large-antenna family tree, which was revised from Reference 20.
A quantitative comparison of the antenna types mentioned is provided in Appendix A. The
boxes in Figure 2-7 indicate the antenna types and performance limitations considered in
this study, Four types of antennas were selected as candidate demonstration articles,
because they will give the performance needed by the future systems defined in Task 1, and
they are compatible with lightweight deployable structures. The selected types and their
capabilities and limitations are listed in Figure 2-8. Each configuration is discussed below,

The passive bootlace lens, Figure 2-9, is illuminated (space-fed) from one side and
radiates a beam from the other side. The beam is formed by 'fbootlace" transmission lines
connected between the two sides of the array. To make the signal path of these lines longer
than their physical length, the RF transmission lines are folded (like bootlaces) on lightweight

2-17
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: SYMMETRIC]\ e STRUCTURAL TOLERANCE
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' “Figure 2-7 Large-Antenna Family Tree
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ORIGINAL PAGE IS
GF POOR QUALITY

¢ PHASED ARRAY (ACTIVE)
(LENS)

o BOOTLACE ARRAY (ACTIVE)
{LENS)

L I

(0.5 N MI SPOT @ 1000 N Mi
10 N MI SPOT @ GEO)

— HIGH POWER FEEDS

RF CONFIGURATION CAPABILITIES LIMITATIONS APPLICATION
e BOOTLACE ARRAY (PASSIVE) — 84dBGAIN — HIGH LOSS — FLIGHT TEST
.{LENS) — 0.018 DEG BEAMWIDITH — MULTIPLE FEEDS -~ RADAR TEST

—~ COMMUNICATION
TEST

84 dB GAIN — EXPENSIVE (RF MODULES) -~ RADAR
0.018 DEG BEAMWIDTH — NARROW BANDWIDTH — COMMUNICATION
SINGLE FEED — SINGLE BEAM

ELECTRONIC SCAN
LOW POWER FEEDS

84 dB GAIN

0.018 DEG BEAMWIDTH
WIDE BANDWIDTH
MULTIPLE BEAMS
LOW POWER FZEDS

— EXPENSIVE (RF MODULES)
— MULTIPLE FEEDS

— MULTIBEAM
COMMUNICATION

o OFFSET PARABOLOID (PASSIVE) 60 dB GAIN ~ LOWER GAIN — FLIGHT TEST
{REFLECTOR) — 0.20 DEG BEAMWIDTH — HEAVIER MULTIPLE FEEDS
(8 N MI SPOT @ 1000 N Mi — HIGH POWER FEEDS - RADIOMETRY
100 N MI SPOT @ GEO) — COMPLEX FEED SYSTEM TEST
— WIDE BANDWIDTH
— MULTIPLE BEAMS
1416-154V
Figure 2-8 Deployable Antenna Summary
HUB
ANTENNA /

GROUND
PLANE

ANTENNA
PLANE

RIM ATTACHMENTS

TYPICAL
SUBARRAY

BOOTLACE
TRANSMISSION
LINE (NO @
SHIFTER OR
AMPLIFIER)

-

14 GHz

1 GHz

[
0
i

05cm

7.5cm

1416-155V

TENSION

32 RIM—ELEMENT ANTENNA

Figure 2-9 Bootlace Lens (Passive)
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supporting material, Multiple feeds can produce multiple beams. When built using light-
weight transmission lines, the passive bootlace array is lossy. It is not recommended for
any system application, but it is a step in the development and demonstration of multibeam

antennas.

The active phased array antenna considered in this study is typified by the electrical
schematic of a radar phased array in Figure 2-10. The feed generates a spherical wave-
front which is intercepted by the feed side dipole plane. The RF energy is amplified and
phase shifted in the RF modules, and reradiated as a coherent planar wavefront from the
target side dipole plane. Reflected energy from the target is received by the target side
dipole plane, amplified and phase shifted by the RF module, and retransmitted to the feed.
Radio remote control of the modulo 27 digital phase shifters in the RF modules provides

electronic beam steering capability.

The active bootlace lens antenna considered in this study is typified by the electrical
schematic in Figure 2-11 for multiple-beam communication. It is a lightweight bootlace
lens which lends itself to large deployable apertﬁ*fes. RF energy from the feed is converted
into a planar electromagnetic wave at the radiating output surface of the lens aperture, in
this configuration, via passive phased RF transmission (bootlace) lines. The main difference
between this technique and the passive bootlace array is that amplifiers are used in the boot-
lace transmission lines. It differs from the active phased array in that beam direction is
determined by the position of the feed or feeds rather than by the setting of the digital phase

shifters.

The passive offset paraboloid antenna considered in this study is typified by the one
shown in Figure 1-7 for earth observation radiometry. A parabolic reflector, or dish,
forms a beam by converting the spherical wavefront from the feed to a planar wavefront.
Like all antennas, it is reciprocal. Energy from the feed is radiated into space as a plane
wave; a plane wave arriving through space is focused at the feed. The beamwidth at a long
distance from the antenna is always wider than 1,2 A /D radians, where A is the wavelength
and D is the diameter. Thus the key parameter is the diameter in wavelengths., Large
diameters at short wavelengths produce narrow beams. Less important is illumination
taper, which is used to reduce the sidelobe level. The illumination is strongest at the center,
and tapers off to a lower level at the edge of the dish. With tapered illumination the beam-

width is approximately 1.5 A/D.
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* Figure 2-10 Phased Array Phase Front Simplified Diagram
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Figure 2-11 Bootlace Lens (Active)

2-21




To produce multiple seams, multiple feeds are used, clustered near the focus of the

paraboloid. To avoid beam degradation of off-axis feeds, long focal length (shallow) dishes

- should be used, Dual reflectors (e, g., Cassegrain or Gregorian) are not considered because

of their complexity in large self-deployable configurations and because it is limited to a
small number of antenna beams, A simplified block diagram of an offset reflector, which is
E o a portion of a paraboloid which does not contain the vertex, is shown in Figure 2-12, The

i Lo '

]

s . » 2 e
et s e

{ L - reason for selecting the offset configuration is to eliminate feed blockage.

Lo Several of the various parameters utilized to evaluate the performance limitations
E | will be discussed further to emphasize the performance of each antenna class in relationship
! | to mission applications.

D 2.3 PERFORMANCE CONSIDERATIONS

Of the many performance parameters listed in Figure 2-7 only those in boxes will be
discussed. In large deployable antennas, the key performance limitation is structural
errors. J. Ruze has shown (Reference 28) that for small surface deviations, the antenna
gain (G) is related to the RMS reflector tolerance (¢), the diameter (D) and wavelength A
by the expression shown in Figure 2-13, The directivity (—W—:L) is modified by the effici-
ency 7 and by the gain loss factor € ~ (ég_@) to obtain the antenna gain. The gain loss

factor includes the effect of structural imperfections defined by the parameter €, the RMS
structural error.

e

0

EAfE

For reflectors, the primary structural error contribution is axial, €
where the corresponding parameter for lenses/phased arrays is radial ¢
defined further later.

a’

r These will be

e mmen BN E

The Ruze equation is plotted in Figure 2-14 for various values of €/D and an aperture

efficiency 7 of 0,40, If an imperfect reflector is operated at increasing frequency

(increasing D/ ), the gain initially increases until the tolerance effect (e/1) takes 6ver,

then the gain decreases with increasing frequency. The maximum achievable gain for an

imperfect reflector can be shown from the Ruze equation to be given by:

“ :M.D_Z)
max 43 \ €

This represents a 4.3 dB loss from the no-error condition and is indicated by the dashed

line.  To operate beyond this point either at a higher frequency or with a large diameter

would result in a loss in net gain, Figure 2-15 is a plot of gain loss as a function of rms

]

3

: surface tolerance in wavelengths. The range of €/) (0.1 to 0,02) is indicated for communi-
i cations and radiometry applications. This corresponds to a minimal tolerance requirement
|

r

i

i

i
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o "REFLECTOR AXIS ~ MULTI-HORN FEED

AND
VERTEX ELECTRONICS
: FOCAL
\ POINT
\\
| - F -
\
\ NOTES:
Y \ PRIMITIVE REFLECTOR FOCAL LENGTH TO DIAMETER = F/D’

EFFECTIVE REFLECTOR FOCAL LENGTH TO DIAMETER = F/D

1416-027V

Figure 2-12 Offset Paraboloidal Reflector With Multi-Horn Feed

G = n<ﬂ>2 e'<_4.’_7f.>2
A A
WHERE:

= APERTURE EFFICIENCY, TYPICALLY .4TO .8
ANTENNA DIAMETER
WAVELENGTH

RMS STRUCTURAL TOLERANCE
¢4 (AXIAL) FOR REFLECTORS

€, (RADIAL) FOR PHASED ARRAYS

]

a > g3
non I

AND:

2
n (l}\f;‘> IS THE PATTERN GAIN

A

1416-157V

/ae\ 2 '
e 47"5) 1S THE GAIN LOSS FACTOR DUE TO STRUCTURAL IMPERFECTIONS

Figure 2-13 Antenna Gain (Reflector or Phased Array, Circular Aperture
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10 RUZE EQUATION
6.86 D> C> 2 COMMUNICATIONS

! C =CORRELATION INTERVAL | - /
43 —
2 /
BANGE OF
MOST
1 _ APPLICATIONS
0.5 /
GAIN 274 ‘ / _  RADIOMETRY
LOSS (dB) /
0.2

0.05 /

0.02 /

0.01 /

0.001 0.002 0.005 0.01 0.02 0.05 0.1
A/50 - M207\/12.6
1416-029V rms SURFACE TOLERANCE e/A (WAVELENGTHS)

Figure 2-15 Gain Loss as a Function of Surface Tolerance
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of /10 for communications applications end an upper bound of /50 for radiometry applica~
tions. Usually gain losses for communications applications are kept below 3 dB (%5) while
such losses fo» radiometry applications should be kept below 0.5 dB (A/11.2). Figure 2-16
illustrates the gain loss factor as a function of frequency and surface tolerance. Included
are the ranges of frequencies for radar, communications and radiometry.

The determination of the structural tolerances for lens/phased array and reflectors
are next reviewed. The procedure is to define the appropriate structural distortion geometry
in terms of path-length error and then relate this quantity to electrical phase error. Figure
2-17 illustrates the surface distortion geometry for spherical reflectors. For large F/D,
spherical and parabolic reflectors are piactically identical., Here the primary distortion
effect is axial, causing the electrical phase of the electromagnetic wave to be perturbed
twice. When the path length error is related to the electrical phase error the following
approximate expression, derived in Appendix B, results:

€a (axial tolerance) = g—%
where o= electrical phase error

A= wavelength

Thus the structural axial tolerance for a reflector with a large F/D is directly propor-
tional to the allowable electrical phase error and the wavelength.

The surface distortion geometries for the lens and phased array antennas are identi-
cal. In this case a flat planar geometry is considered. Two types of structural distortion
are defined, axial and radial. Three independent analyses, documented in Appendices C,

D & E, were undertaken in previous studies to estimate the performance of the lens/phased
array as a function of structural axial/radial, and electrical errors. In Appendix D a
simplified deterministic approach was used to approximate the radial and axial effects

while in Appendix E an exact solution was formulated which included the variation of scan
angle. The analysis in Appendix D is for a spherical lens/phased array while the analysis in
Appendix E is for a flat planar geometry. Appendix F is a statistical analysis of the
electrical phase error across the aperture, which is related to the structural error. The
results of these analyses will be summarized.

Figure 2-18 illustrates the axial surface distortion geometry for the lens/phased
array based on the simplified analysis of Appendix C. Here a spherical electromagnetic
waves emanating from the feed arrives at the inside surface of the antenna aperture where

electrical delays are inserted to change the energy into planar waves at the outside aperture
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surface. The reception process is reciprocal. In the case of axial distortion the path
length error is A, =€5(1-cos ). Figure 2-19 illustrates the simplified geometry for
radial surface distortion. Similar to Figure 2-18, the path length error is derived inde-
pendent of the scan angle. For small angle ¢, the radial path length error is approximately
€p sin 8. The tolerance expressions for the lens/phased array are summarized in Figure
2-20. Using the approximate expressions from Appendix C, an estimate was made for axial
and radial tolerances based on an F/D = 1, A=15 em (2 GHz) and electrical phase error

of 45°, These estimates, shown in Figure 2-21, indicate that the radial tolerance is more

critical than the axial tolerance by a factor of four. Using the exact derivations in Appendix

D for a zero scan angle, the axial and radial tolerances are 17.76 ¢m and 4. 19 em respec-
tively, which are 18,4% different in axial and 11, 7% different in radial, compared to the
Appendix C derivations. These differences decrease as the F/D increases. The axial

tolerance of the parabolic reflector is 16 times more stringent than axial tolerance of the
lens/phased array at F/D = 1.

In Appendix E the computations were based upon Gaussian distributed errors with a
Gaussian shaped two-dimensional correlation function. The effects of radial tolerances

upon the radiation pattern are shown in Figure 2-22 for the worst case correlation distance.
The pattern plot shows that with an RMS tolerance on the order of 0, 34 inch at 10 cm (3.1

inch), the fourth order sidelobes remain 40 dB down.,

Structural tolerances, in addition to influencing the radiation pattern, also affect
the antenna main beam efficiency. Beam efficiency is an important parameter in the per-
formance of radiometer antennas. The higher the beam efficiency the less extraneous
noise is accepted by the antenna. Utilizing the results of Reference 12, Figure 2-23 shows
plots of the far-field main beam efficiency M g as a function of rms surface tolerance.
Tapered illuminations produce higher beam efficiencies. In addition, the effects of cen-
tral blocking (d/D) and spar blocking (A B/Ao) are illustrated for axially symmetric re-
flector antennas. It is seen that it is difficult to achieve greater than 90% far-field main
beam efficiency for any symmetric reflector antenna. About the best far-field main beam

efficiency to be expected for parabolic illumination of a symmetric reflector space class
antenna is about 859%.

Further evaluation of blockage effects is depicted in Figure 2-24 (Reference 21).
As the blockage ratio (d/D) increases, the 3 d B beamwidth factor k decreases causing the
beamwidth to increase, the first sidelobe to increase, the aperture efficiency to decrease

and the antenna gain to drop. These effects lead one to select an offset reflector

, especially
when multiple beams are required.
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Another important problem of reflector configurations is beam scanning. Figure
2-25 shows curves of coma lobe increase and gain loss as a function of scan angle
(Reference 13). For a constant £/D, as the number of half power beamwidths scanned
increases, the coma lobe (first sidelobe) and gain loss increase. The coma lobe level
and gain loss decrease with increasing f/D. The scanning properties of a paraboloidal
reflector with an offset feed was analyzed by J. Ruze (Reference 21), He derived a
simple expression for estimating the number of beamwidths scanned as a function of £/D.
Plots of these parameters are shown in Figure 2~26 for gain loss of 1 dB and 0.25 dB.
Typical scanned patterns for a parabolical reflector are shown in Figure 2-27. The gain
drops with scan, the beam broadens, the sidelobe on the axis side (coma lobe) increases
while the first sidelobe the other side decreases, changes sign, and merges with the
main beam and second sidelobe, causing additional beam broadening,.

Representative estimates for directive gain, beamwidth, bandwidth etc. , are
summarized in Figure 2-28,

2.4 CBITICAL ANTENNA CHARACTERISTICS

Prior to determining the most desirable antenna configurations for multi-beam
communication, radar, and radiometry, antenna system characteristics were isolated for
each application. Figure 2-29 is a matrix highlighting the salient antenna characteristics
for each application. Common to all three applications are low sidelobes and high
structural accuracy. Unique to multi~beam communications are frequency reuse, low

cross polarization and beam shaping. Unique to radiometry applications are high beam
efficiency and low noise temperature.

Based on the application data and performance considerations, in Figure 2-30
asterisks mark the antenna configurations for each application. These antenna configura-
tions are deployable antenna demonstration test article objectives for three key
applications:

e An 80 m multibeam antenna with application to public service communication
e A 180 m radar antenna
® An 100 m multibeam radiometer antenna.

For communication, twc antenna configurations, reflectors and bootlace lens, are
primary candidates. For radar, the primary antenna configuration is the phase array.
For radiometry, reflectors or phased arrays are emphasized. Common to all three

applications are reflector configurations. Howeverit is worth noting that there are two
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MAXIMUM MINIMUM TYPICAL TYPICAL
ANTENNA DIRECTIVE | BEAMWIDTH, TYPICAL SCAN COMBINED
TYPE GAIN, dB DEG BANDWIDTH |CAPABILITY LOSSES
PHASED ARRAYS 50 — 80 0.1 +5% +70 DEG 5dB
LENSES ‘
— DIELECTRIC 40 — 45 1-2 +10% +10 BW 5dB
— WAVEGUIDE 40 -~ 45 1-2 5% +10 BW 1dB
— BOOTLACE 50 0.5 +50% +10 BW 6 dB
REFLECTORS ~80 0.02 VERY BROAD +4 BW* NEGLIGIBLE
FEED-LIMITED
HYBRIDS ~70 | 0.05 BROAD; FEED-{ =15 6 dB
LIMITED
*USUAL SHORT-FOCUS PARABOLOID REFLECTOR; A FUNCTION OF FOCAL LENGTH-TO-
DIAMETER RATIO.
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'Figure 2-28 Antenna Characteristics Summary
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Figure 2-29 Primary Antenna System Features
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Figure 2-30 Antenna Configuration Applicability
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pijimary variations, on axis and offset feed, and single and dual (e.g. Cassegrain,
Gregorian) shaped reflectors. Thus, the two major antenna configurations that appear
to drive the demonstration article are (1) reflectors (on-axis, offset feed) and (2) lens

or phased array.

Desired antenna parameters are shown in Figure 2-31 for the three configurations
selected. The data presented for multiple beam communications application is based on
inputs from Reference 1 except that a bootlace lens is recommended to eliminate feed
blocking. As the number of beams increases, the feed blockage becomes more severe,
limiting capability. The data presented for space-based radar are based on inputs from
Reference 2, summarized in Figure 2-3, Item 8. The data presented for radiometers are
partly based on inputs from Reference 5, summarized in Figure 2-3, Items 10 and 12.
Microwave radiometers should be divided into two ranges: low frequency (e.g. 1-15 GHz)
and high frequency (e.g. 15-100 GHz) as recommended in Reference 5. The offset
reflector design is adapted from Reference 1, but electronic scanning utilizing a linear
phased array is recommended. In all three applications, large F/D ratios are
recommended to minimize structural tolerance requirements (as in the case of the

phased array and bootlace lens), and to minimize sidelobes and enhance scanning.
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Figure 2-31 Antenna Parameters
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a ' CONCEPT EVALUATION AND SELECTION - TASK 2

3.1 CONCEPT DEVELOPMENT GUIDELINES

Development of demonstration concepts was based on inputs from Tasks 1 and 4. The
concepts must satisfy the test objectives defined in Task 4 to demonstrate the technology
associated with performance characteristics identified in Task 1. Our mission require-
ments assessment indicated that concept development activities should be directed tcwards
providing results applicable to:

e Three antenna configurations; reflectors, bootlace lens and phased array
e Frequencies between 240 MHz and 14 GHz.

In addition the demonstration should be capable of covering a range of test objectives

including:
, e Demonstration of launch, transportation and deployment with the shuttle
4 e Structural measurements
; -
"é e Electrical measurements :
2 e Demonstration of limited mission application.
: q , Specific demonstration requirements associated with structural and electrical meas-

i urements are summarized in Figure 3-1. As indicated, when ranked according to priority,
the structural tolerance measurements are considered the most important. Also shown is
the mission application(s) from which each measurement requirement was derived;ii. €., a
structural tolerance of 1,34 mM surfaice conformity is based on an antenna operating at

14 GHz, the highest frequency identified for large antenna application, operating in a commu-

nications system. This latter application dictates a A /16 tolerance requirement.
Other guidelines imposed at this point in the study included:

e Demonstration antennas should be between 50 and 200 meters in diameter

e Configurations should be made retrievable,

As will be indicated later in the section, retrievability becomes highly desirable for those
; : demonstration concepts which include multiple antenna types and a large range of test ob-
iv jectives. For those programs which can not be completed on a single shuttle flight, the
capability to return the antenna system and refurbish/modify it between flights is an
" important cost consideration.




MEASUREMENT
PRIORITY | MEASUREMENT REQMT ACCURACY APPLICATION
1 STRUCTURAL TOLERANCE | 1.3 mM 2mM 14 GHz COMM
(STATIC & DYNAMIC)
2 FAR-OUT SIDELOBES ~10 dBI 1dB COMM, RADAR
RADIOMETER
3 NEAR SIDELOBES -30 dB 1dB COMM, RADAR
4 CROSSTALK —40 dB 1dB COMM, RADAR
5 BEAM EFFICIENCY 90% 5% RADIOMETER
APPLICATION FREQ, MHz '
® COMM — LAND MOBILE 800 — 900
— DEEP SPACE 2,200 — 14,000
— MIL 225 — 400
e MIL RADAR 1,250 — 3,300
S4isakby e RADIOMETRY 1.400 — 8,000

Figure 3-1 Demonstration Requirements

AIG‘:"‘-.

DEMONSTRATION CAPABILITY
: MISSION APPLICATION
| (A) DEPLOY & |  (B) R.F.
CONFIGURATION STRUCT MEAS | MEASUREMENTS | (C) ATTACHED | (D) FREE FLIGHT
— BASIC STRUCTURE X (LIMITED = &
REFLECTOR)
— REFLECTOR X X X X
(LIMITED PHASED
ARRAY)
— BOOTLACE/
PHASED ARRAY X X X X
(LIMITED
REFLECTOR)
— RECONFIG BETW X X X X
FLT
— IN-FLT RECONFIG X X X X

1416-070v

Figure 3-2 Demonstration Option Matrix
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3.2 CONCEPT ALTERNATIVE MATRIX

The overall objective of Task 2 was the definition and evaluation of alternative con-
cepts with a large spectrum of demonstration capability. Results, summarized in the form
of an option matrix (Figure 3-2), range from a minimum demonstration approach (deploy-
ment and structural demonstration of single autenna type in a single flight) to a moye ambi-
tious approach (satisfying all demoastration objectives with multiple antenna types in multi-
ple flights - including demonstration of a minimum mission application). Elements of this
matrix include basic configuration options and various demonstration capability options.
Each of these elements is described in paragraphs which follow. Advantages and limiting
features of options within the matrix are evaluated in subsection 3. 3.

3.2.1 Concept Configuration Building Blocks

All the configurations developed as part of the option matrix are based on a wire wheel
structure with a deployed size of 100 meters in diameter. A number of possible deployment
systems were considered {Figure 3-3), many of which are applicable to the range of antenna
sizes of interest and competitive in terms of mass per unit area requirements. After

evaluation, the wire wheel was selected as the most promising approach because

e It was the only system which was readily applicable to deployrnent of lens/phased
array as well as reflector type antennas

e It appears to have the least tolerance limitations when used for deployment of large
reflector systems (therefore large antennas at higher operating frequencies can be
acéommodated) .

A detailed discussion of this deployment system evaluation is presented in subsection 4., 2

Selection of a 100 meter diameter provided a common base for concept evaiuation.
While 100 meters is not the largest size studied, it encompasses many of the mission appli-
cations examined in Task 1. Equally important, it truly represents a "large" deployable
antenna from which a reasonable extrapolation to any size within the 30 to 300 meter range
should be possible. We do not anticipate any shuttle packaging limitation at the upper end
of this size range because, in other studies, we have configured phased arrays using wire
wheel structure up to 300 meters in diameter (deployed) which e¢an be packaged within
orbiter payload bay constraints.

3-3
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‘ DIAMETER RANGE, | MASS/AREA
CONCEPT ORGINATOR | ANTENNA TYPE M KG/M2
HOOP/COLUMN HARRIS REFLECTOR 15— 100 0.20
ARTICULATE RIB HARRIS 15— 30 -
CURVED ASTROMAST | HARRIS 15 —~ 2(<100) -
RADIAL COLUMN HARRIS 15 — ?2(<100) -
WRAP RIB LOCKHEED 9 - 200 0.2
EXPANDABLE TRUSS | GENERAL 10 —- 300 1.27

DYNAMICS
SUNFLOWER TRW 5 -
WIRE WHEEL GRUMMAN PHASED ARRAY 50 — 300 0.2
(REFLECTOR/LENS) ‘
POLYCONIC LOCKHEED REFLECTOR 30 — 300 0.2
MAYPOLE LOCKHEED REFLECTOR 30 — 300 0.2
1416-071v

Figure 3-3 Candidate Antenna Deployment Systems
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For the basic wire wheel structure, five different configuration concepts were con-
ceived (Figure 3-4): .

Basic Rim Structure . . . with a flat single gore
Flat Bootlace Array (or Phased Array)
Parabolic Reflector

Reconfiguration Between Flights

In-Flight Reconfiguration.

A primary feature of the wire wheel deployment technique is the ability of the structure to
obtain a predictable shape after autonomous deployment and to maintain this shape within
predictable tolerances in the operational space environment. Cur first concept, the basic
rim structure, is a minimum configuration which will demonstrate this feature. In the
basic rim, a single flat ""ground plane' gore is attached to the rim members and held in
tensior. by spring devices to the central hub. Using this single gore, we can measure the
toieranée associated with providing a flat surface and also make very limited electrical
measurements of this surface as a flat reflector.

In the flat array configurations, a triple-layer gore is suspended between the rim and
the hub (Figure 3-5). Electrically, this concept can be configured as a space fed phased
array, a passive bootlace array, or an active bootlace array. For purposes of evaluation,
we have used a passive bootlace array with approximately 20, 000 dipole subarrays in each

of the two array planes, connected by the bootlace delay lines which pass through the
ground plane.

For the parabolic reflector, we again start with the basic rim structure, to which a
mesh reflector surface is mounted. In order to give the depth required for a parabola, the
rim is offset above the hub centerline by adjusting the lengths of the upper and lower stays.
Shaping is required to provide the parabolic surface. As indicated in Figure 3-4, we first
considered two approaches; pushing or pulling the surface into shape. In the first case a
strip network is provided above the reflecting surface. Springs and tension straps are used
to react against this network and push the reflector into the desired shape using a force
balance technique (Figure 3-6). In the other case, axial control lines under tension are
used to. pull the surface into shape. A detailed description of this latter approach, the posi-
tion control technique, and the reasons for its selection as the preferred design are pre-
sented in subsection 4. 4, 2. Either technique produces a multicone approximation to a
paraboloid, with surface errors that are a function of the number of cones selected. For
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example, assuming no other source of error, 13 cones are required to provide \/25 error

for a 100-meter antenna operating at 3 GHz (Figure 3-7).

