
RATIO Satellite Antenna

RATIO is an assembled-in-space antenna concept that defines optimum aperture accuracy and packaging density. 
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ABSTRACT      

A unique approach for deploying an X-band, 30-foot space borne antenna is described. The approach consists of sectionalizing the reflector into triangular panels that are efficiently stacked in a fastened-together state. This greatly enhances reliability for surviving boost phase loads.

An autonomous automatic assembler assembles the structure. The assembler primarily performs one set of repeated motions to positively and reliably join panels into the desired structural shape. The assembler also disassembles the antenna and restacks the panels.

RATIO approach offers distinct advantages for X-band and higher frequency antennas 20 to 50 feet in diameter, weighing 0.05 to 0.10 lbs./ft2 and requiring maximum deployed-to-stowed dimension ratios of at least 20/1. 

The stiffness and stability of the deployed RATIO antenna is greatly enhanced by a structurally continuous triangulated pattern of back ribs. The ribs readily provide required rigidity for slewing rates of 5°/sec2 and greater with negligible degradation in aperture performance. 

The RATIO structure is 92 to 94 percent open or transparent to solar radiation. This minimizes solar radiation induced thermal gradients and distortion.

The deployment time for a 30-foot RATIO antenna is about 20 minutes. 

Deployment of a full-scale flight weight RATIO antenna is tested in an under water (gravity equilibrating) environment. Such tests are possible because of the inherent stiffness of RATIO structures and the positive-action in the RATIO assembler.

.
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1.0 INTRODUCTION

This report describes the RATIO structure assembly of a 30-foot diameter steerable antenna having the following specifications: 

Frequency: X-band

Weight: Structure: 150 lbs.

             Feed: 25 lbs. 

             Attitude Control: 25 lbs.

Steering Cone Angle: 18° (at Synchronous orbit)

Two Axis Steering: 57° (at 600 n.mi. orbit)

Feed: Cassegrain

Slewing Rate: 5°/sec2
Turning Rate: 15°/sec

Focal-length-to-diameter ratio: 0.3

Shroud Sizes: 5-feet diameter x 7-feet long to 

                       10-feet diameter x 20-feet long

2.0 FEATURES OF RATIO ANTENNAS

1. The reflector structure is an assembly of 23 triangular panels that are rigidly nested in each other in the stowed condition. The stacking density is only limited by the plate thickness of the reflector surface and the back ribs.

2. The assembler assembles one panel at a time from the bottom of the stack. The panels forming the reflector are fastened together in a stress-free condition.

3. Tapered lead-in fasteners minimize the required assembler positioning accuracy.

4. The assembled reflector has total structural continuity.
5. RATIO assemblers deploy larger, more accurate antennas than possible with unfurling or inflating methods. Assemblers developed for one antenna size are scalable to other sizes. 

6. For a 30-foot aperture the assembler weight is about 15 percent of the antenna weight. The percentage decreases as the reflector size increases.
7. The structure and assembler designs are based on state-of-the-art technology. RATIO structures design definition development is supported by SST (Shell Structures Tools) technology of PS Associates, Inc.   

8. One basic, and repeated, motion is used to assemb1e the RATIO reflector.

9. Equipment, such as the feed, front end, and attitude controllers, are mounted on any part of the antenna structure.
10. Only the assembler weight is fully equilibrated to validate the assembly process in an underwater environment. For this validation, the antenna structure is fitted with removable and non-interfering equilibrating floats.

3.0 ANTENNA CONFIGURATION
Fig. la and Fig. lb show an outline of a proposed cassegrain antenna configuration. The reflector, 

the contour of which is in the form of a hexagon, is composed of 23 assembled panels to provide an area equivalent to that of a 30-foot circular reflector. The antenna is supported by a

level, cross level pedestal which is bracketed to the spacecraft. The subreflector is carried on 

panel 0 by a tripod structure, and the feed (including the front end and possible other repeater components) is also mounted on panel 0 at the reflector apex.

3.1 ASSEMBLY SEQUENCE

Figs. 2 shows photographs of a simplified planar model of the reflector structure. In Fig. 2a the 

panels are stacked in the stowed condition. Panel 0 is at the bottom and panel 23 is at the top of 

the stack. In Fig. 2b the panels are laid out to show the order and relative orientation in which 

they are assembled. Fig. 2c shows a back view of the assembled reflector.

