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Abstract

The goals of the program reported here were two-fold: to demonstrate that a
S-meter-diameter, farlable, conical reflector antenna utilizing a line source feed
can be fabricated ‘ilizing composite materials and prove that the antenna can
function mechanically and electrically as prototype Hight hardware, The design,
analysis, and testing of the antenna are deseribed, An RF efficiency of 550 at
8.5 Ghz and a surface error of 0.64 mm rms were chosen as basic design raquire-
ments, Actual test measurements vielded an efficiency of 539 (49.77 dB gain) and
a surface error of G.61 mm rms. Atmospherically induced corrosion of the reflector
mesh resulted in the RF performance degradation,

An assessment of the antenna as compared to the enrrent state-of-the-art technol-

ogy was made. This assessment included cost, surface aceuracy and RF perfor-
mance, structural and mechanical characteristics, and possible apphcations.
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Five-Meter-Diameter Conical Furlable Antenna

I. Introduction

The most recent antenna development activity at JPL
has been directed toward the conceptual development,
mechanical design, fabrication, and testing of a 5-meter,
flightlike, furlable, novel conical reflector antenna as
differentiated from the classical parabolic reflector an-
tennia. The antenna configuration selected for develop-
ment uses a line source feed for radio frequency (RF)
operation at X-band.

There are a number of space systems that either re-
quire or could benefit from the availability of large-
aperture  spacecraft-mounted  antennas.  For example,
outer planet and planctary missions bevond  1950-1955
will require substantially increased communication capa-
hilities. JPL studies of NASA mission models indicate that
communicatio  equirements associated with exploration
of the outer | anets require antennas up to 30 meters in
diameter. Maximum size constraints for current and pro-
jected launch vehicles including the shuttle, limited to
about 4 meters, necessitate the use of space-deplovable
or space-assembled antenna structares (Ref. 1), Since the

JPL TECHNICAL REPORT 32-1604

projected deep space applications will be for unmanned
missions. self-deplovable antennas are needed.

For a number of years JPL has been investigating ad-
vanced concepts for antenna structures with respect to
identification and delineation of the technology required
tor development of large furlable antennas in the 5- to
30-meter-diameter range. Achievements of the program
have been reported in Refs. 1-16. The present report adds
to this series. While the development of large. furlable,
lightweight antennas throughout industry has been fo-
cused on parabolic antenna reflectors, JPL efforts have
been directed toward new configurations involving singly
curved, conical main reflectors (Refs. 17, 180, The priman
impetus for this approach is the elimination of some of
the basic mechanical problems associated with the double
curvature of the paraboloid.

From 1970-1976, JPL developed three basic concepts:
the Gregorian, the quadreflex and the line source feed—
to the point of model fabrication and RF testing at fre-
quencies up to X-band (Table 1)



Table 1. Summary of conical antenna development at JPL

Table 2. Design criteria for 5-m conical antenna

Design condition

Ry
Antenna concept Model dineter, m Ref.  olficiency,
o
(]

Cregorian 183 (five total ) [ w0
(uses single large 11
subretlector for two 4.3 13 57.5
reflections of R
signal )
Quadretlex 0.76 (nonturlable ) 13 60.0
(uses two reflectors 11
for four reflections of | 83 5K.6
RF signal)
Line source feed 3,66 (nonfurlable 9 6.0
[ uses continuons
feed along axis of 5.0 (described in 53.0

comical reflector for this report )
single reflection of

RF signal )

Preliminary RF test results of the nonturlable 3.66-m
line source feed model were very promising; the mechan-
ical configuration displayed advantages over the Gre-
gorian and quadretles antennas (Ret. 9). Therefore, the
line source feed concept was chosen to demonstrate
conical antenna performance, and a decision was made
to design, fabricate, and test a S-m-diameter furlable
Hightlike model.

Il. Program Objectives

Ihe general program objectives were to demonstrate
that (1) a 5-m turlable conical antenna utilizing a line
source teed could be fabricated utilizing composite ma-
terials, and (2) the antenna could function mechanically
and eleetrically as a prototype flight hardware model. To
meet these program objectives, a set of design objectives
and criteria was established. These eriteria were int nded
to be compatible with the anticipated requirements of
missions ranging from long-term Earth orbits to ontor-
planet missions.

A minimum operating RE efficiency of 559 at X-band
frequencies was chosen to be commensurate with deep
space mission requirements. With efficiency and  fre-
quency as the starting point, design factors such as size,
cost, surface error, RF blockage. weight, mechanical relia-
bility, etc., were budgeted according to their participation
in the overall RF performance. The specitic design criteria
used for the 5-m conical antenna development are shov.n
in Table 2.

Criteria
Mechanical

Deployed diameter 5m
Deployed length 4m
Furled diameter 1.5m
Mass 37 kg
Surface tolerance 0.64 mm rims
Feed alignment 0.2 em

( translation )

0,01 rad

Electrical
N-band (8.5 GHz)

Freguency

Operating efficiency 55%
Gain 195 dB
Feed Line source

Environmental
Structural loads Launch/deployment

0.1 Hz (lt'plu\t‘tl
12 Hz furled

13 to 367 K

Natural frequency

Thermal

Functionally, the ontenna was designed to perform
both mechanically and electrically as prototype flight
hardware, However, certain compromises, made to mini-
mize fabrication costs, included many stroctural fittings
and mechanisms that were heavier than state-of -the-art
flight hardware becanse it was less costly to machine parts
with ample wall thicknesses and reasonable tolerances.
Additionally, no attempt was m de to provide flight-
quality hardware surface finishes vor purposes of thermal
control.

I1l. Antenna Description

The 5-m furlable antenna employs a conical main reflec-
tor and a line source feed located along the axis of the
cone (Fig. 1), The conical reflector is made of a metallic
mesh knitted from silver-plated beryllium copper, and is
supported at its small diameter by the hub structure, It is
also supported at its ontside perimeter by a series of ribs,
bowstrings, and spokes. The bowstrings are highly ten-
sioned cables supported by the ribs and form the cone
generatrices to control the tendency of the tensioned mesh
to bulge inward toward the cone axis. The ribs emanate
from the hub structure and react the tension in the bow-
strings. The spokes, which run from the outer tip of each
rib to the outer end of the line source feed, are adjustable
and locate the outer periphery of the mesh reflector on
the desired cone.

JPL TECHNICAL REPORT 321604
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Fig. 1. Five-meter furiabie antenna components

The basic geometry or angle of the conical reflector is
controlled by the triangle formed by the spokes, bow
strings, and feed support structure located along the axis
of the antenna. These structural elements were all con
structed of Kevliar-49/epoxy composite, which minimizes
the thermal distortion of this basic geometry That is, al-
though changes in the legs of the triangle will slightly
alter the size of the antenna, the cone angle will remain
constant

The ribs, hinged from the hub structure, form a cage
in the furled configuration to contain the mesh (Fig. 2).
The ribs are furled and unfurled (deployed) by a four-bar
linkage mechanism mounted on the hub stoucture, Front
and side views of the deploved configuration are shown
in Figs. 3 and 4

IV. Design
A. Design Considerations

The mechanical factors that directly atfect antenna RF
performance for a given feed etficiency include

(1) Reflector surface quality.