To provide a configuration concept permitting reconfiguration between flights, the
initial design must include a basic structure which can accommodate both gore configura-
tions. Two sets of gores are required, one for the array, and one for the reflector, as
defined for the configurations above. Generally, the array structure is simpler than that
for the parabolic structure. Therefore, starting with the array structure, modifications

to accommodate a reflector must provide for the following:
o Extension of the stay reel structure (beyond the ends of the drum)

e Lateral displacement between the rim and hub attachment of the gore (for para-
boloid depth)

o Long extendible feed support mast
e Structural pull points (using the position-control technique).

The requirement for retrievability is implicit in this concept. After a first flight demon-
strating the system as an array, the test article will be returned to the ground and
refurbished/configured to a reflector configuration for a second flight.

Our final concept, not recommended for flight test, is more ambitious in that it has
the capability for in-flight reconfiguration. It would initially be deployed as an array con-
figuration with three parallel gore planes. After completion of both structural and electrical
measurements the antenna would be converted into a reflector as follows. First, holding
the rim plane centered with respect to the hub, the gore/hub attachment points are lowered
mechanically to the bottom of the drum. Then the paraboloid surface is formed using a
force bhalance technique; springs and tension straps interacting between the upper dipole
plane and the ground plane. The ground plane becomes the reflecting surface as the lower
dipole plane is allowed to collapse against the reflector plane. A detailed implementation
of this concept was not developed; it was rejected as being too complicated.

3.2.2 Demonstration Capability Options

Referring again to the demonstration option matrix, Figure 3-2, the columns consist of
different levels of demonstration capability, briefly treated below. Further discussion of
test objectives and procedures, and measurement techniques, is found in Section 5.
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The first thing to be demonstrated is that a large deployable antenna can be packaged,
transported by the Shuttle, and deployed. Each of the concepts considered can be packaged
- wfith a launch configuration compatible with the orbiter payload bay dimensions. During the
| deployment sequence (described in subsection 4. 2) instrumentation data (accelerations,
+ loads, displacements) will be recorded, motion and still pictures will be provided. The
actual deployment process is performed at a slow, controlled rate so that shock, if any, is

minimized. Having successfully deployed the antenna, the next step will be structural meas-
urements. These measurements will be performed under various test conditions using -

measurement techniques described in Section 5.

s Antenna pattern measurements will be made next, for suitably configured antennas

% (provided with appropriate feed geometry and electronics). As presently conceived, these
F

]

measurements will be conducted in a receive-only mode; the patterns are measured by

receiving signals from a remote RF source while scanning the beam. The resulting patterns
will depend on the electrical configuration as shown in Figure 3-8 for the reflector concept.
With a single on-axis feed, the measurement of signals focused from the reflector would
appear as indicated when the source is scanned across the main beam and sidelobes. With

! multiple feeds mounted near the axis, multibeam patterns would result as the source is

k scanned across the reflector. Finally, if the feed is mounted off the main axis using an
extendible boom, a pattern associated with an offset paraboloid is obtained. Similar mea-

1 surement options exist for the bootlace array concepts.

Alternatives were considered to provide signals for pattern measurements. One
obvious way would be to point the antenna towards ground systems. Use of this technique
is limited by the small number of short-time measurement opportunities available. There-
fore, the primary method for making pattern measurements will be to use a free-flying
subsatellite to provide the signals. The subsatellite can be either co-orbiting or in a differ-
ent orbit. The co-orbiting approach is favored because it provides more control over mea-

ﬁ‘ | surement scheduling (it is always visible).

Geometry associated with the co-orbiting subsatellite is shown in Figure 3-9. This

geometry can be established as follows:

Spin up the subsatellite with spin axis normal to the orbital plane
Release and back off leaving the subsatellite in orbit
Establish necessary orbit separation with Orbiter OMS

Deploy and scan the antenna.

3-11
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The RF source must be separated from the antenna enough to be in its far field, This dis-
tance is a function of the antenna diameter and frequency of operation as shown. For
instance, a separation of 93 km must be provided for a 100m antenna operating at 1.4 GHz.

Finally, the system can be reconfigured to provide a limited demonstration of one of
the mission applications. For example, a reflecior configuration could be set up to demon-
strate use of the antenna as a radiometer. Such a system might consist of the antenna
operating at 1.4 GHz with a multibeam offset feed arranged to provide a pushbroom cover-
age. If operated in a Shuttle-attached mode, data gathering would be limited to the nominal
7-30 day mission duration. As an alternative, the system could be reconfigured for free-
flight operation, to provide a longer data gathering opportunity at the expense of modifica~
tions required for attitude control, power and communication.

3.3 CONCEPT COMPARISON AND SELECTION

Concept options were evaluated and compared to form the basis for the recommended
system for more detailed definition in Task 3. Evaluation criteria considered included
demonstration capability, complexity, risk and ROM cost. Initially, system physical
characteristics in terms of weight and size were to be examined. But these measures were
eliminated from the list of criteria since all the concepts considered will fit easily within
Shuttle constraints.

3.3.1 Concept Capabilities/Limitations

The ability of each configuration to support different levels of demonstration are gen-
erally indicated in Figure 3-2. In developing these concepts it was assumed that, as a
minimum, each should be able to support validation of deployment and structural integrity.
In satisfying this requirement, the basic structure configuration has the minimum perform-
ance capability. While not measuring the structural tolerance of an actual antenna surface,
data from the single flat gore can be extrapolated, with particular significance to the boot~
lace and phased array configurations. As indicated, limited RF measurements could be
made treating the flat gore as a flat reflector. Additional demonstration capability with
this configuration is not considered practical. |

The next two configurations, reflector and bootlace array could provide a complete
range of demonstration capability. The addition of a few phased array elements to the
surface of the reflector could provide RF measurements of a highly thinned array, but the
deployment of a phased array would not be validated. Conversely, the bootlace or phased
array configuration could provide only limited demonstrations of reflector technology.
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The last two configurations provide maximum capability with full demonstration of
more than one antenna type; the primary difference being that the in-flight reconfiguration
concept permits elimination of an extra shuttle flight. In either case, a single antenna con-
figuration would be selected for the limited mission application,

3.3.2 Relative Complexity/Risk

: As a generalization, system complexity varies directly with performance capability
(i, e., with reference to Figure 3-2 complexity and risk increase from a minimum with the
option in the upper left corner of the matrix to a maximum in the lower right corner). But
there are significant differences in how complexity increases as we move from option to
option,

: In terms of demonstration capability, for any given configuration, there is relatively
little increase in complexity as we add RF measurement to the deployment and structural
demonstration. This increase is primarily an operational requirement to scan across an
RF source to make the measurements., An attached mission application can be provided with
a small increase in risk, but free-flying operation substantially increases the complexity
and risk of the demonstration.

| Considering the relative complexity of the configurations, obviously the basic structure
is the simplest system and therefore of least risk, A moderate amount of complexity must
be added for implementation of the reflector and bootlace array, with a little more risk
associated with the reflector due to the mechanisms (axial control system) required to
achieve the surface shape and higher tolerance-control requirements. Less increase in risk

is associated with reconfiguration between flight compared to in-flight reconfiguration.

3.3.3 ROM Cost Estimates

Costs estimates, summarized as ratios in Figure 3-10, were developed for demonstra-
tion options based on the following ground rules:

e Costs are ROM for comparison purposes only
e Shuttle launch and operation costs are not included.

The fact should be emphasized that costs were developed at this point in the study only for
comparison purposes. While the analysis conducted was to sufficient depth to provide valid
relative costs, use of the data presented to predict absolute costs would be misleading.

Although shuttle launch costs have not been included, some consideration should be
given to the number of flights implied by each of the demonstration options. A demonstra-
tion with the baseline structure could be completed in a single flight. To fully utilize the
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réflector or bootlace array configurations, a minimum of two flights is required, one for

all antenna development measurements and the second for a mission application demonstra-
tion. With reconfiguration between flight the number of flights could go up to three; one
each for measurements in different antenna types and the final for application demonstration,
In-flight reconfiguration would require two flights, and both antenna types could be demon-~
sﬁrated on a single flight, at the probable expense of extending the mission duration beyond

the nominal seven days.

3.3.4 Concept Selection

In the initial screening of the five configurations, the first and last were eliminated
from f\irther consideration. The basic structure will not provile complete validation that
an operational antenna can be autonomously deployed. The in-flight reconfiguration was
considered too complicated for the additional performance provided. In addition it suffers
from the problem of ensuring that features provided for one configuration do not interfere

with measu rements associated with the other.

Of the remaining three options, it was recomimended that reconfiguration-between-
flights system be defined in more detail during Task 3. A relatively small increase in
program cost would provide results obtainable from both the other configurations, at little
or no penalty in performance, It was also recommended that systems for (1) bootlace/phased
array and (2) reflector be defined to determine to what extent a multipurpose design degraded

(if any) the single purpose designs.,

3-16



PN e - <

|
i

Section 4
SYSTEM DEFINITION AND DESIGN (TASK 3)

The definitions of flight system and ground support hardware for systems selected as
the result of Task 2 evaluations are described in this section. The primary activity in Task
3 was the structural design of various antenna configurations. These configurations, includ-
ing antenna structure, beam-generating surface (bootlace érray or reflector) and RF feed
systems are described in subsections 4.1 through 4.5. Additional elements required to

complete system designs are presented in the following subsections:

Instrumentation - subsection 4.6
Orbiter Support/Interfaces - subsection 4.7
GSE - subsection 4.8

4,1 CONFIGURATION SUMMARY

The antenna design effort was divided into three activities. First was the design of a
bootlace array (subsection 4.3)., Most of the work presented in this subsection is based
updn other studies performed at Grumman. Next, the design of a parabolic reflecting
anténna is presented in subsection 4.4. This consumed the major design effort during this
study. Finally, an attempt to reduce total program costs by designing each of the above
antennas with common, shared, components (described in subsection 4.5) resulted in four
antenna configurations which are recommended for flight. A summary of all configurations

developed during this study is presented in Figure 4-1.

Each antenna design which was developed during this study controls the axial position
of the beam-generating surface (mesh or gore) by stretching the surface material between
rigid, fixed points. These position-control techniques are substantially different from and
more accurate than the force~balance methods or the position-control methods which are
used on other large deployable antennas (see Section 4.4.1). The antenna designs outlined
in this study provide a credible basis for beginning more detailed design of a 100-meter
deployable antenna capable of operating at relatively high frequencies. The upper limits
of deployed antenna diamefer and operating frequencies have not been completely defined,

although an estimate has been made of maximum reflector frequency.

The designs of this study are retrievable. That is, after deployment they may be
repackaged and stowed in the payload bay for return to earth. Both deployment and retrieval

4-1
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ELECTRIC
ANTENNA TYPE SECTION FOCAL LENGTH FREQUENCY

{ALL 100 m DIAMETER) CONFIGURATION APPLICABLE | FIGURE F/D {GHz) COMMENTS

1. OPTIMUM BOOTLACE DEPLOYED/ATTACHED 43 46 0.65 1.4 PASSIVE BOOTLACE LENS
ARRAY LAUNCH 4.7

2. HIGH PRECISION DEPLOYED/ATTACHED 4.4.2 4-27 1.5 14 50 CONE, 14 GHz STRUCTURE
REFLECTOR “DESIGN B” LAUNCH 4-29

3. OFFSET RADIOMETER DEPLOYED/ATTACHED 44.3 4-31 15 14866 50 SPOT “PUSHBROOM"” FEED
REFLECTOR 1.4 & AT EACH FREQUENCY
6.6 GHz

4. COMMON PHASED ARRAY DEPLOYED/ATTACHED 4.5 432 0.65 14 USES DESIGN B COMPONENT
NON-OPTIMUM :

5. RECOMMENDED ARRAY — DEPLOYED/ATTACHED 45 4-33 0.65 14 PASSIVE BOOTLACE LENS
BOOTLACE LAUNCH 4-34

6. RECOMMENDED DEPLOYED/SEPARATED 4.5 4-35 0.65 14 PASSIVE BOOTLACE LENS
COMMUNICATION SUBSYSTEMS ADDED TO
EXPERIMENT PROVIDE FREE-FLYER

CAPABILITY

7. RECOMMENDED DEPLOYED/ATTACHED 4.5 4-36 1.5 1.4 SYMMETRIC REFLECTOR ON
PARABOLIC REFLECTOR LAUNCH 437 AXIS FEED
10-CONE

8. RECOMMENDED DEPLOYED/ATTACHED 4.5 438 1.5 1.4 ASYMMETRIC REFLECTOR
RADIOMETER OFFSET COMMON PARTS
FED

1416-163Vv

Figure 4-1 Summary of Configurations
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can be completely automatic. Huwever, manned time-phased initiation of various stages of
these operations is envisioned to allow time for inspection of the antenna as its shape moves
through intermediate configurations.

4.2 ANTENNA STRUCTURE AND DEPLOYMENT MECHANISM

All of the designs which were developed during this study utilize a deployable primary
antenna structure, displayed schematically in Figure 4-2. In the deployed configuration,
force is transmitted from the hub to the rim by tension stays. Distortion of the rim is re-
sisted by tension in individual stays. Rim position is controlled by stay stiffness and
length. The segmented rim is composed of tubes and hinges (rim nodes). The hinge axes of
rotation are in the plane of the rim and perpendicular to the tube centerlines. Each rim
node contains two axes of rotation so compression loads from one tube are transferred to
another on the tube centerlines, Bending moments in the plane of the rim, tube torsion and
compression loads are transferred from tube to node by shear across the hinge pins.
Bending moments perpendicular to the plane of the rim are transferred from tube to node
via an open=position-stop in one direction and via the rim hinge springs in the other direc~
tion. For some reflector designs which impose large bending moments (> 200 in, <lbs)
perpendicular to the plane of the rim, the rim hinge springs are not used as a load path,

On these designs they are supplanted by open-position-locks (e.g., an over center toggle
mechanism) which can rigidly carry the applied moment, The schematic on Figure 4-2
depicts a phased array antenna plane, A number (N) of triangular gore members are
stretched between N rim members and the hub by tension springs at the hub. The deployed
gores form a flat surface in the plane of the rim, filling the area between rim and hub.,

A schematic of the stowed (launch) configuration is shown in Figure 4~3. The N gores
are wound around a tapered drum., The drum taper is sized to permit clearance between
succeeding wraps of the gores and to permit the edge tape of every gore to have full width
contact with the surface of the drum. Gore loads during launch and re~entry are trans-~
ferred to the drum via velero surfaces on gore edge tapes and the drum, Drum loads are
transferred through bearings to the hub primary structure: stay platforms at each end of
the hub connected by an internal structure which is usually made up of storage canisters for
extendable masts., The stays (typically . 003 inch by 1.0 inch graphite/epoxy tapes) are
stored on N reels. The rim tubes form a cylindrical annulus outside the drum. The dis-
tance between tube centerlines is the distance between pivots in a rim hinge (node). This
distance is variable and can be used to increase the volume inside the stowed rim tubes.,
Launch and re-entry loads are transferred from the rim tubes to the stay platforms by
launch locks attached to the stay platforms which engage the rim nodes.
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A partially-deployed configuration is displayed in Figure 4~4. Energy for deployment
is stored in spring systems within the rim tubes near each rim node. Torque from the spring
system forces simultaneous rotation and radial translation of the rim tubes since the rim
tubes must move outward to permit tube rotation. A mechanism is used at each rim tube
end fitting to ensure that each rim tube rotates through the same angle relative to a rim node
and that the rim node attitude remains constant during deployment (Figure 4-5). A
stay is attached to each rim node. Radial motion of each rim tube is restrained by tension
in the stay. Stay reel motions are locked together and synchronized with drum rotation
(which controls the rate of gore unwinding). Thus, the rate of antenna deployment is con-
trolled by regulating the payout rate of the stays,

During deployment, the rim nodes are constrained by the stays to lie on the surface
of a sphere (at any particular instant of time). When deployment is symmetric, the rim
ucdes are equally spaced above and below a plane which bisects the hub. The stability of
a partially deployed configuration can be visualized most easily when the angle between
adjacent rim tubes exceeds 120°, For this condition, it seems clear that the axial displace=-
ment of one rim node relative to the others will not impede the rim from reaching the flat

(180°) position, As the other rim hinges open to flatter angles, they pull the displaced node
toward the symmetric position.

To retrieve (furl) the antenna, stay tension is increased until the rim bending moment
at a hinge exceeds the torque developed by the deployment spring system. Since gores are
attached to rim tubes, they rotate thi‘ough 90° during retrieval. To initiate retrieval, the

gores are rotated 90° by a mechanism at the hub before being wound on the drum.

4.3 100 m BOOTLACE ARRAY ANTENNA DESIGN

The performance of an antenna is related to its ability to maintain the antenna pattern
since any deviation from the designed gain, beamwidth or sidelobe level will result in de-
graded performance. The stability of the antenns pattern is, in turn, dependent on the

structural accuracy of the antenna in its operating environment,

The configuration of the deployed 100 m bootlace array is shown in Figure 4-6. It has
a 100 meter diameter flat-faced ayrray attached to and supported by a 1. 07 m diameter x
9.6 m long hub, which is its primary structural member. The antenna feeds are located

in the Orbiter payload bay, 65 m from the antenna plane. A free standing (unguyed) deploy-

able 65 meter-long latticed mast is used to locate and support the antenna. The launch

configuration of this antenna (Figure 4-7) is the smallest of all the antennas in this study:

4.4 feet in diameter by 37 feet in length. There is provision for an additional 9, 2 feet of

length within the hub for a longer extendable Orbiter mast.
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The antenna design employs a structure in the form of a compression rim stabilized
by tension stays attached to a central axial compression structure (hub)., The tension stays
are .003 inch by 1.0 inch graphite/epoxy strips arrayed in back~to=back cones between the
rim and stay reels (which are mounted on opposite ends of the hub). The compression rim
supports 32 gore-panel assemblies. The gore panels are triple-layer flexible structures
which are stretched into a flat plane between rim and drum. The gore panels are com-
posed of two dipole planes separated by a ground plane. The gores are tensioned by spring
loaded reels that are housed in the hub.

The compression rim assembly forms a 32 sided polygon 100 m in diameter. It is
composed of 32 stiff, thin-walled tubes (10.79 cm in diameter and 9.73 m long) hinged
together by machined aluminum fittings (hinges on nodes). The tube end fittings incorporate

springs for deployment.

At the operating frequency of 1.4 GHz and a focal ratio of 0.65, the deployed rim
assembly must hold its design shape to the radial (in-plane) tolerance of less than 0.107
inches, and axial (out-of-plane) tolerance of less than 0.317 inches. These values are
dictated by the required sidelobe levels. To meet these tolerance requirements over the
rim temperature variation of 128°K to 260°K, thermally stable (low-temperature-
coefficient) graphite/epoxy was selected as the structural material for the rim and stays.
To preserve the structural integrity of the members for the five year life of the antenna,
the rim members and stays have a thin coating of aluminum which will prevent ultraviolet
degradation of the graphite/epoxy, and the aluminum is coated with a thermal control
material (o /€ = 0,125).

Gore assemblies, which form the radiating surface of the antenna, are made up of a
large number of identical or similar components. The structural arrangement of the basic
radiating element, a subarray . dipole, is displayed on Figure 4-8. Very thin (. 00025
inch) copper antennas are deposited on a thin (. 001 inch) Kapton spoked wheel. (The
configuration of copper antennas is changed to meet the needs of a particular antenna). The
Kapton wheel is bonded to a thin (. 0025 inch) aluminum frame, producing an open, lightweight
structure, Subarrays are connected in edgewise fashion to form dipole plane assemblies
(Figure 4-9). The main structural components of dipole plane assemblies are edge tapes.
The principal loading is tension from rim to hub, directed parallel to the centerline of the
dipole plane. Consequently, compression carrying battens are sbaced two dipole widths
apart to carry kick loads between edge tapes as tension is distributed to the subarrays. A

three layer gore assembly is formed with two dipole planes and a central plane arranged as
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shown on Figure 4-10, The center layer is a reflecting ground plane made of perforated

aluminum sheet. Subarrays on the feed side are electrically connected to subarrays on the

target side by bootlace delay lines. These are cards of dielectric material with conductive

bootlace RF paths. The length of bootlace varies from rim to hub to compensate for the

| different path lengths from feed to feed-side subarrays. A schematic of gore hinges is

[ shown in Figure 4~11. The hinge system maintains constant separation between dipole

:f planes and ground planes. It also permits the dipole planes to lie flat against the ground
plane while being wound around the drum. In the schematic View A-A (Figure 4-11), the
drum has been rotated 20°. The actual design contains gore rotation mechaniéms within the
drum which rotate the hub end of a gore assembly to permit wrapping a gore around the drum.

| Design details of a gore hinge structure are shown in Figure 4-12, The ground plane (Figure
4-13 consists of a 2.5 mil aluminum pierced sheet with a 0. 13 solidity factor. The resulting
mesh sections are bounded by radial edge tapes and reinforced with transverse aluminum

battens spacid 13. 33 inches apart.

The antenna hub acts as a compression shaft providing a stable base distance between
stays. It is the primary structural member which supports the stowed and deployed antenna.
The 9.6 m long, 107 cm diameter hub is a thin skin, siringer and frame reinforced structure.

Aluminum alloys are used as the structural material because the thermal expansion of the

Y T e - 2l

hub is not critical to antenna operation. Standard aircraft manufacturing methods can be

v

employed in the construction of the hub. The hub contains a rotating drum which is used to

JRPURRENE A

store the gores in the launch configuration. The drum is made in two conical sections

‘ tapered to provide a level wrap for the triangular gores. Velcro @ surfaces on the drum
and gore edge tapes permit the transfer of launch loads from the gores to the primary struc-
ture. The Velcro insures that a load path is reestablished after the antenna is retrieved

(furled) for return to earth.

The free-standing 65 m long deployable mast is a lightweight open lattice structure of

] triangular cross section, with three articulated cap members, each 0.4 in.2 in area. The
cap member material is primarily undirectional filament graphite/epoxy to minimize thermal
deformation. For launch, the mast is stowed within a 0.96 m diameter by 6. 86 m long
canister within the drum. The canister is attached to both stay platforms and forms the
primary structure of the hub. The drum rotates on bearings attached to the other canister
surface. Drum rotation is synchronized with stay reel rotation. The monopulse feeds that
illuminate the feed-side dipole plane are housed in the Orbiter payload bay. These feeds are
described in subsection 4, 4.
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The weight of this 100 m diameter antenna is 4400 pounds. The major components of
this weight are identical to those of the recommended Bootlace Array described in Sectiion
4.5 except the hub weight is 1250 pounds for this antenna.

4,4 100 m PARABOLIC REFLECTOR DESIGN

This activity is described in three sections. The first describes some similarities,
differences and limitations of various large reflector designs. The second (4.4.2) describes
the large veflector design which received the most study. It is believed that this reflector
design constitutes a major advancement in the state of the art of large, precise deployable
antennas. The third (4. 4. 3) describes a use of the reflector as an offset fed radiometer.

4.4.1 Comparison of Large Deployable Antenna Types

Two general approaches are available for creating a reflecting surface of predetermined
shape. The first, termed the force-balance method, applies known or uniform forces to a
reflector material of known compliance in such a way that the desired shape is formed in the
reflector material. Forces are applied without position constraints. An example of this type
is a balloon. Uniform pressure on an isotropic balloon produces a spherical shape. A
change in pressure produces a change in curvature. The second approach, termed the
position-control method, fixes the location of discrete points on the reflector surface by
attaching the reflector to a rigid structure. Reflector shape between the attachment points
is determined by reflector rigidity. An example of the position-control method is an earth
based antenna which uses a compression truss to support the reflector (i.e., a parabolic
dish).

To help visualize the type of forces required to form a force-balance reflector, it
should be noted that the parabolic antennas which are the subject of this study are nearly
perfect spheres., In Figure 4-14, two indices of the diffefences between paraboloids and
spheres are shown. The circle and parabola are tangent at the vertex of the parabola and
have common foci. At a fixed radial distance (e.g., D/2), one measure is H: the difference
between the heights of the two curves from the vertex, as measured along the axis of
symmetry. The other measure is the difference in slope between the two curves (¢S - ¢p).
If the curves are compared at a radius of 50 m from the centerline (corresponding to the
100 m diameter rim), the difference between the sphere and the paraboloid is 2.93 cm
(1.15 in.) in the axial direction. This corresponds to an error of three parts in 104 (when
compared with the diameter of the antenna) if the parabola is assumed to be a sphere. The
diffe.rence in slope is 0.13° :t the rim. Clearly, for the large F/D values of this study, the
two curves are nearly identical. Consequently, the paraboloids can be thought of as spheres.
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Other antenna designs have used a shorter focal-length/diameter ratio: f=F/D= 0.4 in
Reference 23. This produces an axial difference between sphere and parabola of 1,93 m

(76 inches) at the rim, or, two parts in 102. As shown in Figure 4-14 this error reduces

tc 0.1% at r = D/4. Thus, for all f ratios, the paraboloids become more spherical as an
observer moves from the rim toward the vertex (center). With these considerations in

mind, it can be seen that an inflated spherical balloon offers a good analogy for force-balance
reflectors. Therefore, constant pressure is required for constant curvature. Since mesh
reflectors are open structures, another technique must be used to replace the uniform pres-
sure inside a balloon,

The '"Maypole' antenna designs of References 23 and 24 develop "pressure' by a series
of tension lines or ribs on the convex side of the mesh. Figure 4-15 displays an example of
this antenna type. Along a radial section, a 'parabolic" shape is produced by tension ele~
ments pullihg against a catenary shaped cable or drawing surface. However, a catenary has
its shape only if the forces pulling on it are both uniformly distributed along its length and
directed parallel to the axis of symmetry of the catenary. The equal and opposite forces on
the reflecting mesh can be approximated as normal forces. Thus, the ""Maypole" designs of
References 23 and 24 have a constant running force (i, e., pounds per inch) along radial
paths. But the radial paths coverage as they get closer to the center. From rim to center,
each normal force acts over a steadily decreasing area. This produces steadily increasing
"pressure' (pounds per mch ) as an obhserver moves from the rim to the center. To produce
the required constant curvature of a sphere, some non-catenary curve which decreases
normal force in proportion to the convergence of radial mesh shaping paths must be used,
But such a non-catenary curve is unknown to us. Excluding a system of active control, we
know of no technique which will develop constant pressure on the mesh with fixed length
tension elements, Two other chjections to a force-balance method warrant mentioning. As
shown in the next subsection, mesh temperature variation on orbit exceeds 700°F, Thus,
substantial changes in mesh force and position are expected. The third objection stems from
the nature of a knitted mesh. The mesh may not be sufficiently isotropic, particularly if
the final large diameter is formed by sewing smaller segments together. Since the preceding
three objections eliminated confidence in the force balance method, it was abandoned.

