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Abstract

We present an innovative antenna design concept for the MMA utilizing a hexapod
mount. This design addresses several key limitations of conventional designsin
meeting the demanding specifications of the MMA. The benefits of a hexapod
design include accurate pointing under specified MMA load conditions, excellent
dynamic performance, and low overal instrument cost. This hexapod design is
lightweight and meetsthe key MMA specifications. A metrology systemisdirectly
integrated into the drive system of the antenna, in place of a conventiona encoder
scheme.

I ntroduction

TheMMA antennashave several design goalsthat depart significantly from existing instrumentsfor
millimeter and submillimeter astronomy. The primary constraints of size (12 m diameter currently),
surface accuracy (25 mm rms or better), and transportability are al within the realm of existing
designs. However, thereare severa additional constraintswhich depart significantly fromtraditional
design requirements. The wind pointing specification of 0.6 arcseconds (rss) ina9 m/swind isa
difficult specification . The fast switching between observed sky positions has not yet been
realized on any existing telescope to the specified MMA design goal. The MMA will be located at
a very high dtitude site. This instrument will be remotely controlled and requires minimal
mai ntenance and labor at the site (human operationsat such altitudewill alwaysbelessefficient than
at sealevel). And, the large number of antenna elementsin the MMA requires an optimization of
the design toward mass production so that the cost per element can be minimized.

Often, a significant departure in design goals requires aradical approach to adesign. With that in
mind, we have taken afresh ook at possible MMA designideas. We present an outline of one new
design in this memorandum. Our design uses a hexapod mount instead of the usual atitude-over -
azimuth mount. We present two possible dish designs to use with this mount.



Figure 1. 12 m hexapod antenna descriptive side view.



Hexapod Mount

The hexapod mount, or Stewart platform™, iscommonly used in flight simulators!?, ultra-precision
machining centers”, active vibration isolation’®, manipulators for surgery®, and nanotech
positioning devices ). It has recently been applied, also, to precision applicationsin optics. The
GBT and Keck telescopes use the hexapod mount for their secondary mirrors and the MM T!® and
LBT are planning similar implementations.

The Astronomisches Institut of the Ruhr-Universitét Bochum and Vertex GmbH have applied the
hexapod mount to a1.5-m optical tel escope system! 1% with an angul ar mechanical accuracy of 0.05
arcseconds. By taking advantage of the hexapod mount with its six degrees of freedom, the field
rotation is corrected. A reduction in mass by a factor of 15 compared to a conventional optical
telescope of this sizeis accomplished by the hexapod mount and lightweight primary mirror.

Figure 2. 12 m Antenna hexapod in lowest position (sgquat).



The hexapod mount consists of six variable length struts which connect to 3 points on each of two
planes. One planeis the fixed base, or ground. The other plane, the telescope itself, can then be
moved in six degrees of freedom (three rotations, three translations) by changing the lengths of the
six variable length struts.

The six struts can be either mechanical, ball-screw, planetary roller screw actuators!* or hydraulic
actuators*?, Both types of actuators are commercially available and should beinvestigated further
for best performance and cost characteristics. The joints where the actuators attach at their end
points need to be carefully designed for variableload directions and extensive precision movement.
However, they need not be designed for rapid rotation like normal bearings. Commonly used joints
are universal joints (hook, u-joints, gimbals) or ball-and-socket joints.

Figure 1 illustrates the concept of a hexapod mount with areflector and receiver cabin at the center
of themount. One of the principal advantages of ahexapod mount isthat it eliminates an extensive
amount of mass associated with anormal altitude-azimuth mount.