(2) Feed system mechanical alignie -nt

JPL TECHNICAL REPORT 32-1604

Fig. 2. Five-meter conical antenna in furled configuration

(3) RF transmission bloc kage by structure

1) Thermal stability

The surface gquality of turlable retlector antennas using
a flexible mesh is a function of the support configuration
the tension field in the mesh, and characteristics of the
mesh used. The eritical parameters for the reflector that
were determined from analysis include the number of
ribs, the tension in bow strings that support the mesh, and
the circumierential and radial tension in the mesh

The structural blockage and mechanical alignment of
the antenna feed system are -h-pc-mh‘nf on the mechanical



Fig. 3. Front view of deployed 5-meter conical anterna

contiguration used and the RF transperency of the ma-
terials used. Two ditferent stractural configurations were
evaluated for supporting the line source feed, and everal
ditferent composite materials were considered,

The thermal stability of the entire antenna structure is
dependent on the structural configuration, the service
environment, and the thermal properties of the materials
used for construction. For the design of the antenna, a
worst-case thermal environment was assumed, ie., a deep
space trajectory away from the Sun, symmetric solar
illumination, and nonsymmetric local heating from a
radioisotope thermoelectric generator (RTG),

B. Reflector Surface Quality

For a given geometry, feed, and wavelength, the abso-
lute gain of an antenna is limited by the diameter of the
reflector aned the rms surtace deviation from the ideal
surface (Ret. 19). Practical retlectors do not have perfect
surfaces, The surface is a function of the number of ribs,
bowstrings, and forward spokes that hold the mesh re-
Hlecting surface to a shape closely approximating the de-
sired conicesl surface,

Fig. 4. Side view of deployed 5 meter conical antenna

A membrane or mesh, stretehed to form a conical shape,
requires cirenmferential tension ¢ to eliminate wrinkling
and puckering and to provide for thermal expansion.
However, this tension causes the mesh to bow inward
toward the cone axis, resulting in a “lampshade” shape

(Fig. 5 and Ret. 9,

Lampshading can be minimized by increasing the
mesh radial tension T to very high levels, A tension ratio

— LAMPSHADED SHAPE

= DESIRED SHAPE

Fig. 5. The “lampshade’ effect of mesh
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T/t of 200 to 1 would be required to make the mesh sur-
face sufficiently conical. However, T/t in excess of 4 to |
produces wrinkles in the mesh,

To provide the high radial tension required, preloaded
racdial cables, called bowstrings, were used. The high
tension load of the bowstrings is reacted by the ribs acting
as a column. The bowstrings are placed on the inside
surface of the mesh so that the tendency of the mesh to
bow inward avoids the necessity of attaching the mesh to
the bowstrings. The spoke tension and radial mesh tension
are lumped together to produce an average radial tension
used for caleulating the average inward bowing of the
mesh,

The minioum  circomferential tension required was
established by the requirement that the RF testing on the
antenna was to be performed with the conical axis hori-
zontal in a 1-g tield. A conical mesh under the influence
of gravity with its axis horizontal tends to assume the
shape shown in Fig. 6,

That portion of the membrane above the horizontal
axis tends to lampshade the portion below tends to
lampshade less, even extent that it may assume
the S-curve shown i hang completely below the desired
cone siitface. Since the spokes are inside the cone surface,
they canmot control the membrane if it hangs outside the
desired cone. Although the mesh could have been tied to
the spokes, this was considered an undesirable complexity.

The minimum circumferential tension ¢ in the mesh to
avoid outward bulging of the mesh in a 1-g tield in the
horizontal position is given by (Ret. 20)

WD
‘lll- " = 2

where

t.... = minimum circamferential tension
W = mesh weight per unit area
D = antenna aperture

Based on a mesh weight of 0.36 N/m* (0.0075 1h/it), the
minimum ¢ is 0.009 N/em (0.005 Ib/in.). To provide a
conservative margin against the “sagging” phenomenon
and to minimize wrinkles and thermal effects, a circum-
ferential tension of 0.018 N cm (0010 Ib in.) was em-
ploved. A radial tension of 0036 N cm (0020 Ib/in.)
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Fig. 6. Effect of gravity on conical mesh in
horizontal position

was chosen empirically as providing the hest compromise
between the conflicting  requirements of giving  high
radial tension and minimizing wrinkles in the mesh,

A FORTRAN computer program. COMESH (Ret. 20),
was developed to caleulate the surface shape of 48 ched
axisymmetric mesh bounded by two circular rings, con-
centric and perpendicular to a common axis. Inputs to the
program include mesh weight per unit area, circumteren-
tial and radial tensions, number of bowstrings, bowstring
tension, and the g-load parallel to the cone axis.

With the radial and circumferential tensions T and ¢
and the cone dimensions fixed, COMESH was used to
caleulate the rms surface deviation due to lampshading
as the number of bowstrings and bowstring tension were
varied. The results of this parametric study are plotted in
Fig. 7.

The use of bowstrings forces the mesh to form planar
facets between adjacent bowstrings. These facets form an
approximation of a true conical surface. This effect is

additive to the surface deviation due to lampshading and
is computed as

R ,.,_‘ﬂ]
MS g0 = 5 [ -COs N cos #

where
D = antenna aperture
N = number of bowstrings
# = halt angle of cone

The rms surfac - deviation due to faceting is also shown in

Fig. 7.
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The speciticd surface deviation for the antenna was
0.64 mm (0.025 in.) rms under the most adverse thermal
environment, Experience with previous conical antennas
indicat>d that fabrication and  alignment errors were
minor compared to the inherent geometric errors of lamp-
shading and faceting, Thercioi o, 050 am (0,020 in.) rms
was allocated for the combined effects of larapshading and
faceting, From Fig. 7 it can be seen that the minimum
number of ribs required to attam 0.50 mm (0,020 in.) rms
is approximately 53, with a bowstring load of 1000 N
(223 1b). However, 60 ribs were chosen and the 0.50-mm
(0.020-in.) rms surtace deviation was achieved with o
moderate, more acceptable, 100-N (22-1h) bowstring load,

C. Bowstrings, Ribs, Spokes

The bowstrings are tevsioned cables whose taain func-
tion is to shape the reflector mesh to the desired conical

surface as closely as possible. In addition, the intersection
of the bowstrings and spokes locates the outer periphery
of the reflector and establishes the desired cone angle.

The primary design criterion for the bowstrings is the
tension load when the antenna is fully deployed, since the
bowstrings are slack in the furled (stowed) configuration.
Additional design criteria were low cost. minimum weight,
creep resistance, and a low coetficient of thermal expan-
sion compatible with the rest of the structure, Urethane-
impregnated Keviar/49, an off-the-shelf material in fiber
bundle form, satisfied these eriteria.