A cursory examination was given to another force-balance type antenna: the
""polyconic reflector' depicted in Reference 24 and Figure 4-16. The polyconic reflector
generates a parabolic shape by pulling the mesh to a larger than initial curvature with a
series of ''catenary circumferential mesh ribs" which pull against a relutively rigid support
boom which is cantilevered from the hub. The mesh shape is determined by boom shape and
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Figure 4-16 Polyconic Antenna
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Figure 4-17 Axial Tolerance Objectives For Reflectors

4-20




{

bl i ia ppms 20

s

the length/stiffness of the circumferential mesh ribs. Since all of these elements are highly
compliant, poor control over mesh reflector position is expected. A change in reflector
mesh tension should produce a substantial change in the boom bending monent, with a rela-
tively large change in boom and mesh curvature. As depicted in Figure 2 of Reference 24,
the structure is unstable. A free body diagram (in a radial plane) of the outer edge of the
mesh shows three tension members (mesh and two-mesh ribs), all with their loads directed
downward (toward the boom). For this reflector design to work, the outer 'catenary circum-
ferential mesh ribs' must contain compression members at the boom. These compression
members present packaging and deployment problems. The polyconic has limited capability

when used for phased array antennas.

Reference 31 depicts a position-control antenna called the "wrap rib reflector." This
design uses a number of radial ribs which extend from the hub. The ribs have a parabolic
shape when viewed in a radial plane, The mesh is attached directly to the ribs and takes the
shape of the deflected ribs. The application of this design to large diameter antennas ap-
pears limited by the long cantilevered ribs. Axial tolerance control of the outer regions
versus the inner regions are degraded by the ratio of rib length to rib socket length at the
hub. Tosition variations will occur among ribs because of differences in the cantilever
supporrt fixity (e.g., stiffness) for each rib. Further position errors will be introduced by
the relatively large deflections which result from thermally induced moment changes on the
cantilevered ribs. When compared with a wire wheel antenna, a 50 meter cantilevered rib
will have poorer tolerance control at the rim by a large factor, ‘The wrap rib design is of
limited usefulness as a supporting structure for phased array antennas. Space fed phased
arrays require two antenna planes and a central, reflecting, ground plane., The antenna
planes are separated by a distance of A/2 (10.7 cra at 1.4 GHz). If the antenna planes are
attached to the "upper" and '"lower" surfaces of a rib, they limit the rib depth and stiffness,
particularly at high RF frequencies, If the antenna planes are attached to brackets on the
rim, the brackets limit the rib's ability to wrap around the hub in the launch configuration.
The stowage technique of this antenna puts a severe requirement on the mesh. It is doubt-
ful that lightweight dipole elements will survive this wrap/unwrap process.

Figure 4-17 displays the tolerance objectives in the axial direction (i.e., parallel to
beam centerline) for large F/D reflectors. It should be noted that these requirements are
less stringent than those for low F/D reflectors. For 100 meter diameter antennas, a
cantilevéred rib is 160 feet long. It is unlikely that these deployable ribs passively hold a
surface to +.9'" RMS under conditions of changing temperature and bending moment. Itis
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even less possible to achieve +.05'". Diameters which are significantly larger than 100
meters are not possible for the desired frequency ranges if the reflector structure is

cantilevered.

4,4.2 High Precision Reflector Design

The following ground rules were established for the design of a large, high precision

antenna.:

e Use position-control method to approximate a paraboloid with a number of conic

frustums

e Utilize wire wheel technology developed by Grumman, D = 100 meters,
f=F/D=1.5

° Single, offset feed with radio frequency = 1.4 GHz

® Reflector structural accuracy to support 14 GHz communications or 8 GHz

radiometry

® Choose a 50 cone approximation to a paraboloid to provide ample tolerance budget

for thermal & dynamic effects.

Two similar designs were developed to satisfy the groundrules. A schematic of
the first, Design A, is displayed in Figure 4-18. A rigid tension trussz, composed of
tension hoops and hoop connecting links, is used to fix the positidn of mesh attaéhment
points (mesh nodes). To facilitate packaging the antenna in the shuttle, the tension truss
is made of flexible cables or very thin strips. Tension is maintained in the truss by com-
pliant link tensioning lines. These are made of similar materials to the truss structure,
but with relatively low rate tension springs at one end. An operational schematic of this
design is shown in Figure 4-19.7 direction forces accumulate from inner to outer node.
Thus, the outermost hoop comlecting link (Tl) must carry the Z components of all the link
tensioning lines ( (Ty) 7 .51 (TDi)z)' The position of an inner node is dependent on the
position of the adjacent 1guter node, etc. Thus, errors in node position accumulate from
the rim toward the center. A schematic of the second design (B) is shown in Figure 4-20,
Here, the tension truss is composed of tension hoops and axial control lines (ACL). The
ACL are rigid, fixed length tension links which have fixed attachment points at the nodes
and near the centerline of the antenna, at some distance "below' the parabola's vertex.
Tension is maintained in the truss by compliant 'hoop tensioning links. With Design B, the
position of one node is substantially independent of another node. Both designs (A & B) fix
the position of nodes from the convex side of the mesh. Since the mesh is sewn to the
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Figure 4-18 Control Method — Design A Schematic
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Figure 4-19 Design A — Operational Schematic'
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Figure 4-20 Position Control Method Schematic — Design B

MESH CHOOSE GOLD PLATED MOLYBDENUM WIRE

(REFS HARRIS “AAFE LARGE DEPLOYABLE
ANTENNA DEVELOPMENT PROGRAM" 1976)

FIGURE CONTROL CHOOSE LOW COEFFICIENT OF THERMAL EXPANSION
COMPONENTS ® METALLIC THREADS — Mo (a= 2.7 x 10-6/ °F @ ROOM TEMP

® COMPOSITES — UNIDIRECTIONAL GR/EP (a=.15 x 10°6/°F
AT ROOM TEMP) .060 in. x .0025 in. STRIPS

RIM TUBULAR STRUCTURE OF TBD PLYS OF

.0025 in. THICK GRAPHITE EPOXY (GR/EP)
FOR MIN WEIGHT DESIGNS, USE 6 PLYS (t =.015)

1416-101v

Figure 4-21 Selection of Materials
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nodes, the entire reflecting surface (concave) of the mesh is free of blockage from the
figure-forming components. Another advantage of these designs is the rigidty of the truss
structure. With truss loads one to two orders of magnitude larger than resultant mesh
forces, node position and attitude can be completely independent of variations in mesh
tension or anisotropic mesh characteristics.

Figure 4-21 displays the selected materials for the tension truss and rim. Low a/e
coaﬁngs are selected to minimize the maximum temperatures of low mass components,
lowering the temperature change of these components when they enter earth shadow. An
estimate of some expected temperature changes is shown on Figure 4-22, Some significant

conclusions from this figure are the following:
e Large mesh AT (>700°F)

E

|

E e Smallest maximum tension hoopAT = 440°F (GR/EP)

| e Smallest maximum LTL or ACL AT = 210°F (GR/EP)

‘ e The rim temperature change will always be different from the temperature changes

; of the small-mass tension truss components

e All components of figure-forming truss (i.e., TH & HCL for Design A and TH &
ACL for Design B) should be made of the same material to preserve the paraboloid

at different temperatures

Sacalasamubind

i A

e ACL or LTL with long Z direction componerts ( ~ 10 m or more) require uni-

directional GR/EP for high precision.

: To understand the degree of precision possible with these antenna types, an estimate
of significant tolerances was made for a specific antenna, Design A2, To proceed with the

investigation, the following choices were made:

“‘ { e Tension hoops & hoop connecting links — choose threads formed from gold plated

molybdenum wire
e Link tensioning lines — unidirectional graphite/epoxy strips with springs

e Rim — choose a coefficient of thermal expension and a AT that approximately

provides the same change in length (radius) as the outer tension hoop.

‘ As shown in Figure 4-23, the point Design A2 uses a rim design which has a coefficient
of thermal expansion which is 7,6% lower than the goal at 4,6 x 10-6/ °F,
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COMPONENT MATERIAL |TEMPERATURES (°F) AT (°F)
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1416-097Vv

Figure 4-22 Design A & B — ROM Thermal Characteristics
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It is shown in Section 2 that axial errors are most critical for reflecting antennas.
It is also shown that the allowable errors for communication applications have a root
mean square (RMS) value of /16 while those for radicimetry are limited to A/32 RMS,
The implications of these limits for the ahtenna types and frequency ranges of this study
are shown in Figure 4-17, It should be noted that the RMS values represent one standard
deviation (1o ) from an ideal parabolic surface, not a 1 o variation from the actual deployed

surface.

A 3o -tolerance e. timate for Design A2 is displayed on Figure 4-24, The estimate
was prepared to rapidly assess whether this type of antenna can meet jts tolerance
objectives. The items and events listed are not exhaustive, but do contain the major
factors which influence figure control. The values entered in the table are a combination
of known manufacturing tolerances, preliminary analyses and ROM estimates. The
tolerances are the equivalent of three standard deviations (3¢) from the ideal surface. The
following comments pertain to Figure 4-24:

A. FABRICATION - The most significant axial error (9) results from a small radial
displacement of a node. The slope of an outer HCL multiplies the radial error by
a factor of six(6). This factor gets largeron interiorHCL (as the slope of the parab-
oloid gets smaller) until it reaches almost 134 for the inner HCL. Since the inner
node positions are determined by the outer node positions, and the tolerance on a
tension heop's length is independent of another tension hoop's length, the axial

error (9) is accumulated as the root sum square.

B. ANALYSIS - Proper positioning of the outer tension hoop relies upon knowledge
of the steady shape of the rim under loading conditions of compression, torsion
and bending about two perpendicular axes. The 0.030 in. entry is a guesstimate of

the uncertainty in knowing the deflected rim shape.

C. THERMAL - 1. Transients is an estimate of the effect produéed by a hub shadow
which cools all the figure control links from hub to rim for the width of the shadow.
2. In earth shadow error is produced by the different change in radii which occur
between the outar tension hoop and the rim as the antenna cools symmetrically.
This error is dependent upon the material, mass and exterior coating of the rim
and tension hoops. Since these parameters are quite variable, the limiting value
of this error approaches zero, Consequently, a maximum radial error of 0.010 in,

is assumed to be achievable with the proper materials,

D. CONCLUSION - Design A2 (a point design in the Design A family) can be used for

frequencies around 2 GHz,
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3 o0 ERRORS

D. DYNAMICS
TBD

AXIAL RADIAL
A. FABRICATION:
1. ADJUSTMENT OF RIM STAND OFF BRACKET * 002 in. + .002in.
Z - R Tables
2. ATTACHING RIM TUBE TO RIM NODE + ,003in. + .003in.
3. MANUFA(!TURING ENDS OF RIM TUBE - -
{£.025 IN, ALL DIRECTIONS)
4. MANUFACTURING RIM NODE REFERENCE + .002in. + .002in.
5. FIXTURE FOR RIM NIDDE REFERENCE * .001in. £ .001 in.
6. MEASUREMENT/INSTALLATION OF PIVOT + 0388 in. -
OPEN STOPS (WITH TURNBUCKLE)
7. PIVOT INSTAL L. ATION (1.7 IN. RADIAL) - -
8. HOOP CONNECTING LINK LENGTH (£.001 EACH)
AT THE INSIDE, FOR 50 HCL [+ .0082 in.] * ,0451 in.
AT THE OUTSIDE, FOR 1 HCL (£ .0003 in.) {+ .0009 in.)
9. TENSION HOOP MEMBER LENGTH (.003 IN. EACH, 1 PER)
AT THE OUTSIDE HOOP, FOR 1 HM (* .0029 in.) (+ .00048 in.)
AT THE INNER HOOP, FOR 1 HM [+ .0641 in.] [+ .00048 in.)
ACCUMULATION AT THE INNER HOOP [+ .2431 in.] [ .0005in.}
ROOT SUM SQUARE SUB [+ .2546 in.]
TOTALS (£ .0391 in.)
8. ANALYSIS Y
1. PREDICTION OF DEFLECTED SHAPE + .030in. £ .030in.
RSS (+ .2564 in.}
SUB-TOTAL (+ .0493in.)
C. THERMAL
1. TRANSIENTS FROM LOCAL SHADOWS [{ .0283in.)] TBD
2. IN EARTH SHADOW (AT THE OUTER HOOP) { .7932in.) (£ .1412)
"30 WEIGHTED AVERAGE TOTAL FOR LOCAL SHADOW [ .2569in.]
{MAX DEVIATION FROM IDEAL SUREACE) { .0498in.)
> TOTAL EARTH [ 1.0496] inner
SHADOW {  .8425 in.) outer

1416-104Vv

Figure 4-24 Design A2 — Tolerance Budget Estimate
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A similar tolerance estimate is presented for Design B3, a point design in the B
antenna group. This 3o -tolerance estimate is shown on Figure 4-25. 'The most significant
differences between Figures 4-24 and 4~-25 occur at items A.9 and C earth shadow. For
both cases, radial errors produce smaller, not larger, axial errors for Design B3. Con-

sequently, Design B type antennas can be more accurate than Design A antennas,

An estimate of the upper limits of precision of types A & B antennas is presented in
Figure 4-26. The values are obtained by converting the 3¢ values of Figures 4-24 and 4-25
to 10 values, choosing the assumed minimum radial error (£, 0.10 in.) associated with tension
hoop/rim thermal length change, and assuming the tightest fabrication tolerances. Both
antenna types are useful for the frequency ranges of this study. - However, the A type can
only handle the lower portion of the frequency range. The figure indicates that a Design B
antenna is potentially more accurate by a factor of five (5) than a Design A antenna, For this

reason, it is selected as the antenna type for further design and study.

Figure 4-27 displays the deployed éonﬁguration of a Design B antenna, a symmetric
paraboloid. A basic structure is used to establish stable points of known position for
attachment of paraboloid components. The wire wheel is selected because its static
behavior is good, it has the required stiffness to support a paraboloid, its deployment
is controllable and its packaging within an Orbiter payload bay is predictable,

]
The high-precision design of Figure 4-27 utilizes a 50 cone approximation to a
paraboloid and an approximate 45° slope on the outer axial control lines. Both of these
decisions are somewhat arbitrary and can be altered if the tolerance accumulation

remains favorable.

The extendable masts used in this design are sized and packaged as articulated
longeron Astromasts. The canister for the Orbiter mast is attached to a rotation mechanism

in the Orbiter's payload bay.

View A-A shows a nearly filled aperture. The principal blockage is from the 10 foot
diameter hole in the center of the mesh,

View B-B displays the back surface of the mesh., Points along the outer edge of the
mesh and the outer hoop tensioning links are attached to 10 brackets at each rim tube. Each
bracket has a two (2) axis precision table to permit pre-flight adjustment in the tangential
and Z (beam centerline) directions. Rim hinges which open in the - Z direction have over-

center locking mechanisms which carry bending moments across the joints,
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I hh et kit atn o - - il

B AGCs et . i it ash

30 ERROR (INCHES)
AXIAL RADIAL
A. FABRICATION
1. ADJUSTMENT OF RIM STAND OFF BRACKET
Z-R TABLES +.002 IN. ; +.002 IN.
2. ATTACHING RIM TUBE TO NODE +,003 IN. +.003 IN.
3. MANUFACTURING RIM TUBE (+.025 IN.) - ' -
4. MANUFACTURING RIM NODE REFERENCE £.002 IN. +,002 IN.
5. FIXTURE FOR RIM NODE REFERENCE £.001 IN. +.001 IN.
6. MEASUREMENT/INSTALLATION OF PIVOT OPEN
STOPS (WITH ADJUSTMENT) +.0388 IN. -
7.  PIVOT INSTALLATION (1.7 IN. RADIAL) - -
8. AXIAL CONTROL LINE LENGTH (.003 IN. EACH) [+003IN] INNER ° [ - ]
— AT THE OUTER NODE (i = 2) (£.0042 IN.) OUTER  (+.0021 IN.)
9. TENSION HOOP LENGTH (+.003 EACH) (+.00046 IN.) OUTER  (.00048 IN.)
' [ 0 ] INNER  [:.00048 IN.]
10. ASTROMAST LENGTH 010
11.  ACL TENSION SYSTEM +.003
RSS | (.0405)
B. ANALYSIS +.030
C. THERMAL RSS= | +.0504 IN.
EARTH SHADOW ES ™| +.0095 IN. +.010 IN.
TRANSIENT 51 5| 030 IN.
RSS (A — Ag) + (RSS + 5.1} Ag
Errans = Ay Errans=| .0s00 IN.
Errans = MAX EXPECTED ERROR FROM IDEAL
SURFACE PRODUCED BY TRANSIENT
HUB SHADOW
Egg = ERSS +6 ¢ Egg = 0599 IN.
1416-105Vv

Figure 4-25 Design B3 — Tolerance Budget Estimate
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® CURRENT ESTIMATE OF BEST ‘

AXIAL TOLERANCE (RMS) UNDER +0.15IN. + +0.027 IN +
OPERATIONAL CONDITIONS = EMAX DYNAMICS DYNAMICS

e IMPLIED MAXIMUM FREQUENCY
— COMMUNICATIONS (eppax =A/16) <4.9GH, <27.3GH,

— RADIOMETRY (eyax = \/32 <25 GH, <13.7GH,

o PROBABLE MATERIAL FOR TENSION Mo THREADS UNIDIRECTIONAL
TRUSS (IMPACTS PACKAGING IN GR/EP STRIPS
ORBITER)

SELECTED FOR CURRENT STUDY » DESIGNB

1416-106V

Figure 4-26 Comparison Of Design A & B Reflectors
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Detail E, (also shown as Figure 4-28) near view B1-B1, shows the figure control
system. A continuous, redundant tension hoop lies in a plane perpendicular to the Z
axis and wraps around a pin which is buried within the mesh node. The hoop tensioning
links follow the surface contour in a radial direction. Two redundant hoop tensioning
links and a redundant axial control line terminate in spheres which are subsequently locked
inside the mesh node. The load lines of all of the figure control components intersect at
a common point (I). The mesh is sewn to small pads which are attached to the node. The
slopes of the pad follow the polyconic surface. The mesh surface intersection point (M)
is located so that the resultant mesh tension forces produce zero moment about point I,
Also, the resultant mesh tension forces are at least an order of magnitude less than the
axial control line forces. Thus, varying mesh tension caused by lafge temperature

change produces no effect upon node position or attitude.

View C~C of Figure 4~27 shows some details of three regions near the centerline of
the antenna. At the right, the feed mast is extended from its canister, which is attached to
the forestay platform. The stays are .0025 in, thick by 1 in. wide graphite/epoxy tapes
which are stored on reels. Stay reel motions are synchronized so that all stays pay out
together. Electrical power is delivered to the platform and the feed by umbilical wires.

At the center of View C-C, ‘the outer hub is used primarily to present a smooth surface to
the stowed mesh and figu;re“ control system during launch and deployment. The substantial
loads in the two compressidn masts have a path through the mast canisters and balance

one another in structure (not shown) which connects the two canisters. The region between
canisters provides room for umbilical storage reels and other subsystems. The central
region of the hub contains a stowage cylinder (View C2-C2). During retraction of the com-
pression masts, a mast's bracing wire wraps around the outside of the stowage cylinder.
Thus, the interior of the stowage cylinder is free to receive the feed mast canister. Out-
side the hub, the central region of the mesh is unattached and moves independently of the
hub. The left portion of View C-C displays the orbiter mast, compression mast and ACL
guide rail attached to the'bétckstay platform. The ACL tiedown ring is used to delay ten-
sioning the paraboloid until the rim and mast are fully deployed and locked in position.
During deployment, the ACL tiedown ring translates (in the -Z direction) on the ACL guide
rail to end up in the position shown.

View C1-C1 shows some detail of the attachment of the ball-ended ACLs fo the tie-
down ring. The Z shaped outer caps are segmented. They provide a trap type restraint
and stiffen the slotted ACL positioning rings. The segmented Z caps also permit partial

disassembly and replacement of ACLs. The rack and pinion tensioning system is merely
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of the deployed antenna.

schematic, It was drawn to show that ample space is available (between the guide rail and
tie down ring) for a tensioning system.

View D-D displays a 1.4 GHz feed which is slightly offset from the antenna centerline

(and focus). The available envelope indicates a large number of feeds can be located here,

During detail design, an attempt could be made to make the feed and balance structure, as
well as the stay support platform, transparent to radio frequency energy,

Figure 4-29 displays the launch configuration of this Design B antenna.
views (Detail A and Section D-

The main
D) show an antenna package which is 12,6 feet in diameter

and 33 feet long, The entire payload is larger than the antenna, It includes an Orbiter mast

canister, two shuttle type docking mechanisms, pivot structure and pivot support structure

which is attached to payload attachment point numbers 287 and 296 oh the longeron bridge,
This continuous payload is 45 feet long. A single OMS package is shown in the aft region of
the cargo bay. Other small 4payloa’ds which are part of the demonstr
antenna are shown in Detail A, The two docking sy
ing of a deployed antenna and to provide revisit/re
attached antenna,

ation system for this
stems are provided for emergency jetison~

stow capability to a free flying er other

The antenna payload is supported by a redundant five

-point retention system. The
forward antenna region is supported by a str

ucture which slides and pivots about payload
attachment point number 164 (Detail A and View B-B).

are carried through the forward end,

loads from the antenna.

Consequently, only Z direction loads
The deployment pivot transmitts X, Y, & Z direction

Y loads exit the pivot support structure at PAP number 293. The
primary load path through the antenna is from forestay platform to compression mast
canister (Section E-E) to backstay platform to orbiter mast canister,

launch lecks comnected to the stay platforms connect this path. Other
to the stey platforms provide a load path for rim tube foreces which e
F-F). The rim tubes are stiffened for launch to appr

stiffening dampers (Detail A),

Electrically actuated
launch locks connected
xit the rim node (View
oxiniately 20 Hz with two rows of

These are rigid blocks with a rubber-like edge.

They are
bonded to one side of a rim tube wall and compress an adjacent tube

(Section EE) with their
directions. In this con-

mesh nodes and figure control lines (ACL, TH & HTL
around the drum (Section EE),

compliant edges. This stiffens the tubes in the radial and tangential

figuration, the mesh, ) are wrapped

Drum loads are carried through bearings and a rotation lock
to the compression mast canisters,

The 12 foot diameter of this antenna package is not determined by the 100 m diameter

It has been established to provide ample room for the ACL
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tensioning system. The resulting annulus between the inside diameter of the rim tube
circle and the outside of the drum supplies over ten times the actual volume of mesh, mesh
nodes and figure control lines. It is judged that four times the actual volume is adequate
for stowage and deployment. Consequently, a larger diameter deployed antenna of this type
could occupy the same launch volume by increasing the number of rim elements (e.g., 56

rim members of this length would form a 175 m diameter anterna}.

~ For deployment, forestay platform launch locks release the forward support struc-
tu:é'e (View B~B) while the antenna is held by an RMS. After the RMS has rotated the
antenna through 90°, a deployment lock on the pivot support structure engages the pivot
stﬁucture and holds the antenna with its centerline at x = 1120, the approximate station of
the Orbiter's mass center. After the locks which secure the backstay platform to the
orbiter mast canister are released, the orbiter mast is extended to move the antenna package
15 meters away from the Orbiter. Deployment can then proceed in one of two ways. The
rirh is released and deployed with the compression masts either remaining retracted or they
are slowly extended as the rim moves radially outward. The mesh and figure control com-
ponents are released from the rotating drum as the rim extends. As the rim fully extends,
rim hinge locks on the nodes attached to backstays automatically lock. These are provided
to carry the bending moment produced by the tensioned parabola. After complete compres-
sion mast extension and rim deployment has been verified, force is applied to the mesh
nodes to pull the mesh into a parabolic shape. This is done by using the ACL tensioning
system (Figure 4-27, View C1-C1). The ends of the ACL are transiated along the end of the
lower compression mast to a predetermined position. This motion strains the tension truss
and pulls the mesh into shape. No other adjustment is performed. The feed mast is then
extended to full length. To retrieve (furl) the antenna, the feed mast is retracted, and the
rim hinge locks are pulled to an unlock position after the ACL tensioning system has re-
turned to its launch position. The lower (backstay) compression mast is slowly retracted
as axial control lines are wound around the outside of the ACL tie-down ring. When the
lower compression mast is fully retracted, the ACL tiedown ring is locked to rotate with the
central drum. The stays are tensioned to open the rim hinge joints and retract the rim. The
drum rotates and gathers the mesh and figure control components. Since the mesh is
attached to the rim tubes, the rim tubes will pull the outer regions of mesh to both ends of
the drum as the rim tubes rotate through plus and minus 90°, It is estimated that refurled
mesh and figure control components will not be in their pre-launch positions. Consequently,

some damage may result to these components during re-entry and landing. As the upper
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(fore) compression mast is retracted, the feed mast canister fits inside its stowage cylinder
(Figure 4-27, Views C-C & C2~C2). At the same time, the diagonal wires of the compres-
sion mast are wrapping around the outside of the feed mast stowage cylinder. This pack-
aging arrangement forces a large compression mast radius. This, in turn, produces a large
drum diameter. A feed mast canister which could be bolted to the forestay platform while
in orbit would permit a much smaller diameter antenna, After both stay platforms are
locked to the hub structure, the rim tubes are pulled against the edge of the stay platforms
and the rim nodes are re-locked to the platforms. The Orbiter mast is then retracted and
thé lower stay platform is locked to the mast storage canister. The antenna has now re-
turned to the position shown in phantom lines in Detail A of Figure 4-29. After an RMS
engages the antenna, the deployment lock is released and the antenna is rotated into the
payload bay by the RMS, As a cantilevered surface on the forestay platform engages a V.
shaped groove in the center of the forward support structure (View B-B, Figure 4-29), the

antenna is aligned in the Y direction. The RMS provides Z alignment until the fw‘o forward
launch locks engage the forward support structure. '

A weight estimate for this Design B antenna is displayed in Figure 4-30,
4.4.3 Offset Fed Radiometer |

An application for a Design B type antenna is shown in Figure 4-31 in an Orbiter

attached configuration. The reflecting surface approximates a portion of a paraboloid

whose vertex lies outside of the antenna structure. The resulting RF beam, which is

parallel to the vertex-focus line, is inclined to the central structure of the antenna. This

enables a large offset feed array to be placed entirely outside the antenna beam.