The base of the hexapod mount consists of three stable foundation points on the ground. Horizontal
members are used to define the separation of these points. To relocate the antenna for array
reconfiguration, a transporter would lift the structure at or near the receiver cabin in the lowest
antenna position, as shown in Figure 2. Then, the hexapod legs can be folded out (or in) during
transport if the horizontal members are removed (or themselves are actuators which can change
length). The antenna’s lowest position permits easy servicing of the antenna from the ground. By
using the 1.5m diameter hatch in the bottom of the receiver cabin, this position can also be used to
install receiver package and other equipment. The six doors around the receiver cabin provide easy
access and allow equipment racks to be serviced from therear.

Cabling for power and signals would be routed aong the hexapod actuator members. Variationin
cabling lengths could be handled with either ahelical cabling aong the actuator strut or acablewrap
mechanism at the bottom of the actuator strut. The cryogenic compressor, HVAC, and other
mi scellaneous equi pment can be mounted of f the structure on aseparate pad, thus reducing vibration
and weight on the antenna.

By optimizing the actuator length and travel, the MMA antenna close packing elevation
specifications could be met. The large circle at the base in Figure 3 is a 15 m diameter that
corresponds to a 1.25D close packing envelope. An additional capability of this mount is large
horizontal trandations, as shown in case 11 and 12 (Figure 3). Thismotion exceedsthe MMA close
packing specification and would only be used in configurations not requiring close packing.

Early calculations show promise of avery stiff structure with alarge servo bandwidth that will be
necessary to meet the MMA fast switching and wind pointing specifications. Initial finite element
analysis of the hexapod mount indicates that the mount has very high resonant frequencies. These
initial models assume a mass on top of the mount of 11,500 kg to simulate the reflector, BUS,
receiver cabin structure, apex structure, upper trunnions, and part of the actuators. Manufacturer’s
specifications were used for the stiffness of the six linear actuator struts. The true foundation
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stiffness is not considered and it is assumed infinitely stiff for this approximation. The resonant
frequencies vary between zenith and low elevations with the lowest value greater than 20 Hz. See
Figure 3for results at different antennaorientations. A detailed design and analysis will determine
these values more accurately and precisely.

Figure 3. 12 m Antenna hexapod range of motion, degrees of freedom, and stiffness.



Items | Description

A1-6 | Measure hexapod actuator lengths

B1-3 | Measurement of base hexapod triangle

F1-3 | Measurement of apex displacement ref. to hexapod

11-3 | Inclinometers to measure tilt of foundation

N1-7 | Nodes at trunnions and feed leg intersection

Measurement of top hexapod triangle

yaw

roll

Figure 4. Metrology system measurement diagram.




Metrology and Drive

The linear actuator struts of the hexapod mount require an encoder system to monitor the length of
each of the six actuators. We envision the center of the strut to be along, variable length vacuum
tube with alaser Doppler displacement system used to measure the absolute length of each of the
six drive actuator struts from node to node as shown in Figures 4 and 5. Precision of greater than
2 mm is possible with a commercial Laser Doppler Displacement Meter (LDDM) system (e.g.
Optodyn ¥ or Renishaw ), as shown in Figure 6. These commercial units are relatively
inexpensive, costing about $7,000 each including the electronics and retroreflector. For our
implementation, the path of thelaser beam iskept in avacuum to minimizeindex of refraction errors
caused by air temperature, pressure and humidity variations. The vacuum does not need to be of
high quality inthiscase. Thisschemeresultsinangular precision of thereflector direction of better
than 0.05 arcseconds. It is possible to economize on the number of laser systems needed by using
acommon laser for two path-length measurements of connecting hexapod legs.

Lower Cylinder Pin Connection

Two Stage with Dual Action Linear Actuator

@12.7 mm Retroreflector

—————————

e —— ]

Upper Cylinder Pin Connection

Laser Doppler Displacement Meter Actuator Internal Details Not Shown

Vacuum Cavity for Laser Beam

Laser Beam

Figure 5. Laser Doppler displacement system layout shown inside the linear actuator.

Inclinometerswill be mounted in the horizontal connecting strutsthat connect the base points of the
hexapod mount. These will help define the base coordinate reference of the hexapod after
transporting the antenna from one location to another and as measurement of the deflection of the
foundation by wind or other movement.