The spokes originate at the top of the feed support
structure and connect to each rib tip (Fig. 1), Adjusting
the length of cach spoke causes the respective rib to bow
until the rib tip lics on the desired conical surface. Like
the bowstrings, the spokes are slack in the stowed condi-
tion and the design loading criterion ocenrs in the de-
ployed confignration. An additional requirement is that
the spokes be as small and as RF-transparent as possible
since they lie directly in the microwave path of the
antenna,

The ribs are tubular members that react the tensile

Is of the bowstrings and spokes in the deployed con-
figuration. The bowstring load puts compression in the
rib plus a small amount of bending due to eccentricity;
the spoke load puts bending on the rib plus a small axial
compression component,

In the stowed condition, corresponding to the launch
configuration, the ribs are folded and form a cage that
contains the mesh, The most severe stress in the ribs
daring the service environment is due to lateral bending
induced by the vibratory launch loads. Therefore, the
ribs were designed for launch and are stronger and stiffer
than required for the deployed condition, i his resulted
in a design that was somewhat sensitive to ermally
induced length changes of the ribs,

For thermal insensitivity, ideal rib stitfness would be
designed for the deploved condition. Such design would
permit elastic buckling due to the bowstring and spoke
loads, Any thermally induced changes in rib length would
be absorbed in the rib by a change in its bowed shape
rather than an increase in the #ib axial load. Because the
launch environment precluded this design goal, thermal
effects had to be considered,

A parametric study was made of various diameters, wall
thicknesses, and materials for (he ribs. Materials con-
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sidered were aluminum, fiberglass, Kevlar/49 and graph-
ite. The material selected was a high modulus graphite
epoxy that had the greatest stiffness and lightest weight
for a given diameter and wall thickness, In addition, the
material closely matched the coefficient of thermal expan-
sion of the Keviar/49 bowstrings and spokes and there-
fore minimized thermal distortions. The final rib chosen
had an internal wiameter of 20 em (0.8 in.) and a wall of
0,064 cm (0.025 in.).

The primary shortcomings of the graphite epoxy were
greater cost, limited fabrication experience, and uncertain
quality control. Because of the variation in quality, all the
ribs received were tested at conditions more severe than
those experienced on deployment. While in deployment,
the spoke and bowstring loads were approximately 89 N
(2-1b) and 133 N (30-1b), respectively, This loading pro-
duced a lateral bending deflection of about 2.3 ¢m (0.9 in.)
in the rib. Each rib was tested with a 13.3-N (3.0-1h)
spoke load and 267.0-N (60-1h) bowstring load in a fixture
that simulated actual rib loading. Under these conditions,
the rib deflection was about 3.56 em (1.4 in.) (Fig. 8).
Approximately 29 of the ribs failed under these testing
conditions,

During initial rms measurements it was observed that
rib bending led to deflections in excess of 5.1 em (2 in.).
In the process of furling and unfurling the antenna, three
ribs failed. These ribs were replaced and bowstring loads
were reduced to limit the deflection to 2.5 em (1.0 in.).
Rib deflection was chosen as the measure of spoke or
bowstring loads. During months of subsequent operation
and several deployments, no further failure occurred,
<howing that 2.5-cm (1.0-in.) rib deflection was an accept-
ible contiguration.

D. Feed Support

The main function of the feed support structure is to
position and support the line feed along the axis of the
conical reflector, It is also the backbone of the antenna;
all ovoor structural elements are attached to it. Launch
environment loads imposed by the ribs and the line feed
and the minimization of "F blockage are the primary
design criteria.

The requirement of minimum RF blockage exerted
the greatest influence on the feed support configuration
(Kef. 15). The feed support is in the RF path from the
line feed to the conical reflector. In addition, the closer
an object is to the line feed, the larger the shadow
(blockage) cast by that object on the reflector. Therefore,
the feed support structure must be located as far from
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Fig. 8. Deflection acceptance test criteria for
graphite epoxy ribs

the feed as possible, but is limited by the additional con-
straint that the furled diameter be no greater than 1.5 m
(59 in.)

Two types of feed support structures were initially
considered: an open truss or space frame structure and a
conical shell structure. Study of the two types showed
that the anucipated RE blockage for the two structures
was about the same. However, an increase in feed support
diameter resulted in less blockage for the open truss de-
sign than for the shell design (1able 3). This was of im-
portance sice the concept under development was being
considercd for extrapolation to larger antennas,

The feed structure chosen was therefore a triangulated
space frame consisting of three main longitudinal string-
ers, transverse members, and tensioned diagonals (Fig. 9).
Epoxy-impregnated Kevlar-49 was chosen as the material
because of low thermal expansion coefficient. The tubes
have an inside diameter of 5.1 em (2 in.) and a wall 0.635



Table 3. Comparison of RF blockage for two types of
feed support structures

Comical membrane Space frame
feed support

Antenna i

feed support

diameter Average ) : =
m (f) e Cone Fruss main Fruss
thickness blockage, tube wall, blockage,
il - dB mm (in.) dB
5 (164) 0635 (0.025 035 051 (0.020) 0.5
10 (328) 1.02 0040 07 051 (0.020) 0.6
15 (49.2) 132 (0.052) 1.0 064 (0.02%) 0.7

20 (656) 1.60 (0063 1.5

089 (0.035)

Fig. 9. Feed support structure
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Fig. 10. RF loss vs thickness for fiberglass
and Kevlar-49 /epoxy

mim (0,025 in.) thick, Electrical considerations also played
a determining role. Testing indicated that RF losses
throngh Kevlar-49/epoxy were small and equal to those
of fibergless, anothor candidate material (Fig, 10). Be-
cause of its greater stiffness, Kevlar-49/epoxy was pre-
ferred for the local buckling eritical stringers and trans-
verse members. The resulting thinner members further
enhanced RF performance.

Because of the variation in quality in the Kevlar-49/
epoxy composite, all of the tubes used in the feed support
were qualified by testing ar 15002 of design compressive
load. Although the test screening was done without eccen-
tric loading, it was judged adequate for detection of major
Haws.

The square bays tormed by the stringers and cross
members were stabilized with diagonal tension rods 4 mm
(0157 in.) in diameter. The rods were made of fiberglass
and were preloaded in tension by turnbuckles at each
comer of the bay., Using the tensioned rods was de-
pendent on devising a method of fastening the rod to the
threaded coupling of the turnbuckle (Fig. 11, 12). The
method used consist.d of slitting the end of the rod and
cementing a tiberglass wedge in the slit. This wedge then

= d=mm (0,157=ir iiam FIBERGLASS
/’ FIBERGLASS TENSION ROD f WEDGE
=

- )
C v

]; OUPLING

Fig. 11. Method of attaching tension rod diagonals to
turnbuckle coupling
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Fig. 12. Threaded couplings and aluminum sleeves

bears against a similar internal shape in an aluminum

sleeve when load is applicd

The total RF blockage of the feed support was cal
culated to be 0.6 dB. based on the work i Ref. 15 and on
estimated additional losses due to metal assembly hard

ware and thick sections used at load concentration points

E. Hub Structure

The following components are mounted on and sup

ported from the hub structure

Inboard end of ribs,

Inhoard end of bowstrings.
Deplovment mechanism,
Inboard edge of mesh retlector

In the stowed condition, the ribs are hinged at the hub
atad folded parallel to the antenna boresight. This con-
higuration establishes the outside diameter of the hub
which is approximately equal to the maximum furled
diameter of the antenna. The hub structure is supported
at the same three points as the feed support structure o
that the feed support structure loads are not fed through
the hub structure, but directly to the supporting stru
ture (spacecraft),

The critical loading condition for the hub structure re
sults from inertial loading of the r'bs, the deployment
mechanism, and the hub structure itself and is produced
by the vibratory launch environment. These loads are
distributed uniformly around the periphery of the hub.