The RF opaque objects within the beam (which produce beam blockage) are the hub,
the feed mast canister and the feed extension mast canister.
within the beam (e.g.,

Other structural members
most longerons) are made of fiberglass to enhance RF transparency.
As explained in 4. 4. 2, the same hub size can support much larger antennas (

€.g., 175 m
diameter) and slightly larger hubs can support substantially larger reflector

diameters.
This reduces the ratio of blocked area to beam area, enhancing gain and reducing sidelobes.

Another technique for reducing the blockage shown in Figure 4-31 is to raise the rim

pfane sufficiently above the top of the hub so the bottom of the reflector is at the top of the

hub. This can be done by shortening (re-winding) the forestays and lengthening (un~-winding)

The effect of this change is to eliminate any shadows cast
by the hub, A hub-diameter central hole in the mesh would still produce blockage, which

could be reduced by deploying a mesh segment from inside the compression mast canister.

the backstays simultaneously,
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Figure 4-30° Weight Estimate — Design B, 50 Cone, 100 Meter Diameter
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LBS
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510
300
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kg
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136
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3085 kg
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The arrangement of feed arrays shown in view A-A (Figure 4-31) creates a mirror
image ground trace spread out over a 50 mile wide region. At 1.4 GHz, each of the 50 spots
is one mile diameter on the earth. As the antenna orbits the earth, the feeds produce 50
contiguous one mile wide swaths, like the path produced by a 50-mile-wide pushbroom.

The centers of all spots generated by the 6.6 GHz arrays create a pattern similar to the
centers of the 1.4 GHz pattern. However, the 6.6 GHz spots are much smaller in diameter,
so the pattern produced on the earth is not contiguous. Its ground trace is analogous to a
pushbroom with missing bristles. The unsymmetrical arrangement of feed arrays is partly
the result of an attempt to pack the arrays as close to the center of the feed as possible.
This was done to maximize the room available at the outer regions of the feed array for
other arrays at other frequencies. It is apparent in View A-A that a substantial amount of

additional space is available in this feed structure.

Each of the 100 feed arrays is built up of dipole elements similar to those used on the
bootlace array subarrays (Figure 4-8), The entire 26-meter~-diameter feed is a small
phased array with two-layer gores, since it is not space fed. The ground planes for the
gores which contain 1.4 GHz feeds (the upper half of View A-A) are separated by 2.1 inches
(A/4) from their antenna planes. The separation is 0. 45 inches at 6.6 GHz (the lower half
of View A=A),

At launch, the feed is stowed in a volume that is two feet in diameter and 10 feet long
(View B-B, Figure 4-31). It is supported in its deployed position by the feed extension mast
canister which is two feet in diameter and six feet long. Consequently, the launch configura-
tion for this offset feed radiometer occupies a one foot longer volume in the payload bay than
does the on-axis fed reflector (Figure 4-29),
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4.5 RECOMMENDED CONFIGURATIONS

Two types of antennas have been designed in this study: reflectors and arrays, Their

antenna surfaces (which generate radio beams) are very different. However, the outer
structures of these antennas are similar.

The goal of subtask three is the development of antenna designs which minimize pro-
gram costs by sharing structural components for different flights of the two antenna types.

Figure 4-32 displays a space fed bootlace array which utilizes a large number of
Design B reflector components. A focal length of 65 meters was selected to minimize the
inertia of the Orbiter/antenna coupled bodies. The only new components required for the
transition from reflector to array are gore assemblies, drum, gore tensioning and rotation
mechanisms (within the hub), and gore/rim attachment brackets. A disadvantage of this

design is its large volume while in a launch configuration; the launch envelope being the same
as shown in Figure 4.6 for Design B reflector.

A pair of antennas with common components was designed. This approach yielded the
recommended configurations described below. A significant feature of these designs is the
relatively small launch volume they occupy. The larger of the two antennas occupies only

1/6 of the payload bay. Consequently, significant weight and volume are available for other
payloads to share launch costs.

The recommended bootlace array is shown on Figure 4-33. A 100 meter deployed
diameter is formed by 32 rim members stretching 32 three~-plane gore assemblies between
rim and hub. Two extendable masts are used to obtain a 65 meter separation between
antenna plane and payload bay (which contains the feed). The longer mast (50 meters)
emerges from a canister which forms part of the principal structure of the hub. The shorter
mast (15 meters) emerges from a canister which is secured within the payload bay. The
antenna structure is virtually identical to that of the antenna described in Section 4. 3. The

major difference is a larger hub diameter (5.3 feet) to accommodate a larger radius (21 inch)
extendable mast within the hub.

A launch configuration (Figure 4~34) diameter of six feet results from the larger hub
size. The stowed antenna is 33 feet long. The entire payload is 45 feet long and generally
occupies part of the upper 'region of the bay. A five point redundant attachment system
supports the payload. Only loads in the +Z direction exit the payload at the forward support
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Figure 4-33 Recorﬁmended Bootlace Array
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structure. Loads in all directions (X, Y, & Z) exit the antenna at the aft end through the
ba;ck stay platform. Launch locks provide a load path from the platform to the orbiter mast
cahistero The canister is attached to a passive docking mechanism which is locked to an
acﬁve, fully compressed docking mechanism. The docking mechanisms are provided to
permit detached antenna operation, with subsequent return and stowage within the Orbiter.
Tlfey also provide a means of emergency separation. Shuttle size docking mechanisms have
been used to provide ample room. The active docking mechanism is attached to pivot
structure which terminates at the deployment pivot. Pivot support structure carries loads
from the pivot to payload attachment points on longeron bridges and keel. For deployment,
launch locks disconnect the load path from fore stay platform to forward support structure.
The Orbiter's Remote Manipulator System (RMS) is used to rotate the antenna 90°, Deploy-
ment locks then maintain an attitude which has the antenna centerline at x = 1120, the

approximate station of the on-orbit center of mass of an Orbiter.

An application of this antenna in a limited multibeam communications role is shown in
Figure 4-35.

The bootlace array can be converted into a free-flying multibeam communications ex-

periment configuration by addition of subsystems including:

Comm Subsystem
EPS

AVCS

TT&C

Comporents are located in a lower systems package (LSP) and upper systems package
(USP) as indicated. The feed array is attached on the USP at the end of a 65 m-mast to
provide a system F/D of 0.65. (The latter selection was based on the availability of the

mast from the antenna development flight configuration),

The recommended reflector antenna is displayed on Figure 4-36. It is a 10 cone ap-
proximation to a symmetric paraboloid designed for operation at 1.4 GHz. The structure
which forms the reflecting surface (mesh, ACL, HTL, TH & nodes) is identical to that de-
scribed in Section 4. 4.2 except for the quantity of components. Since a 10 cone approxima-
tion implies mesh '"squares' which are approximately five meters on a side near the rim,
only 640 mesh nodes are used. An ACL tiedown ring is used at the back stay platform.
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Because the total axial load from all the ACL is substantially reduced with a 10 cone approxi-
mation, an ACL tensioning system is not required to delay mesh tension. Instead, full ex-
tension of the compression mast on the back stay side will be delayed until the rim is locked
into a deployed position. However, the ACL tiedown ring will still retain a degree of free-
dom (rotation about @) to implement the retrieval technique described in section 4.4,2. The
outer structure is identical to that of the bootlace array (Figure 4-33). The difference in
appearance results from unlocking the two stay platforms from the central hub structure on
the reflector. The central compression masts extend the stay platforms to the "square"
shape shown on Figure 4-11. To accomplish this, the stays are unwound from the stay reels
beyond the length used for the bootlace array. The central hub structure is identical for both
antennas except for the rotating drums and some lines which loosely attach mesh to drum to :
permit retrieval of the reflector. The reflector attains a focal length of 150 meters by
utilizing a 100 meter long extendable mast which is attached to the fore stay platform. A
single 1.4 GHz feed is slightly offset from the focus of the paraboloid at the end of the feed

mast.

A launch configuration of the recommended reflector is displayed on Figure 4-37. The
antenna is six feet in diameter and 47 feet long, With orbiter mast canister, the payload is
55 feet long and occupys 1/6 of the payload bay. The forward four feet of payload bay are
left empty to allow room for emergency EVA. The antenna loads are transferred to the
Orbiter by a five point retention systems which is similar to that of the hootlace array. Rim
tube loads are transferred to rim nodes which are locked to both stay platforms. The fore
stay platform is a cantilever support for the feed mast canister. The forward end of the
feed mast canister is supported by guy wires which also attach to the forestay platform.
Loads are transferred from forestay platform to fixed internal hub structure via locks. The
hub is composed of a rotating drum (with reflecting mesh and figure control components
wound around) and an internal structure of two compression mast canisters and connecting
structure. Bearings and a drum rotation system separate the drum the inner hub. Loads in
the central hub structure are transferred to the back stay platform and then to the orbiter ;
mast canister by two sets of locks. Pivot structure then carries loads from the orbiter mast
cémister to the deployment pivot. Pivot support structure (not shown) then carries loads to
the longeron bridges and keel of the Orbiter. For deployment, launch locks at the forward
payload support and pivot structure are released. An RMS raises the forward end of the
payload until the feed is outside the payload bay. The other RMS then rotates the pivot
structure to the deployed position while the first RMS maintains antenna attitude. After the
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Figure 4-37 ‘Recommended 100 Meter Reflector Launch Configuration
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pivot structure is locked in the deployed position, the antenna is rotated to and locked in
its deployed position. At this time, the antenna centerline coincides with Orbiter station
x = 1120, the approximate location of the Orbiter's on-orbit center of mass. Since room
for docking mechanisms is unavailable, provisions for emergency separation of the antenna

are provided at the deployment pivot in the lower region of the payload bay.

An application of a reflector with a large number of feeds is displayed on Figure 4-38.

The reflecting surface is a 10 cone approximation of an asymmetric paraboloid. That is,
thé vertex of the paraboloid lies outside of the antenna structure. This permits placement
of a large feed structure outside of the reflected RF beam. The RF beam diameter is re-
duced to 97. 4 meters (from a structural diameter of 100 meters) by the cosine of the angle
between the structural axis (central mast centerline) and the focus-vertex axis. This effect
may be eliminated by reducing the angle to zero. However, this involves utilizing a longer
feed extension mast, The feed (View A-A) contains 50 arrays which operate at 1.4 GHz.
They produce a "staggered pushbroom' ground pattern which has the following characteris-
tics: as the antenna's orbital motion produces a moving ground trace, the 50 swaths are
contiguous with adjacent swaths at their half power points. The 50 feed array are on gore
aésemblies (two layer only) of a 15, 5 meter diameter wire wheel with 20 rim members.
Each feed array is structurally similar to the sub-arrays used in the antenna plane of a
bootlace array (Figure 4-18). The launch configuration of this antenna is nearly identical
to that of the symmetric 10 cone paraboloid (Figure 4-37). The principal difference ,
is the additional two feet of length required for the diameter of the feed extension canister
(View B-B, Figure 4-38). With minor redesign, the launch package can be reduced to an
overall length of 56 feet. '

A table which summarizes the weight characteristics of the four recommended

antennas is shown in Figure 4-39.
4,6 FLIGHT INSTRUMENTATION

The scope of testing to be conducted influences the number of measurements or
sensors to be installed, and this in turn can influence the measurement technique and in-

stallation method.

Figures 4-40 and 4-41 contain a summary of the measurement quantities and their
designated installed locations respectively. Some installation and measurement techniques
will require slight developmental testing while the remaining are standard space qualified
techniQues.
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RECOMMENDED

ANTENNAS WEIGHT (POUNDS)
COMPONENTS BOOTLACE MULTI-BEAM REFLECTOR RADIOMETER
‘ARRAY COMMUNICATIONS {10 CONE) (REFLECTOR)
GORE ASSY 2500 ' 2500 - -
MESH & FIGURE CONTROL - - 710 710
RIM, STAYS & REELS 350 350 350 350
HUB 1540 1540 1450 1450
COMPRESSION MAST (90)* 90 180 180
FEED & SUPPORT STRUCTURE (40)* 65 190 430
ELECTRICAL WIRES & CONN. 300 300 400 400
FREE FLYER SUBSYSTEMS - 1110 - -
ORBITER MAST & CANISTER - 500 - -
DOCKING MECHANISM - 600 - -
ANTENNA SUB-TOTAL 4690 7055 3280 3520
ORBITER MAST & CANISTER 500 - 500 500
DOCKING MECHANISM 1600 1000 - -
PAYLOAD SUPPORT STRUCTURE 2550 2550 3150 3150
OTHER SYSTEM PAYLOADS 395 - 395 215
PAYLOAD SUB-TOTAL 9865 10605 7325 7385
25% CONTINGENCY 2470 2650 1830 1845
TOTAL PAYLOAD 12335 13255 9155 9230
LBS LBS LBS LBS

*WEIGHT NOT INCLUDED N ANTENNA SUBTOTAL.

1416-170V

Figure 4-39 Summary of Recommended Antenna Weights
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MEASUREMENT TYPE DISTANCE
STRUCTURE STRAIN TEMPERATURE AXIAL & RADIAL LOCATION
PARABOLA

RIM (2) 180° APART
AXIAL CONTROL LINE
HOOP TENS!ION LINES
TENSION HOOPS
MESH
STAYS
COMPRESSION MASTS
BACK MAST
FORE MAST
HuB
FEED MAST
ORBITOR MAST

48 18
64 64
50 5
5 4

- 4 ‘
32 40
72 39
72 39
- 6
82 6
72 -

PHASED ARRAY DESIGN

NOTE: THE MEASUREMENTS FOR
AND ORBITOR MAST SHAL
PARABOLA DESIGN SUMM
PLACEMENT SUMMARY.,

THE RIM COMPRESSION MASTS, HUB, FEED MAST
L BE THE SAME AS THAT SPECIFIED IN THE
ARY AND THE MEASUREMENT DESCRIPTION/

GORE

- 125

1416-141V

Figure 4-40 Measurement List Summary
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HOOP TENSION
LINES (HTL)

TENSION HOOP

MESH

STAYS {STAY LENGTH
SHALL ALSO BE
MONITORED)

TFORE MAST AND BACK
MAST
HUB

VrEED MAST

ORBITER MAST

® PHASED ARRAY
GORE

PATH OF 59 ACL.
4

LCR
ASSESS STRAIN IN EACH OF THE 50
HTL ALONG ONE RADIAL PATH.

ASSESS STRAIN IN EACH OF FIVE
HOOPS.

ASSESS STRAIN ON ALL 32STAYS.

ASSESS TWO AXIS MOTION AT FOUR
LOCATIONS SYMETRICALLY ABOUT
THREE LONGERON CROSS SECTIONS
AT THREE STATIONS.

ASSESS TWO AXIS MOTION AT FOUR
LOCATIONS SYMETRICALLY ABOUT
THREE LONGERON CROSS SECTIONS
AT THREE STATIONS.

SAME AS FEED MAST

STRUCTURE STRAIN TEMPERATURE
¢ PARABOLA

RiMS ASSESS TWO AXIS MOTION AT FOUR ONE INTERNAL AND FOUR SYMETRICALLY
LOCATIONS SYMETRICALLY ABOUT EXTERNALLY AT TWO CROSS SECTIONS ON
CROSS SECTIONS ON EACH OF TWO EACH OF TWO RIMS, 180° APART.
RIMS, 180° APART.

AXIAL CONTROL ASSESS STRAIN ON ONE RADIAL FIVE ACL TEMPS. EQUALLY SPACED ON ONE

LINES (ACL) PATH OF 5 ACL AND ONE HOOP RADIAL PATH, 32 ACL TEMPS EQUALLY

SPACED ON ONE HOOP PATH, AND TEN
ACL TEMPS PLACED ALONG THE LENGTH
OF FOUR ACL.

FIVE HTL TEMPS EQUALLY SPACED WITHIN
THE 50 HTL IN ONE RADIAL PATH.

FOUR TEMPS EQUALLY SPACED SHALL BE
PROVIDED ON ONE HOOP ONLY.

FOUR TEMPS EQUALLY SPACED SHALL BE
PROVIDED ON THE MESH IMMEDIATELY
ABOVE ONE HOOP. .-

PROVIDE 32 TEMPS NEAR THE RIM AND
EIGHT TEMPS ALONG ONE REPRESENTATIVE
FORE STAY.

PROVIDE FOUR TEMPS SYMETRICALLY
LOCATED ABOUT EACH OF THREE
LONGERONS AT ONE STATION AND ONE
TEMP ON EACH OF THREE LONGERONS AT
NINE STATIONS.

PROVIDE SIX TEMPS INTERNALLY AT THE
JOINING OF THE TWO MASTS.

PROVIDE ONE TEMP ON EACH OF THREE
LONGERONS AT TWO STATIONS.

SAME AS FEED MAST

PROVIDE FIFTEEN TEMPS ON EACH GORE
LAYER ON THREE EQUIDISTANT GORES.

1MEASURE AXIAL AND RADIAL LOCATION OF THE END OF THE MASTS RELATIVE TO THE RIM.

NOTE: THE MEASUREMENTS FOR THE RIM, COMPRESSION MASTS, HUB, FEED MAST AND ORBITER MAST
SHALL BE THE SAME AS THAT SPECIFIED IN THE PARABOLA DESIGN MEASUREMENT
DESCRIPTION/PLACEMENT SUMMARY.

1416-142V

4-59

Figure 4-41 Measurement Description/Placement Summary
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To obtain the thermal measurements, thin foil thermocouples are accurate, fast
response sensors for all surface measurements. The thin (0. 0005 in. ) flat junction results

in the sensor having ruggedness and flexibility, compliance after installation, and handling

ease. The thin foil may be bonded to a flat or curved surface. The thermocouple ribbon

wire will be routed via structure to the main antenna hub for signal conditioning and the out-
put will be multiplexed and wired to the Shuttle data acquisition system.

To gbtain strain measurements, standard space qualified strain gages are adequate.
The output of these gages will also be routed to the main mast hub for signal conditioning.

The signal conditionirig will consist of a bridge balance whose output will be multiplexed and
wired to the shuttle data acquisition system.

To obtain stay payout length, a potentiometer type sensor on the reel will be utilized.
The sensor outputs will multiplexed to the Shuttle data acquisition system.

Figure 4~42 illustrates the instrumentation system and the shuttle interface.

4.7 SUPPORTING SUBSYSTEMS/INTERFACES ;

Functional block diagrams showiag the general location of major components and

command, data and power interfaces have been developed for each of the recommended con-

figurations. Figures 4-43 and 4-44 define the payloads for the antenna development flights

with the system configured as a parabolic reflector and bootlace array respectively. The
basic structure and instrumentation for both these configurations has been descr
previous paragraphs,

ibed in

Structure excluded, the primary difference between the two configurations is feed

location. For the reflector, the feed is mounted on a platform on the end of an extendable

mast resulting in an on-axis system with an F/D of 1.5. With the bootlace array,
is mounted on a platfomn in the Orbiterbay providing an F/D of 0.65. T

be repositioned, with limited lateral motion, to accommodate both on
measurements,

the feed
he array feed can
-axis and off-set
Identical feeds and electronics are used in both configurations. The feed
consists of a four dipole array taking approximately one square foot of area, An "off-the-
shelf' 1,4 GHz receiver with a noise figure of less than 6 dB and a 50 KHz bandwidth is
used. The received signal will be detected, and digitized for recording on the Orbiter.

A discussion of additional features, common to both configurations follows. Data and

commands are shown routed through a data modem which combines the functions of data

multiplexers and command control logic. Two RMS in the orbiter bay are used to support

payload rotation, video monitoring of deployment and retrieval sequences and deployment
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of cameras for photogrammetric measurements. An additional TV system is provided
above the antenna for monitoring deployment and the effects of dynamic inputs from a
different view. Although Reaction Control Subsystem (RCS) elements are shown, the re-
quirement to supplement the Orbiter AVCS with RCS on the antenna structure is yet to be
determined (See subsection 4. 8 for further discussion) and RCS components have not been
included in our sizing. A subsatellite, deployed from the Orbiter payload bay using a
spin/tilt table, provides RF signals for pattern measurements. (See subsection 4,7.1 for

subsatellite definition).

The radiometer experiment configuration is basically the same as that for the reflector
development flight with modifications as required to provide a multibeain off-set feed and
radiometer electronics. These differences are shown functionally in Figure 4-45. Feed
offset is provided by an additional feed extension structure (mast) approximately 33 meters
long which is attached to the top of original feed mast. A modification in attachment and
position control of the reflector surface completes the off-set paraboloid geometry with an
F/Dof 1.5. The feed consists of 50 dipole subarrays (4 x 4 dipoles each) deployed using a
wire wheel structure and arranged to provide an effective coverage swath of at least 40
nautical miles, Signals from each subarray go to a low noise RF preamp before being fed
into a 50 channel receiver/integrator. Data is digitized and multiplexed prior to recording
on the orbiter. Development flight instrumentation for structure measurements is retained

in this configuration but the RF source subsatellite is not required.

The communications experiment preliminary design has been configured as a free
flyer to provide increased operational flexibility, The antenna is deployed after heing re-
leased from the orbiter. Following deployment the Orbiter OMS is used to provide a
separation for mission operations which will include demonstration of multibeam performance
by transmission of signals between the antenna and the Orbiter. Tests between the antenna

and ground stations will also be conducted (for short periods when LOS is available).

 Bootlace array hardware used in the antenna development configuration can be reused
in the communication experiment. The only exception is the multibeam feed consisting of
six dipole subarrays (2 x 2). The feed is mounted at the end of a 65m mast to provide on
F/D of 0.65.

The bootlace array is converted to a free flying satellite by addition of subsystems in-
cluding communications, TT&C, AVCS and EPS (Figure 4-46). Components are located in
an upper systems package or lower systems package separated by the feed mast as indi-

cated. Subsystems have been sized for a seven~day mission. It is assumed that the
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Figure 4-45 Radiometer Experiment Configuration Functional Block Diagram
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Figure 4-46 Multibeam Communication Experiment (Free Flying Configuration) Functional Block Diagram
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antenna spacecraft will be retrieved at the end of this time for return to earth, Primary
batteries used in the EPS will provide an average of 170 watts during this time, of which

100 watts are allocated to the communications subsystem.

4,7.1 RF Source Subsatellite

Mission requirements for an RF source have been identified in Section 3.2.2. A block
diégram of the system satisfying these requirements is shown in Figure 4-47, The sub-
satellite consists of a spin stabilized cylindrical structure with slot antennas spaced around
the circumference of the cylinder providing omni coverage. A transmitted power of 0,2
watts will provide a 60 dB S/N at the deployable antenna feed receiver. Redundant battery/
transmitter chains are both activated prior to deployment; one intc a dummy load. Switching
between transmitters is controlled by a command receiver. Both command and tracking
functions, using the transponder, are performed from the orbiter. The primary batteries
(AgZn) are sized for a 10 watt load over a five day mission, Total payload weight, including
Orbiter mounting structure and spin up/release mechanism is estimated to be 180 pounds.

The Teleoperator Retrieval System (TRS) was considered as an alternative for deploy-
ing the RF source (Figure 4-48). Used for this function, the TRS serves as propulsion for
esfablishing the required 50 nautical miles separation as well as retrieval at the end of the
mission, During the one to two day mission it provides a stable platform for the RF source,
the only interface between the two being structural (the RF source is self sufficient with

power and electronics, etc. ).

Two otlier potential applications of the TRS for the demonstration program have also
been identified. In the first, the TRS can support visual (TV) monitoring of antenna
deployment/retrieval. Remote inspection of the antenna from different aspect angles can
be prbvided. Two operational periods are required up to two hours each. In the second
application the TRS can serve as a propulsion subsystem for deployment/retrieval of the
communications free flying experiment. In its four propulsion tank configuration the TRS

can provide a total Av of over 4000 feet per second with a 6000 pound payload. The total

mission is seven days in duration.

Evaluation of the current TRS baseline design revealed some limitations in its use
for these applications; the major constraint being a design life-time of 3.5 hours., EPS and

AVCS performance would require modification for operation over an extended period of time.
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Figure 4-47 RF Source Subsatellite
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Figure 4-48 Teleoperator Retrieval System (TRS) Baseline
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4,8 SHUTTLE SUPPORT REQUIREMENTS/INTERFACES

A nominal orbit with 200 nautical mile circular altitude and 28. 5 degrees inclination
was initially selected for all payload attached demonstration flights. Subsequently, a pre-
liminary examination of the effects of aerodynamic disturbance torques and drag on the

deployed antenna/orbiter configuration, suggest the use of a higher orbit. Results of this

" analysis, summarized in Figure 4-49 show a substantial saving in AVCS propellant for

maintaining attitude/orbital altitude as the orbit is increased from 200 to between 300 and
400 nautical miles, These results were based on a worst case orientation of a worst case
configuration (the 50 cone reflector) with a greater cross=-section area than any of the recom=-

mended configurations. In addition, the analysis did not take into account:
] ‘Molecular flow properties of atmosphere
® Cross products of inertia |
o Thruster logic of shuttle control systems
° ‘Structural vibrations modes

e Use of RCS on the antenna to supplement the Orbiter AVCS by extending the

moment arm,

While a detail study of aerodynamic effects including these factors is yet to be con-
ducted for specific configurations, the general conclusion that the antenna systems should
be deployed at a higher altitude is still considered valid. The shuttle attached payloads
range from 7400 to 9865 pounds. Deployment of these payloads above 300 nautical miles |
requires the addition of one OMS kit (Figure 4~50). At the higher altitude the orbital

maneuver's requirement isless than 50 feet per second for the seven-day mission:

® RF source deployment 40 fps
e Drag makeup 10 fps

This is well within the OMS capability of a 1000 feet per second (less the amount used for
initial orbit insertion).

An estimate of antenna pointing requirements is summarized in Figure 4-51. Aiso
shown for comparison is the pointing accuracy available using the Orbiter IMU, Pointing
for structural measurements and the radiometer experiment are within these capabilities,
but some augmentation with sensors mounted on the antenna structure is recommended for

beam pattern measurements. Since attitude change maneuvers are performed at a slow rate
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Figure 4-50 Shuttle Support — Orbit/Payload
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Figure 4-51 Shuttle Support — Attitude Control

4-73

¥
PRSI IR TR R TeN L



o T e T TR TR R T T e e T T e

e TR TR

DR 4Gl A A S X

RS ASAENERE T £ S i

15 N AT T s e e TR R T

and attitude hold (limit cycle) is not required for extended periods of time, Orbiter RCS
propellant (4000 pounds) should be adequate for attitude control.