Restricting the range of tilt angles improves the performance and reduces the cost of this hexapod
mount. For normal astronomical observations, a restriction in zenith angle to 70-80 degrees is
probably acceptable. The calibration of the dish structure with a terrestria source requires an
antennaposition of about zero degreeselevationin aparticular direction. To achievethis, onecould
build acouple of special pad locationsthat tilt toward such asource. Itisnot necessary for theentire
array to point toward a low elevation holography source at the same time. To increase the
astronomical source coverage, one would tilt the base mounting plane angle toward the north (for
a Southern Hemisphere site). The optimal tilt angle would be equal to the site latitude. With such
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atilted mounting base, full sky astronomical coverage would be achieved even with restricted tilt
angles.

The servo system for tracking a source with the hexapod mount presents some interesting
possibilitiesfor radio interferometry. The antennareflector can be driven in 6 degrees of freedom,
not the usual 2 rotational degrees of an altitude-azimuth mount. It is possible with the third
rotational degreeof freedomto holdthereflector orientation at constant parallactic angle (likeapolar
mount), constant angle with respect to the gravity, or some other angle. The total range of angles
is, of course, restricted. However, if greater than a 90-degree range is allowed, it is possible to
switch the entire reflector-receiver system between polarizations. Thiswould be extremely useful
in checking for instrumental effects with sensitive polarization observations.

Retroreflector

i
Laser —®—— Electro-Optics — |

Receiver ey

i

Processor
and Display

Figure 6. Schematic of Laser Doppler Displacement Meter (LDDM).

A new drive possibility with thismount is to movethereflector in 3 degrees of trandlation. It would
then be possible to make limited corrections to the interferometric phase with the reflector |ocation
itself. Thiswould be useful for engineering diagnostics but is not necessary for the standard array
observations. Another interesting possibility isto dither the antenna position by a small amount at
afairly rapid rate. The phase and the baseline length between interferometric pairs could actually
be modulated by moving thereflector locationsrapidly. Thiscould be useful for some astronomical
experimentsaswell asengineering diagnostics. Inaddition, itispossibleto movetheantennainx,y
(horizontally) to optimize the antenna positions during close-packed configurations (to a limited
extent).



Reflector Structure

The design of the reflector that goes with this hexapod mount should keep the same triangular and
hexagona symmetry asthemount. Since the hexapod mount tips, tilts, and translatesin 6 degrees
of freedom, the gravity vector with respect to thereflector isnot fixed. Thus, symmetry and stiffness
of the structureis essential to minimize deflection and to maintain an accurate reflector surface. In
atypical alt-az mount, the gravity vector istwo-dimensional with respect to reflector and deflection
effects can be reduced by implementing homology along with arigging angle*® or by tuning the
surface. Our design emphasisfor thereflector structureis (1) to support the structure at the optimal
radiug™®, (2) to make the structure very tiff, (3) to use alightweight design, and (4) to support the
secondary mirror system from the hexapod upper nodes.

Thereflector panelswould be hexagonal panelsusing optical kinematic mountswith adjustors. The
large number of different hexagonal panel typesin this antennais not a cost concern since alarge
number of antennas will be built to use these panels. It is cost effective to optimize the reflector
structure with many different part sizes rather than minimizing the number of different sizes. This
would not betruefor aproduction run of only afew antennas. The panels could be either machined
aluminum, CFRP panels, or a large membrane surface!*”. The receiver cabin forms the central
feature of the reflector backup structure. There are two potentia reflector designs that we discuss.

The first reflector design would be a space frame structure of CFRP tubes and metal nodes. The
structurewoul d be optimized for stiffnessand performancerather than for minimum number of tube
types. Theloadsof the secondary feed support system would betaken almost directly to the hexapod
mount points. A similar reflector structure was used successfully in the SMT 10 m antenna
project '8 19 In the 12 m design concept here, the layout of the space frame would be optimized
around hexagonal (rather than trapezoidal) panels.