In Fig. 2b and Fig. 2c assembly of the panels takes place per systematic relative motions between successive panels. Panel 1 is assembled to panel 0 by a counterclockwise rotation and displacement of panel 1 (at the bottom of the stack) with respect to panel 0, The same rotation and displacement takes place between panel 2 and 1, 3 and 2, 4 and 3, and 5 and 4. Panel 6, however, is assembled to panel 5 by a clockwise motion of the stack with respect to panel 5. Further, Fig. 2b and Fig. 2c indicate that panels 7, 8, 9, 11, 12, 14, 15, 17, 18, 20, 21, 23, are assembled by counterclockwise motions and panels 10, 13, 16, 19, 22, are assembled by clockwise motions. Section 4.0 explains these assembly motions as variations of a single basic motion and describes the equipment for implementing the motions.

3.2 PANEL CONSTRUCTION

The panels use an isogrid construction. The reflective surface is a metallic or a conductive composite mesh integrated with the isogrid structure. The high transparency of the reflector contributes to minimizing thermal gradients and distortion due to solar radiation. 

Panel-to-panel structural pins, latches and shouldering are incorporated into the joint line between the back rib panels and parabaloidal panels.  

Fit up at assembly is used to minimize need for tight manufacturing tolerances. 
3.3 STRUCTURAL FASTENERS

Structural fasteners use actuated latches and tapered shoulder pins. Fig. 3 shows a typical fastener located in a structural junction.

The dog, in Fig. 3, is retracted to allow panels to be guided and aligned by the tapered shoulder pin. When the pin is seated the dog is positively actuated to positively lock the members together.

The actuated fasteners hold the panel modules together in both their deployed and stowed states.

3.4 STRUCTURAL DESIGN

The weight bogie for the proposed reflector design is about ).08 lbs. per sq. ft.  

3.5 PANEL GEOMETRY

The panel sizes and rib heights are selected to optimize both structural performance and stowed density. SST (Shell Structures Tools) methodology will address these and many other design objectives.

3.6 DEPLOYMENT OF SUBREFLECTOR

The sub-reflector is mounted on panel 0 by a tripod structure. The tripod consists of three motor-driven preformed (Vertistat) springs. These springs are wound in the form of a flat strip on three spools which when unwound cause the strips to assume a circular shape.

The sub-reflector, stowed between panels 1 and 0, is deployed after panel 1 is assembled. 

4.0 RATIO AUTONOMOUS ASSEMBLY 

Fig. 4 pictures the assembly equipment and a partially deployed reflector. Three V-shaped grippers manipulate panels. The upper gripper holds the stowed stack.. The middle gripper holds the rib edge of a panel was removed from the bottom of the stack and is being assembled. The lower gripper is attached to the last assembled panel (panel 10) that acts as an anchor between the assembled and unassembled panels.

As needed, the middle gripper can also grips a panel module along the upper (reflector-face) edge of the ribs.

4.1 KINEMATICS OF BASIC ASSEMBLY 

Fig. 5 is a schematic showing the drive functions of the assembly equipment. The drive functions here correspond to the numbered drives in Fig. 4. Drive functions 1, 2, and 7 linearly translate respectively the upper, middle, and lower grippers in the indicated directions along the floating rack frame. Drive function 5 linearly moves the middle gripper. The drive functions 3, 4, 6, and 8 rotate the middle and lower grippers.

Drive functions 9 and 10 unfasten and fasten the panel modules both from and to each other and the grippers. Fig 6 shows a schematic of drive function 9. 

When the gripper and panel catches engage, the panel and gripper are attached to each other by the solenoid actuation, which may also simultaneously operate the structural latches through the control cables, as shown in Fig. 6. The engagement between the middle gripper and 

a lower part of a panel is accompanied by the unfastening of the structural latches and therefore the release of the panel for transport by the gripper. Correspondingly, when the gripper and panel disengage, the structural latches are fastened; the released cable tension springs providing the fastening action in this case.