Since the ring is supported at three discrete points, the
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hub structure will not be subjected to bending and torsion
as a result of feed support structure loading. Thus, the
hub structure takes the form of a circular ring girder of

closed rectangular cross section (Figs, 13-15

The hub structure was constructed entirely of wlumi-
num as composite materials did not show any ‘-]il‘('l'll
advantage for this particular piece of hardware. All
gauges are heavier than required structurally to fac ilitate
fabrication, A flight structure could be made consider
ibly lighter. Because the structure is buckling critical
magnesium o d be substituted for aluminum with sub

stantial weight savings.

Fig. 13. Overall view of feed structure/hub interface

Fig. 14. Close-up of hub structure ring girder detail
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Fig. 15. Top view of hub ring girder

F. Deployment Mechanism

The main function of the deployment mechanism is to
move the ribs from the furled (stowed) positica to the
deployed (open) position and lock them in the deployed
configuration,

The quasistatic loads, which the mechanism must over-
come to effect deployment, are friction and tension in
the bowstrings, spokes, and mesh, The hinge end of the
rib must be moved somewhat past that position which
places the rib parallel to the reflecting surface. The angle
by which the travel of the hinge end of the rib exceeds the
nominal travel requirement is called hinge end slope. This
additional travel determines the tension in the forward
spokes and the amount of rib bowing,

The mechanism designed to fulfill these requirements
is shown schematically in Fig. 16a. 1t is a four-bar linkage
mechanism with the rib, link, bellerank, and antenna hub
structure forming the four elem.ents of the mechanism,
Driving the bell crank causes the ri'y to rotate about its
hinge axis. With the rib fully deployed, the bellerank and
link are in line, producing an over-center action which
locks the rib in the deploved position.

The four-bar linkage is actuated by an electric motor
and drive cable that produces an available torque at the
rib hinge-line which is nearly ideal when compared to

10
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Fig. 16a. Schematic diagram of rib deployment (partially
deployed — solid lines; fully deployed — dashed lines)
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Fig. 16b. Deployment torque requirement compared to
actuator torque available

the friction and tension requirements (Fig. 16b). A reversi-
ble actuator was chosen to allow furling of the ribs as well
as deployment. Twelve of the 60 ribs are driven from the
single electric motor by means of a svstem of cables,
pulleys, and pushrods linked to the bellerank. The re-
maining 48 ribs are slaved to the motion of the 12 master
ribs by means of blade-type flexures (Figs, 17 and 18),
Deplovment is tvpically accomplished in approximately
30 sec.

G. Mesh Development

The Jet Propulsion Laboratory and Harris Corporation
collaborated in the development of an advanced-state-of-
the-art mesh for application to this and future spacecraft
anterna reflecting surfaces. The mesh is knitted from a
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Fig. 17. Typical deployment link attachment to rib

& METER
FURLABLE
ANTENNA
CRANK ASSY

I8 74

Fig. 18. View of link, belicrank, push rod assembly

silver-plated berylliom copper wire. The distinctive fea
tures of this new material are discussed below as com-
pared to the current state-of-the-art knitted mesh ma-
terial (Refs. 9 and 21)

The desirable properties of an RF retlecting mesh can
be enumerated as follows

1) Low cost,

2) High RF reflectivity.
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TR
Fig 49. Silver-plaied beryllium copper wire mesh

(17 x magnification)

(3) Corrosion resistance,
(4) Low weight.
5) Low absorptivity /emissivity,
(6 Run. snag, wrinkle resistance
7) Biaxial compliance
S) High strength puncture resistance
(9) Low creep.
10) Radiation resistance
Many of these properties were oplimized by selection of

the proper material and fabrication technigue

I'he material is knitted from monafilament silver-plated
beryllium copper wire. The knit pattern is a two-bar, half-
set, warp knit fabric with diamond-shaped openings (Figs.
19 and 201, The pattern is more formally described by the
knitting industry as:

Front bar: /1-0/1-2/2-3/2-1/

1

Baca “ar: /2-3/2-1/1-0/1-2/

The opening size is approximately 5 openings/cm, mea
sured on the diagonal with the material stretched taut

The bervllium copper wire is plated with 99.99 pure
silver rather than gold to keep the mesh at a relatively low
temperature. The silver produces a coating that is 49¢ by
weight, This corresponds to a silver eladding nominal

thickness of 0.00038 mm (0.000015 in ). Silver has a solar

i1



Fig. 20. Overall view of mesh knit pattern

absorptivity /emissivity  ratio which results in a mesh
temperature of 400 K (260°F) in Earth orbit. Gold on the
other hand has a high absorptivity /emissivity ratio which
would vield a mesh temperature as high as 473 K (392°F),

The wire core is 309 hard CDA alloy No. 172 with a
compaosition of 97.99% Cu, 199 Be, 0.29 Co. The finished
wire diameter is 0.038 mm (0.0015 in.). The weight of the
silver-plated beryllium copper mesh is 0.36 N/m* (0.0075
Ib/ft*). The weight of the gold-plated chromel-R mesh is
0.72 N/m* (0,015 Ih/ft7), Therefore, the silver-plated wire
represents a 3007 weight saving for the main reflector
mesh,

The cost of the silver-plated beryllinm-copper-finished
mesh is approximately $430/m* ($40/1t*); the cost of the
gold-plated chromel-R-finished mesh was about $645/m?
(860/ft*). The cost of the beryllium copper wire used for
knitting is considerably less than the cost of the chromel-R
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wire, and also the beryllium copper wire is preplated with
silver prior to the knitting operation: the mesh knitted
from chromel-R wire is gold-plated after knitting,

The RF reflectivity of a knitted mesh material depends
on a number of factors. One of these factors, “geometric
reflectivity,” is described by the gauge of the mesh (varn
spacing) and the yarn diameter. For high reflectivity, the
mesh opening size must be a small fraction of the RF
wavelength at the operating frequency and the yarn
diameter must be small compared to the mesh gauge, For
operation at X-band (8.448 GHz, A = 35 mm), mesh ma-
terials with an opening size of approximately 2 mm
(0.08 in.) have performed well,

Given the proper geometry, low de electrical resistance
of the mesh is indicative of high RF reflectivity, Low
resistivity depends on low resistance along the mesh con-
ductors and low contact resistance at conductor junctions,
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The beryllium copper wire core provides the low elec-
trical resistance along the length of the wire, while the
silver plating provides low contact resistance at wire
junctions and enhances conduction along the wire.