The second refl ector concept would be adeparturefrom existing largeradio reflectors. Thereflector
backup structure (BUS) would be made of quasi-isotropic CFRP sheetsthat form acore of isogrids.
The core isogrid will be constructed of thin sheets that form triangular cells in the vertical plane
(Figure6). These panelswill be notched, interlocked, and glued. Facing sheets of thicker material
connect to the isogrid with mortise and tenon joints that are also glued (Figure 7). Figure 7
illustrates the connection joints for clear viewing; this geometry is not a true representation of the
actual BUS. Hexagonal, honeycomb, egg-crate, and triangular-cell arrangementshavebeen applied
in other telescope panel and mirror projects®. Thetriangular cell arrangement we propose hereis
well suited to precut sheets that can be assembled and glued together along with a face sheet and
backing sheet . Thisisogrid BUS could be manufactured in three or six sections and assembled on
site. It could also be disassembled for transport. This structure resultsin high stiffness, low mass,
and minimized deflections.



ISOGRID PLATES AT 0° / OD CYLINDER RING
ISOGRID PLATES AT 60° \

ISOGRID PLATES AT 120"]

CENTER CYLINDER
RING

NOTES:
REFLECTOR PANELS NOT SHOWN
RECEIVER CABIN NOT SHOWN
ISOGRID CUTOUT HOLES NOT SHOWN

FACE PARABOLIC SHEET

Figure 6. Reflector BUSiso-grid design.

For both reflector concepts, the secondary mirror would be supported by atripod that restsdirectly
on the upper hexapod mount nodes. This arrangement directs the loads of the secondary support
system directly to the hexapod mount so that they don’'t distort the primary mirror. Secondary
focusing and chopping (nutating) motions would be done with a motor system at the secondary
mirror support.

An dternate system of supporting the secondary mirror would use a secondary support hexapod
mount instead of atripod. Again, the attachment of the secondary supports (6 struts) would be at
the primary mirror upper hexapod nodes. The other end of these feed support struts would beto 3
nodes at the secondary mirror support. This secondary mirror support hexapod would have short
range actuators at the base of each leg. Thiswould alow for all the necessary focusing movements
of the secondary. It may also be possible to use these hexapod secondary support actuators to
provide rapid secondary chopping movement (nutation). Again, alaser system would be used to
monitor the length of each secondary support leg. This hexapod secondary support arrangement
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would drastically reduce the weight of the secondary mirror package at the prime focus. However,
this arrangement may result in extrablockage in front of the primary mirror. Further detailed study
is needed to decide between the two possible secondary support systems.

TOP FACE PLATE

ISOGRID PLATE AT 120°

DOUBLE NOTCH BOTTOM NOTCH

\ISOGRID PLATE AT 60°

TOP NOTCH

4EEMSE PLATE

Figure 7. Reflector BUSiso-grid connection detail illustrative example.

ISOGRID PLATES AT 0°

Expected Performance

A more detailed design is necessary before we can accurately anayze the performance of this
antenna design concept. However, we can already predict some of the design’s characteristics.

We can estimate the weight from extrapolation of the weight for existing reflectors. The SMT
backup structure is about 3000 kg with half the weight in the metal nodal points. Extrapolating to
al2mdiameter reflector, we can budget 4500 kg for asimilar stylestructure. Thetriangular isogrid
reflector design would save considerable weight by eliminating the heavy metal nodes. Inthat case,
we estimate about 2500-3000 kg for the backup structure. Thereceiver cabin would contribute 600
kg. Thesecondary support and mirror systemsadds about 150 kg. Thereflector panels can be made
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with an areal density of 10-15 kg/m?, leading to a contribution of lessthan 1700 kg. Thus, thetotal
reflector plus receiver weight is 4950-5450 kg.