In the cases where the middle gripper is engaged or disengaged from the top of a panel, or when the lower gripper is engaged or disengaged from the bottom of a panel, there is no need for actuating structural latches.

The actuators I to B are to be powered by step motors (such as the IMC Model 020-004 which draws 30 watts at 28 volts and delivers 7 oz-in of torque at 300 rpm).

The kinematics of the automatic assembly equipment to achieve the assembly of panel I to panel 0 is outlined in Fig. 7. The operations cycle diagram in Fig. 8 indicates the actions of the drive functions according to the sequence of events I to 15 required for the assembly of panel 1 to panel 0. The corresponding events depicted in Fig. 7 are also called out in Fig. 8. The events to achieve the assembly of panel 1 are briefly summarized:

1. The stack of panels, fastened to each other, are held against panel 0 by the upper and middle grippers, which are attached to the stack and the lower gripper in turn attached to the bottom of panel 0. Separate the stack from panel 0 and release the middle gripper from the stack. These events are brought about by exercising function 1 to raise the upper gripper attached to the stack, function 9 to unfasten the middle gripper from the stack, and function 5 to retract the middle gripper from the path of the moving stack. The dots along the event-X row in Fig. 8 indicate that the drive functions 1, 5, and 9, are exercised as described.

2. Move middle gripper to a position of engagement with panel 1 -Functions 2 ~aa4 4 as indicated in Fig. 8, are used for this event.

3. Operate function 9 to grip panel 1 and release it from the bottom of the stack.

4. Translate panel 1 to its assembly position with respect to panel 0. To accomplish this, functions 2, 4, 6, 7, and 8, are used. Because the upper gripper rides on the same leg of the floating rack frame, as does the middle rack-carrying panel 1, the stack is also moved by the use of these functions. The stack follows along above panel 1.

5. Fasten panel 1 to panel 0 and release the middle gripper from panel 1, both by exercising function 9.

6. Now that panel 1 is fastened to panel 0 it is necessary to reposition the assembly mechanism 

on the structure such that approximately the same starting conditions that existed at the start of panel 1 are repeated. This is started by event 6 in which the middle gripper is disengaged (lowered) from the bottom of panel 1.

7. Here the middle gripper is swung parallel to its face to clear the bottom of panel 1.

8,9,10. Now the middle gripper is located on and fastened to the top of panel 1 leaving the bottom of panel free for the attachment of the lower gripper.

11 to15. The lower gripper is released from panel 0 and transported for attachment to the bottom of panel 1.

With the completion of event 15 the assembly equipment, except for the middle gripper, 

is in the same position relative to panel 1 as it was relative to panel 0 at the completion of event 1. It is therefore necessary, with some small modifications, to repeat events 2 through 7 to achieve the assembly of panel 2 to panel 1 as well as 3 to 2 and all subsequent panels.

The modifications in the panel-2-to-panel-l and all subsequent assembly motions are due to: (1) the decreasing height of the stack as the assembly progresses and panels are removed from the stack, and (2) changes in relative positioning or assembly angles between different panels depending on their location on the reflector.

The decrease in stack height (1) is systematic requiring a systematic biasing in the 1 and 

5 drive functions with the progress of the assembly.

The changes in relative panel assembly positions (2) take place only three times – the assembly positions are the same for panels 1 to 5, for panels 6, 9, 12, 15, 18, and 21, and for panels 10, 11, 13, 14, 16, 17, 19, 20, 22, and 23. These changes in assembly position are achieved by modifications in the 4 and 6 drive functions as required.

It follows from the above that one basic motion, or sequence of events, together with the indicated systematic variations in drive functions 1, 5, 4, and 6, are necessary to achieve the over-all reflector assembly.

4.2 CONTROL LOGIC

Fig. 9 is a block diagram of the control system. There are two digital counters shown: one is to keep track of the number of times the basic motion has been completed and to indicate variations in certain functions; the other is to keep track of the events within the basic motion subroutine.

Fig. 10a and Fig.10b show detailed logic diagrams for the various basic motion subroutines. As can be seen, subroutines 1, 2, 5, 7  have been combined as have been subroutines 3, 8, and subroutines 4 and 6.