Payload power requirements are summarized in Figure 4~52. The total payload

energy demand of 17.9 kwh does not exceed the 50 kwh Orbiter fuel cell energy allocated
for payload operation,

All commands for operation of attached payloads are originated on the Orbiter. They

are transmitted via umbilical with the exception of the subsatellite commands (via RF link).
Commands are provided to control:

Deploymeant mechanisms (antenna, subsatellite, RMS)

TV, laser and photogrammetric sensor systems
Subsatellite

Other supporting subsystems.

Payload data will be digitized, multiplex and transmitted via hardline to the Orbiter Data

Management Systems (DMS) for monitoring, recording and/or transmission to the ground.
Sources and estimated data rates include:

Instrumentation for structural measurements (6000 bps)
Laser sensors (60 bps)
Feed receiver (8 bps)

Housekeeping data (128 bps).

Additional data will be in the form of film from the photogrammetric sensors and video for

monitoring antenna deployment/retrieval via TV. The DMS will also support antenna point~

ing, subsatellite tracking and laser sensor operation with its computer facilities.

Data rates identified above will fit within the link capabilities of the network shown in
Figure 4-53. Use of the TDRS will provide real time transmission of payload data, videc
and voice to the MCC and POCC during those portions of the demonstration when this
capability is deemed necessary. Since the free-flying communications experiment is exer-

cised over CONUS, commands and payload data will be transmitted real time to the con-
trolling ground station,

4.9 GROUND SUPPORT EQUIPMENT

Several items of ground supportequipment (GSE) will be needed to support the flight

system. These can be grouped basically under mechanical, electrical and fluid GSE.

4-74




.
}

;

:

(BASED ON 7-DAY MISSION)

POWER | DURATION | ENERGY
SUBSYSTEM (WATTS) | (HOURS} | (WATT-HRS)
RIM & GORE DEPLOYMENT

& RETRIEVAL MECHANISM 100 6 600
FEED ELECTRONICS 20 48 960
LASER SYSTEM 30 72 2160
PHOTOGRAMMETRIC SYS., 15 144 2160
TV SYSTEM 30 16 480
INSTRUMENTATION/SCUs 50 144 7200
DATA MODEMS 30 144 4320
SUBSATELLITE DEPLOYM'T 50 0.5 25

TOTAL ENERGY REQUIREMENT
17,905

1416-118Vv

Figure 4-52 Payload Energy Requirement (Orbiter Attached Antenna Development Flight)
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Figure 4-53 Network Interfaces
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4,9.1 Mechanical GSE

Five major end items are needed for the mechanical GSE. The factory support stand
and local transportation dolly (see Figure 4-54) coi sists of a steel frame mounted on re-
movable double wheeled casters. The spacecraft will be mounted on the dolly, utilizing the
Same support points that are to be used in the Shuttle cargo bay compartment. The dolly is
used as the support stand during final assembly and checkout of the spacecraft. In addition,
it is planned that the dolly will be used for local transportation of the spacecraft when it is
moved in the factory assembly area, and between plants. Another mechanical GSE end item
is the sling assembly (see Figure 4-55). The sling consists of steel wire rope cables,
spreader bars and hoist fittings that will attach to the spacecraft at the four horizontal sup-
port points, It is planned that the sling will be utilized for in-plant handling of the spacecraft
but the sling will be designed to load and off-load the transportation dolly, and also to lift the
spacecraft shipping container. An access and work stand will be used to provide access to

the spacecraft during final assembly and checkout. This stand (Figure 4-56) is a portable

unit with two working levels. Another major end item is the antenna handling equipment. It
is planned that this equipment will be used for developmental and ground testing of segments
of the flight antenna. Finally, there is the need for a spacecraft shipping container with an
environmental cover (see Figure 4-57). The shipping container will utilize the frame of the
transportatioi: dolly as the base for the container with the dolly wheels removed. An inter-
mediate wall section will be built up from the base section. On top of this a semi~-octagonal
shaped cover will be used to complete the container. In order to provide an environmental
protective cover, a two-piece nylon reinforced vinyl cover will be placed over the spacecraft,
which will be sealed with an extruded plastic zipper on the cover to provide a clean water~

proof enclosure. To maintain a high level of cleanliness, a positive source of clean dry air
under pressure will be employed.

One of the factors that bears heavily on how the GSE is designed and built is the means
whereby the spacecraft is shipped. An analysis of the various ways to ship the spacecraft
has been made. It was determined that the diameter of the spacecraft is the most important
factor since the length is about 45 feet. Most highway bridges are 13-1/2 feet from the road
bed to the top of the bridge. If one allows 1/2 foot for the addition of the shipping container,
two feet for the truck clearance from the road bed to the bottom of the shipping container,

then 11 feet in diameter is the maximum size if the spacecraft is to be shipped via highway.
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Figure 4-64 Deployable Antenna — Interplant Dolly
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Figure 4-55 Deployable Antenna - Sling Assembly

4-79




ACCESS STANDS

2m

1416-122V DEPLOYABLE ANTENNA DOLLY
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Since the spacecraft shipping weight is about 7500 pounds, air shipment was also
considered. The C-5A could take a payload as high as 13-1/2 feet. This means that the
diameter of the spacecraft for the C~-5A shipment has to be less than 13 feet allowing for
the 1/2 foot of the shipping container. For spacecraft diameters in excess of 13 feet, the
ocean=-going barge or ship is the most feasible way to ship. The spacecraft could be taken
by truck to a harbor by a special route, and loaded there on an ocean-going ship which would

take the spacecraft to the Cape Canaveral Port and from there to Kennedy Space Flight
Center.

4.9.2 Electrical GSE

For electrical GSE, a console containing two racks of equipment will be needed to
support the assembly and checkout testing of the spacecraft. The console will have displays
and controls that will permit it to perform many electrical operations. Among these elec-
trical operations that the operator of the console will be able to perform are the RF tests on
the spacecraft receiver, and the two transmitters located in the subsatellite. The operator
will also generate RF commands to the command receiver in the subsatellite. He will check
the RCS control Iogic and the status of the spacecraft relays. The operator of the console
will make continuity checks on the various spacecraft drive motors and its deployment
mechanism. In addition, he will verify the instrumentation wiring and the sensors that are
used in the instrumentation system. In the lower portion of the console, there will be power

supplies that will provide the required power to the spacecraft and the free flying satellite.

4.9.3 Fluid GSE

If a requirement is established for propellant tanks in the reaction control system
(RCS), fluid GSE will be provided consisting of a nitrogen checkout and servicing unit. This
unit will accept high pressure from the facility supply and regulate, control, filter and
deliver it to the spacecraft at the required pressure. Loading may be accomplished locally
or by means of a remote electrically operated controller. The spacecraft tank pressure and
temperature will be monitored to accomplish loading to a predétermined pressure/tempera-
ture curve. The unit will consist of a portable, aluminum cabinet within which will be
mounted valves, regulators, relief ’valves and filters. An interconnecting hose set will also
be supplied. If the final design of the RCS s ystem should utilize hydrazine instead of

nitrogen as a propellant, a hydrazine servicing cart will be utilized in addition to the GN2
pressurization unit. ‘
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Section 5

ORBITAL TEST AND OPERATIONS ANALYSIS (TASK 4)

A flight test program has been developed that will demonstrate the deployable
antennas, deployment, structural tolerance, RF pattern and limited mission capability.
A step-by-step approach to flight planning has been taken assuming both antenna con-
figurations, phased array and reflector, as well as a limited mission application will be
demonstrated on separate shuttle flights.

Two potential missions have been identified for limited mission testing. A radiom-
eter mission will utilize a reflector antenna while a communications mission will utilize
a bootlace array. Mission functions for each of these missions have been defined and are
included in this report,

Definition of the ground program from development test through launch operations
was required for the proper identification of program resources and costing and as such
is described, o '

A measurement system is required to evaluate how each antenna type meets its
structural accuracy requirements after deployment. The requirements for such a system
were defined and an investigation was made to locate a system that would meet these
requirements. This investigation found that a combination of electro-optical distance
measuring equipment and analytical photogrammetry will meet the structural tolerance
measurement requirements,

5.1 MEASUREMENT TECHNOLOGY

The instrumentation used to measure structural load and thermal characteristics is
described in Subsection4. 6. This instrumentation consists of stateofthe art space qualified
strain and thermocouple gages. However, this instrumentation will not provide the data

needed to measure antenna structural tolerances.

Requirements for a deployable antenna structural tolerance measurement system

- are:

Accuracy = .002 in.

Provide the capability to measurement a total test condition

‘Space compatable

Minimum development,




An investigation of measurement systems and instruments was made to find one that
would satisfy these requirements. No one s ystem was found that can meet all the require~
ments. However, two systems studied if used together will meet the requirements.

These systems are described below:

5.1.1 Electro-Optical Distance Measuring Equipment (E-O DME)

Electro-Optical Distance Measuring Equipment (E-O DME) measures distance by
determining the transit time of modulated electromagnetic radiation from a transmitter
to a reflector target and back to a receiver located at the transmitter. Determining this
transit time is done indirectly by measuring the phase difference between the transmitted
modulation and the received modulation which has traversed the double path. Since the
velocity of the electromagnetic radiation carrier is known, the time of transit is propor-
tional to the measured modulation phase shift plus an integral number of full phase

rotations.

Commercial instruments, that utilize the above principle, are used for engineering
and land surveys. Figure 5-1 is a simplified block diagram of a typical instrument.
These instruments have a 3 km measurement range anda 1. 5mm advertised accuracy with
an internal instrument accuracy of 0.5 mm. Gallium arsenide IR transmitting diodes are
used. IR lasing diodes are used instead of visible light lasers for these commercial
instruments because of legal restrictions. The highest modulation frequency found in a
commercial instrument is 75 MHz permitting a transit time determination to an accuracy

of approximately 10 p seconds.

Modifications are required to be made to the current commercial units to provide a

space compatible instrument with an accuracy of 0.1 mm. These modifications are:

e Change the IR lasing diode to a visible light laser with the capability of
being modulated at a higher than 75 MHz frequency

e Increase the modulation frequency
e Repackage and space qualify

Corner-cube~-reflector targets will be located in each quadrant of the antenna.
Three E-O DME instruments will simultaneously measure the distance from a reference
plane to a target. By trilateration the location of each target will be determined. The
reference plane will be located in the Shuttle payloads bay. Figure 5-2 illustrates this
measurement system. Suitable target locations are selected reflector modes and array
mini-hinge areas. Approximately 48 targets will be required.
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Figure 5-1 Structural Tolerance Measurement With Electro-Optical Distance
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To achieve the required accuracy it will be necessary to obtain continuous measure-
ment data at a particular target for a period of time¢ and to statistically reduce these data
to determine the target location., The amount of time required at each target is dependent
on the natural frequency of the structure to which the target is attached. It is estimated
that it will take approximately one orbit to determine the location of all the targets. There-
fore, it will not be possible to maintain a single test condition while all target locations
are determined. A photogrammetric measurement technique, while not having the accuracy
of the E-O DME technique, will however, determine the instantaneous surface conformity

of the total antenna surface.

5.,1.2 Photogrammetry Surface Conformity

Analytical photogrammetry is a process whereby data from two or more photographs
of a structure are analyzed to produce a contour map of the structure. Since this process
is a mathematical one, accurate locations of the camera stations are not necessary. The
data, in the form of exposed photographic plates are reduced in the laboratory to produce
contour maps of the total surface. Accuracies of one part in 120, 000 of an anicnna

diameter have been obtained using this method under optimum conditions.

A three-camera photogrammetric net willbe used for all Shuttle attached structural
demonstration missions. One caméra will be located in the payload bay and the other two
will be positioned and supported by the remote manipulators. Approximately 250 simple
paint-on or self-adhesive targets will be required to define the antenna's surface. These

targets will be applied during antenna fabrication.

Figure 5-3 illustrates a typical antenna surface conformity contour map that was
constructed from photogrammetric data. The antenna is a 300 foot National Radio
Astronomy Observatory (NRAO) antenna at Greenbank, West Virginia. That the photographs
for this analysis were primarily taken from helicopter verifies the non-surveyed

camera site approach,

5.2 GROUND TEST

Ground testing is divided into two major parts as illustrated in Figure 5-4. Develop-
ment testing provides the engineering data required for design and provides the design
verification necessary for mission success. Flight article testing includes all the required

qualification, acceptance and prelaunch tests.
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Figure 5-3 Photogrammetric Contour Map NRAO 300 Ft. Reflector
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5.2.1 Development Testing

An analysis of each selected configuration was made to determine if sufficient
engineering data was available to design that configuration's antenna. A tabulation of the
data that was required but not available was made and this tabulation became the require-
ments for development tests. Figure 5-5 is a matrix correlating these development test

requirements with the specific tests (Figure 5-4) that have been planned to satisfy these
requirements.

The following paragraphs present a brief description of each of the planned develop-
ment tests.

Rim Hinge Test - This spring mechanism provides the stored energy for release and

is the prime mover for deploying the wire-wheel antenna assembly. Reliable operation of
this mechanism and an understanding of its torque, friction, and locking characteristics
are critical to the design. ‘

Stub ends of representative rim elements will be fitted to the rim hinge test specimen.
One end will be fixed and the other attached to a resisting load such as a hydraulic device
or a system of weights. The entire assembly will be capable of being oriented with respect
to the vertical. Instrumentation will consist of standard strain gages, load-links, angular

and linear displacement meters, and thermocouples for the thermal tests planned.

At various positions during hinge motion, rotation, static and breakaway measurs-
ments will be taken and recorded using automated means. These measurements will be

repeated at a number of fixture orientations.

Rim Member Characteristics - The thermal and structural characteristics of a

graphite/epoxy composite column have to be know= to properly design the rim members.
This data is required for both phase array and 1eflector designs. A series of tests will

be performed to determine the following characteristics:

- Structural damping factor
Shear modulus

Modulus of elasticity
Euler column load

Column deflection and under expected loads

Thermal coefficient of expansion.
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TESTS
REQUIREMENTS

® DETERMINE RIM HINGE
STATIC AND DYNAMIC
FRICTION AT VERY LOW
LOADS AND ROTATIONAL
RATES

® MEASURE TORQUE IMPARTED
TO RIM ELEMENTS VS RIM
DEPLOYMENT ANGLE

® DEMONSTRATE REPEAT-
ABILITY OF ALL MEASURED
VALUES OF FRICTION,
TORQUE, LOCKING, ETC.

® DETERMINE STIFFNESS IN THE
FULLY DEPLOYED AND LOCKED
POSITION

® DETERMINE THERMAL COEF
OF EXPANSION

® VERIFY MANUFACTURING
PROCESS UNIFORMITY

® DETERMINE STRUCTURAL
DAMPENING FACTOR

® DETERMINE SHEAR
MODULUS

® DETERMINE MODULUS OF
ELASTICITY

® DETERMINE EULER COLUMN
LOAD

® DETERMINE THERMAL
CHARACTERISTICS

® VERIFY THERMAL MODEL

¢ DETERMINE MATERIAL
BUILDUP, MANUFACTURING
TOLERANCES, AND TECHNIQUES
OF WRAPPING THE GORE ON
ITS DRUM

® DETERMINE MESH GORE
PACKING

® DETERMINE REFLECTOR
" TENSION CONTROL LINE
PACKING

® MEASURE TORQUE AND
FRICTION

® DETERMINE MINIMUM ANGLE
BETWEEN STAY AND RIM THAT
PREVENTS STAY OVERLOADING

® VERIFY RIM/STAY-REEL
TRACKING

e MEASURE PATTERN, GAIN,
BEAMWIDTH, SIDELOBES
AND IMPEDANCE

® VERIFY MANUFACTURING
METHODS AND TOOLING

® VERIFY ANTENNA DEPLOY-
MENT ANALYTICALLY
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Figure 5-5 Development Test Requirements Matrix




The structural damping factor will be determined by measuring column's acceleration
time histories produced by deflecting and releasing the column. The structural damping
factor will then be obtained using the log decrement method,

The shear modulus will be determined by twisting the column while it is restrained
at one end. The moment required to rotate the tube through definite angles will be
measured, and the modulus calculated.

The modulus of elasticity will be determined by measuring deflection within center

of the simply supported column, The column will be mounted vertically to negate gravity
effects.

The Euler column load can be approximated by plotting lateral deflections versus
axial load which have been applied with known eccentricity. A family of curves will be

produced, one curve for each eccentricity which will approach the critical Euler column
load asywmptotically.

To meet reflector tolerance requirements it is essential to know column deflection
characteristics due to expected gore loads. Rim hinge fittings will be attached to the
column ends and the column will be supported at these fittings. Gore attachment fittings
will be installed on the column and loads will be applied through these fittings. Lateral
and torsional deflections all along the column will be measured.

The thermal coefficient of expansion for this type of column will be determined by
uniformly heating the column and measuring the column's expansion with an interferometer.

Stay Static and Temperature Coefficient Test - Theoretical structural and thermal
characteristics data are available and test data of small samples has been taken. How-

ever, no test data is available for the unique design of the antenna stays and tension links,
Tests will be performed to determine the following:

® . Static load strength

e Elongation under load

® Thermal coefficient of expansion.

Full length stays will be incrementally loaded in a horizontal position. Load and
elongation data will be taken.

Stay thermal coefficient of expansion will be determined by applying a low pretension
load to the stay and heating the stay in steps. Length changes will be measured at each
temperature step. Due to the length of a stay (excess of 200 foot) the test will be done
incremently. A chamber approximately 50 foot long will be used, The stay will be on
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reels and will be stretched through the test chamber along a teflon covered table. Each
stay segment will be tested to determine the coefficient of expansion and to verify thermal

characteristics uniformly over the entire length of the stay.

Gore Wrap/Unwrap Test - Demonstration that flight-type gore structure can be

reliably deployed from its drum is critical to the wire wheel concept.

- Theproposed test consists of fabricating a number of prototype gore segments (mini-
mum of three), and repeatedly deploying them from their storage drum, while measuring
forces and deflections experienced by one assembly. Each gore will be fabricated to
represent the inboard section of an actual gore in order to account for realistic drum
attachment.

Three identical gore assemblies are attached at their vertices to the primary wrap-
drum; the drum would be a reduced-size version of the flight drum. One of the three gores
will be instrumented and deployed vertically to avoid out-of-plane deflection due to gravity.
Deployment is accomplished through the use of a torque motor and tension tape assembly
that acts on a gore spreader. The spreader represents a rim member and will be rotated
to simulate the gore twisting that would occur in actual deployment. The other two gores
are wrapped on auxiliary drums as they roll from the deployment drum. Wrapping is
accomplished in reverse with torque motors driving both the primary wrap drum and the

auxiliary drums and the gore spreader lowered to accurately reproduce actual wrapping.

Measurements will be made of deployment and wrap rates as well as induced strains
and forces. This information will be useful in test/analysis correlation work., Motion
picture photography will be used to observe gore element behavior, including edge clip
disengagement from the drum studs. If a backup measurement technique is uséd (to the
surrogate payload electronics) to determine antenna in-plane tolerances, consideration
will be given to demonstrating the technique during this test program. The accuracy of
the measurements can be easily verified and/or calibrated using standard operating
techniques,

Stay Reel/Mounting Ring Test - This mechanism provides the alignment and drag

forces necessary to control the deployment rate of the wire wheel rim assembly and gore
panels. Reliability of this system must be established to assure proper antenna deploy-
ment. This test will measure the torque and friction forces generated by the stay reel
assembly and provide data to finalize the design of the reels and torque motors.
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Prototype stay-reels will be mounted on a mounting ring attached to structure simulat-
ing the antenna drum. A test fixture consisting of three degree of freedom cars on a track
will simulate rim-hinge travel, Stay-reel stays will be attached to the fixture cars. With
a uniform load applied to each stay, the static and breakaway torque measurements will be
taken. At various stages of deployment, measurements will be taken to determme the stay
tension (torque) required to maintain a uniform rate of deployment, The minimum angle
between stays and rim will be established to prevent stay overloading. As the stays are
paid out, the drum section will be rotated and the rim to stay reel angle will change to
simulate gore panel deployment, Friction and torque (static and breakaway) measurements
will be taken between the drum and mounting ring. During deployment of the stays from

their reels, a continuous check will be made to determine the rim/stay-reel tracking
capability.

Gore Segment Thermal Test - Tests are planned to demonstrate that the thermal
characteristics of the complex gore assembly are compatible with the operational
requirements of space.

The complex mechanical configuration of the three-layer gore assembly requires a
ground test to establish thermal characteristics and to validate the thermal model of the
gore. Temperature operating levels and gradients within the gore must be established.
Mecham'cal measurements will be made to verify thermal deflection predictions., The open
or free area of the gore at various sun angles will be established, These data are necessary

to refine the structural element orbit heat flux environment calculations.

A segment of the gore measuring approximately 3 ft x 4 ft and containing all the
necessary prototype structural, mechanical, and thermal components will be provided for
the gore thermal vacuum test. Depending upon gore fabrication techniques, the test article
could be a segment of one of the gores built for the gore wrap/unwrap testdescribed above,
The test article, installed in a supporting fixture providing the necessary instrumentation
to measure forces and deflections, will be installed in a solar simulation test facility.

Gore temperatures will be recorded at various sun angles of incidence representing
expected flight conditions.

Bootlace Lens Pattern Measurements - A bootlace array will consist of tens of thousands

of nominally identical subarrays. Attainment of the predicted antenna characteristics will,
therefore, be strongly dependent upon the repeatability of the manufacturing process which

produces the subarrays. One objective of this series of tests is to measure the character-

istics of representative numbers of subarrays and the resulting overall array character-

istics, so that statistical tolerances can be established on deviations durihg production,
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The statistical measurement program will require building a minimum of 200 sub-
arrays whose characteristics will be evaluated. Pattern gain, beamwidth, sidelobes, and
impedance data will be taken on the subarrays and reduced to a statistical format, The data
will be used to calculate overall performance of the antenna and to predict performance of
the full array of subarrays.

The test antenna will cOmprise' two antenna planes, each consisiing of 100 subarrays
arranged in a 10 x 10 matrix. Trombone phase shifters and a movable feed will be used to

scan the beam.

Pattern measurements will consist of generating sufficient pattern information to
evaluate the subarrays and allow projection to space-based array performance. Subarray
tests will consist of measuring gain, sidelobe levels, beamwidth, cross-polarized patterns,

and impedance measurements both in-band and out-of-band as required.

Radiometer Reflector Feed Pattern - The radiometer offset reflector feed determines

the antenna's ground footprint. This footpriut, a staggered pushbroom, provides 50
individual spots in a configuration that results in a continuous ground swath perpendicular
to the direction of antenna travel, Therefore a large area is covered with the capability to

differentiate local data within this area.

Reflector feed pattern tests will be performed to determine feed performance and
pattern in order to verify overall radiometer antenna performance. Scale model pattern

test techniques will be used to obtain a measure of the feed pattern including all sidelobes.

Deployment Computer Model - Deployment computer models of the array and reflector

configurations are required to support and verify all phases of antenna designs. Preliminary
arialysis resulting from an initial model will define the requirements for structural and
mechanical components. For example, the rim hinge springs will be sized for adequate
torque throughout deployment. Also, acceptable stay and gore payout rates will be
détermined and the payout motors and gear assemblies will be defined. This initial model
assumes a perfect deployment with rigid members and involves kinetic and kinematic
simulations. Besides defining initial design requirements the computer model will be used

to determine the sequences and the time for a controlied deployment.

As the design and the program matures the deployment computer model will be updated
and expanded to include the actual hardware parameters determined during component
development testing. This updating will permit comprehensive analysis, including structural

flexibility, of the structure and deployment. Since deployment of both reflector and array
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antennas are designed to occur at an extremely slow rate, the acceleration forces will be
negligible, Therefore, deployment can be analyzed by studying a number of partially
deployed configurations occurring at specific time intervals in the deployment sequence.

Structural member loads and deformations during deployment will be computed. Then
stability analysis will identify alternate equilibrium positions which determine, for a given
deployed state, the effects of small perturbations (due to unequal friction, solar heating,

etc.) on the deployment and the structure,

A detailed analysis of latching and unlatching will be conducted to insure joints lock
satisfactorily at deployment completion and unlock for retrieval,

The complete deployment computer model will verify antenna deployment and structural

design by providing the capability for high fidelity kinemetric, structural stability, latching
and unlatching analyses.

-

5.2.2 Flight Article Testing

A program for qualification acceptance, prelaunch and refurbishment test, at the

systems level, has been defined. The test required test sequence is illustrated in Figure 5-4,

Since the total Deployable Antenna Demonstration Project is a test program, a proto-
flight approach to qualifications and acceptance testing has been taken. The protoflight
approach uses the same hardware and tests for both qualification and acceptance. Environ-
mental testing is done at qualification levels for acceptance durations.

The following paragraphs present a brief description of each of the planned flight
article tests starting with Subassembly C/O of Figure 5-4.,

Subassembly Checkout - Due to the difficulty and expense of functional testing the fully
assembled antenna in one "g" most functional verification will be done at the subassembly
level. As each subassembly is completed it will be placed in a test fixture and both mechan-
ical and electrical performance will be verified. All bootlace lens gore assemblies will be
pattern tested in the same test setup used for development antenna pattern testing (sub-
section 5.2.1). This is required to verify that the deposited copper subarrays have no
microscopic cracks and that all delay line connections are properly made.

Assemble Antenna - Antenna build up into a complete antenna package will be done in
the main antenna assembly and test fixture. All electrical and mechanical interfaces will be

checked as one subassembly is joined to another. An end-to-end check of the instrumentation
will also be made.
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Antenna Checkout - The fully assembled antenna will be contained in the main antenna

assembly and test fixture. This fixture will support the antenna at the Shuttle mounting
points. Prime member support with a simple '"peter pan' rig will permit partial antenna
deployment.