We estimate the total antenna mass to be about 26 metric tons. The total antenna weight for
transport isconsiderably lessthan expected with anormal altitude-azimuth steel mount design. The
design wediscuss hereisalightweight, stiff structure. The mechanical resonant frequencieswill be
high and are expected to approach 20 Hz. Fast switching with ahigh bandwidth, high performance
servo system will be possible. Full sky coverage with maximum acceleration and velocity is
possible. Thisdesign even alowscontrolled tracking through the zenith (whichisnot possiblewith
a conventional mount). It isonly a very low elevation angles where there will be increased
difficulty (and perhapsreduced drive performance). However, theselowest elevation anglesareonly
important for holographic measurements with aterrestrial source.

I TEM TRUSSREFLECTOR | SOGRID REFLECTOR
STRUCTURE STRUCTURE

Panels (~15 kg/m? & adjustors) 1,700 kg 1,700 kg

Apex (subreflector, legs, ect.) 150 kg 150 kg

BUS 4,500 kg 3,000 kg

Receiver Cabin 600 kg 600 kg

Cabin Equipment (Rx., racks & 1,400 kg 1,400 kg

ect.)

Top Trunnions (3) 500 kg 500 kg

Total Reflector Mass 8,850 kg 7,350 kg

Drive Linear Actuators (6) 12,000 kg 12,000 kg

Base Trunnions (3) 2,000 kg 2,000 kg

Base Linear Actuators (3) 3,000 kg 3,000 kg

Total Hexapod Mount Mass 17,000 kg 17,000 kg

TOTAL ANTENNA MASS 25,850 kg 24,350 kg

Table 1. Estimated mass of reflector structure and mount.



The light structure and built-in metrology system will result in an accurate system of full sky
pointing. Thethree point kinematic support isan advantagefor control of thetelescope optics. The
hexapod mount does not have much exposed surface areato thewind, ascompared to aconventional
mount, so it will perform well under the specified wind loading conditions. The solar loading
conditions are also easily controlled with this hexapod mount. Any changesin the actuator’ slength
are measured directly with the metrology system. Special materials are not needed for the actuator
construction.

Thelight antennastructurewill alsoresult in reduced power consumption during operation compared
to conventional designs. We estimate a 20% reduction in power consumption. The drive system
components are readily accessible for maintenance and could be easily removed and replaced for
service. There is a single cable wrap that is easy to access for service. The cost savings in
maintenance time (and cost) and in the operation costs due to power consumption are important
considerations for astronomical facilities operated at remote locations.

We expect the construction cost of this design will be lower than for conventional designs. The
foundation requires an efficient use of stable, small pillars or pads rather than alarge massive base.
The hexapod mount is much |ess massive than aconventional design. Generaly, thecostisdirectly
related to the amount of material used (when precisionisheldfixed). Thereflector designissimilar
in concept and cost to other designsbeing considered. Thereceiver cabinispotentially alower cost
inthisdesign, sinceitisanintegral part of the reflector structure and does not need to be interfaced
with the conventional mount.

Summary

We have presented an innovative design concept for the MMA antennasthat is expected to meet the
performance specifications. This design is a lower cost alternative to the conventional design
concepts discussed elsewhere. The design is lightweight, potentially has extremely accurate
pointing, and has excellent dynamic performance. Direct metrology is built into the design for
improved pointing performance.

The hexapod design concept is new to radio astronomical applications. There will be some
“learning curve’ in understanding all of the characteristics of the mount. An initia prototype
antennawill provide the necessary familiarity and experience.

We are currently working on a more detailed design to (a) optimize hexapod geometry, (b) design
trunnions, (c) select an appropriate actuator, (d) study the proposed metrology indetail, and (e) fully
analyzeand optimizethestructurewith finiteelement analysismodeling. After thesefurther studies,
apreliminary bill of materials can be generated and a reasonable cost estimate can be produced.
Then the true feasibility of this design can be evaluated.
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