Fig. 9 shows the timing system. The basic source of pulses is a fixed frequency magnetic oscillator with an enable input. The oscillator drives four incrementally switched core dividers 

to provide high reliability.

The over-all package size for the control logic is 6 x 3.5 x 2.75 inches, including cover, mounting, and space for mounting flanges. The weight of this package is 2.75 lbs. Assuming an assembly time of 15 minutes; approximately 3 watt-hrs of power is needed for the logic.

5.0 WEIGHT BREAKDOWN

The following is an estimated weight breakdown for the over-all 50-foot RATIO antenna based in part on the information in the previous sections.

Reflector , fasteners, and surface             57.5 lbs               

Subreflector and its support                       7.0

Antenna mounting, stowing brackets       11.0     Automatic assembly mechanisms             21.0          

Silver zinc batteries                                     2.0

Control logic.                     2.8

Harness (Electrical)                                 2.5

Two axis attitude control pedestal         11.0         

Feed and front-end                                 10.0

.

Total                                                      124.8 lbs.

6.0 TESTS AND EVALUATION

Because of the extremely slow deployment speed, a full-scale flight weight version of the antenna can be realistically evaluated in an underwater (gravity compensated) environment. 

The viscous drag of the water would be negligible.

Increasing the structural weight by a factor of about 2, and the use of partial equilibration for the assembly equipment, would make it possible to test the deployment in a one-g field. The augmenting of the structural rigidity for the one-g deployment may also be accomplished by adding stiffening braces to the flight weight hardware.

The r-f evaluation is performed with the antenna fixtured to withstand gravity and other environmental loads.

7.0 RELIABILITY CONSIDERATIONS.

When design constraints are severe the automatic assembly antenna has the greatest reliability potential of the commonly proposed systems. The control and execution of the comparatively numerous steps of the assembly operation is more complex than other possible methods of deployment. However, as is shown in Fig. 11, reliability of this system is less sensitive than that of other deployable systems to increasingly sever constraints, such as weight per unit area, surface tolerance, and size or expansion ratio.

The rigid structure in a small size can be made almost absolutely reliable, while meeting other criteria, such as weight or surface tolerance. But its expansion ratio is always unity. Also, as its size increases, the weight-to-area ratio is maintained only at the expense of rigidity and strength. The result is a corresponding reliability loss, due to increased probability of structural failure from stresses during boost phase.

The inflatable antenna has a somewhat lower reliability potential, but a favorable expansion ratio. The reliability problems are:

a. Increased complexity required for a deployment control system - a problem common to all deployable antennas.

b. Possibility of puncture during inflation.

c. Deployment of a stiffening structure behind the antenna surface.

d. Attainment of antenna surface contour with required precision.

e. Inflatable and stiffening material capable of long life in hard vacuum.

If a fairly precise surface is required, a major development problem lies in gaining sufficient control of a surface produced by inflation. A reliable method of automatic application of stiffener to assure a rigid structure also requires development. Ground testing of such a method, hardening foam, for example, in a simulated orbital environment on a surface sufficiently large to demonstrate feasibility and reliability is difficult.

Reliability is lost as the size of the antenna is increased while maintaining the same weight-to-area ratio. This is due not only to loss of strength but also to increased complexity of the control system required to build up the stiffening in optimum cross section and to increased probability of meteorite puncture during inflation.

The unfurlable antenna has the disadvantage of fragility, which makes it greatly susceptible to structural damage during the boost phase. The segments and hinges are relatively weak, unless weight per unit area is increased. As size increases, it might be desirable to hinge each segment near its midpoint to allow it to fold against itself to provide additional protection against damage from boost phase stresses. This would require greater mechanical complexity for completing antenna deployment. The problem of maintaining surface precision is also increased. The major problem in deployment is the simultaneous driving of all pieces into their proper positions.

Careful design and development of the automatic assembly method will produce an antenna deployment system with reliability competitive with the maximum inherent in the unfurlable configuration.

It requires positioning one piece at a time and does not need to proceed to placing the next piece until the previous one is latched in place. 