The initial RE retlectivity of the mesh was measured by
placing small samples of the mesh material ia a wave-
guide. The results were good, Average RF reflectivity
losses were 0.02, 0.04, and 0.07 dB for the 0-, 45, and 90-
deg positions, respectively. These losses compare favor-
ably to the 003, 0,03 and 0.05-dB losses reported in
Ref. 21 for the gold-plated chromel-R used on the 3.66-m
antenna,

As a result of initial REF system tests of the whole
antenna, it was found that the mesh surface RF reflec-
tivity had degraded. This degradation was proportional
to the time of exposure to the atmosphere. Further ex-
amination of the silver-coated beryllium copper wire
indicated surface changes. Electrical resistance measure-
ments showed  decreased surface conductivity, Wave-
guide tests showed that the surface loss, less than 0.1 dB
when new, was in excess of 2.5 dB in some cases,

Atmospheric corrosion of the mesh was found to be the
cause of the RF degradation. The commercial corrosion-
inhibiting coating, Tarnaban, applied to the silver-coated
mesh after knitting, at the time of fabrication, was found
to be inetfectual in preventing corrosion, since the RF
reflectivity of the treated mesh was found to degrade
unacceptably after exposure to an industrial atmosphere
for a relatively short period of time, It must be noted that
the gold-plated chromel-R mesh previously used (Ref. 9)
was, on the contrary, virtually free from RE performance
degradation due to atmospheric corrosion. To resolve the
corrosion problem, several 2-in-diameter samples were
taken from the antenna mesh. These samples were cleaned
and treated with a variety of surface conditioners, Several
treatments were effective in reducing the RF loss to
approximately 0.1 dB. A dilute phosphoric acid was se-
lected as a practical but temporary fix. It was found that
atter about four days of atmospheric exposure, mesh
treated with this solution did not have losses of more
than an acceptable 0.2 dB when measured in waveguide
tests,

Alternative solutions involving gold plating achieved
the same result in reducing RF loss but were estimated
to be more costly in time and money, and would have
defeated the reason for using silver in the first place. It
should be noted that for an actual spacecraft application,
the antenna would be in a vacuum and the cause of atmo-
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spheric degrad tion would disappear. However, the sta-
bility of the RF retlectivity of this new silver-coated mesh
remains an open question that requires additional re-
search,

V. Structural Analysis

The structural analysis accomplished in support of the
design of the ante ana was in two categories: (1) structural
loads for member sizing and (2) dynamic modeling for
structural/autopilot interaction. The analysis used to
determine member loads and sizes was based on expected
launch loads and utilized a finite element model of the
antenna stracture in the furled (boost) configuration (Fig,
21). Another analysis was done for the antenna structure
in the cruise configuration in order to develop a mathe-
matical model compatible for structural/autopilot inter-
action studies of potential applications (Fig. 22).

~FEED SUPPORT
/ STRUC TURE

— TENSION
/ DIAGOMNALS
P ki
P oand |V
> STRUCTURE

Fig. 21. Finite element model of 5-meter conical antenna
in furled configuration
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Fig. 22. Finite element model of 5-meter conical antenna
in deployed configuration

A. Boost Config wation

The primary sources of structural loading of the an-
tenna are the launch and boost phases of the service
environment, The structural design was intended to be
compatible with Mariner-class spacecraft missions which
utilize Atlas/Centaur hoosters, Therefore, design loading
and qualitication dynamic testing requirements were
based on data obtained from previous Mariner programs.

As mentioned carlier, for the boost configustior, the
basic load-carrying structure of the antenna is the line
teed support truss. This part of the antenna supports the
teed, ribs, and the entire huby including the deployment
mechanism. A linite element model was developed which
was representative of a conventional truss structure and
accounted for the stiffness and mass distribution of the
truss but only included lumped mass representations of
the ribs, feed, and hub structure (Fig. 23). The develop-
ment of this model was done with the SAP IV computer
program (Refs. 22 and 23),

For the first iteration, member loads were based on
quasistatic acceleration loasting obtained from previous
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Fig. 23. Finite element model, conventional truss structure
with lumped mass simulation of ribs, feed, and hub

spacecraftprograms. This was considered to be represen-
tative of worst-case loading for structures equal in mass to
the antenna. The diagonals used for the truss structure are
thin, elongated, flexible members and therefore can carry
only tension loads (Fig. 24), To avoid compression, they
were preloaded such that under the maximum expected
lateral truss loading neither of the diagonals in a bay was
completely unloaded. To account for this preload condi-
tion in the analysis, the truss was first analyzed with the
diagonals reacting in tension and in compression to the
applied lateral loading. Then, using this analysis result,
the diagonals were preloaded in tension such that the
same lateral loading did not produce any compression in
the diagonal. Superposition of the applied lateral loading
and the static loading due to the pretension in the
diagonals gave the resultant member loads that were used
for preliminary element sizing.
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DIAGOMALS

Fig. 24. Preloaded tension diagonals
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Next, the natural frequencies and mode \Il.lln'\ wer
obtained with the upgraded mathematical model. This
data, in conjunction with the dynamic test levels required
for the antenna, was used to obtain the dynamic response
loads. Then a comparison was made between the quasi
static member loads that were used for preliminary sizing
and the dyvnamic response lcads that were m||n\.||e-nl to
qualification test levels for the antenna structure, This
procedure was iterated in a traditional manner until posi
tive structural margins of safety for all load-carryving
b

clements of the antenna structure were obtained (Fig. 25

B. Cruise Configuration

The finite element model deve Iupul tor the « ruse con
figuration of the structure accounted for stiffness and
mass distribution of the truss, ribs, and mesh, Verification
of the model was accomplished with the results of a modal

survey for the configuration analyzed (Fig. 26

Becanse of the inherent symmetry in the geometry of
the antenna structure, only half of the deploved structure
was modeled for the analysis, Two sets of such analyses
were carried out; one for the antisvsmmetric and one for
the syvimmetric modes by applving appropriate boundary
conditions .l'tlll'_: the |1|.|In' of symmetry

In order to evaluate the possible effects of ulllllllnu
bhetween modes of the stretched reflector mesh and modes
involving the deploved ribs, a special-purpose program
Wis «It'\l'lli]lt'(' since 4 conventional umlpult‘l Program
such as SAP IV does not have this capability. This pro
gram computed the frequencies and mode shapes of the

Fig. 25. Structural analysis process
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Fig. 26. Cruise configuration dynamic
analysis process

tensioned mesh itsell. During the development of the
special-purpose  program, a new finite element called
“dynamic elements” was created. These elements allowed
solution of this type of problem more effectively and with
a fewer number of finite elements thaa conventional ap-
proaches. A saving in computation time by a factor of
between 5 and 10 was realized, using dynamic elements
in lieu of the usual finite elements, Results of the analysis
indicated that the mesh frequencies were sufficiently
separated  from the basic structural modes to avoid
coupling. A brief summary of the development is given in
the Appendix.

Figure 27 is an isometric projection of half of the
deployed antenna discietized by the finite element tech-
nique. Bars, beams, and membrane elements were used for
the structural discretization, The SAP IV computer pro-
gram was used for the final analysis. The geometric stiff-
ness option was used to apply prestressing of the tension
clements (bowstrings and spokes) before solution of the
eigenproblem.