Functional deployment testing to verify the antenna after assembly and before and
after environmental tests is impracticable. This type of test would require an extremely
large and costly test fixture to deploy the entire antenna without damage to the structure of
gores. After such a test deployment there would be no guarantee that damage would not
occur during rewrapping. After studying this problem the following test method has been
chesen to verify antenna assembly and environmental survival.

e Partial deployment to verify electrical and mechanical deployment functions

e End-to-end verification of instrumentation channels and other electrical circuits

using support equipment stimuli and monitoring equipment

e Displacement gages that will sense out of specification movement of buried antenna

components such as gore to drum attachment,

After antenna assembly and prior to the start of structural and environmental proto-
type testing the antenna will be partially deployed in the main assembly and test fixture. On
board instrumentation data will be checked and visual observation made to verify antenna
function. The displacement gages will be checked to verify that any movement is within
specification. Upon restoring the antenna a check will be made of the integrity of all the

instrumentation circuits. This test will be made before each environmental test.

Static Test - This test will verify the antenna ability to survive the steady state launch
acceleration forces.

The simplest method of testing a structure like a wire wheel antenna would be to use a
centrifuge. Howeve'r, the antenna length in the launch configuration makes a centrifuge test
impracticable. A centrifuge with an arm in excess of 350 foot would be needed to produce
a force gradient of less than 10 percent across the packaged antenna. Such a machine is not
available. Therefore, static loading methods will be used. The major difficulty with this
method is applying uniform loads to the gores. For the bootlace array configuration the
loads will be applied at the gore hinges and for the reflector loads will be applied at the
nodes.

Strain and deflection measurements will be taken during the test. At the completion

of the test the antenna will be partially deployed and inspected for damage.
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Acoustic Vibration - The test to verify the antenna's ability to survive launch vibration

will be performed in an acoustic chamber. The antenna will be held in the Shuttle mounting
fixture in the launch configuration. Accelerometers located on the anterma will monitor the
antennas response to the acoustic energy. At the completion of the test the antenna will be
partially deployed and inspected for damage.

Launch Site Operations - At the launch site after an initial checkout period the antenna

will be compatibility tested with the Shuttle. All mechanical and electrical interfaces will

be verified. The special instrumentation, photogrametric cameras and electronic distance
measuring equipment will be Shuttle compatibility tested as well as the antenna pattern signal
generating satellite. After compatibility testing this equipment will be physically mated with
the Shuttle. The location of the three electronic distance measuring units on rails fixed to
either side of the payload bay will be accurately measured and referenced to a tooling mark
located on the antenna/Shuttle attachment fixture.

Once the antenna is installed in the Shuttle payload bay and all interfaces verified it

will be passive for the remaining launch operation,

Refurbishment - Three missions options have been selected for the flight demonstration

program:
o | Shuttle attached bootlace lens
° Shuttle attached reflector

e Limited Mission Application (Shuttle-attached reflector radiometer or free~flying

bootlace lens communication system).

The approach is to use the same basic structure for all three options. Therefore
refurbishment and configuration change between flights is required, if more than one option
is demonstrated.

~ For example, at the completion of a bootlace lens development flight the antenna will
be removed from the Shuttle and installed in the main assembly and test fixture where it will
be deployed. The bootlace lens gores and the Astromasts will be removed. The Astromasts
will be fully deployed and inspected. An inspection of the wire wheel structure and mechan-
isms will be made, All limited life items will be replaced as will any parts showing signs
of wear. '

After a complete inspection and parts refurbishment, as required, the Astromasts
will be reinstalled and a reflector-gore assembly will be installed. Since we now have a
new configuration with different structural loading than the previous bootlace lens mission,
the static, acoustic and acceptance vibration tests will have to be repeated.
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Launch operations for a reflector development will be the same as described for the

bootlace lens antenna.

5.3 FLIGHT DEMONSTRATION

A three-mission flight program has been identified to demonstrate a flat bootlace array
antenna, a parabolic reflector antenna and a limited mission usage communications or
radiometer. The first two missions and the limited mission radiometer will be Shuttle
attached flights, Power, data handling, attitude control and other spacecraft functions will
be provided by the Shuttle for these missions. The limited mission communications will be
a free-flyer and therefore, spacecraft subsystems will have to be added for this mission,
For all missions the antenna will be retrievable and capable of being brought back to earth
at the conclusion of the flight. Orbital test objectives and activities are listed in Figure 5-6.

5.3.1 Orbital Antenna Development Demonstration Flow - Shuttle Attached

Both Shuttle-attached antenna development missions have been defined down to specific
flight activities. Figure 5-7 illustrates the flow of these activities. A timeline of these
events is shown in Figure 5-8, This timeline is based on a three-man crew working an
eight-hour day. EVA's are not required for these missions, Two remote manipulators will

be required for photogrammetric measurements.

The following scenario starting with launch boost is applicable to both antenna develop-

ment missions.

Launch Boost

e Shuttle Payload Support-

- Maintain payload (antenna, RF satellite, E~O DME and photogrammetric

cameras) environment
- Structural/mechanical support

— Active thermal control of electro-optical distance measurement equipment

(E-C DME) and photogrammetric cameras
- Elecirical power to antenna and RF subsatellite
e Shuttle Payload Command, Control, and Monitoring

- Monitor payload sensors

- Data recording and transmission
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PRIMARY OBJECTIVE

TEST ACTIVITY

DEMONSTRATE DEPLOYMENT

SEQUENTIAL DEPLOYMENT
ViSUAL & PHOTO CCVERAGE
STRUCTURAL & MECH. MEASUREMENTS

¢ STRUCTURAL TOLERANCE MEAS.

DISCRETE ELECTRO-OPTICAL DISTANCE
MEASURING EQUIPMENT MEASURE-
MENTS

PHOTOGRAMMETRIC SURFACE CONFORM-
1ITY MEASUREMENTS FOR VARIOUS
DYNAMIC AND THERMAL CONDITIONS

o DETERMINE DYNAMIC
CHARACTERISTICS

SPECIFIC SHUTTLE INDUCED
DISTURBANCES

STRAIN MEASUREMENTS

PHOTOGRAMMETRIC
MEASUREMENTS

¢ DETVERMINE THERMAL
CHARACTERISTICS

VARY ANTENNA ORIENTATION TO
VARY DIFFERENT THERMAL
CONDITIONS

TEMPERATURE MEASUREMENTS

ELECTRO-OPTICAL DISTANCE
MEASUREMENTS

» DETERMINE ANTENNA FAR
FIELD PATTERN

FREE-FLYING RF TEST GENERATOR
DEPLOYED PRIOR TO ANTENNA
DEPLOYMENT

ADJUST ORBIT SO THAT RF GENERA-
TOR CROSSES ANTENNA ORBIT
TWICE A DAY

MEASURE MAIN BEAM AND SIDE LOBES

OBTAIN MISSION USAGE DATA

REFLECTOR MULTIBEAM RADIOMETER

BOOTLACE LENS SPACE FED MULTIBEAM
COMMUNICATION

1416-137V

..

Figure 5-6 Orbital Demonstration Program Objectives
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PRE~LAUNCH LAUNCH SRETAL oy SUBSATELLITE
c/0 BOOST o0 RF GEN DEPLOY
® SHUTTLE ORBITAL @ SUBSATELLITE
CONFIG c/o
e OPEN DOORS ® DEPLOYMENT
® INSPECT PAYLOAD  ORBIT ADJ
r — ]
DEPLOYMENT | | oL pCTURAL DYNAMIC THERMAL | |
DEMO MEAS MEAS |
l MEAS |
® ERECT | DISCRETE ® SHUTTLE ® VARY SUN ANGLE |
® ORBITERMAST |  ACC.MEAS INDUCED TO VARY THERMAL
DEPLOY * INSTANTANIOUS DISTURBANCES  CONDITION |
® WHEELDEPLOY |  TOPOGRAPHICAL |
® MAST DEPLOY MAPS FOR TEST
| conpiTions |
ANTENNA ANTENNA PREP FOR SHUTTLE
PATTERN RETRIEVAL SHUTTLE DE—ORBIT
MEAS DE—ORBIT
e MAIN BEAM
e SIDE LOBES

1416-126V

Figure 5-7 Orbital Demonstration Sequence
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SATELLITE DEPLOYMENT
ANTENNA DEPLOYMENT

STRUCTURAL TOLERANCE
MEAS

ANT PATTERN MEAS

MISSION EXPERIMENT OPTION
ANT & RETRIEVAL

DEORBIT

: DAY
EVENT 1 3 4 5
LAUNCH/BOOST -
SHUTTLE/PAYLOAD -

ORBITAL C/O
PATTERN MEASUREMENT -

1416-127V NOTE: BASED ON 8 HR WORK DAY

Figure 5-8 Typical Orbital Test Timeline
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Orbital Predeployment C/0O

Shuttle Payload Support
- Structural/Mechanical support

= Active thermal control of E~O DME and photogrammetric cameras

- Electrical power to antenna and RF satellite

Shuttle Payloac Command, Control, and Monitoring
- Same as Launch Boost

Postorhital C/O

= Open payload bay doors

- Activate Remote Manipulator System (RMS)

- Inspect payload using TV camera attached to RMS
- Activate and checkout payload.

RF Generator Subsatellite Deployment

Shuttle Payload' Support
- Same as Orbital Predeployment C/O

Shuttle Payload Command, Control, and Monitor
- Same as Launch Boost

RF Satellite Pre-Deployment Activation and C/O

- Activate satellite

~ Checkout satellite using Shuttle umbilical and RF paths
- Spin-up satellite and reverify

RF Satellite Deployment

- Establish separation attitude

- Release mechanical and electrical connections
- Fire Shuttle jets to separate from satellite

- [Establish safe separation distance

- Verify satellite in performing satisfactory

Transfer to Mission Orbit
- Establish mission orbit transfer attitude

= Fire OMS to achieve mission orbit.
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Deployment Demonstration

e Shuttle Payload Support
- Same as Orbital Pre-Deployment C/O

o Shuttle Payload Command, Control, and Monitor
= Monitor and track RF satellite
= Monitor payload sensor
= Data recording and transmission

® Erect Antenna
= Checkout antenna
- Reliance mechanical restraint
-~ Erect antenna using RMS
- Verify antenna to Shuttle interface

e Antenna Deployment
-: Position both RMS's with TV cameras for optimum viewing
- Deploy Orbiter mast and inspect with TV
- Deploy wire wheel and inspect with TV
- Deploy upper feed mast
-~ Checkout deployed antenna.

Structural Tolerance Measurements

(Structural tolerance measurements using E-O DME and photogrammetric measure-
ments will be taken in conjunction with the dynamic and thermal test sequences. )

Dynamic Measurements

e Shuttle Payload Support
= Same as Orbital Pre-Deployment c/0

e Shuttle Payload Command, Control, and Monitor

-~ Same as Deployment Demonstration

® Test Set~Up

Position photogrammetric cameras using both RMS's
Activate E-O DME

Establish minimum disturbance attitude
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® Minimum Disturbance Measurements
- Take E-O DME measurements after structure has dampened out
- Take one set of photogrammetric pictures after structure has dampened out
= Continue E-O DME measurements for one full orbit

e® Station Keeping Measurements
- 'Establish station keeping altitude
- Take E-O DME measurements for one complete orbit
- Take one set of photogrammetric photographs before and after jet firing

® Maximum Disturbance Measurements
- Position E-O DME to critical targets
-~ Fire jets to produce maximum antenna disturbance
- Take one set of photogrammetric photographs after firing.

Thermal Measurements

e Shuttle Payload Support
- Same as Orbital Pre-Deployment C/O

e Shuttle Payload Command, Control, and Monitor
- Same as Deployment Demonstration

e Thermal Test Condition
- Establish and maintain desired sun angle
- Take E~O DME measurements for one complete orbit
- Take one set of photogrametric photographs
-~ Repeat for additional sun angles

- Stow photogrametric cameras in payload bay

Antenna- Pattern Measurement

e Shuttle Payload Support
- Same as Orbital Pre-Deployment C/O

e Shuttle Payload Command, Control, and Monitor
- Same as Deployment Demonstration

® Pattern Measurement
~ Establish attitude for desired antenna pattern cut
- Verify antenna receiver/data acquisition network in preparation for data taking
- Establish joint Shuttle/ground fix and tracking of RF satellite:
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Antenna

~ Take data as satellite cuts through antenna pattern

- Repeat for different antenna attitudes to obtain a complete map of the antenna
pattern

~ Deactivate RF satellite,

Retrieval

Shuttle Payload Support
- Same as Orbital Pre-Deployment C/0O

Shuttle Payload Command, Control, and Monitor
- Same as Deployment Demonstration

Antenna Retraction

- Position both RMS's with TV camefas for optimum viewing
= Retract upper feed mast

= Retract wire wheel and impact with TV

= Retract Orbiter mast and inspect with TV

- Verify proper retraqtion

= Using the RMS lower the retracted antenna package into the Shuttle mounting
cradle

~ Verify proper mechanical lock,

Preparation for Shuttle De-Orbit

Shuttle Payload Support

- Same as

‘Shutile Payload Command, Control, and Monitor

- Same as

Pre De~Orbit

Secure RMS
Close Payload Doors
Start de~orbit countdown
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5.3.2 Radiometer Limited Mission Demonstration - Shuttle Attached

. This mission will demonstrate a 100 m aperture deployable antenna used as a radiom-
eter. An offset feed with low noise receivers is added to the refurbished reflector structural
demonstration antenna for this mission. Launch-boost, orbital checkout, and antenna
deployment operations are the same as described in 5. 3. 1 for the orbital development
deinonstration mission. After deployment the Shuttle orients the antenna to collect earth
radiometric data. This experiment period is during days three, four and five as illustrated
in the Figure 5-8 Orbital Test Timeline. At the completion of the experiment period on day

five the antenna is retracted on day six and preparation is made for deorbit and landing on
day seven,

9.3.3 Multibeam Communications Limited Mission Demonstration - Free Flyer

The multibeam communication mission demonstration multibeam communication per-
formance of a 100 m deployable passive-bootlace-lens antenna. Since this is a free flying
spacecraft, subsystems and multibeam communication equipment are added to the refur-
bished bootlace-lens structural demonstration antenna. Launch-boost, orbital checkout,
and antenna deployment operations are the same as described in 5. 3.1 for the orbital
development missions. After antenna deployment and checkout the antenna with space-
craft subsystems is separated from the Shuttle. The Shuttle then establishes an orbital
separation distance from the antenna that permits multibeam communication between the
Shuttle and the antenna. On days three, four and five, as illustrated in the Figure 5-8,
mission operations include demonstration of multibeam performance by transmission of
signals between the antenna and the Shuttle and also, for short periods when line-of-sight
is available, between the antenna and ground station., '
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Section 6
PROGRAMMATICS ANALYSIS (TASK 5)

Preliminary design results from Task 3 and the demonstration flight program defined

in Task 4 form the basis for brogrammatic data developed in Task 5. Results of this task,
presented in this section, include:

o Work Breakdown Structure and Dictionary

¢ Program Planning (schedule and flow logic)
® Specification Tree
e Facility Requirements,

6.1 WORK BREAKDOWN STRUCTURE (WBS)

The Deployable Antenna Demonstration Program WBS contains all labor and material.

required for the DDT&E, Manufacturing and Operation phases for all program elements.
These phases are defined as follows:

6.1.1 DDT&E

This item includes all labor, materials, tooling, facilities, studies, analyses, etc.,
which are required to determine specification requirements and the subsequent analysis,
design, development, evaluation and redesign for the subsystems. Specifically included
aré the preparation of specifications, drawings, parts lists, wiring diagrams, technical
coordination between engineering and manufacturing, vendor coordination, component and
subsystem hardware development and testing, data reduction, report preparation, deter-
mination and specification of requirements for reliability, maintainability, and quality
assurance. In addition, included are efforts to complete the planning, design, fabrication,
assembly, inspection, installation and modification of initial tooling, jigs, fixtures, and
special test equipment/GSE, Also included in this item is the effort expended in conducting

system design reviews, evaluating the results of those reviews, and performing engineering

cost analysis and materials analysis, This includes subsystem management and engineering

which is directly part of a particular subsystem or component. DDT&E also includes
developmental test articles, major ground test articles and development testing. It includes

engineering models, breadboards, and engineering mockups as required in the development
of individual subsystems and components,
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6.1.2 Manufacturing

This item includes all labor and materials required for the production of space hard-
ware through the acceptance of this hardware by the Government, Space hardware includes

all hardware produced for deployment in space. Specifically included in this item are the
following:

'Procurement, fabrication, assembly and checkout of space hardware
Ground test and factory checkout of space hardware
Initial spares

Maintenance of tooling and factory test equipment/GSE

Sustaining engineering for liaison support of space hardware manufacturing.

6.1.3 Operations

This item includes all ground and flight operations and the support of these operations
as follows:

® Ground Operations - Receipt, assembly, checkout, servicing, launching, post-

launch support, and maintenance/refurbishment of the reusable space hardware
as required at the launch site

e Flight Operations - Mission planning, in-orbit mission execution and ground
mission control support

® Support Operations - Transportation and handling of Deployable Antenna System
hardware requiring special consideration, training equipment, training programs
and space hardware/GSE operational spares,

6.1.4 WBS Definition

The program elements are grouped into seven categories as shown in Figure 6-1:

(1) Program Management

(2) System Engine «ring and Integration

(3) Design and Development

(4) Manufacturing, Checkout and Assembly
(5) System Test

(6) Logistics

(7) Operations

The WBS definition, as detailed in Appendix F, is intended to apply, as appropriate to the

DDT&E, Manufacturing and Operational Phases of the program,
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6.2 PROGRAM SCHEDULE

Program schedules have been developed for the demonstration program. This pro-
gram consists of a series of mission options that, for program planning purposes, have
been combined into a single program. The mission options are:

Option 1 - Shuttle attached deployment and structural demonstration of a passive

bootlace lens.
Option 9 - Shuttle attached deployment and structural demonstration of a reflector.
Option 3A- Shuttle attached reflector radiometer mission demonstration
Option 3B- Free-flying passive bootlace lens multibeam communications mission.

The program schedule is illustrated in Figure 6-2. With a program start in
January 1980, the first demonstration antenna will be launched in January 1983. Options
2 and 3 can be launched on one-year centers. A seven-day flight period has been planned
for each mission. Options 2 and 3 are shown as additions to Option 1. Option 3A and 3B
have been scheduled in parallel with each other assuming that only a reflector radiometer
or an array multibeam communications mission will be flown as part of the total demon-
stration program. All of the development required for the basic structure is included in
Cption 1 and only the development unique to a particular options configuration or mission

is shown for that option.

For the three mission programs shown in Figure 6-2, one Preliminary Design
Review (PDR) will be held while a separate Critical Design Review (CDR) will be held for

each mission.

Antenna pattern measurements will be made as part of Option 1 and Option 2 missions.

An RF generating subsatellite will be required for these measurements. Design, fabrica-
tion and testing of this subsatellite is included in the Option 1 activities. The subsatellite

will be retrieved during the Option 1 mission and refurbished for the Option 2 mission.

One basic wire wheel structure will be fabricated for the total program. This struc-
ture will be used for qualification test and refurbished as required for each mission.
Since the same structure will be used for both qualification test and flight, a protoflight
test approach will be taken. Protoflight testing environmentally tests at qualification
levels for acceptance duration. Between each mission the antenna structure will be
completely disassembled, inspected and reassembled into the next mission configuration.

New components will be added as required for the next mission.
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Efficient utilization of personnel was a goal in the demonstration program planning,
As such, the sequence and phasing of the individual activities shown in Figure 6-2 provides

a continuity of activities, and, therefore, a continuity of personnel from one mission to
the next.

6.3 SPECIFICATION TREE

Specifications required to define the elements of the Deployable Antenna System are |
identified in Figure 6-3. At the top level a system specification defines technica! and
mission requirements for the system as an entity. This specification also allocates rr-
quirements to functional areas and defines the interfaces between or among functional areas.

A preliminary Shuttle Payload System Specification is to be included in this report
(Appendix G).

At the next level are development specifications for major modules in the system.
Contained in these specifications are requirements for the design or engineering of a product
during the development period. Each development specification shall be in sufficient detail
to describe effectively the performance characte ristics that each configuration module is
to achieve when a developed item is to evolve into a detailed design for manufacturing.
Logistics requirements are included as part of each development specification.

A lower level of development specification is also indicated, down to the subsystem
level. These specifications, yet to be identified will be defined where further division of

a module is required for the development effort. (For example; subsystems are to be
acquired from different contractors. )

6.4 FACILITIES

Facility requirements for antenna fabrication, assembly, test and prelaunch operations

have been investigated to determine if new facilities will be needed. The major parameters
driving facility requirements are:

® Gore size - affects fabrication and assembly clear floor area

® Rim member length - affects assembly, test and prelaunch operations, overhead
height.
Figure 6~4 summarizes the more significant facility requirements, Component fabrication,
assembly and test requirements are not included since these requirements can be considered
normal manufacturing capability.
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Section 7

SUPPORTING RESEARCH AND TECHNOLOGY

The supporting research and technology items listed below for the deployable antenna
flight test options are in three categories. The first category, SR&T For Antenna Flight

Test, includes items that are-planned to be accomplished during development of the deploy-

able antenna for shuttle-attached flight test. These items are design verification tests in
advance of the manufacturing phase of the flight article. The second category, SR&T For

Limited Mission Demonstration, describes design verification tests planred to precede the

manufacturing phase of the flight article. The third category, SR&T For User Applications,

covers items that will be needed following the deployable antenna flight test program.
7.1 SR&T FOR ANTENNA FLIGHT TEST

An early start on any, or all, of the following would reduce schedule risk on the
flight test program. Items 1 through 7 are described in 5.2.1. Items 8 through 12 are
briefly described here.

1. RF pattern test of 100~-element bootlace array
2. Gore wrap test and thermal test

3. Rim hinge test

4, Rim member test

5. Stay test

6. Stay reel test

7. Deployment compute); model

8. Array feed pattern test - It is planned for the space-fed hootlace array to use a
light weight feed system similar to a singie subarray of the main array. Because
the main array is passive, the feed array pattern enters strongly into the
illumination taper of the main array; the feed array pattern should be known in
advance of design of the resistive attenuators that will be used in the main array
for illumination taper.
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9, Pattern test of slot array for subsatellite - The subsatellite that will generate
an RF signal for on~orbit pattern tests will be a spinning body with slot radiators.

S TR REE TR LT L T

An RF simulation of the slot antenna system and its feed harness will verify the

design.

10. Parallel-Strips RF transmission line attenuation measurements - The main array
uses bootlace lines to phase the elements. These lines are parallel conducting
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strips on thin Kapton, 0.25 mil copper on one mil Kapton. The attenuation is
about 0.2 dB per wavelength. The electrical length of the bootlace lines is
longest at the center of the array, but the RF illumination taper requires least
power density at the outside of the array. Therefore, for the flight experiment,
attenuators will be used in the bootlace lines to provide the desired illumination
taper for low sidelobes. Laboratory measurements of the propagation velocity,
losses, repeatability and added attenuators, are required.

11. Instrumentation sensors - A design verification test of representative samples of
the accelerometers, thermocouples, strain gages, etc., that will be used in
flight, with coupons of the structure, will provide data for the TT&C signal con-

ditioning system design.

12, Electro-optical distance measuring system ~ An existing design of a surveying

instrument will be used for precise measurements in flight, but the instrument
= will be repackaged to separate the indicator from the optical system, and for

| space application. The first step should be an environmental test of the re-

; i packaged system.

7.2 SR&T FOR LIMITED MISSION DEMONSTRATION

For the radiometer flight test, or for a communication antenna test, the reflector
or lens antenna will be used. Thus the items in 7.1 apply, as do the additional items
: listed below.

% 1. Radiometer reflector feed pattern test -~ This item is described in 5,2, 1,

2. Test of available low noise preamplifier -~ A cluster of feeds will be used with

\

; the offset paraboloid, in the recommended configuration of a radiometer. Each
E feed will have an associated low noise receiving preamplifier. An engineering

k test of these preamplifiers is recommended, under thermal vacuum conditions,
using off-the-shelf hardware that would be the flight hardware if the test results

are satisfactory.
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Stripline RF filter design and test - To avoid receiver problems from man-made
signals, each radiometer receiving chamnel should contain an RF bandpass filter,
immediately following the low noise RF preamplifier at the antenna feed. A strip-

line filter for this purpose, using an alumina substrate and 50~ohm character-
istic impedance, should be designed and verified.

7.3 SR&T FOR USER APPLICATIONS

The items listed below are not required for any of the flight test options, but are
developments to support future systems that will use large deployable antennas. The first
four items are submodules of phased array modules. Some or all of them would become
part, as appropriate, of phased array modules that would be manufactured for user systems.

1. SAW (surface acoustic wave) bandpass filter submodule-SAW Technology is now

3.

available to produce very small filters operating at radio frequencies up to 1 or
2 GHz. Low-loss bandpass filters with high out-of-band rejection (60 dB) can

and should be developed, of small size (1 cmz) for use in communication system
RF modules,

GaAs (gallium arsenide) FET (field effect transistor) amplifiers - 200-milliwatt
amplifier submodules will be required at thc several radio frequencies (0.6, 1,
1.4, 4, 6, 11, and 14 GHz)that will be used by communication satellites with

deployable antennas. These submodules should be designed for low-cost high-
quantity production.

Low=loss 3-bit S\vitchable phase shifters - For attitude control by electronic
heam steering, phase shifters are needed. The use of electronic attitude control
will reduce satellite or antenna platform cost by alleviating the requirements for
low-temperature coefficient structure, structure stiffness, and accurate RCS/ACS
systems. The phase shifters should need low switching power and should have

RF loss lower than 0.5 dB per bit with RF power handling capability of 200 milli~-

watts. The phase shifters should be built as submodules, designed for low-cost
high-quantity production.

RF module development -~ An overall RF module development program will be
necessary preliminary to the use of active phased array antennas for space
applications. A module program is defined in Reierence 32. The key parameters
of the RF module for any application are light weight (0. 01 Ib), low cost ($20. 00),
and reliability in the space environment, all of which are achievable,
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5. Low noise RF preamplifiers for phased array radiometer - An early limited

application flight demonstration of a phased array radiometer is not recommended
because the necessary preamplifiers are not available. The phased array antenna
configuration is better than the offset parabola; it will have more gain, smaller
spot size, lower sidelobes, and better noise figure. Unlike phased array
communication or radar systems, the RF modules for the phased array radiometer
are single chips containing only low-noise preamplifiers. The number of pre-
amplifiers used in the array will vary from ten thousand to several million,
depending on the application. Except that they are smaller and less complex,

the radiometer RF modules will have similar requirements to the radar and
communication RF moedules.
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Figiske A-1 Comparison of Antenna Types
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Appendix B

TOLERANCE ANALYSIS FOR A PARABOLIC/SPHERICAL
REFLECTOR ANTENNA
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Appendix B

TOLERANCE ANALYSIS FOR A
PARABOLIC./ SPHERICAL REFLECTOR ANTENNA

The representation of axial structural distortion on a parabolic/spherical reflector
is shown in the following figure, (B-1).