Furthermore, increasing design constraints have relatively little effect on the probability of survival through the boost phase. During boost the stacked configuration is basically stable regardless of size or weight. Since only one basic motion is involved during assembly, the constraints have little effect on complexity of the control system. In orbit the reinforcing structure permits an extremely favorable weight-to-area ratio to be maintained with increasing size with only slight loss in structural stability. Surface precision is a function of the precision of mating edges in that increasing size only requires chosen tolerances in these edges to maintain a given surface precision. The stability inherent 

in the triangular shape of the panels helps to maintain the required surface shape. These factors account for the capability of this configuration in maintaining high reliability with more severe constraints.

Although the assembly operation is moderately complex the control subsystem is simple in terms of available technology. Each part and component of the control system is inherently reliable. During assembly in orbit no severe mechanical stresses are present to induce failure.

Below are rough estimated probabilities of failure and a discussion of some of the considerations requiring testing and development. 

Electrical subsystem                     .0030

Control subsystem                        .0012

Motor & gearbox (6 ea.)               .0000003

Solenoid (4 ea.)                             .0000003

Linkage, gripper and latches         .00013

Deployment System Total             .009957

Therefore, the conditional reliability of the deployment system for performance of the mission defined would be almost 0.996. The hourly failure rates used in the above are based on the Earles-Eddins tables, and the unreliability is estimated on the basis of a two-hour assembly time. The cyclic failure rates of the electrical and control subsystems are based on experience with similar equipment aboard the Atlas missile or booster. The Atlas rates are reduced by appropriate approximate factors to account for simpler systems, less severe operating environments and reliability growth since Atlas. The deployment control subsystem failure rates are based on those of the Atlas flight programmer, which is similar in function.

The prediction serves to indicate problem areas. It shows that the electrical and control subsystems are vulnerable to the effects of boost into orbit. Testing may reveal that take-up of excess cable will relieve the problem of harness failures more than is indicated in the reliability prediction. Also, other harnessing methods should be investigated to improve the resistance of the harness to effects of mechanical stress.

The control subsystem must also be designed to withstand vibrations and accelerations during boost. A number of limit switches are required to signal the completion of one event and readiness to start the next, or to initiate recycle in the event of failure to complete the event. Maintaining adjustment of limit switches to close tolerances has proven difficult, even on ground systems. Rigid mounting and loose tolerance requirements should be employed for these devices in order to maintain their proper adjustments in the boost environment. Also, electronics must be invulnerable to possible short term high level of radiation in space.

In view of the potential problems due to the boost phase, an assembly test should be preceded by a properly design non-operating vibration test at levels anticipated to equal or exceed those in flight. The purpose of such a test is to provide data by which to estimate the probability of system survival through boost. This will assure that the major reliability problems in the electrical and control subsystems are solved.

A number of moving parts are involved during assembly in the vacuum of space. These parts include latches, gripper lugs, and the rotary and linear assemblies. Special precautions must be taken in these areas to protect contacting surfaces from effects of cold welding and out gassing of lubricants. Enclosing such surfaces to retain an atmosphere, use of vacuum-resistant materials, lubricants and surface treatments can overcome these difficulties. The protection is required for only the two hours or less during in-orbit assembly. 

The prime movers, including the motors, gears and solenoids, do not appear critical, in comparison with the electrical and control subsystems. The predicted failure rates could be increased by a factor of 100 with little effect on the estimate of the reliability of the deployment system. However, the assumption underlying the prediction is that the prime movers are more than adequate for their functions and are suitable selected for operation in orbit. Underwater testing of the system should demonstrate the adequacy of these units.

Sharp thermal gradients could be sufficient to prevent proper mating of panels during orbital assembly. Such gradients would result from the shadow of the satellite while it is between the earth and sun, since the antenna is always pointed toward the earth. Therefore, assembly should take place while the satellite is in a position where the whole antenna receives full solar radiation or is in the earth’s shadow.

8.0 ANTENNA PERFORMANCE

Errors in constructing a parabolic antenna may be basically separated into two areas: (1) errors 

in construction of parabolic reflectors, and (2) errors in positioning the feed.

The net effects of these errors are reduction in gain and an increase in the sidelobe levels. In the following analysis, it is assumed that the aperture illumination is essentially a cosine distribution, tapered 10 db at the edges of the reflector.