Table 4 gives the numerical results of such analysis
along with the corresponding experimental data derived
from the modal vibration tests mentioned in Section VI
In general, the results show excellent correlation. The test
results corresponding to the first two calenlated modes,
which are shown within parentheses, refer to the first two
computed natural frequencies of the antenna in folded
configuration. The contribution of the mesh reflector to
the overall stiffness of the structure was found to be
minimal for this configuration,
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Table 4. List of natural frequencies

(deployed configuration)
Freguencies,
Hz
Maode Nature Damping
number Anclols Test of mode ratio
results results

1 K5 50 First torsion 0.008

2 237 (2582)% 23.5 (25.5)* Out-of -plane 0.015
bending

3 24.1 (26.62)¢ 237 (26.0)* Out-of -plane 0014
hending

28.7 Second torsion

5 9.2 37.1 Out-of-glane 0.008
hending

6 512 509 First plate mode 0.011

7 622 60.9 Second plate mode 0010

5 3.6 Third plate mode

49 65.91 Fourth plate mode

“Furled configuration.
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Fig. 27. Discretized model of half of deployed
5 meter conical antenna
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Veritication of the mathe matical model of the deployed
antenna was sulficient to accommodate structural/qiuto-
pilot interaction analysis if required for a specific apphica-
tion of the antenna,

C. Thermal Considerations

Two thermal deformation mechanisms would occur
during a steady state cruise mode of a spacecraft bearing
a conical antenna: those due to solar input and those due
to RTC radiation,

Since most of the time the antenna will be Earth- or
Sun-oriented, and since these two directions nearly coin-
vide as viewed from the outer planets, such as Saturn, the
solar input can be assumed approximately along the
antenna axis and symmetrical on the front face, Solar flux
filtered through the mesh will heat all the ribs uniformly
and any deformation occurring will be axially symmetric,
These deformations can be controlled by the length of the
antenna spokes.

Flight programs currently under study for outer-planet
missions configure the RTG in back of the antenna cone
at a distance from the spacecraft bus, This will cause an
unsymmetrical heat input which may distort the ribs
closest to it. Using the Mariner/ Jupiter Saturn 1977 space-
craft configuration to represent the relative locations of
the antenna and RTC, a first appeoximation of rib heating
was obtained by assuming a point source of 8100 watts at
a distance of 2 meters from the center of the rib and at an
angle of approximately 45 deg from the vertical to the
surface (Fig. 28).

For a location near Saturn, the mesh forming the cone
surface, made from silver-coated wire, would stabilize at
approximately 100 K, the equilibrium temperature due to
the solar energy Hux. Superimposing the S100-W unsym-
metric RTG radiation heating would locally raise the
mesh temperature to 154 K. while the opposite side of the
dish, because of shading and a near zero view factor,
would remain at 100 K. Thus, going around the antenna
surface, the maximum temperature ditference is 54 K with
an approximately linear temperature distribution. Since
the bowstrings are in contact with the mesh, they would
be approximately the same temperature. The spokes.
however, would increase in temperature to 112-116 K.

The rib equilibrivm temperature at Saturn distances
as obtained by applving an 0.8 filter factor to the local
solar intensity was caleulated to be about 93 K. The vari-
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Fig. 28. Mariner/Jupiter Saturn 1977 spacecraft configuration
with deployed 5-meter conical antenna

ance in rib tempeature would be about 54 K as in the
case of the antenna surface, for a maximum of 147 K,

Thermal distortion was examined as a function of struc-
tural material. As an example, absorption of the infrared
energy on one side of an aluminum rib would cause bend-
ing in an arce convex toward the heat source and with it a
reduction of the length (distance between end points of
the rib). This bending varies inversely as the thermal
conductance around the tube. In the case of a high
thermal conductanee of the rib material, uniform distri-
bution around the tube of the absorbed IR energy would
expand the rib but not bend it. Graphite epoxy ribs have
a low thermal conductivity, but they can be fabricated in
a form in which the eftective coefficient of thermal expan-
sion is very nearly zero, This property eliminates bending
due to thermal gradients in the ribs and thus minimizes
thermal distortion.

Overall thermal distortion of the antenna structure can
be expressed in terms of changes of member length and in
the conical reflector halt-angle, nominally 65 deg. Two
classes of contributions were considered (Table 5):

(1) Shrinkage of the whole structure due to transfer of
the antenna from an Earth environment to a Saturn
space location.

2) Ditferential angular changes of the two sides of the
cone due to unsymmetrical RTG heating,

17



Table 5. Overall antenna thermal distortion

Antenna Farth/Saturn transfer RTG effect

Component  vun (i) dey T (im ) deg

Ribs 076 ( =0030) 40010 =020 (+0.008) 0003
Spokes =L AT (=046 <0035 <0025 ( =0001) +0.00]
Feed supports = 1.27 ( <005 40,025 0,025 ( +0.001 ) =0.000

Total effect « =000

=~ 0002

The total change of the cone hall-angle is then about
=0.003 deg. a small closing motion of the antenna cone.
It is noteworthy that most of the thermal distortions com-
pensate each other, especially the common shrinking of
the feed support and spokes, resulting in a small net angle
change, even though large temperature changes occur
during planetary transfer. In the vicinity of Saturn, the
unsymmetric RTG heating causes approximately two and
a half times the distortion due to planetary transfer.

VI. Antenna Test Program

The furlable antenna test program was intended to
evaluate and demonstrate the mechanical, structural, and
RF functional properties of the flight-type hardware. The
test program was initiated with reflector surface measure-
ment and adjustment and was followed by multiple furl-
ing and unfurling of the ribs to determine the repeat-
ability of the reflecting surface quality. The next phase
was an RF range test at 8.5 GHz to measure the RF gain
patterns and overall oporating efficiency. Structural evalu-
ation of the antenna was accomplished by a modal vibra-
tion test to verify the finite element mathematical model
of the antenma hardware, The modal test was accom-
plished for both the boost and cruise configurations,
Natural frequencies and mode shapes were obtained for
the line feed support structure anel the antenna reflector
stpport structure,

A. Surface Evaluation

Because the antenna RF performance is strongly influ-
enced by the accuracy of the reflecting surface, it is
necessary to know the surface accuracy of the conjeal
reflector so that gain loss can be estimated. It is also de-
sirable to make the surface measurement with the antenna
in the sume position or attitude as for the RF test.

At the JPL antenna test range, RF testing was per-
formed with the axis of the antenma horizontal. This re-
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sulted in an unsymmetrical gravity field on the reflecting
surface appliecd perpendicular to its axis of symmetry.
This gravity load caused the reflecting surface above the
antenna axis to deflect toward the antenna axis. The
reflecting surface below the antenna axis deflected away
from the antenna axis. To include these effects, the sur-
tuce deviation of the conical mesh reflector was measured
with the cone axis horizontal, as it would be during RF
testing.