1

PATH LENGTH ERROR Aa = €3 (1 + COS 6)

-

FOCus

-
-

F
1416-048V
Figure B-1 Reflector Axial Distortion

In the discussion, the following symbols will be used:

€= axial structural tolerance
F = focal length of reflector

= radius of reflector

= Wavelength

= electrical phase error in radians
diameter of reflector

= F/D of reflector

r
A
o
D =
f
0

= scan angle



Path length error = Aa = €, (1+ cos 9)

. r T
sing = =/, =
\{ » F D 2 f rmax
!
” cos@ = V1 - sin?e
cos® = V1 - r2/F2
l 2
| ( _ ,/ _ T
| max
, 2
- _ T
Aa ea[l +\/1 (zfr ) ]
max
_ OA
: Aa = -g;- 1
1+ Vi- (m—'
; max
ﬁ For f—~ua,
. 5’5 a = g—
: . max 47
X
]
Forf = 1,5 and r=1r
max
! € = oA 1
i, a 2T g 4h - /sy
| c - A oA
| ‘ a  3.88I T4nr
B-3/B-4
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Appendix C
DETERMINISTIC TOLERANCE ANALYSIS (APPROXIMATION)
FOR A LENS/PHASED ARRAY
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Appendix C

DETERMINISTIC TOLERANCE ANALYSIS (A PPROXIMA TION)
FOR A LENS/PHASED ARRAY

The following tolerance analysis for a lens/phased array is an approximation, based
on trigonometric and series expansions. It also does not include scanning,

Axial distortions are measured along a parallel to the lens axis (See Figure C-1a).

The path length increase Aa’ to a given reference plane is related to the structural
distortion ¢ a (positive toward focus) by:

A =€, (1 ~coség)

a (1)
where 6 is the element angular position measured from the focus.
Taking cosf = 1~ —g—z
92
Aa &€ (l -1+ 3)
€ .2
~ _af
A, =2 (2)
However
r
tang = ¥
F
For smallg , and f = 5T
max
= L.
tan 8 = 6 = 7
T
Q=
2 f T hax
Therefore
€ 2
A =2 L
a 2 (2 +r ) @)
max
Since Ao
L ===
a 27




an it

Where
A = wavelength
¢ = electrical phase error
Then
2
AO €a T
8 =37 =7 [T (4)
a T 2 (2 f rmax) ‘
and . 9
e = 47\6f2 (max) (5)
a ™ T

Radial distortions are measured in a plane and along directions perpendicular to the

lens axis (See Figure C~1b)., The path length errora is related to the structural

distortion €. (positive with increasing radius) by:

A = €_sinf
r r

For sing = 9-93/6
~ _ 83
Ar €r (9 6 )
Ar ~ €r9
tang = 'FL
F
For small 8 and f= 5T
max

Since A = L=

(6)

(7)

(8)
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b. Radial Distortion

Figure C-1 Lens Surface Distortions
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Then
=AT _ —xX
. Ar 31 "% Tfr ®)
max
r
. A max
¢, = o (ma) 10)
Equations (5) and (10) are plotted in normalizsd form in Figure C-2 for a 45° phase
error criterion, The overall conclusion is that the periphery is the most critical area.
Furthermore, distortions of the shape of the edge (nominally circular) is numerically
more sensitive that out-of-plane warping.
:
:F
{ C-5
|
|

w
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20 - f: 2
/N 10|
0 1 | ] 1 ]
(1] : 1.0
/" max

a. Axial Tolerance
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0 1.0
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1416-051Vv b. Radial Tolerance

Figure C-2 Lens Tolerance (45° Phase Error Criterion)
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Appendix D
DETERMINISTIC TOLERANCE ANALYSIS (EXACT)
FOR A LENS/PHASED ARRAY
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Appendix D

DETERMINISTIC TOLERANCE ANALYSIS (EXACT) FOR
LENS/PHASED ARRAY

1.0 PHASED ARRAY

Permissible structural deviations are based upon antenna performance character-

iétics, such as sidelobe levels and beam steering errors. This appendix derives the

relationship between the electrical phase error and the structural deviation which causes

that error. The deviation is a function of the position of the element in the array, the

array geometry and the radar beam pointing direction.

Figure D-1 indicates the coordinate system used for the analysis. In the discussion
below, the following symbols will be used:

€a

€
r
€

axial structural tolerance (inches)

radial structural tolerance (inches)

total structural tolerance (inches)

wavelength

electrical phase error

axial electrical tolerance (inches of path length error)
radial electrical tolerance (inches of path length error)
total electrical tolerance (inches of path length error)
focal length of lens

diameter of lens

radius of lens

F/D of lens

antenna scan angle

angular location of element in the array plane from a reference

radial direction

radial location of element in the array as a fraction of the radius

B AIZe el s ara e e



FEED

P RAY AT~
; \ -7 ~
‘ | _- ' / ~PHASE FRONT
- g F ¢
- . /
FEED /
/
: /
. /
1416-052V /
- Figure D-1 Coordinate System for Structural Tolerance Analysis

RAY DIRECTION

B
KDPHASE FRONT

» ' 1416-053V

Figure D-2 Geometry for Axial Error Anélysis
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Solution for Axial Error as a Function of Scan Angle

For a scan angle of ¢ degrees Figure D=2 shows the relative path lengths. OA is the
distance from the feed to the element without any mechanical error. OA is equal to OA', the
distance from the feed to another element. The phase shifters at A and A' are set to
produce a phase front (modulo 27) at an angle pas shown through points B & B'. The
distances AC and A'C are equal. If the element is moved a distance "AB" to points B and
B' as shown, the path length difference between OAC and OB represents that error because
the same phase shifter setting occurs at A and at B.y This is also true for A' and B'.

A =\/i“—?‘+rz+eacos¢-\/(F+ea)2 + rz

a

but

r _D/2 _ 1 1
F~ F ~ 2F/D 2f

For an element located at a radius equal to r the allowable axial error is

Ay
ea = 1
cos ¢ -
V1 +a?/af
_ OA
Aa T
= A 1
€a T 27 1

cos9 -
Vi1 +a2/4E

Solution for Radial Error as a Function of Scan Angle

Figure D-3 indicates the path taken by one ray between the feed at "'0", and an element

located at a radius "r" from the center of the antenna and proceeding in a direction normal
to the phase’front. It intersects the phase front at point "A".

The path length from "o to "A" is equal to:

L0A=\/ }?‘2+r2 +rcosy sing
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APERTURE
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ONE QUARTER OF
ANTENNA SHOWN
FOR SIMPLICITY \

rCOS y SIN ¢

=31

2
4

Y

FEED . .
1416-054V Figure D-3 Geometry for Radial Error
If the element normally at radius "r" is instead at radius "r +€r” where " er” is the

radial error, then the ray would follow a similar path and the path length from "O" to
"AM is:

OA

f

The path length error €. = Loa = Loar

L, =VEs (r+6 )% + (r+5 ) cosy sing

r

A = \/F2+r2 + rcosy sing —\/F2+(r+er)2 -(r+er) cosy sin¢

&
E’

T T

i TR S0 2 TR TN




(U) For an element located at a radial distance ar the allowable radial error is:

A

_ r

€ < , 1
- cosy sing -
V1 + (4f2 /a‘?')

_ gA
AT = o7

= OA 1
& 3 t 1

- cosy sing - ‘/]::-tz-—/a—z—

The total electrical error is

1

A= Aa+Ar= €a cos ¢ - az - Gr cosy sing +—'_—_._4_f2__._
14— 1 4 —
a4

also - 7
€a _| cosy sinp +/1+4f2 (_A_a_)
€r 1 o Ay
2
o
/1+ - cos ¢
L 4{2 i
also
iAmaxl = ( |€a| + lerl) + sing
1+—- 1+ 0‘

where § = 0°

This has a maximum value When ¢ is at the scan limit of 22, 35°

|2 max|

(leal + |€r|) o 1+ a/2f

min >
1+ & - . 5446
P

- Ccoso




For the permissible phase error of 2.5 electrical degrees, |A . 0656

max l -
inches

(|€a| + |€r|) =— ;Ozsezf inches
min > - . 5446 ,
I
4

This is a worst case bound on the required structural tolerance as a function of

element radial location.

- Therefore, the minimum radial tolerance is at least five times tighter than the
minimum axial tolerances at any radial distance. Figure D-4 shows computed values of
worst case tolerance and ea/ € for various radial locations in the plane of array. This
tolerance is associated with a worst case random error of an element location to limit
the contributed electrical error to 2 1/2° peak, The rms electrical error is con-
siderably less than 2, 5° when the contributions of all the elements are taken into account,
For smooth spatially distributed errors, a larger tolerance can be allowed since the
effect is primarily a beam steering bias error and a change in the sidelobe structure.
The sidelobe effects will dominate the allowable phase error. This type of error is, in
our case, caused by thermal expansion of the gore and compensation is used to correct
the phase errors with the sidelobe requirements controlling.

« 5, MIN (INCHES) 5416,

1 0.09 ' 29.3
0.8 0.10 15.4
0.6 0.10 10.4
0.4 0.11 7.7
0.2 0.13 6.4
0.02 0.14 5.2

1416-055Vv

Figure D-4 Worst Case Tolerance
Summary

Figure D-5 is a plot of the radial and axial allowable error for a 2. 5° electrical
error for an element located at the rim (¥=0, a=1), Figure D-6 is a similar plot
for an element located at the drum (= 0, a= 0.2). It can be seen that the tightest

tolerances are radial and occur at the maximum scan angl'e of 22, 35° in both figures.
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SCAN ANGLE ¢ (DEG.)

Figure D-5 Structural Tolerance (Inches)
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WORST CASE TOLERANCE
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ERROR
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-24 -20-16-12 -8 -4 0 4 8 12 16 20 24
SCAN ANGLE ¢ (DEG)

Figure D-6 Structural Tolerance {Inches)
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2,0 BOOTLACE LENS

For the bootlace lens, the previous derivations for the phased array can be utilized.
In this case the scan angle is determined by the location of the feed in a multiple beam
application. The consequence of this approach sets 6, the antenna scan angle equal to
zero degrees. Furthermore, only the on axis feed location will be addressed. Off axis

feed locations will modify the derivations since they will further influence the lens
aberration.

Thus the following expressions result for the simple on~-axis feed location,

_aX 1
€a =27 L
V1- 1+ a°/4f
_ oA/ 2
€ =5 1+4f2/ae

D-10
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Appendix E
STATISTICAL TOLERANCE ANALYSIS FOR A
LENS/PHASED ARRAY ‘
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TOLERANCE ANALYSIS OF LENS

1.0 SUMMARY

The antenna pattern of an array is determined by the far field summation of the ampli-
tude and phase of element currents in the aperture. The actual antenna pattern will differ
from the theoretical pattern as a result of systematic and random errors in the currents and
in the element positions,

~ Systematic errors can be caused, for example, by the presence of a radome, by line
attenuation that was not properly accounted for, or by mutual coupling. Systematic errors
can ultimately be corrected for.

Random errors are those that arise in the construction or adjustments of an array,
due to limitations of accuracy in fabrication or measurement. These errors result in a
rise of sidelobe levels above design values, reduction in gain and change the pointing direc-
tion of the main keam. For low sidelobe antenna designs the effect on sidelobe level is the
most. signiiicant.

The following derivation of an error expression considers only Gaussian distributed
and correlated errors. An equation for the normalized far field pattern is derived which has

two terms. The first term is equal to the no-error pattern and the second term defines the

sidelobe level due to random errors.

Parametric trade-off curves are generated using the derived equations. The curves
plot mechanical radial tolerance of element location versus element correlation distance,

angle-off boresight and random error sidelobe level.

~The curves show, for a 304.8 meter (1000 foot) diameter space-fed iuns with 813, 000
modules, that the worst case correlation distance is 15.5 feet. In addition, the pattern plot
shows that an rms tolerance in the order of 0.1 inch is required to maintain a random

error sidelobe level below the no-error pattern sidelobe level.

Symbols used in the analysis which follows are defined below. The coordinate system
is depicted in Flgure E-1.
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LIST OF SYMBOLS

Numbers in parentheses () indicate defining equation,

A,

B,

m, n,

N,
P,
q,
ke’

mn

N
Wip’

Wnll\n’
dBi
0,

()

N
Ps

A |

[(k-m) cos @ sin ¢ + (£-n) sin] 0
[(k-m)z + (;z-n)z] / 1.2

c = (1 -1/, (1/2)2) 1/2

B

- element spacing

diameter of lens

focal length of lens

far-field pattern

design far-field pattern (no-errors)

index, azimuth
k, = (2nd)/A

index, elevation

-correlation distance (in element spacings)

number of elements-elevation direction across aperture
duplicate index for k and £ for purposes of mathematical
convenience '

Number of elements - azimuth direction across aperture

p = k-m
q=1-n
- = A
Wis = Wi e Pia
Wi = Vi © ¥

design set of feeding coefficients
design set of feeding coefficients

dB gain level with respect to an isotropic antenna
elévation angle '

azimuth angle

'wavelength

aperture efficiency
sidelobe level, ;(hash level) due to random phase errors
f = F/D

(E-1.05)
(E-1.15)
(E-1. 35)

(E-1.00)

(E-1.04)

(E-1. 09)

(E-1.32)
(E-1, 36)
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LIST OF SYMBOLS (Cont)

o, variance of K2

o, deviation of electrical phase (E-1.33)

’e\, - deviation of mechanical position of element from its (E-1.34)
‘ theoretical position

zpk 0 phase error

‘l’ﬁm’ : phase error

0, times

.

M BY N PLANAR ARRAY OF ANTENNA ELEMENTS

1416-058V

Figure E-1 Coordinate System

2.0 "DERIVATION OF ERROR EXPRESSION

The far field pattern of a planar array of M by N isotropic elements on a rectangular
grid in the xy plane with equal element spacing, d, can be expressed as:

. "M N -
F0,0) = £ I Wy €XP [-i(27d/N) (k cos§ sing + L sing I (E-1.00)
k=1 =1 :
where
Wy, = Wy, exp (] ) kﬁ) » Wy, is an amplitude distribution with an (E-1.01)

associated phase error

~ The power pattern for the array IF (0,9 )l 2 is equal to C~1,00 times its complex conjugate.
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M N M N

Z Z T T WAWKA exp [j(¥p,-¥..)
k=1 =1 m=1 n=1 K¢ mQ U @p = ¥rnn]

le (6,092

® exp [-j(27d/A) (kcos @ sin¢ + £sin6 )]
® exp[j (27 d/A) (m cosf sing +1sing)] (E~1,02)

‘Th’e- power pattern for the array (E-1.02) is statistical since Wkl and Wmn are statistical.
Therefore an ensemble average power pattern would represent an average of a number of
power patterns for similar arrays. To obtain the average of (E~1,02) the summation is
separated into two parts, terms for m = k and n = 1 and the remaining terms for m # k and
n#f. This is done to satisfy the theoem in probability theory which states that the mean of
a product of statistically independent random variables is equal to the product of the means
of these random variables.

——— 2 M N M N A .
[F@i0)l =2 5 3 3 W, Wr e, -y

)
k=1 £=1 m=1 n=1 mn' ]
o exp [-j (2w d/r) [(k-m) cosf sing + (£-n) sine]] (E-1.03)
Define : o ‘
ko= 2nd/A (E-1.04)
A = [(k-m) cosg sin¢ + (¢-n) sing] (E-1.05)

To determine the average of exp [j (zpk ' Y mn)] the phase errors are assumed to
have a Gaussian probability density function with zero mean, variance 62 and a Gaussian
shaped correlation function with distance between elements.

Zl’k =0 ‘ : (E-1,06)

— 92 :
V= 0 | (E-1.07)
2 2
T - 52 ¢ Z(kzm) - AE-n) (E-1.08)
k™ "mn L

When the correlation distance L = [(k-m')2 + (l-n)z]l/ 2 the (E-1.09)
error is down to 1/e of its initial value since:

(Y~ Py = Ekz ~ P = O : - (E-1.10)
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and: .
2 - —_— -
ieo = ¥mn) = ¥e® = 2%y Zl)mn * ¥pmn? , (E-1.11)
2 2 '
= 52262 - &km) L 2 (E-1.12)
L
therefore:
— o Temrm 2 _ 2 : ‘
T =9 = 260 1-e” W2 (i) , (E-1.13)
L . ‘
and: ‘
| 2 2 |
e JWKL-Ymn) _ 2 [1-e' (o) + (2-) ] (E-1.14)
: L
define -
' (k—m)2 + (£ -n)2
B - 2 (E"lo 15)
L

Therefore equation C-1.02 can be written as

— 9 M N M N L,
IF(9¢)| T Z oz W

Ew* exp -0 (1-e B)] exp (-jk_A) (E-1.16)
k—l ¢=1 m=1 n=1 o

Note that:
2 - 2 2 o
exp ["U (1-e B)J = exp (-0 )exp (o e B)
exp (02 e-B) = 1+ crz e-B + (02 e—BlZ + (02 e"B)3 N
2! 3!

for o<« 1 use only the first two terms of the e X expansion. Then equation E-1, 14 becomes:
, B]

exp i (Yy = ¥ )= exp (-0%) [1+ 0% & (E-1.17)

Equation (E-1.03) can now be written

———— ; A A
|F(9.¢)I =exp(-crz) z z z T W W* exp(-]k A)

N
o W €xP (-B) exp (=] k_ A) (E-1.18)

When k = m and {=n the average values of the power pattern of (E-1, 02) equals

M N Alg
IF (o ,¢)| = £ z |wk . (E-1.19)
k=m k=1 f=1

£=n

>




Therefdre the average value of (E-1.02) equals (E-~1,18) + (E-~1.19)

RER—— _— 2 ——
u (6,92 = Fie,o)l” + IF(69)°
: k#m k=m
t#n g=n
| M N M N
] 2 2 2
F e ol 2 = e (-0™ [IF, (6,0)1%+6% 5 = =z =
‘, k=1 £=1 m=1 n=1
A A e A M N Vlﬁ\l 9
Wieg Winn 30 (-B) exp (=1 k, A) - }_3 E | kll ]
: k=1 £=1
! M N l/\ A
+ T T W I“ (E-1.21)
k=1 =1 @ *&

Where F0 (8, ¢ ) is the no-error design pattern obtained by adding (E-1.19) to the first term
of the first of (E-1. 18) and then subtracting it as not to include k=m and £=n terms twice.

Therefore,
~ V M N M N
2 2 2 2 AN

| IF(6,0)° = exp -6y [IF_(6,0%+0c° = = = 3z W_, Wt exp(-B)

| | ° k=1 f=1 m=1 n=1 o W0 |
< M N

| Gk A FA-exp-cd) 2 oz W |2 E-1.22
exp (<) k, (1 - exp-o®) Wil (E-1.22)

k=1 ¢£=1

Let p = k=m and ¢ = 1-n then the summation of its second factor of the first term of E-1.22

can be written as:

M N k-1 £1 « p? s o [ y
T Z z T W, W —q EXP (- =—5=) exp -j 27 d/A
k=1 =1 p%k-M g=g-N 4 KP» I=d L
(p cosh sing + q sin6)] (E-1.23)
Assuming that the taper does not change greatly over correlation distance L (E-1.23) may be
approximated by:
M N k-1 2 «
~z oz lwkllz 2 exp(By) exp-j 222 pooso sino
k=1 (=1 p=k=M L
-1 2 . |
- . 27d ,
T exp (%) exp (-j —5— sing) (E-1.24)
: g=£~-N L
- M N o 2, 2 2rd % 2,2
~z 2 |w,|® = o (-P/L7)  (-i=5—pcosg sing) o (-q/L7)
k=1 =1 ¢ e 00 Q=
» | | =279 sin gy  (E-1.25)
e A : : °
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M N o _.em
~3 3 |Wﬁ1|2 _;_ j‘ exp_xz/dez e .] 5~ Xcosg sinbdx
k=1 £=1 a J |
2 . 2m
o - (-]—A—xsing) . (E-1.2
.j’ exp (-X [ 2,2) e dx (E-1.26)
- 00 : . .
. ‘ M N ‘
zerz exp- 7r2L2 d2 (sin2 o+ cos2 9sin2¢) z p> _|Wﬁ2|2 (E-1.27)
2 k=1 g=1
A
Substituting (E-1.27) into (E-1.21) results in:
2.2 2
2 a2 2 2 L™ d
F(6,0)2 = exp (00 [F(o,07]%+ 717 0¥ exp (- 55—
, X
M N
(sinze +c0526 sin2¢))o z z IW/l\dl2
k=1 £=1
o M N 2
+ (l-exp-c) 2 T |wp,| (E-1.28)
k=1 (=1 ‘
If o<« 1 then lF(e,v))I:zreduces to,
2.2 2
— 2 2 2 2 .2
|F(9,¢)|2 = IFO(B, o)~ + 7L ozexp(- E——;‘—d— (sin“0 + cos” 6 sin"¢ )
A
M N 9
oz = |wp (E-1.29)
k=1 f=1

Tb normalized power pattern divide (E-1.29) by the no-error pattern at ¢=0, ¢=0, i.e.,

ool =13 3 w2
F (6,0)° =]z T W

0 7 00 k=1 =1 X
9=0

; 2 ’

|F_(6,9) 2.2 2 2. .2
W(9,¢H2 - _g_____§4_wL202mm(7u,; (sin” 9 + cos“0 sin ¢0
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The first term of E-1. 30 is the normalized no-error power pattern of the array and the
second term is the statistically omnidirectional pattern due to errors. This statistical pat-
tern is a hash level (sidelobe level) p, due to random phase errors.

The second term of E-1. 30 may be rewritten since

z oz |y’
z WA
ke |
=1 = (E-1.31)
M N 9 NMpn
T oz wp
k=1 =1

where:
. N = aperture efficiency
therefore the hash level p is:

T 2 2 2 .2 2, .2
P= Ry L” 0% exp [- (7L d/0)” (sin6 + cos”6 sin“p)] (E-1.32)
and
, 2 .2 2 .2 _.1/2
oo [pNMn exp[gﬂ;\d) (sin” 6 + cos” @ sin ¢)]] (E-1. 33)
TL

o is the variance of the phase error in electrical degrees. This converts to a mechanical
rad1a1 error for the space-fed lens array:

e= [a/2 V2T 0o)lo (E-1. 34)

where ;
C = [ - -——-1-———-5 1/‘] (E-1. 35)

‘ [1+ @/26)°] '
€= —IE)— (E-lo 36’)

E-3 RADIAL TOLERANCE PARAMETRIC CURVES

Equation E-1. 34 for the radial tolerance of a space-fed lens array has been pro-
grammed onto a HP 9830 computer and plots of tolerance versus correlation distance and
tolerance versus angle off boresight have been generated.

Figure E-2 shows the worst case R.M.S. mechanical tolerances occurs at a correla-
tion distance of 15.6 element spacings., Since the element spacing is 0,093 feet the correla—
tion distance is 15,5 feet.
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Figure E-2 Tolerance vs Correlation Distance and Various Random Error Sidelobe Levels
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Figure E-3 is a plot of radial tolerance versus angle off boresight for a correlation
distance of 20 element spacings.

15.5 feet

19.9 feet

Min. (tolerance)

{

{

0,170 inches
0. 054 inches
[ 0.017 inches

0. 183 inches
0. 058 inches

0.018 inches

the tolerance requirements decrease,

Equation E~1. 34 was also rewritten to enable plotting random error sidelobe level

Random Error Sidelobe Level

-60 dB
-70 dB
-80 dB

-60 dB
-70 dB
-80 dB

N ST . T Vi

Figure E-3 shows that as the angle off boresight increases

versus angle-off boresight. These levels were then plotted on a theoretical antenna pattern

of a 304, 8 meter diameter with a field amplitude distribution which approximates a cosine
on a pedestal with 10dB edge taper.
ance 0.1 inches is required to keep the random error sidelobe level below the no~-error

pattern sidelobe level for all 6 angles.
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Figure E-4 is the resultant plot. Note a radial toler-
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Appendix F
WBS DICTIONARY

1.0 DEPLOYABLE ANTENNA DEMONSTRATION PROGRAM

This element summarizes the effort to provide hardware, software, services and
facilitiec that are required to develop, manufacture, operate and maintain the Deployable
Antenna System. It also includes the DAS/Shuttle Integration activities,

1.1 PROGRAM MANAGEMENT

This element Summarizes the management activities of planning, organizing, direct-
ing, coordinating, controlling, and approving actions required to accomplish overall DAS
objectives. It excludes management activities associated with specific DAS hardware ele-
ments but includes the management activities required for DAS integration with other
categories. The management activities associated with specific DAS hardware elements
will be included as part of those particular elements. Functions costed herein include
Program Manager, Administrative Staff, Cost/Performance Management, Information
Management, Contract Administration, and Material Procurement.

1.2 SYSTEM ENGINEERING AND INTEGRATION

This element summarizes the effort required for systems engineering and integration
of the DAS. The systems engineering effort includes directing and controlling requirements
analysis and integration, system definition, system test definition, interface, safety, reli-
ability, maintainability, configuration management, quality engineering and technology
utilization. The integration effort includes DAS/Shuttle integration.

This element is subdivided as follows:

WBS : TITLE
1.2.1 Systems Engineering

1.2.2 DAS/Orbiter Integration

1.2.1 Systems Engineering

This element pertains to the systems engineering effort associated with the design,
development, production and test of the DAS. Included are analyses required to verify com-
patibility of designs with requirements; to control and direect the engineering activities, and
to make cost/performance tradeoffs. Also included are engineering planning studies,
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technology utilization, technical risk assessment, reliability engineering, safety engineer-
ing, quality engineering, configuration requirements analysis, and associated support
required to perform the DAS systems engineering task.