The loss in gain due to random errors in manufacturing a parabolic reflector can be predicted by referring to Spencer’s limiting value for reflector errors. If the random errors can be considered as periodic in the limiting case, then peak errors in the order of +/- one-sixteenth of a wavelength in the reflector surface will cause a 1 or 2 db loss in gain. Reflector surface errors greater than this will cause a very rapid loss in gain; therefore it can be seen that surface tolerances must be very tight for short wavelengths.

The position of the feed in a focus-fed parabolic reflector, as well as the position of the sub-reflector in a Cassegrain-fed parabolic reflector has direct bearing on the resulting gain and sidelobes. Loss of gain and increase of sidelobes due to errors in position of the focus feed (or 

Cassegrain sub-reflector), and for different focal-length-to-diameter ratios (F/D), are presented in Fig. 12a and Fig. 12b. These curves are only approximate in that they result from extrapolation of theoretical and experimental data; nevertheless they do indicate the relationship between position error and the resulting loss in gain or increase in sidelobes.

The conclusions that may be drawn from this preliminary investigation of manufacturing tolerances indicate that surface errors on the reflector surface are most critical. Errors in position of a Cassegrain sub-reflector must be held to approximately one-half of the allowable error of a focus-fed parabola for the same secondary pattern characteristics. Antennas with large F/D ratios have larger allowable feed position errors than do antennas with small F/D ratios. This advantage of the large F/D reflector is somewhat offset by a requirement for a narrower primary feed beam width to properly illuminate the reflector. This in turn increases aperture blocking to the parabolic reflector. The trade-off between these factors results in an optimum design which lies somewhere between 0.4 (F/D ( 0.6. The error in position of a feed or sub-reflector off-axis is not critical insofar as the maximum gain is concerned for distances up to two wavelengths. The most noticeable effect of an off-axis position error is the beam squint angle, which may be as great as several beamwidths. This beam squint, of course, may present a serious pointing problem. The far field radiation computer program developed under NAS7-228 (RATIO Study) is available for a detailed evaluation of the far field radiation (including gain and sidelobe performance) as a function of manufacturing tolerances, slewing rates, thermal distortions, and the aperture illumination of the primary feed.

9.0 DEVELOPMENT PROGRAM

The following is an outline of a one-year to 18-month program for the development of a flight-weight, 30-foot RATIO antenna.

DESIGN PHASE

1. Consider various panel shapes, sizes, and structural properties to achieve efficient stowed and deployed structures.

2. Study trade-offs in cassegrain vs. center fed antennas. Consider alternate ways 

of deploying sub-reflector or feed.

3. Design feed system.

4. Design control logic. Consider redundancy, majority logic, r-f links between control centers to eliminate harness, recycling methods, etc.

5. Develop geometry for panel configuration that maximizes stowed condition packaging efficiency (as necessary) and structural continuity in the back rib structure of the assembled antenna.

6. Design structure (using the results of the NAS7-228 RATIO Structures Study). 

Consider conventional vs. electroformed structural members. Design latching system.

7. Design automatic assembly equipment.

8. Perform tolerance studies on the structure and assembly equipment. Consider the thermal and mechanical loads during boost, assembly, and in-orbit operation.

9. Design assembly fixture for the pin-at-assembly fabrication of the over-all reflector.

10. Design template-type test equipments for measuring reflector, and sub-reflector or feed distortions under static and dynamic conditions.

TEST AND EVALUATION

1. Perform subsystems tests on structural fastener components, reflector screen properties, step motor actuator functions, gripper action, sub-reflector deployment, sub-reflector support boom rigidity, control logic subsystems, etc. Feed results of these tests back to redesign as necessary.

2. Perform shock and vibration tests, solar simulator tests, underwater and one-g equilibrated deployment tests, etc. Measure stress levels, surface tolerances before and after tests, etc.

3. Attempt to evaluate reliability by destructive boost-phase subsystem tests. (Destruction by extreme boost phase shock and vibration may not be possible.)

4. Perform r-f evaluation of antenna before and after various tests. The antenna is fixtured for the r-f tests.
See artist renderings: RATIO1, RATIO2.
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