The technigque used to measure the deviation of the
mesh conical surface is similar to that of Ref. 9 and is
indicated in Fig. 29, The tubular triangular support truss
provided the interface between a handling fixture and a
bearing plate attached to the three antenna support
points, A precision track, parallel to the theorei -ally
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Fig. 29. Surface evaluation test setup in horizontal position
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perfect comical surface, was attached to a rotating ring
and generated an “ideal” conical surface when rotated
about the antenna axis. A micrometer head was attached
to a radially movable mount on the track. Thus, any point
on the reflector surface could be measured by rotation of
the track and radial movement of the micrometer. The
Hlexibility of the mesh presented a problem in sensing
where the micrometer tos fwd the mesh. To sense the
contact, shiny foil dises, 16 mm (0.62 in.) in diameter, were
attached to the mesh. The position of the mesh surface
was established when the micrometer spindle tip appeared
to just touch its retlection in the shiny disc.

To avoid the obvious interference of the spokes and
howstrings and to minimize costs, the evaluation of the
mesh surl o was accomplished from the rear, as opposed
to the evaluation of Ref. 9. which was done from the
front. The rear surface technique was more difficult. As
an example, the mesh surface approximates a conical
reflector by forming a 60-sided pyramid: ie., 60 panels
and 60 ribs. A true rms measurement would include the
values at the centerline and edge of cach panel. However,
no measurements were made within 508 em (2 in) of a
panel cormer because of rib interference, This interfer-
ence resulted inoa more limited sampling of measuring
points. Five measuring points per pancl were established
(Fig. 30), leading to a total of 300 measurements for the
entire reflector,

The rms value of the surface deviation A was computed
hy

Pf&
ll

where

measured deviations of the surface from the rotat-
ing track

o
i

lllllll'"'l’ ol measurements

Based on the 300 measnrements, the 3 of the reflector was
computed to be 061 mm (0024 in) rms. This is to he
compared to the computed surface accuracy of a theo-
retically perfect 60-sided pyramid, 043 mm (0017 in.)
rms. However, a portion of the ditference between the
actual and theoretical can be attributed to tolerances in
the rotating track mechanism and eccentricity of the
bearing plate, estimated at < 0.10 mm (£ 0.004 in. ).
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Fig. 30. Measurement points on typical mesh panel of
5 meter conical antenna

B. RF Test Range

A series of RE tests were made on the antenna at the
IPL test range (Fig. 310, Antenna amplitude  pattern,
phase, and gain were measured with the aid of an illu-
mication antenna and  transmitter that were  located
1006 m (3300 1) downrange rom the antenna, The illumi-
pation antenna had a narrow bandwidth to minimize the
effects of ground reflections. The S-meter antenna was
mounted on a rotating fixture to accommodate the bore-
sight angle changes required to implement the RF range
test. Variation of azinath, to change the boresight angle
ol -« antenna while holding constant elevation, provided
the patterns. while absolute gain was obtained by com-
parison with the gain of a standard calibrated antenna
located adjacent to the conical antenna,

To prevent wind-induced deformation of the antenna
reflecting surface during RF test, an inflatable radome
was used to provide a protection shield around the an-
tenna (Fig. 32). The radome was made of dacron material
cut and sewed into the required geometric dome shape.
Stiffness was obtained by air pressure. RF testing of the
S-meter antenna with and without the radome on a very
calm day indicated that the RF loss associated with the
dacron was less than 0.10 dB.

The mesh corrosion problems  previously  mentioned

necessitated the implementation of a large  eries of RF
tests. These RF range tests were repeated Liter several
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Fig. 31. RF test range for 5 m conical antenna

attempts to chemically remove the corrosion from  the
s mesh, until the electrical performance was considered to
be optimum for the deteriorated condition of the mesh
I'he best RF performar: o was 49.77 dB at 85 GHz for
an overall efficiency of the input to the line source feed
of 53.0%. It is anticipated that the design goal of 559
etficiency could have been exceeded had the mesh RF
reflectivity remained good. since the small surface devia
tion of the retlector was commensurate with a high

performance furlable antenna,

C. Modal Test

Uhe objective of the modal test was to identify natura!

||Hi1|--|n'|e \‘.nnl Measure I'u HERTST l.i’:\: IIIIN‘I' \!Mpl‘\ tor
comparison with the properties of the structural mathe
matical model of the antenna. The antenna structure was
cantilever-mounted at its base for both the furled and
t]l'pln\c'c] test contiguration (Figs., 33 and 34

Sinusoidal excitation was provided by electromagnetic
shakers that utilized very small armature masses to mini
mize their etfect on the frequency and mode shapes of
the test structure, A total of six shakers operating at the
samie frequency and exactly in phase or out of phase with
respect to ea h ather were used to ‘llill|ll.lh‘|7\ excite the
modes, Dynamic mode shapes were measured with the

Hse III' pieze "I|'| Iri .Il'(l‘il‘lﬂllll‘h'l\ \((1"0'?"!”!'!!"‘ were

Fig. 32. RF testing of 5-meter conicai antenna equipped with permanently mounted on structure not easily accessible
inflatable dacron radome during the test, such as the line feed support structure
0 iA JPL TECHNICAL REPORT 321604



Fig. 33. Modal test setup for 5-meter conical antenna,
furled configuration

Otherwise, dynamic motior. was measured with a portable
accelerometer, e, motion of the de 1)1«1\:1! rib tips

Fig. 35).

The lowest trequency mode of the deployed structure
was first torsion, at 5.0 Hz. The ribs accounted for essen-
tially all of the motion while the line feed support struc
ture ampliccde was too low to be . cured. The ribs de
formed in bending, similar to a series of cantilever
beams, attached to each other b the mesh, symmetrically
about the antenna axis. The fun_amental bending modes
of the line feed support structure, 23.5 and 237 Hz,
respectively, for the unfucled configuration were easy to
excite and isolate with two shakers. These modes were

similar in \Il‘lpl‘ to the first cantilever mode of a uniform
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Fig. 34. Modal test setup for 5-meter conical antenna,
deployed configuration

Fig. 35. Measurement of rib tip motion with
portable accelerometer
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Fig. 36. Fundamental mode of feed support structure,
bending at 23.7 Hz

beam (Fig. 36). However, the second bending mode.
37.1 Hz, required the use of four shakers. Again, this mode
was somewhat equivalent to the second mode of a canti-
levered beam, The first elastic mode of the reflector
structure, 509 He, required excitation of the line feed
support structure and the tips of several ribs, However,
the ribs and esh accounted for the maximum dynamic
displacement, while the line feed support structure barely
participated in the mode. The deflected shape of the ribs
and mesh (Figure 37) was simila to a fundamental classi-
cal circular plate mode where the edges rock about an
axis of symmetry,

Estimates of structural damping for each mode mapped
were determined from acceleration decay traces that were
obtained by terminating forced response and recording
the accelerometer output, These damping values varied
trom 0.008 to 0.0015, See Table 4 for a summary of test
results.