1.2.2 DAS/Shuttle Integration

This element includes all systems engineering and integration effort associated with
the combined functioning of the DAS and Shuttle. Included are system analysis, test and
evaluation required to ensure the efficient accomplishment of this task; analysis and identi-
fication of DAS test and checkout operations affecting the interface; evaluation/coordination
of recommended changes to this interface; and preparation, submittal, and maintenance of
Interface Control Documents. DAS integration in this context includes the deployable
antenna in each of four configurations; two each for antenna development and mission experi-
ment. Integration of the subsatellite and instrumentation with the orbiter is also included

as appropriate for the different configurations.
1,3 DESIGN AND DEVELOPMENT

This item includes all labor, materials, tooling, facilities, studies, analyses, etc.,
which are required to determine specification requirements and the subsequent analysis,
design, development, evaluation and redesign for the subsystems. Specifically included are
the preparation of specifications, drawings, parts lists, wiring diagrams, technical coordi-
nation between engineering and manufacturing, vendor coordination, component and sub-

system hardware development and testing, data reduction, report preparation, determina-

AT LR R ST

tion and specification of requirements for reliability, maintainability, and quality assurance.

In addition, costs are included for efforts to complete the planning and design of tooling,
jigs, fixtures, and special test equipment/GSE. Also included in this item is the effort
expended in conducting system design reviews, evaluating the results of those reviews, and
performing engineering cost analysis and materials analysis. This includes subsystem
management and engineering which is directly charged to a particular subsystem or com-
ponent. Design and development also includes costs associated with developmental test
articles such hardware as engineering models, breadboards, engineering mockups and such

other hardware as required in the development of individual subsystems and components.

The element is subdivided into the following systems.

WBS TITLE
1.3.1 ' Deployable Antenna
1.3.2 RF Source Subsatellite
F-3
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WEBS TITLE

1.3.3 Radiometry Experiment Kit

1.3.4 Multibeam Communication Experiment Kit
1.3.5 G.S.E.

1.3.6 Facilities

1.3.1 Deployable Antenna

This element contains the costs associated with design and development of all the
subsystems required to provide the flight hardware for the two antenna development config-
urations; a bootlace array and a parabolic reflector. The RF Source Subsatellite, also
required with these configurations is included in WBS 1. 3. 2.

The Deployable Antenna is divided into the following elements:

wWBS TITLE

1,3.1.1 Basic Structure

1.3.1.2 Bootlace Array Configuration Kit
1.8.1.3 Reflector Configuration Kit

1.3.1.4 Instrumentation

1.3.1.5 : Payload/Orbiter Interface Structure
1.3.1.6 Integration and Assembly .

Each of the subdivisions - 1.3.1.1 through 1.3.1.5 are subsystems and contain labor and

materials necessary to design and develop that particular subsystem.
1.3.1.1 Basic Structure

This element includes the design and development of hardware which makes up the
wire wheel structure that is common to all four flight configurations. It consists of the hub,

rims, stays, stay platforms/reels and interconnecting umbilicals.
1.3.1.2 Bootlace Array Configuration Kit

This element includes the design and development of hardware which when integrated
with the Basic Structure (WBS 1.3.1.1) results in a bootlace array antenna system. It con-
sists of a rotating gore drum, three gore planes and interconnecting delay lines, gore
mounting/tensioning hardware and the feed structure and electronics.

1.3.1.3 Reflector Configuration Kit

This element includes design and development of hardware which wiren integrated
with the Basic Structure (WBS 1. 3.1.1) results in a parabolic reflector system. It consists
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of three extendable masts and associated canisters, mesh reflecting surface, axial control
system and feed structure. Feed electronics in WBS 1, 3. 1.2 are common to this element.

1.3.1.4 Instrumentation

This element includes design and development of hardware required to perform
structural measurements during shuttle attached flights. It consists of the Electro-Optical
Distance Measurement System, the Analytical Photogrammetry System, TV, instrumenta~-

tion and signal conditioning modems.
1.3.1.5 Payload/Orbiter Interface Structure

This element includes design and development of hardware which provides the physi-
cal interface between the deployable antenna and the orbiter during the three shuttle-attached
flights as identified above. It consists of an orbiter separation mast and canister, pivot

structure support, pivot structure and forward support structure.
1.3.1.6 Integration, Assembly and Checkout

This element contains all labor required to perform an integration analysis for the combin-

ing of the various subsystems into the two antenna development configurations,”

1.3.2 RTF Source Subsatellite

This element contains the costs associated with the design and development of all the
subsystems required as part of the expendable subsatellite which provides RF signals for
beam pattern measurements on the two antenna development flights. The RF Source Sub-

satellite is subdivided into the following elements:

1.3.2.1 Structure

1.3.2.2 R. F. Electronics

1.3.2.3 ‘ EPS

1.3.2.4 TT&C

1.3.2.5 o Subsatellite/ Orbitef'Interface Structure
1.3.2.6 Integration and Assembly

Each of the subdivisions 1.3.2.1 through 1. 3.2.5 are subsystems and contain labor and

materials necessary to design and develop that particular subsystem.
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1,.3.2,1 Siructure

This element includes design and development of structural stringers, hardware
mounting brackets and external skin,

1.3.2.2 R.F, Electronics

This element includes design and development of the RF transmitter (signal source)
on omni antenna network including harness, dummy load and hybrid.

1.3.2.3 EPS

This element includes design and development of primary batteries and interconnect-
ing wiring.

1.3.2.4 TT&C

This element includes design and development of command receivers, baseboard/
transponder, electronics and omni-antennas.

1.3.2.5 Subsatellite/Orbiter Interface Structure

This element includes design and development of a spin-up table and associated sub-
satellite mounting/release mechanism.,

1.3.2.6 Integration and Assembly

This element contains all labor required to perform an integration analysis for the
combining of the various subsystems into the subsatellite,

1.3.3 Radiometer Experiment

This element contains the costs associated with design and development of the hard-
ware which, when integrated with the Basic Structure (1.3.1.1) and the Reflector Configura-

tion Kit (1.3.1. 3), result in a shuttle attached radiometry experiment configuration.

The Radiometer Experiment Equipment is divided into the following elements:

WBS TITLE

1.3.3.1 Off-set Feed Array
1.3.3.2 Feed Electronics
1.3.3.3 Integration and Assembly

Each of the subdivisions 1.3.3.1 and 1.3.3.2 are subsystems and contain labor and materials
necessary to design and develop that particular subsystem.
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1.3.3.1 Off-set Feed Array

This element includes the design and development of a wire wheel structure feed array
consisting of a hub/drum structure, rims, stays and stay reels, gores and RF preamp
modules. It also includes a feed extension structure (extendable mast and mast canister).

1.8. 3.2 Feed Electronics

This element includes design and development of a multichannel receiver/integrator

and a data multiplexer.
1. 3.3.3 Integration and Assembly

‘ This element contains all labor required to perform an integration analysis for combin-
ing the above hardware with hardware in WBS 1.3.1.1 and WBS 1. 3.1. 3 to obtain the radiom-
etry experiment configuration.

1.3.4 Multi-Beam Communications Experiment

This element contains the costs associated with design and development of the hardware
which, when integrated with the Basic Structure (1.3.1.1) and portions of the Bootlace Array
Configuration Kit (1. 3. 1.2) results in a free-flying communications experiment configura-

tion. The Multibeam Communications Experiment equipment is subdivided into the following

elements:
WBS TITLE
1.3.4.1 5 Feed Array
1.3.4.2 ' Comm Subsystem
1.3.4.3 TT&C
1.3.4.4 AVCS
1.3.4.5 EPS
1.3.4.6 Structure
1.3.4.7 Integration and Assembly

anh of the subdivisions 1.3.4.1 through 1, 3.4.6 are subsystems and contain design and
development costs associated with that particular subsystem,

1.3.4.1 Feed Array

This element includes design and development of the multibeam feed array and mount-
ing structure.
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1, 3.4.2 Communications

This element includes design and development of a communications transmitter/
receiver and diplexer,

1,3.4.3 TT&C

This element includes design and development of the TT&C transmitter/receiver,
command decoder, command/data modems, housekeeping instrumentation/SCUs, PCM,
data transmitter and omni and high gain antennas.

1,3.4.4 AVCS

This element includes design and development of AVCS sensors, thruster control logic,
thrusters and propellant tanks.

1.3.4.5 EPS

This element includes design and development of primary batteries and power distribu-
tion hardware.

1.3.4.6 Structure

This elemert includes design and development of upper systems package structure and
modifications to the lower system package (hub/drum) for hardware mounting.

1.3.4.7 Integration and Assembly

This element contains all labor required to perform an integration analysis for com-
bining the above hardware with hardware in WBS 1,3.1.1 and WBS 1. 3. 1. 2 to obtain the

communications experiment configuration.

1.3.5 Ground Support Equipment (GSE)

This element summarizes the labor and material required to design and develop the
GSE hardware required for DAS systems level in-process and final assembly/checkout, .
development/verification test site operation, ground operations, and flight operations
mission support. The GSE requirements include the electrical/mechanical/hydraulic equip-
ment needed for DAS test/checkout, fault isolation, handling, transportativnn; servicing and

repair. It also includes DAS GSE software requirements.
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This element is subdivided as follows:

WBS TITLE

1.3.5.1 Mechanical GSE
1.3.5.2 Electrical GSE
1.3.5.3 Fluid GSE

1,3.5.1 Mechanical GSE

This element includes design and development of a factory stand and local transporta-
tion dolly, sling assembly, access and work stand, antenna handling equipment and space-
craft shipping container.

1,3.5.2 Electrical GSE

This element includes design and development of a console to support the assembly
and checkout testing of the payload.

1,3.5.3 Fluid GSE

This element includes design and development of a propellant checkout and servicing

unit to support checkout testing of the RCS,
1,3.6 Facilities

This element includes the planning, design and development associated with the

construction/major madification of required facilities for the DAS manufacture, test,

maintenance/refurbishment and ground/flight operations support. At this time, the program

is assumed to be performed in existing facilities; no requirements for additional facilities
or bmajor modifications have been identified. In future WBS updates, this element will be
subdivided to include facilities associated with manufacture/acceptance test, 'development/
verification test, ground operations and flight operations as appropriate.

1.4 MANUFACTURING, CHECKOUT AND ASSEMBLY

This item includes all labor and materials required for the manufacturing, checkout
and assembly of space hardware through the acceptance of this hardware by the Government,
Specifically included in this item are all costs associated with the following:

@# Procurement, fabrication, assembly and checkout of space hardware
@& 'Ground test and factory checkout of space hardware
‘@ Initial spares

e Maintenance of tooling and factory test equipment/GSE.
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This element is subdivided into systems which have a one-to-one correspondence to
those defined under WBS 1. 3; i.e., 1.4.1 includes costs associated with manufacture of the
deployable antenna which was designed/developed under 1.3.1. This one-to-one corre-
spondence is further extended down to the next level for definitions of subsystem and com-
ponents included in this system, The resulting subdivision is as follows:

wBs TITLE

1.4.1 Deployable Antenna

1.4.1.1 Basic Structure

1.4,1.2 Bootlace Array Configuration Kit
1.4.1,3 Reflector Configuration Kit

1.4.1.4 Instrumentation

1.4.1,5 Payload/Orbiter Ini: rface Structure
1.4.1.6 Integration, Assembly and Checkout
1,4,2 RF Source Subsatellite

1.4.2.1 Structure

1.4.2,2 RF Electronics

1.4.2.3 EPS |

1.4.2.4 TT&C

1,4.2.5 Subsatellite/Orbiter Interface Structure
1.4.2.6 Integration and Assembly

1.4.3 Radiometer Experiment

1.4.3.1 Offset Feed Array

1.4.3.2 Feed Electronics

1.4.3.3 Integration and Assembly

1.4.4 Multi- Beam Communication Experiment
1.4.4,1 Feed Array

1.4.4.2 Communication Subsystem

1,4.4.3 TT&C

1.4.4.4 AVCS

1.4.4.5 EPS

1.4.4.6 Structure

1.4.4.7 Integration and Assembly

1.4,5 Ground Support Equipment

1.4.5.1 Mechanical GSE
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WBS ’ TITLE
1.4.5,2 7 Electrical GSE
1,4.5.3 Fluid GSE
1.4.6 Facilities

1.5 SYSTEMS TEST AND EVALUATION

This element summarizes the effort required to plan and perform the integrated sys-
tem and vehicle level tests for DAS ground testing that are necessary to evaluate and verify
hardware integrity/performance. It includes major test article and instrumentation costs /
in addition to test pfogram costs, subdivided as follows:

WBS | TITLE

1.5.1 ' Major Test Articles
1,5.2 Instrumentation
1.5.8 System Test

1.5.1 Major Test Articles

This element includes the labor and material required for all DAS test articles that
provide design development information necessary to verify design concepts. It includes
the design, tooling, fabricution, assembly, installation, quality assurance and checkout of
test articles such as the gore wrap/unwrap test article, bootlace lens pattern measurement
test article, etc. The installation of subsystem hardware on the test article and test fixture
design/fabrication/assembly are also included. Test specimens for component and sub-
system development/quelification test are excluded. They are included in the respective
subsystem elements.

1.5.2 Instrumentation

This element includes the labor and material required for the instrumentation of DAS
major test articles. It includes the design, procurement, installation, checkout and opera-
tion of required instrumentation systems.

1,5.3 System Test

This element includes the planning, coordination, design, set-up, conduct, data reduc-
tion and evaluation of DAS system level ground development and verification tests. Con-
sumables for system level development/verification tests are also included. It excludes
systems or vehicle level flight testing. |
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1,6 LOGISTICS

This zlement summarizes all labor and material required to implement, operate and
maintain an integrated logistics system for the DAS and its related GSE. It includes trans-
portation and handling of DAS hardware requiring special consideration; provision of training
equipment; planning and implementation of training programs; and the provisioning for and
control of flight hardware/GSE spares.

This element is subdivided as follows:

WBS TITLE

1.6.1 Transportation and Handling
1.6.2 Personnel Training

1.6.3 Inventory Control

1.6,1 Transportation and Handling

This element contains the cost of preparation for and transportation of major items of
DAS hardware which have special requirements due to their size, weight, shape or controlled
environment. Transportation of DAS modules from the factory to test sites is included in
this element. Transportation of hardware items not requiring special consideration is ex-
cluded from this element since these charges are indirect.

1.6.2 Personnel Training

This element contains the cost of instruction as well as training aids such as manuals,

audio-visual aids and accessories required for the training of DAS ground and flight crews,

1,6.3 Inventory Control

This element contains the effort required for provisioning, warehousing and maintain-
ing a supply of DAS flight hardware and GSE spares.

1.7 OPE RATIONS

This element summarizes all efforts associated with planning, coordination and imple-
mentation of DAS operations, subdivided as follows:

WBS TITLE
1.7.1 Ground Operations
1.7.2 Flight Operations
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1.7.1 Ground Operations

This element summarizes all efforts associated with the planning, coordination and

I

implementation of DAS launch activities and maintenance/refurbishment of DAS modules.

" This element is subdivided as follows:
| WBS TITLE
;
i 1.7.1.1 Launch Operations
| 1.7.1.2 Maintenance/Refurbishment

1,7.1.1 Launch Operations

This element contains the planning for DAS launch site operations including initial

launch site checkout of DAS subsequent to factory acceptance test, integration of the DAS

DA

with the launch system, and launch countdown support. It includes such tasks as require-
ments development, test planning, coordination of schedules, preparation of checkout/
countdown procedures, liaison between launch site and home plant, module checkout and -
support of integrated check-out countdown activities.

1.7.1.2 Maintenance/Refurbishment

This element contains the maintenance and refurbishment activity required to restore

DAS after each mission to a readiness condition for subsequent missions. It includes the

. Ly

home plant planning for this function, development of requirements, procedure preparation,
liaison maintenance/refurbishment site and home plant, post-flight safing and inspection,
conduct of the maintenance/refurbishment tasks, and revalidation/functional checkout of
DAS. |

1.7.2 Flight Operations

This element summarizes all efforts associated with DAS mission planning, in-orbit
executlon of the mission, and ground support of the mission. It includes all mission activity

requlred to certify the readiness of the DAS as well as support of operational missions.

This element 1s subdivided as follows:

WBS TITLE

‘ 1.7.2.1 Mission Planning

3
1.7.2.2 Mission Implementation
1.7.2.3 Mission Ground Support

F=-13
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1; 7.2.1 Mission Planning

This element contains the mission planning to certify the readiness of the DAS for
mission operations and the mission planning required to establish DAS/mission compati~
bility. It includes definition of objectives, establishment of requirements, formulation of
plans, preparation of in-orbit procedures, coordination of communication and data require-

ments, preparation of crew timelines, and participation in mission planning working groups.

1.7.2.2 Mission Implementation

This element includes all in-orbit activities periormed by flight crews to certify DAS
operational readiness and to provide DAS support of operational missions.

1.7.2.3 Mission Ground Support

This element contains the effort associated with real-time ground support of DAS

operational missions and post-flight data processing, analyses and report preparation rela-
tive to DAS performance.
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Appendix G

DEPLOYABLE ANTENNA SYSTEM SHUTTLE
PAYLOAD SYSTEM SPECIFICATION (PRELIMINARY)

1.0 SCOPE

- This specification defines the performance and operational requirements of the Shuttle
Payload Segment of the Deployable Antenna System (DAS) to be launched and deployed on

the Shuttle. When completed, this specification will also delineate the interface require-
ments which must be met to allow operation aboard the Orbiter.

2.0 APPLICABLE DOCUMENTS

The documents listed in 2.1 below of ﬁhe date of issue stated constitute a pbrtion of
| this specification to the extent specified. Documents listed in 2.2 below contain reference
data and information which may be used as a guide in the design, development and test of
the DAS hardware.

2.1 SPACE TRANSPORTATION SYSTEM DOCUMENTATION

2.1.1 JSC 07700 "Space Shutile System Payload Accommodations", Vol, XIV, Rev, E
17 June 1977,

]

2.1.2 NASA HQ, "Safety Policy and Requirements for Payloads Using the Space
Transportation System'', June 1976 (updated April 1977).

"
@
| .
§ &
13
{
1

*‘ 2.2 REFERENCE DOCUMENTS

2.2.1 NASA TMX-64627 "Space and Plane‘téry Environment Criteria Guidelines for
Use in Space Vehicle Development". ‘

2.2.2 Grumman Aerospace Corporation, '"Deployable Antenna Demonstration Project! -
Final Report, Contract NAS 8-32394, (March 1978).

3.0 DAS SHUTTLE PAYLOAD REQUIREMENTS

The DAS Shuttle Payload is an instrumented deployable antenna capable of being
E launched in the STS Orbiter. The DAS Shuttle Payload, as defined for this specification,
e shall include the deployable antenna, instrumentation, RF feeds and receivers, RF source
satellite and Shuttle Orbiter payload bay adapters as required to meet the functional
specifications state in this document.
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The DAS flight operations program will include demonstration of the packaging,
transportation and deployment of a deployable antenna and the evaluation of its performance
in the space environment. It is intended that the deployed antenna will remain attached to
the Orbiter for flight test and will be retracted into the orbiter payload bay for return to
earth. Two antenna configurations can be demonstrated using a single primary deployable
structure: a parabolic reflector and a flat-faced lens. Either configuration is to be capable

of modification between flights to accommodate the other configuration.

The DAS Shuttle Payload shall be designed to operate at a nominal 555 km orbit, but
sh@ll be operatable at 370 to 35,600 km altitude. It shall remain on orbit for 7 to 30 days
during a given flight test, but the basic deployable antenna shall be designed for a five year

survival in low Earth orbit to permit later modification for a free-flight mission application.
31 SHUTTLE PAYLOAD FUNCTIONAL REQUIREMENTS

3.1.1 Antenna Development Functions

3.1.1.1 Launch, Deployment and Retrieval

The DAS Shuttle Payload shall be capable of being packaged to fit within the Orbiter
bay for launch and transportation to orbit, The deployable antenna shall be capable of
being deployed and furled (retrieved while attached to the Orbiter). Deployment and
furlment operations shall be autonomous to the maximum extent possible; minimizing the
Orbiter and crew support requirements. Crew EVA shall not be required during these
operations. In its furled configuration, the DAS Shuttle Pajdoad shall be capable of being

returned to Earth for refurbishment and subsequent use on later flights.

3.1.1.2 Structural Tests

After deployment operations have been completed the antenna shall be capable of
achieving the surface conformation characteristics required for antenna operation, in the
space environment under the influence of expected thermal and dynamic loads. Suitable
measurements devices/instrumentation shall be provided to verify that structural perform-

ance requirements are satisfied.
3.1.1.3 RF Tests

The deployed antenna shall be capable of receiving signals from an RF source for
measurements of the beam pattern. The RF source shall be sufficiently separated from
the antenna to provide a far field measurement. Antenna pointing/slewing as required for

a pattern mapping shall be provided by the Orbiter.
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3.1.2 Mission Experiment Functions

3.1.2.1 Communications Experiment
Functions to be provided in the communications experiment are TBD.
3.1.2.2 Radiometry Experiment |
Functions to be provided in the radiometer experiment are TBD,
3.2 SHUTTLE PAYLOAD PERFORMANCE REQUIREMENTS

3.2.1 Primary Antenna Structure

3.2.1.1 General

The primary antenna structure shall be capable of supporting either of two antenna
configurations: a parabolic reflector and a flat-faced lens. It shall provide feed electronics
and a support mast with F/D as defined in subsections 3.2.2 and 3.2.3. It shall have

provisions for separation from the Orbiter for later use in free flight.
3.2.1.2 Size

'The deployed diameter of the antenna shall be 100 meters. Dimensions of the launch
configuration (packaged) shall be consistent with Orbiter payload bay capacity as defined
in Applicable Document 2.2.1. These dimensions must also take into consideration the
volume requirements for a payload bay adapter, RF source subsatellité and all other flight
support equipment which is mounted in the payload hay. As a goal, the packaged diameter
and length deployable antenna shall be 1. 83 meters and 16.6 meters respectively.

3.2.2 Parabolic Reflector Configuration

3.2.2.1 Surface Tolerance

As a goal, the antenna surface (mesh) in a parabolic reflector configuration shall
maintain a tolerance of less than 1.34 x 10~2 meters (axial error) over the whole aperture.

This tolerance is equivalent to an error of A/16 for operation at 1.4 GHz.
3.2.2.2 Structure Tolerance

As a goal, antenna structural elements shall maintain a tolerance of an order of
magnitude better than the surface (less than 1.34 x 10~3 meters axial error for the

reflector) to demonstrate technology applicable to antenna frequencies up to 14 GHz.
3.2.2.3 Focal Lengih

The antenna feed shall be positioned to provide an F/D between 1 and 2.
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3.2,3 Lens/Array Configuration

3.2.3.1 Frequency of Operation
The antenna shall be designed to operate at 1.4 GHz.
3.2.3.2 Surface Tolerance

As a goal, the antenna surface (array planes) in the lens configuration shall maintain
a tolerance of less than 1.34 x 102 meters (radial error) at the outer edge (rim)., This
error can vary inversely as the radius for points on the antenna approaching the center of

the antenna. This tolerance is equivalent to an error of A/16 for operation at 1.4 GHz.
3.2.3.3 Structure Tolerances

- As a goal, antenna structural elements shall maintain a tolerance of an order
of magnitude better than the surface (less than 1.34 x 10"3 meters radial error at
the rim of the array) to demonstrate technology applicable to antenna frequencies
up to 14 GHz.

3.2.3.4 Electrical Configuration

For the initial flight test, the antenna shall be configured as a bootlace lens. The
design concept should also be applicable to eventual use in a mission experiment with
either of two generic class of array: (1) low power illumination of active receive/transmit

phased array lens, (2) high power illumination of passive phase-shifter lens.
3.2.3.5 Focal Length
The antenna feed shall be positioned to provide an F/D between 0.5 and 1. 0.

3.2.4 Antenna Feed

The Shuttle payload shall include antenna feeds, for receive only, for use in RF
pattern tests. As a minimum, feeds are required for the lens type antenna and for the

reflector type antenna, capable of operation at 1,4 GHz.

3.2.5 Radio Receiver

Radio receiving equipment shall be provided for RF pattern tests, with interconnect-
ing cabling to the antenna feeds, primary power, and Shuttle interface for data recording.
The radio receiver frequency coverage shall be compatible with the antenna feeds. The :
receiver dynamic range shall be at least 80 dB, ’
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3.2.6 Instrumentation

3.2.6.1 General

The Shuttle Payload shall include instrumentation for measurements during deploy-
ment and structural test operations. Techniques for instrumentation shall be selected to

minimize effects on the characteristics to be measured.
3.2.6,2 Laser System

A system of laser sensors and targets shall be provided for accurate measurement
of positions of nodes of the deployed structure. Laser targets for this purpose shall be
installed on at least 48 nodes of thé antenna surface. Position accuracy shall be measured
to . 002 inches (. 05 mm),

3.2.,6.3 Photogrammetric System

A system of cameras and targets shall be used to provide instantaneous measure-
ment of the total antenna surface conformity by means of multilinearized photogrammetry.
Targets suitable for this purpose shall be installed on at least 250 points on the antenna

surface. Position measurement accuracy shall be . 066 inches (1.67 mm).
3.2.6.4 Strain Gages

Suitable strain gages shall be attached to the antenna for dynamic and static

measurement both during and after deployment.
3.2.6,5 Temperature Gages

A system of temperature measurement devices shall be included on the antenna to
measure temperatures, temperature extremes and rates of change. The measurement

range shall be TBD with an accuracy of TBD.
3.2.6.6 Data Modems

Data modem(s) shall be included as required to provide multiplexing and signal

conditioning functions and interface with the Orbiter data management system.

3.2.7 RF Source Subsatellite

3.2.7.1 General

A subsatellite, deployable from the Orbiter payload bay, shall be provided as part
of the DAS Shuttle Payload, to be an RF source for antenna pattern tests. The source shall
be positioned and maintained at a separation of 50 n mi (+TBD) with respect to the antenna.



; : The subsatellite transmitter shall include provisions to be commanded on-off by radio
from the Shuttle (see 2.1. 1).

3.2.7.2 Operational Life

i The subsatellite shall be designed to operate for a minimum of 60 hours including
deployment and retrieval periods. Subsatellite retrieval and reuse shall be provided if

practical. As on station period of at least 48 hours shall be provided for the RF
pattern tests. '

3.2.7.3 RF Characteristics

For operation at the nominal range, the subsatellite shall provide a 1.4 GHz
continuous wave signal of at least 0.2 watts ERP into an omnidirectional antenna.

3.2.8 Payload Bay Adapter/Deployment Mechanism

The DAS Shuttle Payload shall include a payload bay adapter which shall integrate
the deployable antenna to the Orbiter.

3.3 SHUTTLE PAYLOAD INTERFACE REQUIREMENTS
? . (TBD)

G-7/G-8
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