Fig. 37. Fundamental reflector mode, classical circular
plate edges rocking at 50.9 Hz

VIl. Assessment of Antenna Program Results

The experience derived from the concept and hardware
development program has led to certain conclasion, and
apinions as to how the 5-meter antenna compares to state-
of-the-art furlable antenna technology.,

The 5-meter antenna has several advantages when com-
pared to other furlable antennas that have either been
built and tested or have been built, evaluated and flown
as part of flight projects, The cost of fabrication and
surfuce adjustiment of the conical antenna is considerably
less becanse high-tolerance parts are not required and
surface adjustment after assembly is simple and quick to
accomplish. The surface tolerance of the 5-meter ant.nna
is about as good as anv other antenna design that has
been demonstrated by flight-type hardware. The deployed
natural frequencies are so high that structural/autopilot
coupling would not be a problem for virtually any flight
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application . Additionally, the structural stiffness leading
to the high natural frequencies would allow moderate
scanming rates without significant deformation of the
reflecting surface. The basic configuration of the conical
antenna, along with the materials used for construction,
results in an excellent thermal design. Because of the
relative insensitivity of the reflecting surface to small
changes in bowstring tension, overall temperature
changes, and thermal gradients, reflector surface dis-
tortions are very “mall. Other concepts that are dependent
o purely cantilevered rib configurations are much more
sensitive to iemperature changes and gradients,

Limitations associated with the conical antenna as com-
pared to state-of-the-art designs include single-frequency
operation for the line source feed, antenna weight, and
mechanical  packaging  efficiency. Current technology
limits the use of the line source feed to only one frequency
for efficient operation. Dual-frequency operation of the
line source feed has been demonstrated, ie., S- and X-
band, but with significantly reduced RF efficiency, The
S-meter antenna is heavier than most other designs, but
for a flight application the weight could be reduced by
optimizing fittings and member sizes to be compatible
with some of the other furlable antennas. The mechanical
packaging of the 5-meter antenna is limited by the length
of the ribs, line source feed, and the diameter of the line
feed support structure, Its packaging efficiency is roughly
equivalent to other furlable antennas with folding ribs,
but considerably less than designs utilizing wrap ribs or
truss members,

Current deep space mission studies at JPL have con-
sidered the use of single-frequency  high-data-rate an-
tennas operating at N-band. For applications of this type
for the 5-meter antenna, only minor changes to the design
would be required. These would include simplification of
the deployment mechanism, reduction of weight by about
25%, and a surface treatment or coating to the reflector
mesh to eliminate the corrosion problem,

An overall assessment of the 5-meter antenna indicates
that the advantages of the design demonstiated warrants
further development of the line source feed for a dual-
frequency capability.

VIIl. Results and Conclusions

The concept of a flight-type conical reflector antenna
with a line source feed was functionally demonstrated.
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The design criteria established for the antenna were
closely matched as indicated in Table 6,

In addition to successfully meeting these criteria, the
following results are noteworthy:

(1) Automated deployment and furling with controlled
rates was achieved,

2) The application of structural composites to obtain
high stitfness-to-weight, thermal stability, and RF
transparency was demonstrated.

(3) New structural analysis capability applicable to
other types of antennas was developed.

(4) The corrosion problems associated with the silver-
plated beryllium copper mesh probably accounted
for the degraded RF performance. A solution to the
mesh corrosion problem was developed. Long-range

solutions remain to be found.

In conclusion, a very large amount of experience was
gained through the development of the 5-meter antenna.
This experience is directly applicable to other, current
JPL antenma development programs.

Table 6. Comparison of design criteria with actual results

Design condition Criteria Actual
Physical

Furled diameter 1.5m 1.5m

Furled length fm tm

Deployed diameter 5m 5m

Mass 37 kg 32 kg

Surface tolerance 0.64 mm rms 061 mm rms
+0.2 em
( Translational )

0.01 radian

Feed alignment

Electrical

Frequency X-band X-hand (8.5 Ghz)
Operating efficiency 55% 53%

Gain 19.5 dB 19.77 dB
Feed Line source Line source

Environmental
Structural loads Confirmed by

analysis and test

Launch/deployment

Natural frequency 0.1 Hz deployed 8.0 Hz
> 12 Hz furled 25.5 Hz
Thermal 33 to 367 K Confirmed by
analysis
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Appendix
Development of the Finite Dynamic Element Method

During the modeling of the antenna mesh reflector it
was noted that the conventional finite element modeling
would vield a rather Large number of algebraic equations,
resulting in a rather expensive eigenproblem  solution
process. The concept of the newly developed dynamic
element method (DEM) was developed in the search for
an alternative, economical procedure for structural dis-
cretization. The capability now exists to efficiently and
cconomically determine the dynamic properties of mem-
brane structural elements that are characterized hy
lateral natural frequencies varving as a function of in-
plane stress. In addition, the concept of dynamic elements
can be readily extended to other finite elements such as
the plate bending and shell elements. This would facilitate
dynamie solution with improved accuracy and a reduced
number of finite elements as compared to conventional
approaches.

The finite element method is characterized by the
tundamental relationship

u=al (A-1)

which defines the continnous displacement vector within
an element in terms of its unknown nodal displacement
parameters. This relationship is only valid for static load-
ing, since for free and forced harmonic motion a is not
only a function of instantancous element nodal displace-
ments but also of the frequency o of such motion; the
resulting stiffness and inertia matrices are then obtained
as functions of . The extraction of roots from the initially
unknown frequency-dependent matrices is prohibitively
expensive for most practical problems. Thus the matrix a
is expressed in series form in ascending powers of w:

a= Z w'a, (A-2)

when the stiffness and inertia matrices are obtained as
tollows:

K=K, + M"IK; + l'J‘K‘ - veee (.’\'3’

M=M,+oM;+ oM, + *+°" (A-4)
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which results in the equation of motion

(K, = ' (M, = K) = w* (M; = K)=+202]q=0
(A-5)

q being the amplitudes of U, and M., K, the static inertia
and stiffness matrices, while the higher-order terms con-
stitute  the dynamic corrections. Usual free  vibration
analysis of structures involves the static matrices only, the
procedure being idertified as the well-known finite
element method (FEM),

The equation of motion for such a case is given by

Mg+ Kq=0 (A-6)
which results in the usual eigenvalue problem
‘IKU - UIIJ5'1;)q = 0 (-“7)

when it may be recognized as a special case of the more
general cigenvalue problem defined by Eq. (A-3). Inclu-
sion of the dynamic correction terms results in the quad-
ratic matric cigenvalue problem (Eq. A-3), the solution of
which effects most significant improvements in root con-
vergence (Refs, 24 and 25), The procedure is termed the
dyvnamic element method (Ref. 26) and such dynamic
correction matrices have been developed for a rectangular
membrane clement (Fig. A-1). Figures A2 and A-3
present the relative efficiency of the FEM and DEM
technigues when it may be observed that the DEM solu-
tion is abeut an order of magnitude faster than the usual
FEM analysis. Full details of this new development are
given in Ref. 26.

Y, o 3
1N s

i 1 | ’
B\ O - . \oorcs.[
‘ ?", ?u:‘"’.
\‘"
P -

Fig. A-1. Rectangular membrane element
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Fig. A-2. Comparison of convergence characteristics of
FEM and DEM
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